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PREFACE

The 6th Joint MMM-INTERMAG Conferece was held in the Albuquerque Convention Cen-
ter, June 20-23, 1994. Continuing a practice inaugurated at the 1993 MMM Conference in Min-
neapolis, the conference was preceded by a Sunday afternoon tutorial session sponsored by the
Education Committee of the IEEE Magnetics Society. This accommodates particularly those at-
tendees staying over the Saturday night before the conference. This year's topic was "Magnetic
Multilayers: Fundamental Issues to Applications." The tutorial was particularly tiniely and played
to a standing-room-only audience.

In addition to the usual invited papers, there were eight i% ited symposia; there were three onl
topics relating to magnetic and magneto-optic recording, and one each on magnetic microscopy,
magnetic aftereffect, giant magnetoresistance, magneto-impedance, and neutron scattering studies
of vortex structures in superconductors. There was also an evening panel discussion on units in
magnetism. The session was lively, but failed to reach closure.

The conference was a marked success. It was larger than any previous Joint Conference. It
was also generally agreed that the program, facilities, and environment were excellent. It was
attended by 1227 participants. A total of 1444 abstracts were submitted from 36 countries. Of
these, 497 originated in the U.S., 178 were from Japan, 155 from Russia, and 119 were from China
(PRC and ROC), accounting for 66% of submissions. The program committee accepted 1048
abstracts (73%) for presentation.

Once again we are publishing, in this volume of the Journal of Applied Physics and in the
associated volume of the IEEE Transactions on Magnetics, fully refereed papers based upon the
conference presentations. The Transactions volume includes 368 contributed papers and 11 invited
papers and constitutes the INTERMAG Proceedings for 1994; tile Journal volume includes 280
contributed papers and 47 Invited papers and constitutes the MMM Proceedings for 1994. As
usual, all fully paid registrants at the conference receive both volumes. Subscribers to either
periodical will receive only the corresponding volume with their subscription. Both volumes
contain the complete Table of Contents.

The conference reception at the "Los Amigos Round-Up Ranch" was sold out. Despite heavy
rain that kept all activities indoors, this reception was a great success, with perhaps more thorough
mingling of attendees than would have occurred in good weather.

Finally, I would like to thank the dedicated and talented volunteers on the Steering Committee
and the very professional team of Courtesy Associates personnel for an exceptional job.

Stanley H. Charap
General Chairman

6th Joint MMM-INTERMAG Conference
Carnegie Mellon Unii,ersily

Pittsburgh, Pennsylvania, U.S.A.
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(abstract) Faschinger, G. Bauer, H. Sitter,

J. K. Furdyna

6291 Interlayer coupling in antiferromagnetic EuTe/PbTe superlattices (abstract) T. M. Giebultowicz, V. Nunez, G.
Springholz, G. Bauer, J. Chen,
M. S. Dresselhaus, J. K. Furdyna

6292 Heat capacity measurements of antiferromagnetic CoO/NiCoO superlattices E. N. Abarra, K. Takano, F. Hellman,
(abstract) A. E. Berkowitz
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6293 Exchange coupling, interface structure, and perpendicular magnetic J. Tappert, J. Jungermann, B.
anisotropy in Tb/Fe multilayers (abstract) Scholz, R. A. Brand, W. Keune

6294 Interfacial contributions to magnetic anisotropy in metal/semiconductor B. T. Jonker, H. Abad, J. J. Krebs
systems (abstract)

Fine Particles

6295 The magnetization density profile of a grain boundary in nickel (invited) M. R. Fitzsimmons, A. R6ll, E.
Burkel, K. E. Sikafus, M. A.
Nastasi, G. S. Smith, R. Pynn

6301 Magnetic and magnetocaloric properties of melt-spun GdxAg1 oo_, alloys C. D. Fuerst, J. F. Herbst, R. K.
Mishra, R. D. McMichael

6304 Thickness dependence of the magnetic and electrical properties of S. S. Malhotra, 'Y Liu, J. X. Shen,
Fe:SiO 2 nanocomposite films S. H. Lieu, D. J. Sellmyer

6307 Calculation of magnetic moments in Ho 2C3 nanocrystals S. A. Majetich, J. 0. Artman, C.
,anaka, M. E. McHenry

6310 Kramers's rate theory, broken symmetries, and magnetization reversal Hans-Benjamin Braun
(invited)

6316 Magnetic properties of nanophase cobalt particles synthesized in inversed J. P. Chen, C. M. Sorensen, K. J.
micelles Klabunde, G. C. Hadjipanayis

6319 Magnetic and structural properties of vapor-deposited Fe-Co ally S. Gangopadhyay, Y Yang, G. C.
particles Hadjipanayis, V. Papaefthymiou,

C. M. Sorensen, K. J. Klabunde

6322 Extended x-ray-absorotion fine-structure studies of heat-treated P. Crespo, A. Hernando, A. Garcia
fcc-Fe5 0Cu 50 powders processed via high-energy ball milling Escorial, K. M. Kemner, V. G.

Harris

6325 Structure analysis of coprecipitated ZnFe 20 4 by extended x-ray-absorption B. Jeyadevan. K. Tohji, K.
fine structure Nakatsuka

6328 Magnetic anisotropy of small clusters and very thin transition-metal films H. Dreyss6. J. Dorantes-Davila, S.
Pick, G. ... Pastor

6331 Structure and magnetic properties of Nd2Fe 14B fine particles produced by H. Wan, A. E. Berkowitz
spark erosion (abstract)

Macroscopic Quantum Tunneling

6332 Thermal equilibrium noise with 1/f spectrum in a ferromagnetic alloy: S. Vitale, A. Cavalleri, M. Cerdonio,
Anomalous temperature dependence A. Maraner, G. A. Prodi

6335 Experimental observation of magnetostochastic resonance A. N. Grigorenko, P. I. Nikitin, A. N.
Slavin, P. Y Zhou

Critical Phenomena, Spin Glasses, and Frustrated Magnets

6338 !'Critical magnetic susceptibility of gadolinium R. A. Dunlap, N. M. Fujiki, P.
Hargraves, D. J. W. Geldart

6341 Monte Carlo simulation of Ising models with dipole interaction U. Nowak, A. Hucht

6344 Magnetic phase diagrams of NdRu2Si2 and TbRu 2Si2 compounds M. Salgueiro da Silva, J. B. Sousa,
B. Chevalier, J. Etourneau

6347 Study of critical properties of the Potts model by the modified variational N. G. Pazleev, Hao Che, J. L. Fry,
cumulant expansion method D. L. Lin

6350 Phase transition in a system of interacting triads H. T. Diep, D. Loison

6353 Critical behavior of the random Potts model B. M. Khasanov, S. I. Belov, D. A.
Tayurskii

6356 Influence of exchange bond disorder on the magnetic properties of Z. Wang, X. Qi, H. P. Kunkel, Gwyn
(Pd _-Fe,)95Mn5 near T, Williams

6359 Magnetic transitions at high fields in (Fe,Mn)3Si alloys H. J. AI-Kanani, J. G. B~ooth, J. W.
Cable, J. A. Fernandez-Baca

6362 Critical behavior of the two-dimensional easy-plane ferromaynet Alessandro Cuccoli, Valerio
Tognetti, Paola Verrucchi, Ruggero
Vaia
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6365 Magnetic anomaly in insulator -conductor composite materials near the L V Panina. A. S Antonov. A. K

percolation threshold Srychev. V. P. Paramonov. E. V
Timasheva, A N. Lagarikov

6368 Time dependence effects in disordered systems K O'Grady, M EI-Hilo, R W
Chantrell

6371 Magnetization of amorphous Fe 0 8B01 8 and FeQ90Zr, 10 compounds with S J. Clegg, J. H. Purdy. R. D.

additions of Tb Greenough, F Jerems

6374 Magnetic ordering in the three-dimensional -ite frustrated Heisenberg Morlen Nielsen. D. H. Ryan, Hong

model Guo, Martin Zuckormann

6377 M6ssbauer measurements of spin correlations in a-(Fe.Ni)WZrjSn D. Wiarda. D. H. Ryan

6380 Study of the apin glass transition of amorphous FeZr alloys using small K. Mergia. S. Messoloras, G.

angle neutron scattering Nicolaides. D. Niarchos. R. J.
Stewart

6383 Study of magnetohistory effects in YFe 12 Moe, (x 1.5 3.0) Yi-Zhong Wang, Bo-Ping Hu,
Gui-Chuan Lij, Lin Song, Kai-Ying
Wang, Ji-Fan Hu, Wu-Yan Lai

Symposium on Slow Relaxation/Magnetic Aftereffect

6386 Magnetic viscosity, fluctuation fields, and activation energies (Invited) R. Street, S. D. Brown

6391 Analysis and interpretation of time dependent magnetic phenomena L. Folks, R. Street

(invited)

6396 Ubiquitous nonexponentlal decay: The effect of long-range couplings? E. Dan DahlberC D, K. Lottis,

(invited) R. M. White, M. Matson, E. Engle

6401 Mesoscopic model for the primary response of magnetic materials R. V. Chamberlin

(invited)

6407 Models of slow relaxation in particulate and thin film materials (invited) R. W. Chantrell, A. Lyberatos, M.
EI-Hilo, K. O'Grady

6413 Time dependence of switching fields in magnetic recording media (invited) M. P. Sharrock

Ultrathin Films and Overlayers

6419 Magnetic and structural instabilities of ultrathin Fe(100) wedges (Invited) S. D. Bader, Dongqi Li, Z. Q. Qiu

6425 Magnetic and structural Instabilities of ferromagnetic and antiferromagnetic Dongqi Li, M. Freitag, J. Pearson,

Fe/Cu(100) Z. Q. Qiu, S. D. Bader

6428 Impurity hyperfine fields in metastable body centered cubic Co J. Dekoster, B. Swinnen, M. Rots,
G. Langouche, E. Jedryka

6431 Ferromagnetism and growth of Ru monolayers on C(0001) substrates G. Steierl, R. Pfandzelter, C. Rau

6434 Spin reorientation transition in Ni films on Cu(1103) S. Z. Wu, G. J. Mankey, F. Huang,
R. F. Willis

6437 Magnetization-related transport anomalies in metal/ferromagnetic insulator G, M. Roesler, Jr., M. E. Filipkowski,

heterostructures P. R. Broussard, M. S. Osofsky,
Y. U. Idzerda

6440 Lorentz electron microscopy studies of magnetization reversal processes E. Gu, J. A, C. Bland, C. Daboo,

in epitaxial Fe(001) films M. Gester, L. M. Brown, R. Ploessl,
J. N. Chapman

6443 Maignetic response of ultrathin Fe on MgO: A polarized ne.itron S, Adenwalla, Yongsup Park, G. P.

reflectometry study Felcher, M. Teitelman

6446 Roughness dependent magnetic hysteresis of a few monolayer thick Fe Y.-L. He, G.-C. Wang

films on Au(001)

6449 Fluctuation effects in ultrathin films S. T. Chui

6452 Magnetic studies of fcc Co films grown on diamond (abstract) J. A. Wolf, J. J. Krebs, Y. U.
Idzerda, G, A. Prinz
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6452 A Monte Carlo study of the temperature dependence of magnetic order on F Zhang. S Thevuthasan. R T
ferromagnetic and antiferromaqnetic surfaces Implications for Scaletlar R R P Singh C S
spin-polarized photoelectron diffraction (abstract) Fadley

X-;ay Magneto-optics
6453 X-ray magnetic circular dichroism in the near and extended absorp',On G Schutz. P Fischer '( Attenkofer.

edge structure (invited) M Knulle. 0 Ahlers. S Stahler. C
Detlels. H Ebe.i, F M F de Groot

6459 Discussion of the magnetic dichroism in the x-ray resonance scatlering Peter Rerinert

6462 Experinmental investigation of dic.hroisin sum rules 1k" V. Cr. Mn. Fe. Co. W L O'Brien. B P Tonner. G R

and Ni. Influence of diffuse magnetism Harp. S S P Parkin

6465 Spin-specific photoelectron diffraction using magnetic x-ray circular J G Tobin, G D Waddill, X Guo.
dichroism S Y Tong

6468 Enhanced magnet,; moment and magnetic ordering in MnNi and MnCu W L O'Brien, B. P. Tonner
surface alloys

6471 Observation of x-ray magnetic circular dichroisrn at the Rh M 2 3 edge in G. R. Harp, S. S. P Parkln, W. L.
Co-Rh alloys O'Brien. B. P. Tonner

6474 Circular magnetic x-ray dichroism for rare earths H Konig. Xindong Wang, B. N.
Harmon, P. Carra

6477 Circular dichroism in core-level photoemission from nonmagnetic and A. P Kaduwela, H. Xiao, S.
magnetic systems: A photoelectron diffraction viewpoint (abstract) Thevuthasan, C. Westphal, M. A.

Van Hove, C. S. Fadley

6477 Elemental determination of the magnetic moment vector (abstract) H.-J. Lin, G. Meigs, C. T. Chen,
Y. U. ldzerda, G. A. Prinz, G. H. Ho

Coupled Multilayers, Thin Films, and GMR

6478 Hybrid NIFeCo-Ag/Cu multilayers: Giant magnetoresistance. structure. J. D. Jarratt, J. A. Barnard
and magnetic studies

6481 Giant magnetoresistance in NiFe-Ag granular alloys F. Badia, A. Labarta, X. Batlle,
M. L. Watson

6484 Anisotropic giant magnetoresistance induced by magnetoannealing in J. G. Na, C. T. Yu, X. G. Zhao,
Fe-Ag granular films W. Y. Lai, H. L. Luo, J. G. Zhao

6487 Influence of microstructure on magnetoresistance of FeAg granular films Chengtao Yu, Ye Yang, Yuqing
Zhou, Shuxiang Li, Wuyan Lai,
Zhenxi Wang

6490 Magnetic properties of FeSi-SiO 2 granular films Z. S. Jiang, X. Ge, J. T. Ji, H.
Sang, G. Guo, Y. W. Du, S. Y.
Zhang

6493 Hysteresis of binary clustersi Ivo Klik, Jyh-Shinn Yang, Ching-Ray
Chang

6496 Some specific features of fine Fe and Fe-Ni particles Yu. V. Baldokhin, P. Ya. Kolotyrkin,
Yu. I. Petrov, E. A. Shafranovsky

6499 Magnetoresistance of the magnetically ordered icosahedral quasicrystals M. H. Yewondwossen, S. P. Ritcey,
Al-Pd-Mn-B Z. J. Yang, R. A. Dunlap

6501 Electrical transport In amorphous Fe-Mn-Zr alloys V. Srinivas, A. K. Nigam, G.
Chandra, D. W. Lawther, M.
Yewondwossen, R. A. Dunlap

6504 Field dependence of nuclear magnetic resonance in molecular beam T. Thomson, H. Kubo, J. S. Lord,
epitaxy grown Co(111)/Cu multilayers P. C. Riedi, M. J. Walker

6507 Dependence of giant magnetoresistance in Co/Cu multilayers on the A. M. Shukh, D. H. Shin, H.
thickness of the Co layers Hoffmann

6510 Vertical inhomogeneity of the magnetization reversal in R. Mattheis, W. Andr,, L. Fritzsch,
antiferromagnetically coupled Co/Cu multilayers at the first maximurn J. Langer, S. Schmidt

6513 Magnetic and structural studies of sputtered Co/Cu multilayer films J. D. Kim, Amanda K. Petford-Long,
J. P. Jakubovics, J. E. Evetts, R.
Somekh
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6516 Influence of crysta' structure on the magnetoresistance of Co/Cr multilayers Y. Liou, J. C. A. I lang, Y. D. Yao,
C. H. Lee, K. T. Wu, C. L. Lu, S. Y.
Liao, Y. Y. Chen, N. T. Liang, W. T.
Yang, C. Y. Chen, 8. C. Hu

6519 Giant magnetoresistance peaks in CoNiCu/Cu nyultilayers grown by S. Z. Hua, D. S. Lashmore, L.
electrodeposition Salamanca-Riba, W. Schwarzacher,

L. J. Swartzenruber, R. D.
McMichael, L. H. Bennett, R. hart

6522 High sensitivity GMR in NiFeCo/Gu multilayers S. Gangopadhyay, S. Hossain, J.
Yang, J. A. Barnard, M. T. Kief, H.
Fujiwara, M. R. Parker

6525 Multidomain and incomplete alignment effects in giant magnetoresistance Y. U. ldzerda, C,-T. Chen, S. F.
triiayers Cheng, W. Vavra, G. A. Prinz, G.

Meigs, H.-J. Lin, G. H. Ho
6528 Interface alloying and magnetic properties of Fe/Rh multilayers K. Hanisch, W. Keune, R. A. Brand,

C. Binek, W. Kleemann
6531 Heat treatment to control the coercivity of Pt/Co multilayers J. Miller, P. G. Pitcher, D. P. A.

Pearson

6534 Magnetostriction and magnetic properties of iron-cobalt alloys multilayered Tamzin A. Lafford, M. R. J. Gibbs,
with silver R. Zuberek, C. Shearwood

6537 Stabilization of the hexagonal close-packed phase of cobalt at high N. P. Barradas, H. Wolters, A. A.
temperature Melo, J. C. Soares, M. F. da Silva,

M. Rots, J. L. Leal, L. V. Melo, P. P.
Freitas

6540 Observation and computer simulation of static magnetization process In Zhigang Wang, Ikuya Tagawa,
soft magnetic thin film Yoshihisa Nakamura

6543 Magnetic and structural properties of Fe-FeO bilayers X. Lin, A. S. Murthy, G. C.
Hadjipanayis, C, Swarn, S. I. Shah

6546 Ferromagnetic-ferromagnetic tunneling and the spin filter effect P. LeClair, J. S. Moodera, R.
Meservey

6549 Theory of Brillouin light scattering from spin waves in multilayers with A. N. Slavin, I. V. Rojdestvenski,
interlayer exchange and dipole coupling M. G. Cottam

6552 Spin wave spectra in semi.-infinite magnetic superlattices with nonuniaxial E. L. Albuquerque
single-iun anisotropy

6555 Ground state of antiferromagnetic systems in a magnetic field and in the L. Trallori, P. Politi, A. Rettori, M. G.
presence of surfaces Pini, J. Villain

6558 Magnetoresistance of ultrathin Co films grown in UHV on Au(111): C. Dupas, E. Kolb, J. P. Renard, E.
Crossover from granular to continuous film behavior versus Co thickness V6lu, M. Galtier, M. Mulloy, D.
(abstract) Renard

6559 The micromagnetic.s of periodic arrays of defects in trilayers with interlayer H. A. M. van den Berg
exchange coup!ing (ahstract)

6560 FMR doublet in two-layer iron garnet films (abstract) A. M. Grishin, V. S. Dellalov, E. I.
Nikolayev, V. F. Shkar, S. V.
Yampolskii

6560 Influence of the dipole interaction on the direction of the magnetization in A. Moschel, K. D. Usadel
thin ferromagnetic films (abstrant)

Fine Particles

6561 Coercivity and switching field of single domain y-Fe 20 3 particles under Paul L. Fulmek, Hans Hauser
consideration of the demagnetizing field

6564 Structural and magnetic characterization of Co particles coated with Ag J. Rivas, R. D. Sanchez, A.
"Fondado, C. lzco, A. J.
Garcia-Bastida, J. Garcia-Otero, J.
Mira, D. Baldomir, A. Gonzalez, I.
Lado, M. A. L6pez Quintela, S. B.
Oseroff

6567 Magnetic properties of Fe clusters in NaY zeclite J. A. Cowen, K. L. Tsai, J. L. Dye
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6570 Preparation and microwave characterization of spherical and monodisperse G. Viau, F Ravel. 0. Acher. F.

Co 20Niao particles Fievet-Vincent, F. Fievet

6573 Coercivity of Fe-SiO 2 nanocomposite materials prepared by ball milling Anit K. Girl, C. do Julian, J. M.
Gonzalez

6576 Nuclear magnetic resonance study of the magnetic behavior of ultrafine Y. D. Zhang, W. A. Hines, J. I.
Co clusters in zeolite NaY Budnick, Z. Zhang, W. M. H.

Sachtler

6579 Periluorocyclobutane containing aromatic ether polymers as planarization Donald J. Perettie, Jack Judy, Qixu
materials for alternative magnetic media substrates Chen, Rick Keirstead

6582 Anomalous perpendicular rnagnetoarisotropy in Mn4N films on Si(100) K. M. Ching, W. D. Chang, T. S.
Chin, J. G. Duh, H. C. Ku

6585 Formation kinetics of polycrystalline Eu 2 xCeCu0 4 y obtained from a P. A. Suzuki, R. F. Jardim, S.
sol-gel precursor Gama

6588 Thermal decay of N coupled particles Ivo Klik, Ching-Ray Chang,
Jyh-Shinn Yang

6591 Influence of size and magnetocrystalline anisotropy on spin canting D. H. Han, J. P, Wang, Y. B. Feng,
anomaly in fine ferrimagnetic particles H. L. Luo

6594 Magnetic properties of nanometer-sized Fe 4N compound (abstract) Y. B. Feng

Giant Magnetoresistance

6595 Theory of the negative magnetoresistance of ferromagnetic-normal L. M. Falicov, Randolph Q. Hood
metallic multilayers (invited)

6601 Giant magnetoresistance in Co/Cu multilayers after annealing T R. McGuire, J. M. Harper, C.
Cabral, Jr., T. S. Plaskett

6604 Magnetoresistance and magnetization oscillations in Fe/Cr/Fe trilayers R. Schad, C. D. Potter, P. Bellin,
G. Verbanck, V. V. Moshchalkov, Y.
Bruynseraede, M. Schifer, R.
Schifer, P. Grunberg

6607 Structural and magnetic properties of Co/Ag multilayer, E. A. M. van Alphen, P. A. A. van
Helijden, W. J. M. de Jonge

6610 Magnetic states of magnetic multilayers at different fields P. A. Schroeder, S.-F. Lee, P.
Holody, R. Loloee, Q. Yang W. P.
Pratt, Jr., J. Bass

6613 Investigation of the magnetic structures in giant magnetoresistive multilayer L. J. Heyderman, J. N. Chapman,
films by electron microscopy -S. S. P. Parkin

6616 Distribution of current in spin valves (abstract) Bruce A. Gurney, Virgil S. Speriosu,
Harry Lefakis, Dennis R. Wllhoit

6616 A conmpar.,on of the giant magnetoresistance and anisotropic B. H. Miller, E. Youjun Chen, Mark
magnetoresistance in Co/Cu sandwich films (abstract) Tondra, E. Dan Dahlberg

6617 Enhanced magnetoresistance in chromium doped Fe/Cr multilayers Noa M. Rensing, Bruce M. Clemens
(abstract)

6617 Low field giant magnetoresistance and oscillatory interlayer exchange S. S. P. Parkin, T. A. Rabedeau,
coupling in polycrystalline and (111)-oriented permalloy/Au multilayers H. F. C. Farrow, R. Marks
(abstract)

6618 Giant magnetoresistance at low fields in [(NixFel .. )yAg Yy]/Ag multilayers R. F. C. Farrow, R. F. Marks, A.
prepared by molecular beam epitaxy tabstract) Cobollada, M. F. Tonoy, D.

Dobbertin, R. Beyers, S. S. P.
Parkin, T. A. Rabedeau

6619 Effects of domains on magnetoresistance (abstract) Shufeng Zhang, Peter M. Levy

Fe 16N2: Giant Moment or Not (Panel Discussion)

6620 The synthesis, structure, and characterization of a'-Fe1 6N2 (invited) K. H. Jack

6626 Magnetism of a"_F6-eN 2 (invited) Robert M. Metzger, Xiaohua Bao,
Massimo Carbucicchic

6632 The magnetization of bulk ca"FeIAN2 (invited) J. M. D. Coey
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6637 Magnetic and M6ssbauer studies of single-crystal Fe16N2 and Fe-N Yutaka Sugita, Hiromasa Takahashi,
mart,3nsite films epitaxially grown by molecular beam apitaxy (invited) Matahiro Komuro, Katsuya

Mitsuoka, Akimasa Sakuma

6642 Magnetic moment of c "-Fe 1 6N2 films (invited) Migaku Takahashi, H. Shoji, H.
Takahashi, H. Nashi, T. Wakiyama,
M. Doi, M. Matsui

6648 Enhanced Fe moment in nitrogen martensite and Fe16 N2 (invited) W. E. Wallace, M. Q. Huang

6653 Enhancement of the formation of Fe 16N2 on Fe films by Co additions Yoshiharu Inoue, Shigeto
(invited) Takebayashi, Toshio Mukai

Preparation and Physics of Artificially Structured Magnets

6656 Properties and measurement of scanning tunneling microscope fabricated A. D. Kent, S. von Moln.r, S.
ferromagnetic particle arrays (invited) Gider, D. D. Awschalom

6661 Magnetic properties of amorphous nanocolumns created by heavy ion D. Givord, J. P. Nozieres, M.
irradiation of paramagnetic YCo 2 thin films (invited) Ghidini, B, Gervais, Y. Otani

6667 Magnetic wire and box arrays (invited) Atsushi Maeda, Minoru Kume.
Takashi Ogura, Kazuhiko Kuroki,
Takashi Yamada, Madoka
Nishikawa, Yasoo Harada

6671 Ferromagnetic filaments fal, ;cation in porous SI matrix (invited) Sergey A. Gusev, Natalia A.
Korotkova, Dmitry B. Rozenstein,
Andrey A. Fraerman

6673 Single-domain magnetic pillar array of 35 nm diameter and 65 Gbits/in. 2  Stephen Y. Chou, Mark S. Wei,
density for ultrahigh density quantum magnetic storage Peter R. Krauss, Paul B. Fischer

6676 Magnetic properties of nanostructured thin films of transition metal V. Dupuls, J. P. Perez, J. Tualllon,
obtained by low energy cluster beam deposition V. Paillard, P. Melinon, A. Perez, B.

Barbara, L. Thomas, S, Fayeulle,
J. M. Gay

6679 Size effects on switching field of Isolated and Interactive arrays of nanoscale Mark S. Wei, Stephen Y. Chou
single-domain NI bars fabricated using electron-beam nanollthograohy

Itinerant Magnetism and Electronic Structure I

6682 Itinerant electron metamagnetism and related phenomena in Co-based T. Goto, H. Aruga Katori, T.
Intermetallic compounds (invited) Sakakibara, H. Mitamura, K.

Fukamichi, K. Murata

6688 Local and nonlocal density functional studies of FeCr David J. Slngh

6691 Temperature-dependent electronic structure and ferromagnetism of bcc W. Nolting, A. Vega
iron

6694 Theory for Itinerant electrons in noncollinear and incommensurate J. Kubler, L. M. Sandratskii, M. Uhl
structured magnets (invited)

6700 Verwey transition in magnetite: Mean-field solution of the throe-band S. K. Mishra, Z. Zhang, S. Satpathy
model

6703 Wannier states in magnetite Trao Her, Carol Boekema

6705 Orbital ordering and magneto-optical effects in CeSb V. P. Antropov, B. N. Harmon, A. I.
Liechtenstein

Hard Magnets I

6708 Magnetic properties of Sm 2(Fe,V)i7 Ny coarse powder Shunji Suzuki, Shlnya Suzuki,
Masahito Kawasaki

6711 M6ssbauer study of R2Fe 17C., (R=Tb,Dy) as-quenched intermetallics Hua-Yang Gong, Bao-Gen Shen,
compounds Lin-Shu Kong, Lei Cao, Wen-Shan

Zhan, Zhao-Hua Cheng, Fang-Wei
Wang
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6714 Magnetic properties of TM2Fe17C1 (0--x--2.8) compounds prepared by Bao-Gen Shen, Lin-Shu Kong, Lei
melt spinning Cao, Hua-Yang Gong, Fang-Wei

Wang, Zhao-Hua Cheng, Jian-Gao
Zhao

6717 Kerr microscopy observation of carbon diffusion profiles in SM2Fel-*Cx J. Zawad. ki, P. A. P. WendhaUsen,
B. Gebel, A. Handstein, D. Eckert,
K.-H. Muller

6720 Neutron-diffraction study on the structure of Nd(TiFe) 12N, and Shu-Ming Pan, Hong Chen,
Nd(TiFeCo)i 2N, alloys Zu-Xiong Xu, Ru-Zhang Ma, Ji-Lian

Yang, Bai-Sheng Zhang, De-Yan
Xue, Qiang Ni

6722 Synthesis and magnetic properties of PrFs12 _,Mo, and PrFe12 -,MoxNy 0. Kaloglrou, V. Psycharis, L.
(0.5-_X-_1.0' y'-1) Saettas, D. Niarchos

6725 Study of permanent magnetic properties of the 1-12 nitrides with Nd and Ying-Chang Yang, Qi Pan, Ben-Pai
Pr Chong, Xiao-Dong Zhang, Zun-Xiao

Liu, Yun-XI Sun, Sen-Ling Ge
6720 Structural and magnetic properties of Ce(Fe,M) 12N, interstitial compounds, Q1 Pan, Zun-Xiao Liu, Ying-Chang

M=11, V, Cr, and Mo Yang
6731 Neutron-diffraction and M6ssbauer effect study of the Tb2Fe17 -,Al, solid G. K. Maraslnghe, S, Mlshra, 0. A.

solutions Pringle, Gary J. Long, Z. Hu, W. B.
Yelon, F. Grandjean, D. P.
Middleton, K. H. J. Buschow

6734 Structure and magnetic anisotropy Of SM2Fei 7 -,AlC (x=2-8) compounds Zhao-Hua Cheng, Bao-Gen Sheni,
prepared by arc melting Jun-Xlan Zhang, Fang-Wei Wang,

Hua-Yang Gong, Wen-Shan Zhan,
Jlan-Gao Zhao

6737 Uniaxlal magnetic anisotropy In l-e-rich 2,17 compounds with sp R. A. Dunlap, Z. Wang, M. Foldeaki
substitutions

6740 Magnetic properties of R2Fel 7 _Ga, compounds (R -Y, Ho) J. L. Wang, R. W. Zhao, N. Tang,
W. Z. Li, Y. H. Gao, F. M. Yang,
F. R. do Boor

6743 Magnetic properties of SM2(Fel -,M~a,)l 7 (x-=0--0.5) compounds and their W.-Z. Li, N. Tang, J.-L. Wang,
nitrides Fuming Yang, Y. W. Zeng, J. J.

Zhu, F. R. do Boer
6746 Structure and magnetic properties of arc-molted Sm2(Fel -.,ACo,)I4Ga3C2 Bao-gon Shen. Lin-shu Kong,

compounds Fang-wel Wang, Lai Gao, Bing
Liang, Zhao-hua Gheng, Hua-yang
Gong, Hul-qun Guo, Wen-shan
Zhan

6749 Neutron diffraction and M6ssbauer effect study of the structure of Shu-ming Pan, Hong Chien, Den-ke
DySlI Fe1 j.. ,CoN alloys Liu. Zu-xlong Xu. Ru-zhang Ma,

JI-lian Yang, Bal-sheng Zhang,
De-yan Xue, Qiang Ni

6751 A full electron LMTO-ASA study of electronic band structure and magnetic W. Y. Hu, J. Z. Zhang, Q. 0.
properties for RFe1 1TIN, (R =Y, Nd, Sm; x =0, 1) Zheng, C. Y. Pan

6754 Magnetic properties and molecular field theory analysis of RFej 0Mo2  Mle Xu, S. A. Shaheen
alloys

6757 Magnetic alignment In powder magnet processing S. Liu

6760 Sputter synthesis of TbCu 7 type Sm(CoFeCuZr) films with controlled easy H. Hegde, P. Samarasekara, R.
axis orientation Rani, A. Navarathina, K. Tracy, F. J.

Cadleu
6763 Metastable Nd12(Fej -.XCO.M)23B3 (0O`X-_1 .0 compounds with the 2:23:3-typo Bao-gen Shen, Bo Zhang, Fang-we!

structure Wang, Jun-xian Zhang, Bing Liang,
Wen-shan Zhan, Hul-qun Guo,
Jian-gao Zhao

6766 Magnetic properties of (Nd09qR0 ,1)rFel 7 with R 'Sm, Gd. and Y Gong-Xiao Liu, Yun-Xi Sun,
Zun-Xiao Liu, Chin Lin

(Continued)



6769 New permanent magnetic MnBiDy alloy films Fang Ruiyi, Fang Qingqing, Zhang
Sheng, Peng Chubing, Dal

Daosheng

Symposium on Neutron Scattering Studies of Vortex Structures in Superconductors

6772 Neutron scaitering studies of the vortex lattice in niobium and 9!123 N. Rosov, J. W. Lynn, "r. E.
superconductors (invited) Grigereit

6778 Vortex structures in YBa 2Cu 30 7 (invited) B. Keimer, J. W. Lynn, R. W. Erwin,
F. Dogan, W. Y. Shih, I. A. Aksay

6784 Small-angle neutron scattering study of the flux-line lattice in a single M. Yethiraj, H. A. Mook, E. M.
crystal of Bi2A5Sr 1.95CaCu20 8 , x (invited) Forgan, R. Cubitt, M. "i. Wylie,

D. M. Paul, S. L. Lee, J. Ricketts,
P. H. Kes, K. Mortensen

6788 Neutre..' diffraction from the vortex lattice in the heavy fermion R. N. Kleiman, G. Aeppli, D. J.
superconductor UPt3 (invited) (abstract) Bishop. C. Broholm, E. Bucher, N.

Stichelli, U. Yaron, K. N. Clausen,
B. Howard, K. Mortensen, J. S.
Pedersen

6789 Small angle neutron scattering from the vortex lattice in 2H-NbSe 2  P. L. Gammel, U. Yaron, D. A.
(invited) (abstract) Huse, R. N. Klelman, B. Batlogg,

C. S. Oglesby, E. Bucher, D. J.
Bishop, T. E. Mason, K. Mortensen

Giant Magnatoresistance In Granular Magnetic Systems

6790 Giant magnetoresistance in sputtered Cr-Fe heturogeneous alloy films K. Takanashi, T. Sugawara, K.
Hono, H. Fujimori

6793 Origin of giant magnetoresistance effect In granular thin films Atsushi Maeda, Minoru Kume,
"Satoru Olkawa, Kazuhiko Kuroki

6796 Evolution of structure and magnetoresistance In granular Ni(Fe,Co)/Ag X. Bian, X. Meng, J. 0.
multilayers: Dependence on magnetic layer thickness Strom-Olsen, Z. Altounlan, W. B,

Muir, M. Sutton, R. W. Cochrane

6799 Magnetoreslstance In (Fe-Co)/Ag films A. Tsoukatos, D. V. Dimltrov, A. S.
Murthy, G. C. Hadjipanayis

6802 Interaction effects Lind magnetic ordering in GMR alloys S. J. Greaves, M. EI-Hilo, K.
O'Grady, M. Watson

6805 Magnetic structure of the spin valve Intorface D. M. C. Nicholson, W. H. Butler,
X.-G. Zhang, J. M. MacLaren, B. A.
Gurney, V. S. Speriosu

6808 Theory of transport in Inhomogeneous systems and application to magnetic W. H. Butler, X,-G. Zhang, D. M. C.
multilayer systems Nicholson, J. M. MacLaren

6811 The effect of interactions on GMR in granular solids M. EI-Hilo, K. O'Grady, Ft. W.
Chantrell

6814 Giant magnetoresistance in spinodally decomposed Cu-Ni-.Fe films I.. H. Chen, S. Jin, T. H. liefel,
T. C. Wu

63i7 Relaxation of magnetoresistance and magnetization in granular CuoCojo P. Allia, C. Beatrice, M. Knobel, P.
obtained from rapidly quenched ribbons Tlberto, F. Vinai

6620 Magnetic and magnetotransport properties of granular Cu85Foi 5 prepared Siddharth S. Saxena, Jinke Tang,
by mechanical alloying Young-Sook Lee, Charles J.

O'Connor

6823 Granular giant magnetoresistive materials and their ferromagnetic M. Rubinstein, B. N. Das, N. C.
resonances (abstract) Koon, D. B. Chrisey, J. Horwitz

6824 Magnetoresistance of granular Cu-(Co,Fe) and Cu-Co-B (abstract) R. v. Helmolt, J. Wecker, K.
Samwer

Hard Magnets II

6825 Evolution of recombination In a solid HDDR processed Nd14Fe-.9 B7 alloy N. Martinez, D. G. R. Jones, 0.
Gutfleisch, D. Lavielle, D. Per6,
I. R. Harris

(Continued)



6828 Effects of HDDR treatment conditions on magnetic properties of Nd-Fe-B H. Nakamura, R. Suefup, S.
anisotropic powders Sugimoto, M. Okada, M. Homma

6831 The use of polytetrafluoroethylene in the production of high-density C. Tattam, A. J. Williams, J. N.
bonded Nd-Fe-B magnets Hay, I. R. Harris, S. F. Tedstone,

M. M. Ashraf

6834 Evidence of domain-wall pinning in W-doped (NdDy)(FeCo)B sintered T. Y. Chu, T. S. Chin, C. H. Lin,
magnets J. M, Yao

6837 Magnetic properties of rare-earth compounds of the RCo10 Mo2 type D. C, Zeng, N. Tang, T. Zhao, Z. G.
Zhao, K. H. J. Buschow, F. R. de
Boer

U;40 Magnetic hardening by crystallization of amorphous precursors using very C. de Julian, J. M. Gonzalez, C.
high heating rates Moi-6n

684'" Magnetic phase diagrams of YCo 4B-based components Z. G. Zhao, R. de Boer, K. H, J.
Buschow, Y. P. Ge, J. Y. Wang

6646 A systematic study on stability of flux in Nd-Fe-B magnets consolidated by H. Fukunaga, H. Tomita, M. Wada,
diract joule heating F. Yamashita, T. Toshimura

6849 Studies of Mbssbauer spectrum on Sm 2(Fe,Ga)17C1 .5 alloy Hong Chen, Zu-xiong Xu, Ru-zhang
Ma, Shu-ming Pan, Bao-gen Shen,
De-yan Xue, Qiang Ni

6851 Low-temperature behavior of thermopower in rare-earth iron borides R. P. Pinto, M. E. Braga, M. M.
R2Fe 14B (R=Nd, Sm, Gd, Tb, Dy, Ho, Er) Amado, J. B. Sousa, K. H. J,

Buschow

6853 Effects of field orientation on field uniformity in permanent magnet J. H. Jensen, M. G. Abele
structures

6856 Lightweight, distortion-free access to interiors of strong magnetic field H. A. Leupold, E. Poteiizianl, II,
sources A. S. Tilak

6859 Laminar construction of spheroidal field sources with distortion-free H. A. Leupold, A. S, Tilak, E.
access Potenzlanl, II

6862 Effect of magnetization profiles on the torque of magnetic coupling Der-Ray Huang, Gwo-Ji Chlou,
Yeong-Der Yao, Shyh-Jier Wang

6865 A magnetic coupling without parasitic force for measuring devices Jean-Paul Yonnet, Jer6me
Delamare

6868 Accurate determination of permanent magnet motor parameters by digital M. A. Rahman, Ping Zhou
torque angle measurement

6871 A three-material passive dl/dt limiter S. J, Young, F. P, Dawson, A.
Konrad.

6874 An extended magnet in a passive dI/dt limiter S. J. Young, F. P. Dawson, A.
Konrad

6877 Effects of additives on magnetic properties of sheet Sr-Ba ferrite magnets Young Jei Oh, In Bo Shim,
Hyung Jin Jung, Jae Yun Park,
Seung lel Park, Young Rang Um,
Young Jong Lee, Seung Wha Lee,
Chul Sung Kim

Spin Waves and Other Exoitations

6880 Critical scattering of electromagnetic waves on spin fluctuations in I. E. Dikshtein, R. G. Kryshtal, A. V.
nonsaturated magnetic films under acoustic pump Medved

6883 Light scattering from spin waves In MnF 2  M. G. Cottam, V. P. Gnezdilov,
H. J. Labbe, D. J. Lockwood

6886 Controlling high frequency chaos in circular YIG films D. W. Peterman, M. Ye, P. E.
Wigen

6889 Study of spin wave resonance in a superconductor with pararnagnetic I. A. Garifullin, Yu. V. Goryunov,
impurities G. G. Khaliullin

6892 Two-magnon absorption in Nd2CuO 4  V. L. Soboiev, Yu. G. Pashkevich,
H. L. Huang, I. M. Vitebskii, V. A.
Blinkin

(Continued)



6895 Surface precession solitons (surface "Magnetic drops") in uniaxial Yurij Bespyatykh, Igor Dikshtein,
magnetics (abstract) Sergey Nikitov

6895 Nonlinear self-localized surface spin waves in ferromagnets (abstract) Alan Boardman, Yurij Bespyatykh,
Igor Dikshtein, Serge,, Nikitov

6896 Spin wave dispersion in ferromagnetic nickel (abstract) J. M. Rejcek, J. L. Fry, N. G.
Fazleev

6897 Ferromagnetic resonance and Brillouin light scattering from epitaxial M. Mendik, Z, Frait, H. von Kanel,
FeSi1 I. films .n SI(111) (absl-act) N. Onda

Hyperfine Field, Mossbauer Effect, and NMR

6898 Nuclear secondary echo in ferromagnets caused by quadrupole and Suhl- V. I. Tslfrinovich
Nakamura interactions

6900 A M6ssbauer effect study on the acicular cobalt ferrite particles J. G. Na, D. H. Han, J. G. Zhao,
H. L. Luo

6903 X-ray photoelectron spectroscopy and M6ssbauer study of Ho(Fe, ,Mn,) 2  Y. J. Tang, Y. B. Feng, H. L. Luo,
compounds S. M. Pan

6906 Hyperfine fields of mercury in single-crystalline cobalt J. G. Marques, J. G. Correia, A. A.
Melo, J. C. Soares, E. Alves, M. F.
da Silva

6909 Simulation of nuclear magnetic resonance spin echoes using the Bloch J. A, Nyenhuis, 0. P. Yee
equation: Influence of magnetic field inhomogeneities

6912 Correlation of magneto-volume effects and local properties of the J. Pelloth, R. A. Brand, W. Keune
Fe 2TI-laves phase (abstract)

Symposium on Giant Magnetoreslstance In Compounds

6913 Giant magnetoresistance effects In Intermetallic compounds (invited) V. Sechovsk), L. Havela, K.
Prokeg, H. Nakotte, F. R. de Boor,
E. Brick

6919 Giant magnetoresistance related transporl properties In multilayers and H. Sato, H. Henmi, Y. Kobayashl,
bulk materials (invited) Y. Aokl, H. Yamamoto, T. Shinjo, V.

Sechovsky

6925 Intrinsic giant magnetoresistance of mixed valence La-A-Mn oxide R, von Helmolt, J. Wecker, K.
(A=Ca,Sr,Ba) (invited) Samwer, L. Haupt, K. Bgrner

6929 Colossal magnetoresistance in La-Ca-Mn-O ferromagnetic thin films S. Jin, M. McCormack, T. H. "iefel,
(Invited) R. Raicush

6934 Giant magnetoreslstance In f-electron systems (invited) (abstract) Tadao Kasuya, Takashi Suzuki

Superconductivity I
6935 Theory of spin dynamics in the metallic cuprates (invited) Qlmlao Si, Yuyao Zha, K. Levin

6941 Hydrostatic pressure on HgBa 2CaCu20 6 , 6 and HgBa 2Ca 2Cu 308 , A F. Chen, L. Gao, R. L. Meng, Y. Y.
Xue, C. W. Chu

6944 Magnetoconductivity of BI2Sr2Caj IYICu 2O , sin fluctuation regime C. P. Dhard, S. N. Bhatla,
P. V. P. S. S. Sastry, J. V. Yakhmi,
A. K. Nigam

6947 Straightened voltage effect in high-T, superconductors A. Grishin, J. Niska, B, Loberg, H.
Weber

6950 Long-time magnetic relaxation measurements on a quench melt growth L. H. Bennett, L. J. Swartzendruber,
YBCO superconductor M. J. Turchinskaya, J. E. Blendell,

J. M. Habib, H. M. Seyoum
6953 Surface barriers and two-dimensional-collective pinning in single crys:al F Zuo, S. Khizroev, Xiuguang

Nd1 .,5Ce,.,,CuO4 ,- superconductors Jiang, J. L. Peng, R. L. Greene

6956 On vector generalization of the critical state model for superconducting I. D. Mayergoyz
hysteresis

6959 Proximity effect in MBE-grown superconducting/spin-glass multilayers Carlos W. Wilks, Brad N. Engol,
Charles M. Falco

(Continued)



6962 Heterodyne microwave mixing in a superconducting YBa 2Cu 30 7 - R. G. Seed, C. Vittoria, A. Widom
coplanar waveguide circuit containing a single engineerea grain boundary
junction

6965 Superconducting YBa 2Cu 3 C7 ,X/Y4Ba 3O 9 multilayers: Field independent Jun Hao Xu, A. M. Grishin, K. V.
critical current and dimensional crossover (abstract) Rao

6965 Schematic frictional model for interacting vortices in an isotropic J. S, Kouvel, S. J. Park
superconducting plate (abstract)

Magnetic Multilayer Coupling II

6966 Spin-polarized photoemission from quantum well and interface states C. Carbone, E. Vescovo, R.
(invited) Klasges, W. Eberh&-dt, 0. Rader,

W. Gudai

6972 Recent progress in the theory of interlayer exchange coupling (invited) P. Bruno

6977 Exchange anisotropy in films, and the problem of inverted hysteresis Amikam Aharoni
loops

6980 Ruderman-Kittel-Kasuya--Yosid9 polarizations in inhomogeneous media W. Baltensperger, J S. Helman

6983 Spin roversal in Co/Au(111)/Co trilayers V. Grolier, J. Ferr6, M. Galtier, M.
Mulloy

6986 Effect of coupling nn magnetic properties of uniaxial anisotropy NIFeCo/ T. Yeh, L. Berg, B. Witciafl, J.
TaN/NiFoCo s-ndwich thin films Falenschek, J. Yue

6989 Antlferromagnetic versus ferromagnetic coupling in Fe/Ci(107) and Cr/ A. Vega, H, Dreysse, C.
Fe(107) Demangeat, A. Chouairi, L. C.

Balb.s

6992 Influence of Cr growth on exchange coupling in Fe/Cr/Fe(100) (invited) Joseph A. Stroscio, D. T1 Pierce, J.
(abstract) Ungurls, R. J. Celotta

6993 Exchange magnetic coupling through nonmagnetic insulator spacers Shufeng Zhang
(abstract)

Magnetostrlction 1

6994 Fabrication of magnetostrictive actuators using rare-earth (rbSm)-Fe thin T. Honda, K. !. Aral, M, Yarnaguchi
films (invited)

7000 rreparation and applications of magnetostrictive thin films E, Quandt, B. Gerlach, K. Seemann

7003 Magnetostrictlon in TbDyFe thin films P. J. Grundy, D. G. Lord, P. I.
Williams

7006 Application of the ratio dlx to the investigation of magnetization processes A. R. Plercy, S. C. Busbrldge, D.
in glant-magnetostrictive materials Kendall

7009 Magleolization, Young's modull, and magnatostriction of rare-earth-iron A. E. Clark, M. Wun-Fogle, J. P.
eutectic alloys with R=Tbo.6 Dyo.4  Teter, J. B. Restorff, S. F. Cheng

7012 Theory of magnetostriction with application to Terfenol-D R. D. James, D. Kinderlehrer

7015 Recent developments in modeling of the stress derivative of magnetization D. C. Jiles, M. K, Devine
In ferronragnetic materials

7018 Magnetization and magnetostriction curves from micromagnetics Antonio DeSirnone

7021 Magnetostr.ctlon of meltespun Dy-Fe-B alloys S. H. Lirm, T. H. Noh, I. K. Kang,
S. R. Kim, S. R. Lee

7024 Magnetic properties and magnetostriction In grain-oriented T. Kobayashl, I. Sasaki, 1..
(Tb.Dy, .,)(Fe1 -yMny),.05 compounds Funayama, M. Sahashl

7'027 Stress effect on the magnetization of Dy in the Dy/DyFe 2 eutectic J. P. Teter, S. F. Cheng, J. R.
Cullen

7030 Direct measurements of magnetostrictive process in amorphous wires J. L. Costa, J. Nogu6s, K. V. Rao
using a scanning tunneling microscope (abstract)

7031 Tunable bistability fiom magnetostriction (abstract) A. S. Arrott, J.-G. Lee

(Continued)



ItInerant Magnetism and Electronic Structure II

7032 Influencu of Stoner-type excitations on the formation of magnetization and A. K. Arzhnikov, L. V. Dobysheva,
magnetic order in disordered metal-metalloid alioys E. P Yelsukov

7034 Magnetic susceptibility studies in G'' 2 CuO 4 beiow 300 K J. Mira, J. Castro, J. Rivas, D.
Baldomir, C. Vazquez-Vazquez, J.
Mahna, A. L6pez-Quintela, D.
Fiorani, R. Caciuffo, D. Rinaldi, T
Jones, S. B. Oseroff

7037 Cluster model studies on the electronic and magnetic properties of G. W. Zhang, X. G. Gong, Q. Q.
LaCo 13 and La(FexAll_-) 13 alloys Zheng, J. G. Zhao

7040 Struciure, transport and thermal properties of UCoGa A. Purwanto, R. A. Robinson, K.
Prokei, H. Nakotte, F. R. de Boer,
L. Havela, V. Sechovský, N. C.
Tuan, Y. Kergadallan, J. C. Spirlet,
J. -iebizant

7043 The effect of Mn on the magnetic properties of YFe 2  Jian-Wang Cai, Yuan-Bing Feng,
He-Lie Luo, Zhi Zeng, Qing-Qi
Zheng

7046 Effects of Al substitution in Nd2Fe i7 studied by firsi-prlnciples calculations Ming-Zhu Huang, W. Y Ching

7049 Magnetic and crystallographic order in a-manganese A. C. Lawson, Allen C. Larson,
M. C. Aronson, S. Johnson, Z.
Fisk, P. C. Canfield, J. D.
Thompson, R. B. Von Dreele

7052 Magnetic field dependence of T, of EuB6 (abstract) A. Lacerda, T Graf, J. L. Sarrao,
M. F. Hund!ey, D. Mandrus, J. D.
Thompson, Z, Fisk

NanoconipositO Magnets
7053 Two- and three-dimensional calculation of remanence enhancement of T. Schrefl, R. Fischer, J. Pidler, H.

rare-earth based composite magnets (Invited) Kronmbller

7059 Aligned two-phase magnets: Permanent magnetism of the future? R. Skomski
(invited)

70b5 Nanocomposite R2Fe 14B/Fe exchange coupled magnets L. Withanawasam, A. S. Murphy,
G. C. Hadjipanayls, R. F. Krause

7068 Influence of nitrogen content on coercivity in reinanence-enhanced K. O'Donnell, C. Kuhrt, J. M. D.
mechanically alloyed Sm-Fe-N Coey

7071 Coercivity of TI-modified (a-Fe)-Nd 2Fe 14B nanocrystalline alloys J. M. Yao, T. S. Chin, S. K. Chen

7074 Magnetization processes In rernanence enhanced materials (invited) R. Street, P. Allen, J. Ding, E.
(abstract) Feutrill, L. Folks, P A. I. Smith,

R. C. Woodward

Magnetic Multilayer Coupling Ill

7075 Magnetic order and spin-flop transition In Co-Re multilayers Z. Tun, W. J. L. Buyers, I. P.
Swainson, M. Sutton, R. W.
Cochrane

7078 Interlayer exchange coupling versus ferromagnetic layer thickness in L. Zhou, Z. Zhang, P E. Wigen, K.
asymmetric Co/Ru/Co trilayer films OunadJela

7081 Magnetic layer thickness dependence of the interlayer exchange coupling P. J. H. Bloemen, M. T H. van de
in (001) Co/Cu/Co Vorst, M. T Johnson, R. Coehoorn,

W. J. M. do Jonge

7084 Cumulative interface roughness and magnetization in antIferromagnetically X. Meng, X. Bian, R. Abdouche,
coupled NICo/Cu multilayers W. B. Muir, J. 0. Str6m-Olsen, Z.

Altounian, M. Sutton
7087 Coercivlty and magnetization process versus dipolar coupling in R. Kergoat, J. Miltat, T. Valet, R.

NiauFe20,dCu/Co/Cu spin valves Jerome

(Continued)



7090 Observation of large biquadratic coupling of FeCo through Mn (invited) M. E. Filipkowski, C. J. Gutierrez,
(abstract) J. J. Krebs, G. A. Prinz

7091 Magnetic dipole mechanism for biquadratic interlayer couoling (abstract) S. Demokritov, E. Tsymbal, P.
Grnnberg, W. Zinn, Ivan K. Schuller

7092 Polarized neutron reflectivity studies of biquadratic coupling in [Fe/Cr] J. F Ankner, A. Schreyer H-. Zabel,
(100) and [Fe/Al] (100) superlattices and films (invited) (abstrac'L) J. A. Borchers, C. F. Majkrzak, M.

Schafer, J. A. Wolf, P. Grknberg,
M. E. Filipkowski, C. J. Gutierrez,
J. J. Krebs, G. A. Prinz

Critical Phenomena
7093 Monte Carlo histogram calculation of the critical exponents of an Laura Hern~ndez, H. T. Dier,

FeMgl-xC12 Ising model (invited)
7099 Simultaneous suriace and bulk magnetic properties investigations by A. S. Kamzin, L. A. Grigor'ev, A. F.

using simultaneous gamma, x-rays and conversion electron M6ssbauer loffe
spectroscopy: Method and experimental results

7102 Magnetic properties of FexCu -, granular alloy films Peng Chubing, Chen Haiying, Li
Guozhong, Dai Daosheng

7105 New possibilities offered by high resolution Fourier transform spectroscopy M. N. Popova
in studying magnetic phase transitions

7108 How does mean-field theory work in magnetic multilayer systems? Xiao HU, Yoshiyuki Kawazoe

7111 Magnetic properties of the one-dimensional Heisenberg compounds Gayatri Vyas, Leonard W. ter Haar
(3-X-anilinium)8 [CuCI.]CI4 ; X=Br, I

7114 Comparison of two-dimensional Heisenberg and two-dimensional XY J. D. McKinley
model behaviors in Pd(1.2 at. % Fe) films

7117 The effects of frustrated biquadratic Interactions on the phase diagrams Daniel P. Snowman, Susan R.
and criticality of the Blume-Emery-Griffiths model (abstract) McKay

7117 Magnetic phase transitions in CsEr(MoC 4)2 and KDy(MoO 4)2-chain-layered E. N. Khats'ko, A. S. Cherny
Ising compounds (abstract)

Superconductivity II
7118 Na-doping effect on the magnetic properties of the YBCO ceramics T. Nurgallev, S. Miteva, I. Nedkov,

A. Veneva, M, Taslakov
7121 Properties of polycrystalline samples of Nd2.-Ce CuO4 - obtained from V. B. Barbeta, R. F. Jardim, L.

a sol-gel precursor Ben-Dor, M. B. Maple
7124 Magnetic ordering of Pr In Pb2Sr 2PrCu 3O8  W. T. Hsieh, W.-H. Li, K. C. Lee,

J. W. Lynn, J. H. Shieh, H. C. Ku
7127 Annealing temperature and 02 partial pressure dependence of T, in Q. Xiong, Y. Cao, F. Chen, Y. Y.

HgBa 2CuO 4 , . Xue, C. W. Chu
7130 Penetration of electromagnetic fields into superconductors with gradual I. D. Mayergoyz

resistive transition
7133 Study of the frequency and low-field dependence of ac susceptibility in M. Zuzo, L. Torres, J. Iiiguez, C.

YBaCuO de Francisco, J. M. Muhoz
7136 Effects of Ga doping on the magnetic ordering of Pr in PrBa 2Cu 3O7  W-H. Li, C. J. Jou, S. T. Shyr, K. C.

Lee, J. W. Lynn, H. L. Tsay, H. D.Yang

7139 Galvanomagnetic properties of quasi-one-dimensional superconductors K. Yu. Arutyunov, N. P. Danilova,
A. A. Nikolaeva

7142 Remanent magnoiization of layered and isotropic superconductor3 Yu. V. Bugoslavsky, A. A. Minakov,
(abstract) S. 1. Vasyurin

7143 Two types of additional maxima in magnetization cuives of layered Yu. V. Bugoslavsky, A. A. Minakov
superconductors 'abstract)

7143 "Effective radius" of the 4f electrons in i CEBa2CU30 7 , RE= Dy, Ho, Er Yu. A. Koksharov, P. K. Silaev
(abstract)

7144 Helicoidal, magnetic vortex in a current-carrying superconductor in a Yuri A. Genenko
longitudinal magnetic field: New exact solution (abstract)

(Continued)
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Magnetostriction 11

7145 Ga substitution effect on magnetic and magnetostrictive properties of Y. J. Tang, Y. B. Feng, H. L. Luo,
TbFe 2 compounds S. M. Pan

7148 Comparison of .he dynamic magnetomechanical properties of D. Kendall, A. R. Piercy
Tbo0 27Dyo.73Fe 2 a;d Tbo.3oDyo.7oFe 2

715I Anisotropy in twinned terfznol-D crystals D. G. Lord, D. Harvey

7154 Device oriented magnetoelastic properties of TbDy, -Fel.95 (x=0.27, K. Prajapati, R. D. Greenough,
0.3) at elevated temperatures A. G. Jenner

7157 Influence of hydrogen on the magnetic properties of Terfenol-D L. Ruiz de Angulo, J. S. Abell, I, R.
Harris

7160 Control of Terfenol-D under load A. G. Jenner, R. D. Greenough, D.
Allwood, A. J. Wilkinson

7163 Pressure dependencies of magnetostrictive strain and d coefficient in N. Galloway, R. D. Greenough,
Terfenol-D after thermal or magnetic annealing A. G. I. Jenner, M. P. Schulze

7166 Effect of bias magnetic field on the magnetostrictive vibration of amorphous Naoshi Asuke, Tatsuru Namikawa,
ribbons Yohtaro Yamazaki
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IEEE TRANSACTIONS ON

MAGNETICS
NOVEMBER 1994 VOLUME 30 NUMBER 6 IEMGAQ (ISSN 0018-9464)

A PUBLICATION OF THE IEEE MAGNETICS SOCIETY

PART I. OF TWO PARTS

Sixth Joint Magnetism and Magnetic Materials-International Magnetics Confei er.'e
Albuquerque, New Mexico, June 20-23, 1994

Journal of Applied Physics Table of Contents ................................................................ 3774
IEEE Magnetics Society 1994................................................................................ 3791
Conference Organization..................................................................................... 3793
Contributors............... .................................................................................. 3794
Preface.................. .................................................................................... 3795
Introduction............... ................................................................................... 3796

Symposium on Advanced Magnetic Recording
Outlook for Maintaining Areal Density Growth Rate in Magnetic Recording-E. Grochowski and

D. Thompson.......................................................................... 3797
Design, Fabrication and Testing of Spin-Valve Read Heads for High Density Recording-C. Isang,

R. Fontana, 7'. Lin, D. Hejin, V. Speriosu, B. Gurneyv and M. Williams ......................... 3801
Advanced Read Channels for Magnetic Disk Drives-i'. Howell, W. Abbott and K. Fisher ................. 3807

GMR and Spin Valve Sensors for Magnetic Recording
Application of Giant M" ý;netoresistivc Elements in Thin Film Tape Heads- W. Folkerts, i. Kools,

7T. Rijks, R. Coehoorn, M. De Nooijer, G. Somers, J. Ruigrok, and L. Postina ................... 3813
High Sensitivity, GMR, 1 Micron Wide, End-on. Ganged, Read Head Sensors-E. Chen, A. Pohi1n,

J. Daughton, .1. Brown and W. Black...................................................... 3S16
Magneto resistance of Symmetric Spin Valve Structures-T. Anthonyv, J. Brug, and S. Zhang ............... 3S1l9
Micromagnetics of GMR Multilayer Sensors at High Current Densities-N. Smnith ....................... 3822
Size and Self-Field Effects in Giant Magnetoresistive Thin Film Devices-R. Cross, S. Russek, and

S. Sanders, M. Parker, J. Barnard, and S. Hossa~n ......................................... 3825
-- High Frequency Permeability Measurements On Ni 7,Fej1 )Co 14/Cu Giant Magnetoresistive

Multilayers-W. Do ' le, H. Fujiwara, S. 1-ossain, A. Matsuzono, and A4. Parker .................. 3828
Unshielded Spin-Valve Sensors Exchange-Biased by Thin TbCo Layers-i. Leal, N. Oliveira,

L. Rodrigues, A. Sousa, and P. Freitas.................................................... 3831
Magnetoresistance Studies of NiCoO Exchange Biased Spin-valve Structures-C-L. Lin, J. Sivertsen,

and]J. Judy ........................................................................... 3834
Highly Sensitive Giant M ag netoresi stance in NiFe/(Ni/F!ý/Cu)n/NiFe Thin Films-A. Kouchiva'na,

7I. Miyauchi, and K. Watanabe........................................................... 3837

Magnetoresistive Thin Film Recor( ing Heads
Flux-Guided MR Head for Very Low Flying Height-T. Kosvhikawa, Y. Olitsuka, Y. Ikegawa,

H. Tanaka, .1. Toda, and Y. Mizoshita ............ ........................................ 3840
Performnance Characteristics of a 4-Terminal Vertical Magnetoresistive/Induct ive Head-T7 Shihaia,

N. Saito, H. Narisawa, Y. Soda, and 7. Sekiva ............................................ 3843
Electrical Characteristics of a 500 Mb/in 2 Slanted Contact MR Head-i. Fernandez-de-C'astro,

P. George and R. Machelski............................................................. 3846
Exchange Biasing Schemes foi- MR Disk Heads-S. Yuan .......... ................................. 3849
Comparative. Experimental Study of Exchange Biased Symmetric and Antisymmectric Dual

Magnetoresistive Heads-I. Trindlade and M. Krvder ........................................ 3852



Stability and Biasing Characteristics of a Permanent Magnet Biased SAL/MR Device-S. Liao,
T'. Torng, and T' Kobayashi ............................................................ 3855

Numerical Analysis of Sensitivity Distribution for MR Strips Stabilized by Permanent Magnet Films-
K. Kikuchi. T' Koba vashi, T'. Kawai, and A. Sakutna........................................ 3858

Study of SAL-Biased MR Heads with Patternied Permanent Magnet Bias-Y. Guo, i-G. Zhu. and
S. Liao .............................................................................. 3861

Design and Fabrication of Unshielded Dual-Element Horizontal MR Heads-i. Guzmnan,
K. Mlountfie/d, Al. KrYder, R. Bojko, and R. E. Jones, Jr ..................................... 3864

Simulation of Micromagnetic and Magnetoresistive Response in at Shielded Permialloy Strip-
T. Koehler........................................................................... 3867

Inductive Thin Film Recording Heads
Writing Performance of Narrow Gap Heads Made with Sputtered Laminated FeN Materials onl 3800

Oc Coercivity Media-H,. Hu, L. Vo, 7., Ngu ' en, N. Robertson, Xl Re, andc C. iahnes ............ 3870
Modeling of Narrow Track Thin Filmn Write Head Fields-Al. Kryder and W-Y. Lai ..................... 3873
Performance Evaluation of Different Pole Geometries in Thin Film Heads-S. Batra, A. Torabi,

Al. Mallary, S. Ramaswatny, and S. Marshall .............................................. 3876
The Effect of Rise Time and Field Gradient on Nonlinear Bit Shift in Thin Film Heads-A. Torabi,

M. Malla rv, and S. Marshall .................................... .................... 3879
Write Induced Track Misregistration Due to Magnetic Center Shifts in Thin Film Inductive Heads-

Al. Salo, Y. Tang, and T'. Gallagher ................................. .................... 3882
Inductance Fluctuation, Domain Instability and Popcorn Noise in Thin Film Heads--F. Liui and

M. Kryder ........................................................................... 3885
Stress Effects of Water Sorption in Cure Baked Photoresist Underlayers on the Magnetic Easy Axis of

Perinalloy Film Overlayers-P. Kasiraj, C. Mo ' lan, and R. Fontana........................... 3888
Off-Track Capability of a Pole Trimmled Thin Filmn Head-K. Fukuda, M. Sakai, N. Yamanaka,

A. lijirna, and Al. Matsuzaki............................................................ 3891
An Improvement of'Thin Filmn Inductive Heads--Y. Sakurai, 7. Ishiguro, K. Katagitri, 7'. Kurivya~na,

and Y, Ichinose....................................................................... 3894
Perpendicular Contact Recording Head with High Momnent Laminated FeAIN/NiFe Pole T ips-

S. Wang, E. Louis, J~. WolI.'oti, R. Anderso~i and M. Krvder .................................. 3897
Multi-Track Submicron-Width Recording with a Novel Integrated Single Pole Head in Perpendicular

Magnetic Recording-H-]. Muraoka and Y. Nakamnura........................................ 3900

Magnetic Recording Heads
A Thin Film Head for HD-VCRs--fH. Ohinori, 7'. Yamnamoto, M. Shoji, Y. Sugivatna, K. Havashi,

and Ml. H-ayakawa .................................................................... 3903
Low Inductance Double-Sided Metal-in-Gap Nano, Composite Slider Using Fe-Ta-N Magnetic Filmn

System for 250 Mb/in 2 Recording-R. Goro, 7'. Kawai, M. Yamazaki, F. 7:vutedci,
S. Suwabe, 1. Sakaguchi, and A. Iwain ................................................... 3909

Effects of Nitrogen Content onl the Microstnicturc; and Magnetic Properties of FeTaN Films-
i-C. Lin, L-i. Clien, and C-i. Che.,i...................................................... 3912

Microstructure and Magnetic Properties, of'FeTaN Filmns-FE. Hafifek and .1. Barnard ..................... 3915
Electrochenmical Corrosion Study of High Moment Thin Film Head Materials---S. Gangopadhya~v,

V. Inturi, i. Barnard, M. Parker, H. Sajjiiriaii, and G. W~arren...... ......................... 3918
Stress, Microstructure and Materials Reliability of Sputter- Deposited Pc-N Filmns--P. Nara an and

Y. Kitn.............................................................................. 3921
FeSiN Films for a Narrow Track I-ead-Al. Kadono, 7'. Yamamoto, M. Michijimna, Ml. Kvoho,

7'. Mats uda, and 7'. Marafnatsu ......................................................... 3924
X-ray Diffraction and Magnetic Properties of Rapid Thermal Annealed Senldust Filmis--Al. Ullah,

K. Co/fry, Al. Parker, andl . Howard .................................................... 3927
Thick and Stress-Free Sendust Films onl Silicon for Recording H-eads Cores-i. Daval, B., Becheivet,

J. Arro ' o, B. Va/on, Al-F. Armand, and H-. Joisten..................... I.................... 3930
Corr-elation between Noise-Atter-W rite anid Magnetic Domlain Structure Conversions in Thi i- Fil ~ii

Heads by Electron Microscopy--K. Kobayashi ............................................. 3933
The Thin Film Head for VCR---T, Suzuki, 1. Abe, T' Mlizuguchi, 0. Morita, and IL Takino ............... 3936
Off-Track Characteristics of Laminated Heads in Azimuth Recording-Al. Ura, H1. Koba 'vashi,

S. Horibata, K. Sato, and H. Shibta ..................................................... 3939



Thin Film Magnetic Recording Media
Effect of Cobalt Oxide Addition on Co-Pt Media-R, Ranjan, M. Lut, 7. Yamashita, and T. Chen ........... 3942
Exchange Anisotropy in MetalI-Evaporated Tapes-G. Bottoni, D. L'andulfo, and A. Checcheti ............ 3945
Interdiffusion and Grain Isolation in Co/Cr Thin Films-Y. Feng and D. Faugh/in, and D. Lainbeth ......... 3948
NiA I Underlayers for CoCrTa Magnetic 'Thin Filmis-L-L. Lee, D. Laughlin, and D. Lamnbetli.............3951
Effect of Very Thin Cr-Undcrlaycr on the Magnetic and Recording Properties of CoCrra Thin-Filmn

Media-B. L~al, M. Tobise, and 7. Shinohara.............. I................................ 3954
Advanced Multilayer Thin Filmns for Ultra-High Density Magnetic Rccording Media.-P. Glijer,

J. Sivertsen, andiJ. Judyv............................................................... 3957
Magnetic Properties and Crystallography of Double-Layer CoCrTa Thin Films with Various

Interlayers-Y. Feng, D. Laughlin, and D. Lamnbeth......................................... 3960
High Coercivity and Low Noise Media Using Glass Substrate-X. Taing, B. Reed, R. Zubcck,

D. Hollars, and K. Goodson............................................................ 3963
A Study of Magnetic Recording Media on Glass Substrates--S. Duan, B. Zhang, C. Gao, 0i. Rauch,

J. Pressesky, and A. Schwartz ........................................................... 3966
Relation between Microstructure of Grain Boundary and the Intcrgranular Exchange in CoCrTa Thin

Film for Longitudinal Recording Media-i. Nakai, '-. Kusuponoo, M. Kuwabara,
T. Mliyatnoto, M. Visokay, K. Yoshikawa, and K. Izayanta.................................... 3969

The Dependence of Compositional Separation on Film Thickness for Co-Cr and Co-Cr-Ta Magnetic
Recording Media-D. Rogers, Y. Maeda, and K. Takei...................................... 3972

Magnetic and Recording Characteristics of Bicrystalline Longitudinal Recording Mediumi Formed onl
an MgO Single Crystal Disk Substrate -.M. Fulamnoto, M. Suzuki, N. Inaba, A. Nakamura,
and Y. Hond ......................................................................... 3975

Microstructure and Recording Properties of Bicrystal Disks with GaAs Substrates-i. Ding and
i-G, Zhu............................................................................ 3978

Coercivity-Gradient Bi-Layered Thin-Film Media for Longitudinal Recording-B. Lal and
T. Shinohara......................................................................... 3981

Effects of Highly Permeable Keeper Layer on Transition Shifts for T'hin Film Media-G. Mian,
P-K. Wang, W. Reed, R. Zubeck, and D. Hollars........................................... 3984

Transition Noise Spectral Measurements in Thin Film Media-G. Lin and H. Bertrain................... 3987
The Relationship of Medium Noise to System Error Rate in a PRML Channel--i, Fitzpatrick,

H. Bertram, X. C'he, L. fiarbosa, and G. Lin .............................................. 3990
Texture-Induced Modulation Noise and Its Impact on Magnetic Performance-E. Wu, i. Peske, and

D. Palmer........................................................................... 3996
Experimental and Microinagnectic Study of Track Edge Noise Reduction Effect in Mutilayer Thin Film

Media-X-G. Ye, T. Lain, and J-G. Zhu................................................... 3999
Interaction Fields and Media Noise in CoPtCr Thin Filmns--P. Huang, .i. Hart-ell, M. Parker, and

K. Johnson .......................................................................... 4002
Soft Error Rate Dependen-rce on MrT for Thin Film Media-C). Allegranza and Ml. Yang .................. 4005
Effect of Ta on the Structure, Magnetic Properties, and Recording Performance of CoCrTaPt/Cr Thin

Film Media-K. Slin, i. Sivertsen, and J. iudy ............................................. 4008
Magnetic Properties anid Recording Performance Of MUltilayer Films of CoCrTa, Co CrPtTa, anid

CoCrPtTa with CoCrPtB-L. Song, R. Gardner, S. McLaurin, and M. Sedighi................... 4011
Pd/Co Multilayers for Perpendicular Magnetic Recording-D. Liarson, i. Perez and C. Baldwin ........... 4014
Polarization- Dependent EXAFS Studies of Chemical and Structural Anisotropy in Sputter- Deposited

Co 78Cr22 Films-K. Kemner, V. Harr-is, W. Elamn, and J. Lodder .... I.. I........ I...............4017
Soft Magnetic and Crystal lographic Properties of Ni 8 jFc 19/Co 67Cr.13 Multilayers, as Backlayers in

Perpendicular Recording Media-S. Nakagawa, 7. Ichihara, and M. Naoe ...................... 4020
High Coercivity in Co-Cr Films for Perpendicular Recording Perpared by Low Temperature

Sputter-Deposition--N. Honda, J. Ariake, K. Ouchi, and S. Iwasaki ........................... 4023
Oxygen Effect on the Microstructure anid Magnetic Properties of Binary CoPt Thin Films for

Perpendicular Recording-T. Hikosaka, 1. Komiai, and Y. Tanaka ............................. 4026
Micromnagnetic Domain Observations of Co-Cr Films by Neutron Scattering-K. Takei, J. Suzuki,

Y. Maeda, and Y. Mor-ii................................................................ 4029
High Coercivity FeSinN Thin Films for Longitudinal Magnetic Recording Media-D. Wang and

W. Doyle............................................................................ 4032
Nanostructures of Sm-Co on Cr Thin Filrms-Y. Liu, B. Robertson. Z. Shanl, S. Ma/hotra, M. Yu,

S. Renukunta, S. Liou, and D. Sellmnyer................................................... 4035



Magnetic Properties and Microstructure of Sputtered CoSrnfX(X = Ti,V,Cu and Cr) Thin Films-
Y'. Okuurnua, H. Fujimori, 0. Suzuki, N. Hosoya, X. Yang, and H. Morita ...................... 4038

Magnetic Properties of (Coq3.Cr 7)-P-Pt/Cr Thin Films for Longitudinal Magnetic Recording Media-
H. Sohin, S. Seol, 7. Kang, K. Shin, T. Lee, and P. Jang..................................... 4041

Effects of CoTi-Doping on Longitudinal Barium Ferrite Thin Film Media-X. Sul and M. Kr'yde . ......... 4044
Longitudinal Recording Performance of Sputtered Barium Ferrite Media on a Carbon Rigid Disk

Substrate-S. Rosenblum, H. Hayashi, J. Li, and R. Sinclair ................................. 4047
Temperature and Orientation Effects on the Magnetic Properties of Doped Barium Ferrite Thin

Films-I. Li, R. Sinclair, S. Rosenblun, arid H. Hayashi............... I..................... 4050
Ba Ferrite Thin Films with Large Statuation Magnetization Deposited by Sputtering in Mixture of Xe,

Ar, and 0 2-N. Matsushita, K. Nomna, and M. Naoe ........................................ 4053
Fabrication and Magnetic Studios of (Co,Zn)-Doped -y-Fe2O3 Thin Filmns-P. Kuo, Y. Yac, J. Chen,

C. Lin, Y. Lo, and J. Huang ............................................................ 4056

Particulate Magnetic Recording Media
An Investigation of the Archivability of Metal Particle Tape-P. Sides, G. Spratt, and P. Kampf ........... 4059
Degradation of Passivated Iron Particles in Humid Atmiospheres-C-S. Jung, G. Bonid, S. Raghavan,

and R. Einrick........................................................................ 4065
Protection of Fe Pigments with Amnine-Quinone Polymers-D. Nikies, J. Caini, A. C/zacko, and

R. Webb............................................................................. 4068
Dispersion Quality of Magnetic Tapes Prepared from a Waterborne Formulation-S. C/ieng, H. Fan,

1. Harrell Jr., A. Lane, and D. Nikies . ...... I............................................. 4071
Thermal Effects in Small Metallic Particles-R. Veitch, H. Richter, P. Poganiucli, H1. Jakthsch, and

E. Schwab........................................................................... 4074
Influence of the Doping on the Time-Dependent Magnetic Behaviour of Fine Particlcs-G. Bottoni,

D. Candol/b, and A. Cecchetti .......................................................... 4077
Switching Field Characteristics of Individual Iron Particles by MAFM- Y Luo and J-G. Zhu ............... 4080
FMR Spectra of Oriented -y-FeAO3 Co-,y-Fe 2O3 , Cr02 and MP Tapes-Y. Yu and J. Harrell .............. 4083
High Speed Coherent Switching Below the Stone r-WohlIfarth Limit-L. He, W. Doyle and

H1. Fujiwara ......................................................................... 4086
Magnetization Reversal in Magnetic Tapes with Sequential Field Pulses-P. Flanders, W. Doyle, and

L, Varga ............................................................ ............... 4089
Hexaferrite Particles Prepared by Sol-Gel Technique-C. Surig, K. Hempel, and A. Bonnenberg ........... 4092
Mean Field Interaction and Transverse Susceptibility-C-R. Chang and J-S. Yang....................... 4095
Magnetic Thermal Stability of Mn and Co, Volume-Doped Acicular Iron Oxide Particles-D. Han,

J. Wang, Y. Feng, H. Luo, and J. Na. .................................................... 4098
Transverse Susceptibility and Rermanence Characteristics of Barium Ferrite Hand Spread Coatings, as a

Function of Milling Time-P. Sollis, P. Bissell, and R. Chantrell ............................. 4101
Preparation and Magnetic Properties of (Co,Zn)-Doped -y-FC2O3 Particles-C. Lin, P. Kuo, J. Chien,

and Y. Yao........................................................................... 4104
Magnetic Properties of Composite Ba-Ferrite Particles Containing a-Fe-S. Kitahata and

M. Kishinioto ........................................................................ 4107
(NiTi), (Ni,Sn) and (Zn,Ti) Substituted Barium Ferrite Particles Prepared by a Flux Method with

6-FeOOH as a Precursor-T. Chin, M. Deng, S. H-su, and C. Lin.............................. 4110

Head/Disk Interface for Magnetic Recording
Tribological Behavior of Thin Film Rigid Disks with Regular Dot Array Texture on Carbon

Overcoats-H. Tanaka, F. Ishikawa, K. Gomni, N. Yamaguchi, and Y. Miyake ................... 4113
Isotropic Thin Film Texture for Alternative Substrates-T Kogure, Y. Matsunlo, 7'. Itoh, and

C. sinima............................................................................ 4116
Sputter-Induced Random Micro Texturing on NiP Plated Aluminum and Alternate Substrates-

4E. Teng, P. Nguyen, and A. Eltoukhy..................................................... 4!19
Numerical Simulation of the Steady State Flying Characteristics of a 50% Slider with Surface

Texture-M. Wa/il anid F. Talke ......................................................... 4122
Tribological arid Recording Performance of Carbon-Coated Thin Film Head Sliders on Unlubricated

and Lubricated Thin Film Media-G. Wang, T-A. Ye/i, J. Sivertsen, J. Judy and G-L. C/hen.........4125
Slider/Disk Separation at Rest-H-L. Leon and S. C/iapmnan......................................... 4128



The Development and Implementation of a Flying Height Tester Calibration Standard-Y. Li,
A. Menon, and P. Goglia............................................................... 413 1

Perform~ance of Hard DLC Protective Film Prepared by PECVD Method for Thin Film Magnetic
Disk--K. lechika, Y. Kokaku, M. Qotake, K. Abe, K. Tani, and H. Inaba....................... 4134

The Role of Disk Carbon and Slider on Water Adsorption-M. Smnallen, J. Lee, A. Chao, and
J. Enguero........................................................................... 4137

Lubricant Bonding Via Hydrogen Bond Network-K. Sano, H. Murayamia, and F. Yoko ' ana ............. 4140
Environmental Effects on Phosphazcne Lubricated Computer Hard Disks-M. Yang, F. Talke',

D, Perettie, 7. Morgan, and K. Kar ..................................................... 4143
Vapor Luhrication of Thin Film Disks-K. Cofl~y, V. Rainan, N. Staud, and D. Pocker.................. 4146
Single-Pass Flaw Detector for Magnetic Media-W. Huber ......................................... 4149
Mechanically-Induced Readback Errors in Contact Record'ang-J. Spong, M. Dovek, and G. Vur'ns ......... 4152
A Study of the Head Disk Interface Shock Failure Mechanism-S. Kumtar, V. Khanna, and

M. Sri-Jayanlha ...................................................................... 4155
Design and Performance of' Novel Air Bearing Slider-M. Matsumnoto, Y. Takeuchii, H. ilgari, and

H. Takahashi ........................................................................ 4158
Vibro-Loading of Magnetic Head Assembly for Hard Disk Drives-K. Aruga, S. Yoneoka, and

7T. Oh we ............................................................................ 4161
Non-Invasive Take-Off/Touch-Down Velocity Mcasurenients-K. Klaassven, J. Vail ;PC11, and

R. Eaton............................................................................ 4164
Measurement of Flying Height on Carbon (ivercoated Sliders-K. Lue, C. Lace ' , and F. Talke ............ 4167
Slider Vibrations Induced by Ramp-Suspension Interaction During the Ramp Loading Process--

T-C. F~uand D. Bogy.................................................................. 4170
Ultra Low Flying Height Measurements Using Monochromatic and Phase Demodulated Laser

Interferonmetry- T. McMillan and F. Talke................................................. 41 73
Friction and Wear of Particulate and ME Magnetic Tapes Sliding Against a Mn-Zn Ferrite Head in a

Linear Mode-B. Bhushan and J. Lowry.................................................. 417"6
Measurement of Head Wear Rates Using Custom High Sensitivity Electrical Elemlcnits-R, Dee,

K. Franzel, J. Cates, and R. Cro well..................................................... 4179
Running Characteristics of MIG Heads Against MP, Barium Ferrite and ME Tapes-T. 7suchi a w and

B. Bhusvhan ..................................................................... 41982
Deformation of Laminated Tapes-R. Sundaram .................................................. 41 85
Biquadratic Surface Fits for Two-Dimiensional Interferomietric Head/Tape Spacing-E. Baugh and

PF. 74ike............................................................................. 4188
Drive-Level Flying Height Meaurements and Altitude Effects-Y. Deng, li-C. Tsai, and B. Nixon .......... 4191

Magnetic Recording Systems and Coding
Space Data Storage Systems and Technologies-R. Kati ........................................... 4194
The Effects of MR Induced Non-Linearities on Channel Performance-K. Chop~ra, L. Nix, and

K. Taberski .............................................................. ........... 4200)
Effects of MR Head Track Profile Characteristics on Servo Performance-D. Cahalan and K. Chopra 4203
A New MR Head Track Following Method for Subinicron Track Servo on Rigid Disks-B. Tan,

G. Pan, D. Map~s .................................................................... 4206
Characterization of Magnetizing Process for Pre-Embossed Servo Pattern of Plastic Hard Disks-

S. Tanaka, Y. Alai, 0. Morita, D. Dericotte, K. Kurokawa, T. Kashiwagi, and H. Takino ......... 4209
Two-Dimnensional Coding for a Multi-Track, Maximum-Likehood Digital Magnetic Storage System-

P. Davey, 7. Donnelly, and D. Mapps.................................................... 4212
Spectral Properties of (d,k) Codes with Multiple Spacing-C. Men vennett and H. Ferreira ................ 4215
A System Architecture for Multi-Level Decision Feedback Equal izat ion-J. Kenney ..................... 4218
Improved Equalization for Digital Recording Using Nonlinear Filtering and Error Confinement-

S. Nair and J. Moon...................................... ............................ 4221
Adaptive Time Optimal Control of a Disk Drive Actuator--S. Weerasooriya, T. Low, and Y. Huang ........ 4224
A High-Performnance and Low-Profile Moving-Magnet Actuator for Disk Drives-F. Yamnada,

S. Koganezawa, K. Arua g, and Y. Mizoshita............................................... 4227

Magnetic kecording Modeling and Phenomeneia
Thermal Instabiityv at 10 Gbit/in 2 Magnetic Recording-P-L. Lu and S. Charap......................... 4230
A Practical Nonlinear Model for Magnetic Recording Channels- W. Zeng andiJ. Moon .................. 4233



A Generalized Frequency Domain Nonlinearity Measurement Method-X. Che, Al. Peek and
J. F itzp a trick . . ... .. .. . ... .. ... ... . ... .. ... ... .... . .... .. ...... ... ... ... .. ... ..... ... . ... . 4 2 36

A Time-Correlation Method of Calculating Nonlinearitics Utilizing Pseudorandom Sequenccs -- X. C/u'
and P . Z ip erovich ........................................................................ 4239

Magnetic Force Microscopy Study of Edge Overwrite Characteristics in Thin Film Mcdia--J-G. Zhu,
Y. L uo , and J. D ing ...................................................................... 4 242

Experimental Study of Track Edge Noise Distribution in Narrow Track Recording--. Lain, J-G. Z111,
and T . A rnoldussen ....................................................................... 4245

Comparison of Magnetic Fields on Thin-Filh Heads and Their Corresponding Bit Patterns Using
Magnetic Force Microscopy-P. Rice, B, Halllet, and J. Moreland ............................. 4248

Determination for the Narrow Read Width of Thin Film Magnetic Recording Head Using Error Rate
M odel--M . Huang, R. Chu, Y. ftsia, and 7'. Tran ............................................ 4251

Edge Effects in Narrow Track Recording Using Symmetric and Asymmetric Write Pole Geometries-
E . W u and J, P eske ....................................................................... 4254

Modeling and Measurement of Hard-Magnet Biasing Strengths of MR-SAL Structures--S. Yuan,
S. Liao, and T. K obayashi ................................................................. 4257

Moving Vector Preisach Hysteresis Model and 6M Curves--F. Ossart, R. Davidson, and S. Chlarap ....... 4260
Angular Dependence of Magnetization in Recording Media-T. Temnpleton, A. Arrot, and Y. Yoshida ..... 4263
Physically Based Information Science of Magnetic Recording 11. Physical Sources of Medium Noise---

D, Porter, J. O 'Sullivan, R. lndeck, and Al, Muller . ......................................... 4266
A Model for Threshold and Timing Error Rate Versus Off-Track lPosition-.I. Alexander . ............... 4269
Relationship between Overwrite and Transition Shift in Perpendicular Magnetic Recording--

HI. M uraoka, S. Ohiki, and Y. Nakam ura ..................................................... 4272
Modeling Study of Isolated Read-Back Pulses from Keepered Longitudinal Thin Filn Media Using

the Boundary Element Method-./. Loven, Y. Guo, K. Sin, J. .ladv, and .i-G. Zhu ................ 4275
Calculation of Head Sensitivity Function from 3-D Magnetic Fields-lI. Burke, R. Gomez.,

R. M adabhushi, and D . M al vergoyz ......................................................... 4278
Gauge Testing of Transition Jitter Measurements ltor Longitudinal Thin Film Magnetic Recording-

M . H uang, R. Chu, Y-T. tlsia, and T. "ran ................... ........................... 4281

Computational Magnetics
Fast Actuator Modeling by Finite Element M'thod--K, Takeuchi, Al. Shimizu, K. Okazaki,

T. Nakala, N. Takahashi, and K. Fujiwara .................................................. 4284
Design Techniques for Reduction of Reluctance Torque in Brushless Permanent Magnet Motors -

S. H wang and D . Lieu . ................................................. .................. 4287
Modeling of the Influence of Coil Winding Pattern on Tooth Forces in Brushless DC Motors-G. Jang

a n d D . L ieu .. ... .... .... .... .... ... . ... ... ... .. .. .... ... ... ... ...... .. ... .. . ... ... ... .. . . 4 2 9 0
Modelling and Computation of Nonlinear Magnetic Fields in Linear Step Motors by Finite. llcnicnt

M ethod- S. Khan and A . Ivanov ........................................................... 4293
Utilizing Genetic Algorithms for the Optimal Design of Electromnagnetic Devices - G. Uh'r,

0 . M oham m ed, and C-S. Koh .............................................................. 4296
Eddy Current Losses in Saturable Magnetic Materials--V. Machado .................................. 4299
Perturbed H-Method Without the Lagrange Multiplier for Three-Dinmensional Nonlinear Magnetostatic

Proble m s- l. Saitol ....................................................................... 4302
Bifurcation Diagram and Large Energy Dissipation Caused by Chaotic Domain-Wall Motion -

I1. Okuno, Y. Sugitani and T. Hoinm a ...................................................... 4305
Hysteresis Modeling of Recording Media with an Interacting Stoner-Wohlfarih Particles System-

A . Stancu and C . Papusoi ................................................................. 4308
Optimizing Strategy for MR Imaging Gradient Coils-K. Adatniak, A. Czaja, and B. Ruit ................. 4311
Electromagnetic Field Analysis in Rotational Electric Machines Using Finite Element-Analytical

Hybrid Method- B. Chao, S. Chen, Z. Liu, and 7' Low ...................................... 4314
Modeling and Torque Analysis of Permanent Magnet Spindle Motors for Disk Drive Systems-Z. Liu,

C . B i, C . Tan and T-S. Low ............................................................... 43 17
Genetic Algorithms for Nondestructive Testing in Crack Identification-A. Arkadan, T. Sareea, and

S. Subrainaniatn .......................................................................... 4320
Analysis of Axial-Field Actuators- E. f'urlani and Al, O 'Brien ........................................ 4323
Modelling the Effects of Eddy Current Losses on Frequency Dependent Hysteresis in Electrically

C onducting M edia--D . Jiles ............................................................... 4326



The Finite Element Solutions of Moving Conductor Eddy Current Problems Based on Triangular
Elcments-Z. Wang, G. Dawson, T. Eastham, and Z. Liu .................................. 4329

An Improved Technique for Nonlinear Magnetic Problems-AM. Chiamifi, AM. Relw'tt, and
D . C hia ra ba g lio ............................................................... ... ........ 4 3 32

Asymptotic Boundary Conditions for Axisymmctric Finite Element Electrostatic Analysis- Q. Chert,
A . Konrad, and S. Baronijan ............................................................... 4335

Enclosure Losses in High Power Systems-P. R.vff, T l'awzi, and A. Hussein ........................... 4338
Two Dimensional Magnetization Model for Anisotropic Soft Magnetic Sheets--7". Wackkcrh' and

U . M ekh ich e ... ... .. ... ... ... ... ...... ... ........ . ... .. .. .... .. .. .... .... .... . .. . ... .. ... 4 34 1
Domain Walls Interactions with Attractive and Repulsive I)efects in the Garnet Films-- V. Karlpastvuk

a n d M . B u la t ........... ... ... . .... ... ... . .... .... .... .... ... .. . .... ..... . .. . .. . ... .. ... 4 3 4 4
Experimental Analysis of Reversible Processes in Soft Magnetic Materials-- V. Basso, M. 13B1, and

G . B et' lo tti . . .. . . . . . . . . .. . . . . . . . . .. .. . . .. . . .. . . .. . .. . . . . . . . .. . . .. . . . . . . . . . . .. . .. . . . . . . . . . 4 3 4 7
An Adaptive Mesh Numerical Algorithm for the Solution of 2D Ndel Type Walls-J. Miltat and

U. ltabrune ..................................................................... 4350
Simulation of Vertical Bloch Lines Non-Reciprocal Dynamics--V. Dobrovitski, A. L.ogginov, and

A . N iko la e v . . . . . . . .. . . . . .. . .. . . . . . . .. . . .. .. . . . . .. . . . . . . . . . . .. . . .. . . .. . . . . . . .. . .. . . .. . . . . . 4 3 5 3
Analytical Expressions for Barkhausen Jump Size D)istrihutions -F.. hunt and R. McMichael .............. 4356
Magnetization Reversal Processes Reuled by Grain Interactions: Analysis of 'Their l)ependencc on the

Direction of the Demagnetizing Field--./. Gonzahz, R. Ramirez, R. Rueda, L. Dominguez,
and J . G o n za lez .......................................................................... 4 359

A Model for Lorentz Microscopy and Magnetic Behaviour of L.ongitudinal Thin Film with an
Irregular Latticc--N. Walhnsley, (.C Dean, A. tHart, D. Parker and R. Clantrell ................ 4362

A Fast, Smooth Vector Hysteresis Model with Adjustable Interactions-'. loffi,ncl ',. and M. Vs ........ 4365
The Input Dependent Preisach Model with Stochastic Input as a Model for Aftereffect--C. Korinan

and I, M av ergoyz .................................................. ...................... 4 368
Identification of Parameters in an Accommodation Model.--F. Vajda and h'. Della T7rr' . ................ 4371
Parameter Idcntification of the Complete-Moving-Hysteresis Model for HTS Steel-G. Kahler,

E. D ella lbrre, and I. Va'da .............................................................. 4374
Magneto-Dynamic Field Computation Using a Rate-Dependent Preisach Model.--D. Philips,

L. D upre, and J. M elkeheek ............................................................... 4377
Computational Hysteresis in Modeling Magnetic Systems-.D. Kinderlehrer and L. Ma ................... 4380
Numerical Implementation and Testing of New Vector Isotropic Preisach-Typc Models--A. Adl/........... 4383
Algorithm for Fast Implementation of Vector-Type Preisach Hysteresis Models-G. l'riedman eand

D . A hIeva . . . . .. . . . . .. . . . . . . . .. . .. . . . .. . .. . . .. . .. .. . .. . . . . . . . .. .. . . .. . . . . . . . . .. . .. . .. . . . . . . 4 3 8 6
Effect of Damping on Dynamic Distortion in Magnetic Garnet Material---A. Bagneres, M. Redijal,

and F". H u p hrey. ........ .............. ....................................... .... ... ..... 4 3 89

Magneto Optic Recording, Media, and Materials
Thermomagnetic Recording Behavior in the NdTbl)yFeCo/DyFeCo-Ultrathin Bilayer --T. Kawase,

AM. Ishida, S. Iloshina, A. Takakuwa, S, Nebashi, and 7. Shimoda ............................. 4392
Ar-Sputtered Pt/Co Multilayers with Large Anisotropy Energy and Coercivity--P. Carcia, M. Re'illy,

Z. Li, and H. Van Kesteren ......................................................... 4395
Nanostructure and Chemical Inhomogeneity in TbFc Magneto-Optical Films---M. Kim, J. Bow,

R. Carpenter, J. Liu, S. Kim, S. Lee, W. Kim, and J. Yoon .................................... 4398
Domain Wall Mobility Meaurements in Magneto-Optic Media--M. Du and M. Kivder .................... 4401
Effect of Grooves on Magnetization Reversal in Amorphous TbFeCo Thin Films---S. Gade'sky,

7T. Suzuki, J. Erwin, and Ad. M ansuripur . ................................................... 4404
Magnetic and Magneto-Optical Properties of Tb-Fe-Co/Ta Multilaycrs--K-B. Song, H. Ito, and

M . N a oc . . . . .. . .. . . . . . . . . . . . . . . . . . . .. .. . . . . . . . .. . . . . . . .. . . .. . .. . . . . . . . . . . . .. . .. . .. . . .. . . 4 4 0 7
Magneto-Optic Read Channel Modeling in Presence of Bloom-I, Ozgunes and B. Kter ................. 4410
Optimum I Pesign of Optical Storage Media for Drive Compatibility--T. McDaniel, K. Reubin, and

B . F in k e lste in . . . .. . .. . . . .. . .. . .. . . . .. . .. . . .. .. . .. . .. . . . .. . . .. . . . . . . . .. . . . . . .. . .. . . .. . .. . . 4 4 13
Deposition of Garnet Thin Films by Metallo-Organic Decomposition (MOI)--A. Azevedo,

S. Barthulwar, W. EPipler and M . Krvder .... ............................................... 4416
Faraday Rotation of Bismuth Substituted Terbium lIron Garnets-AM. Guillot, I1. Gal!, J. l)esvignes,

a n d M . A rtin ia n ... ... ... ... ... ..... ... ... ... ... ... ... ..... ...... ... .. .... .... ... . ... ... .. 4 4 19



Composition Dependence of the Magnetooptical Properties of HoIG:A1 Single Crystals-iJ. 0sforci'o
and Al. Guillot ....................................................................... 4422

Microstructure of Re-Tmn Filmns and Anisotropy ol Domiain Wall Motion -T Pokhil and E•. Niko/ae . ....... 4425
Thermal Stability of Sputtered GdDYFcCo Films with Trilayer Structurc--y. Uchihara. K. 'I'anase,

Y. Suzuki and K. 'Iorazawa ............................................................. 4428
Low Temperature Crystal Growth of' MnBi Films-Al. Nakada and M. Okadai.......................... 443 1
Exchange Stiffness Constant and Effective Gyroniagnctic Factor of'Gd, Tb and Nd Containing.

Amorphous Rare Earth-Transition Metal Films-C. Mlat/hieu, B. !Iill'brands, and 1). Raasc'/i........4434
Optical Property Influence onl Magneto-Optics of CoNi and ThCo Multilayers onl Noble Metal Alloy

Substrates-J. Hilfiker, Y. Z/icnzg, and J. Woo/lam n ......................................... 4437
Anisotropy anid Magneto-Optical Properties of Sputtered Co/Ni Multilayer Thin Films-- Y. Zitang,

J. Woollam, S, S/ian, J. S/hen, and D). Sellin vetr ............................................ 4440
Coexistence of Antiferromagnetic and Ferromlagnetic Clusters in Comlposit ioiially Modulated

Amorphous FcZri00.x(66 < x 5 85) Thin Filns--B-I. C/io, W, Win, A. Alanu/iirami, aind
R. i~alsei............................................................................. 4443

Preparation of Bi-YIG Particles for Display Device-N. Kawai, E. Koinuro, '1. Namiikawa,
Y. Yatnazaki, and 7. Hirano ............................................................ 4446

Giant Magnetic Kerr Rotation f'or MnSbPt Films with N iAs Structure--Al. 7'iaka/aia./i H. Sho.Ji,
Y. lHozinni, '1. Wakiyalnia, Y. 'Iakeda and Y. Itakura......................................... 4449

Magnetic and Magneto-Optical P~roperties of'(Co-Bi)/lPt and Co/(P~t-13i) Multilayers-'J. Sauzuki,
S. Iwata, HI. Iirand/e and D. We/let'....................................................... 4455

First Principles Study of Magneto-Optical 1P-operties of' Ilff- Metallic 1-euslci' Alloys: N iMnSb and
PtMnSb-X. Wang, V. Antropov. and B. H-armon.............. ........................... .4458

Magneto-Optic Properties of'Macroscopic Ferriinagnets-R. Gambino and P'. Jiwnagalli .................. 4461
Novel B~ulk Ii'on Garnets for Magneto-Optic Magnetic Field Sensing-Al. IDeeier, S. Bon, G. Dav',

G. Diercks, anid S. Samuelson ........ ,................................................ 4464

Symposium oill Magnetic Microscopy
High Resolution Magnetic Force Microscopy of' Domain Wall Fine Structures--R. Proksc/i, S. Foss.

and E. D~ahl berg .. ý................... .......................................... 4467

A Magnetic Force Microscopy Analysis of Sof't Thin Filmn Elemients -W. Rave, L. Be/biard,

Coherent Magnetic Imaging by TEM-J. C/zapmnan, A. JIohnstoni, L. I-evderman, S. Mc Vili /c, and

Magnetic Microscopy anid Imaging
Aii Ultra-I-I igh Resolution Single-lDona in Magnetic F'orce Microscope 'Tip lVahricated U sing

Nanolithograplzy-S. (Chou, A4. Wei, and P. lisc/zc ....................... 4485
Analysis of' 3-I) Maagnetic Fields Measured Using a Magnetic Force Scanning Tu'nnelinzg

Microscope-./,. Burke, X. Goinigz, and 1, Ma l agz..........'.............. 4488
Magneto-Optical Faraday Effect Probed in a Scanning 'Tunneling Microscope--Al. Prins,

Al. Van Der' Wic'/cn, D. Abr'a/hamn, 1-I. Van Kempen, and 11. Van Kestc,'en ............ 449 1
Methods for Wide-Field Ker, Imaging of' Small Magnetic Devices--P. 'Jroui//oacl, B. Pc'tek.an

B . A Irgyle .. . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . 4494
Absolute Magnetornetry of '1hin Cohalt Films and Co/Cu Multilayci' Structures at Nanomecter Spat iul

Resolution-Al. Mankos, Z. Yang, Al. Sc/hein 'feir, and J. Cowie *v ............................... 4497
A New Surface Microscope t'or Magnetic Imaging--K. Grzelakowsvki, 7I'. IDuben, E. Ilauc'rl, 11. Pop/rn,

and S. Chiang........................................................................ 4500
Optimization of Thin Filmn Tips for Magnetic Force Microscopy--K. Babcock, V. Elings, Al. Du gas,

and S. Loper......................................................................... 4503
Surface Structure Of Fe3O04 (110) Studied by Scanning Tunneing Microscopy--R. J/anse'n, B. Nelissen,

D. Abraham. H. Van Kemnpen, and V. Bra/wi's .. .. .................... 4500
Imaging Surface Conditions offIerromnagnictic Steel Using Bam'khausen 'lcchiniquec-M. Neg/c'v and

D. Ji/es .................................................. ........... .............. 4509

Microwave and Millimeter D~evices
Oriented Barium 1-lexaterrite Thick Films Grown onl C-Plane and M-Plane Sapphire Substrates�-

P. Dorsey, D. ('brisey, J. Horwitz', P. Lubitz and RI. Auveung ................................. 4512



Ferrite-Superconductor Microwave Phase Shifters--G. Dionne, D. Oates, and D. Temne ................. 4518
Characteristics of the Quasi-Optical Reflection Circulator-N. Harris, G. Dionne, J. Weiss and B. Lax
. . . . . . . . . . . . . . . I. . . . . . . . . . . . . . . . . . . . . . I. . .. . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 5 2 1
Novel Design of Tunable MMW Magnetic Filter-H. How, T-M. Fang and C, Vittoria .................. 4524
Polycrystalline YF11e0 1 2 Garnet Films Grown by a Pulsed Laser Ablation Technique-C. Yang,

S. K im and Y. K im ........................................................................ 4527
Low Energy Ion Bombardment and Surface Spin Pinning in Yttrium Iron Garnet Films-

A . Chernakova and D . Stancil .............................................................. 4530
High Impedance Anisotropic Composite Manufactured from Ferromagnetic Thin Films for Microwave

Applicatiens-O. Archer, P. Jacquart, J. Fontaine, P. Baclet, and G. Perrin .................... 4533
Comparison of the Auxiliary Vector Function and Adjoint Methods in Solving Anisotropic Media

Electromagnetic Problem s--C. Krowne ...................................................... 4536
Effects of Annealiog on the Microwave Properties of Spin-Spray Ni-Zn Ferrites-P. Lubitz,

S. Lawrence, F. Rachlbrd, and B. Rappoli ............................................... 4539
Investigation of High Frequency Permeability of Thin Amorphous Wires-O. Acher, P. Jacquart, acnd

C . B o sch er . ....... ...... ............ ....................... ....................... ...... 4 54 2
Microwave Polymer-Ferroxide Film Absorbers-I. Nedkov, L. Afilenova, and N. Dishovsky ............... 4545
Drop-On Circulator Design at X and Ka Bands-H. How, T-M. Fang, and C. Vittoria ................... 4548
Magnetic Steerable Ferrite Patch Antenna Array-H,f How, J-M. Fang, D-X. Guan and C. Vittoria ........ 4551
Microwave Absorbing Properties of Sintered Ni-Zn Ferrite-S-S. Fim, D-H. Han, and S-B. Cho .......... 4554

Instrunientation and Measurement Techniques
Current Distribution in Spin-Valve Structures-R. Beech, J. Daugh/on and W. Kude ..................... 4557
Improved Eddy-Current Decay Method for Resistivity Characterization--A, Kos and F, Fickett ........... 4560
Magnetostriction Measurements with a Laser Doppler Velocimieter--. Nakata, N. l7akahashi,

M . Nakano, K. M urainatsu and M . M iyake .................................................. 4563
DC Biased Capacitance Method for Measuring Thin Film Magnetostriction and AE -Elfect--Y. Lee,

Y. Shin, P. Herr, K. Lee, H. Kint, S. Han, I. Kang and J. Rhee ............................... 4566
Design of a Digitally Based AH Measurement System--S. Hiogsdon, P. Squire, and D. Atkinson .......... 4569
Measurement of Magnetostriction in Self-Biased Shielded Magnetor,.2sistive Heads-J. Cates,

R. C row ell, and R . D ee ................................................................... 4572
Flexible Test System for Measurement of Magnetoresistance in Fcrrromagnetic Films-K. Franzel and

R . D ee . . . . .. . . .. . .. . . . .. . .. . . . . . . .. . ... . . . . . . . . . .. . . . . .. ... .. . . . . .. . .. . . .. . . .. . .. . . . . .. . 4 5 7 5
Magneto-Optical High Resolution Measurement of Small Displacements between Light Bcams of

Different Color-iJ, iochreiter, F. Huberl, 11. Hauser, and M. Gaugitsch ....................... 4578
Magnetic Inclination Meaurement and Signal Transmission System for Trench Wall Constructions-

K. Vorlicek, H-. Ihauser, and M . Franz ...................................................... 4581
Calculations of the Sensitivity Function of a Mis-Aligned Thin Filn in a Mallinson Coil Set--

S -W . H-isu .. ... .... .. .. ... . .. . ... ..... ... ..... .... .. ... ... ... ...... ... ... . ... . ... ... ... .. . 4 5 84
Pitfalls in the Determination of Magnetic Permcability-J. Bernards, A. Kuiper, It. De W•t and

E . Va n D e R eit ....................... .................... ............ ........... ......... 4 5 87
Influence of DC Bias Field, Excitation and Detection Frequencies on Magnetic Barkhauscn Noise

A nalysis- L . Sip ahi ....................................................................... 4 590
Variation of Coercivity of Ferromagnetic Material During Cyclic Strcssing-Z. Gao, Z. Chen,

D . Jiles, and S. B iner ................................... ......... ........................ 4593
Assessment of Creel) Damage ol Ferronmagnetic Material Using Magnetic Inspection-Z. Chen.

M . Govindaraju, D. iiles, S. Biner, and M . Sablik ........................................... 4596
lnduct', iVMotokr Iron Losses Meaurement with Static Converter Supply Using a Slotless Rotor Test

Bench--A. Boglietti, P. Ferraris and M . Lazzuri ............................................. 4599
Permanent Magnet Variable 'lux Sources-O. Cugat, P. Hansson, and J. Coev ......................... 4602
10 GFIz Cylindrical Cavity Resonator for Characterization of Surface Resistance of High TI,

Superconducting ;3ulk and Thin Films-M, Kumar, G. Srivastava, and N, Kataria ............... 4605

Magnetic Sensors
Magnetic Field Sensers Using GMR Multilayer-i. Daughton, J. Brown, E. Chen, R. Beech,

,4. P ohm , a td W . K ude .................................................................... 4608
Thin-Filn Magnetic Sensor Using High Frequency Magneto-Inpedance (HFMI) Ftfcct-M. Senda,

0 . Ishii, Y. Koshim oto, and T. ol shina ..................................................... 4611



New Method for Extracting Signals Generated by Magnetoresistive Sensors-B-Z, Kaplan and
E . P ap ern o . ... ... ... ... ... ..... ... ... ... . .. ... .... .... ... ...... ... ... ..... ... .... .... ... 4 6 14

Integrated MR Sensors for Automobile-C. Akiyuma, H. Konna, D. lnami, arid Y. Kuraishi .............. 4617
Thin-Film and Micro-Fiber Permalloy Magnetoresistors. A Comparison-P. Ciureanu, P. Rudkowski,

J. Str'im -O lsen, and A , Yelon .............................................................. 4620
Quick Response Large Current Sensor Using Amorphous Nil Element Resonant Multivibrator--

K. Inada, K. M ohri, anid K. Inuzuka ........................................................ 4623
Sensitive Magneto-Inductive Effect in Amorphous Wires Using High Pass Filter and Micro Field

Sensor- K. Bushida and K. M ohri .......................................................... 4626
A Torque Transducer Utilizing Two Oppositely Polarised Rings--I. Garshelis and C. Conto .............. 4629
In-Process Detection of Torque on a Drill Using Magnetostrictive Effect-I. Sasada, N. Suzuki,

7". Sasaoka, and K, Toda ............................................................... .. 4632
Construction of Electromagnetic Rotation Sensor Using Compound Magnetic Wire and Measurement

at Extremely Low Frequency Rotations-S. Abe and A. Matsushita ........................... 4635
Modulation Effect in the Magnetic Shield with Magnetic Shaking-I. Sasada ............................ 4638
A New Microstrip Pickup Coil for Thin-Film Permeance Meters-I. Kawazu, M. Yamaguchi, arid

K . A ra i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 4 6 4 1
Study of the New Eddy Current Non-Destructive Testing Sensor on Ferrromagnetic Materials-.--

S. Nath, B. Wincheski, J. Fulton, anid M. Namkung ........................................... 4644
Silicon Micromachined Two-Dimenisional Galvano Optical Scanner-N. Asada, 1H. Maisuki,

K . M inam i and M . Fsashi ................................................................. 4647

Alternative Memories, Magnetic Separation and Fluids
Analysis of 0.1 to 0.3 Micron Wide, Ultra Dense GMR Memory Elements--A. Polm, R. Beech,

P. Bade, E, Chen, anid J. Daughton ..................... .. . ............................... 4650
M agnetic Cage Filters-.R. Gerber and P. Lawson ................................................... 4653
The Small Particle Limit for Electromagnetic Separation--D. fletcher arid R. Gerber ..................... 4656
The Electromagnetic Separation of Metals from Insulators-D. Fletcher, R. Gerber, and 7". Moore ........ 4659
Vortex Magnetic Separation(VMS)-Z. Li andJ. Watson ............................................. 4662
The Development of a Magnetic Hydrocyclone for Processing Finely Ground Magnetite-R. Freeman,

N. Rowson, T. Veasey, and I. Harris ....................................................... 4665
Selective Collection of Non-Magnetic Rutile and Quartz by Means of a Magnetic Reagent by

HG M S- Q, Liu and F. Friedlaender ........................................................ 4668
Initial Susceptibilities of Magnetic Fluids Dispersing Mn-Zn Ferrite and Cobalt Ferrite Particles--

K. Nakatsuka arid B. Jeyadevan ............................................................ 4671
Experimental Observations of the Magnetic Flux Control Characteristics of Magnetic Fluid by Means

of an O rthogonal M agnetic Field-1H. Oka ................................................... 4674
Use of Magnetic Fluid in a Current to Pressure Transducer-R. Potter . .............................. 4677
Finite Element Calculation of lForces on a DC Magnet Moving Over an Iron Rail-D. Rodger,

N. Allen, P. Coles, S. Street, P, Leonard, and J. Eastham .................................. 4680
Magnetic Design of a Cathodic Arc and Sputtering Polyvalent Source for Vapour Deposition-

N. Heras, A. lorrado, J. Barandiaran anid J. Goikoetxea ..................................... 4.683
Modification of the Nozzle Flow Using Electromagnetic Induction-L. Kadar, P. Biringer anid

J . L a ve rs . . . . . . . . . . . . . . .. . . .. . . . . . . . .. .. . . . . . . . . . . . . . .. . . . .. . . . . . . .. . . . . . . . . . . .. . . .. . . . . . 4 6 8 6

Biomagnetism and Maglnetocleimistry
Conduction System Ablation Using Ferrite Rod for Cardiac Arrythmia -- T. lloshino, 7'. Sato,

A. Masai, K Sate, Hi. Matsuki, K. Seki, H. Sato, K. Kishiro, S. Urabe arid K. Kido ............. 4.689
Ferrite Plating on Porous Silica Microspheres for Ultrasonic Conteast Agents--M. Zhang, Q. Zhang,

7'. Itoh , and M . A b e . ...... ............................................................... 4 692
Diamagnetic Properties of Fibrin and Fibrinogen-AM. lwasaka, S. Ueno, and tt. "vsuda .................. 4695 1
Parting of Water by Magnetic Fields--S. Ueno and M. lwasaka ....................................... 4698
Enzymatic Activity of Plasmin in Strong Magnetic Fields-lM, lwaska, S. Ueno, and H. Isuda•.......... 4701
Hybrid MCG and ECG Approach to Medical Diagnosis in Humain Heart--. Doi, S. tlayano, and

Y , S a ito . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 7 0 4
Metal Uptake and Separation Using Magnetwtactic Bactcria---A Bahaj, P. James and 1. Croudace ......... 4707



Measurement of Auditory Evoked Brain Responses Elicited by Ipsilateral and Contralateral Ear
Stimulation with a High-Sensitivity SQUID System-T- Yoshiura, S. Ueno, K, Iramina, ancd
K . M a sud a .... .. . .. ... ... . .. .... .. .. ..... .... ... ... . .. ... .. ... ... ... .. ... ... ... ..... ... . 4 7 10

Magnetic Orientation of Red Blood Cell Membranes--T. Stua awl S. Ueno ............................. 4713
Source Localization of Auditory Evoked Magnetic Fields During Waking and Sleep Stages--

K . Iram nina and S. U eno ................................................................... 4716
Long Latency Motor Evoked Responses to Magnetic Stimulation of the Spinal Roots in thie Humian

Neck-.-A. Kyura, A, *ltyodo, S, Ueno, M. Fujiki and TF Matsuda ............................... 4719
Magneto-Chemical Characteri:;tics of Copper-Cobalt Catalysts--A. Murty, U. )onamtto,

J. Washington, 7. Hoard, AM. Akundi, and C. Harris .......................................... 4722
Structural and Magnetic Characteristic of a Novel Method of Fe 203 - FC30 4 Reduction by Magneto-

mechanical Activation-W. Kaczmarek, 1. Onyszkiewicz, and B. Ninham ........................ 4725
Ferromagnetic Interactions Through End-On Azido Bridges in a Nickel (11) l'imer:

[Ni2 (Ci.sH jN3)2(H20) (Nj).jCIO 4 ,H0--R. Corte's, L. Lezatna, 7. RoJo, M. Urtiaga, and
M . A rrio rtu a . .... ... .... .. ... ... ..... .. .. ... . ... . .. ...... ........ ... ... ... .. .... ..... ... . 4 72 8

Levitationm, Propulsion, and Power and Control Magnetics
Optimal Design of the Electromagnetic Levitation with Permanent and Electro Magnets--Y-K. T7heng

a n d T W a ng . .... ... ..... . .. .... .. .. . ... ... ..... ... ...... ... ... .. ... ... ... ... ... ... . .. .. . 4 73 1
A New Electromagnetic Levitation Sya:tem for Rapid l'ransit and High Speed Transportation-.

7T W ang and Y-K. Tzeng .................................................................. 4734
Experimental Investigation and 3-D Modelling of Linear Variable-Reluctance Machine with

Magnetic-Flux Decoupled W indings-C-T. Liu and J-L. Kuo .................................. 4737
Levitational Melting of Several Kilogrnms of Metal with a Cold Crucible--./. "ladano, M. lFujita,

7. Take, K. Nagamatsu, and A. F"ukuzawa ................................................... 4740
Study of Permanent Magnet Arrangements for Superconducting Passive Bearings.-Al-C. Marion-Peru

an d J -P . Yonn et ....... .................................................................. 4 74 3
A Compact Magnetic Suspension with Only One Axis Control--J. Delatnare, J-P. Yonnet, amld

E . R u lliere .. ...... . ... ... .. ...... .. . ... . ... .... .... ..... ... ... ... .. . .... . ... ... ... . .. .. . 4 74 6
A Passive Damper for Magnetic Suspension- V. Nguyen, .1. Delamare, and J-P. Yonnet ................. 4749
Three Dimensional Force Prediction in a Model Linear Brushless DC Motor-J. Moghani,

J. Easthian, R, Akmese, and R. Hili-Cotingham ............................................. 4752
A Novel High Power Converter for Non-Contact Charging with Magnetic Coupling.-ll, Suktnoto

a nd K . lla rada ...... ..................................................................... 4 755
Development of Film Transformer-S. Hayano, Y. Alidorikawa, and Y. Saito ........................... 4758
A New Inductor Having a Noise Filtering Capability..-Y, Midorikawa, S. Ha vano, antd Y.. Saito .......... 4761
Fundamental Characteristics of Molten Metal Flow Control by Linear Induction Motor-K. l'ujisaki,

J, Nakagawa, an(d H . M isum i .............................................................. 4764
Trial Construction of New Magnetic Skew Gear Using Permanent Magnct--S. Kikuchi and

K . "l u ru,n o to .. .. ... .... .. .. .... .. ... ... ... . ..... .. . .. ... ...... ...... .. .. . ... ... ... ... .. . 4 7 6 7

Soft Materials, Amorphous Materials and Crystalline Alloys
'The Field Induced Magnetic Anisotropy in Amorphous Co-RE Alloys Films-.-G. Suran, K. Roky,

J. Szterin, F, M achizaud and J. M ackowski .................................................. 4770
Influence of Boron on the Magnetic and Transport Properties of FeZr Amorphous and Nanocrystalline

Alloys--J. Barandiaran, P. Gorria, J. Sal, L, Barquin, and S. Kaul ............................ 4776
High Electrical Resistivity and Permeability of Soft Magnetic Granular Alloys-li., rujinoiri,

S. M itani, 7. Ikeua , S. O hnmu na ............................................................ 4779
Engineering Magnctostriction Measurements of Annealed FeSiB Amorphous Wires-l). Atkinson and

P . S q u ire .. . . .. . . . .. . .. . . . .. . . . . . . .. . ... . . . . . . . . . . . . .. . . . . .. . .. . . . . . . . . . . . .. . . . . . .. . .. .. . 17 8 2
Induced Anisotropy in Nanocrystalline FeCuNbSiB-M, Enainur, A. Severino, A. Samtos, and

F . M isse ll . . . .. . . . .... . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .. . .. . .. . .. . . . . . . . . . . . .. . .. . . .. . .. .. . 4 7 8 5
High-'Field Magnetization Meaurements on a Ferromagnetic Amorphous Alloy from 295 to 5 K-

P. Szytnczak, C. Graham , Jr., and A-. Gibbs .............. ................................. 4788
Effects of Chemical Etching on tile Asymmetric Magnetization Reversal in Aimpiorus Magnetic

Alloy--K. Shin, C. Graham , Jr. and P. Zhou ................................................ 4791
Influence of the As-Cast State oil the Crystallization Process and Magnetic Properties for FeSilBCuNIh

Wires--P. Marm, A. Olq/injana, M. Vazatuez and H. Davies ................................... 4.794



Nanostructured Materials for Soft Magnetic Applications Produced by Fast dc Joule Heating-
P. A//ia, P. liberto, M. Baricoo, M. Knobel, and F, Vinai................................... 4797

Creep Induced Magnetic Anisotropy in Nanocrystaline Fe-Cu-Nb-Si-B AIloys-G. Herzer ................ 4800

Domain Structure Studies by Means of High Resolution AE Mcasurenlcnts--S. Hogsdon, P. Squire,
and D. Atkinson ...................................................................... 4803

Magnetic and Magnetoelastic Properties of Amorphous Fe-Si-B-C Films-A. MattingleY.
C. Sheatrwood and Ml. Gibbs............................................................ 4806

In-Plane Moment Canting in Amorphous Fc~g8 l33Si,) in Applied Fields Measured Using Polarized
M~issbauer Spcctroscopy-Q. Pankhuirst, S. Betteridge, J. Jiang and M. Gibbs .................. 4809

Effects of Nanocrystallization onl the Magnetostriction of'Co-Based Amorphous Alloys-i. Gonzalez,
N. Murillo, i. Blanco, P. Quintana, LE. Ainano and R. Valenizuela............................ 4812

Effect of Crystallization onl Magnetic Domain Structure of'Thinned Amorphous FeSiBCuNb
Ribbons---S. Zhou, Y. Wang, J. Ulv'ensoen and R. Hojer ..................................... 4815

The Effect of Surface Layers onl Powder Loss in Amorphous Ribbon Matcrials-7'. MeYdan and
N, Derebasi.......................................................................... 4818

Influence of Seýratchiing onl Domain Structure and Power Loss in Amlorphlous Ribbonis--N. Derebasi,
7'. Me Wan and G. Derebasi ............................................................ 4821I

A Comparative Study of' Processes for the Production of Structured B~arium Ferrite Films-

P. GUa'o-Sandoidoa, R?. Carey' , D). Newman, B. 7homas, S. Palmer, 71. Jackson and R. Welch ...... 4824

Limiting Velocity otf the Steudy State Domain Wall Motion in thle Presence of the Field Normal to the
Anisotropy Axis--V. Sobolev, 1i, thuang, and S. C/hen..................................... 4827

Eff'ects of' Creel) Damage, Shot Peening, and Case Hardening onl Magnetic llarkhausen Noise
Analysis---L. SipahMi...................................... .......................... 4830

Complutation of' Intrinsic Permeability from Measured Per'meabilIity: Soft Ferromagnetic Thin Films--
J. Rusin and h'. Durbin ................................................................ 4833

Epitaxial Growth and Magnectic Properties of' Fe Films onl Si Substrates -S. Yae'4as/ti, 7I. Kurihar'a,
K. Sato, and 1i, Segaia ........................................ ......................... 4836

Electrical and Phlysc(al Characterization of' SiFe Sheets ln1sulatiOn-M. Mlarion-11ea and 7'. Wajecherh' . . .. 4839

Obtention of'a Strong 0I 00)100 11 Tlexture Comiponent Based onl a I-lot-Rolling Process in 3 % Al-F-e---
C. 7Iatows'ki, 7I. Waeckerle, and B. ('ornut................................................. 4842

Soft Magnetic Properties of' Fe-M-B-Cu (M = I-f', Zr, Nb) Alloys with Nanocrystalline and

Amorphous H-ybrid Structure-i. Lee, K. Kim. T. No/t, 1. Kang. and Y. Yoe).............. ...... 4845

Microstructure and Magnetic Properties of' Nanocrystalline bee Fe-Nh-B Sof't Magnetic Alloys -
/A. Makino, S. Yos/hida, A. Inoue, and 7I. Masumtol.................. I.... I.................. 4848

Effects of'the Interlayers onl the Magnetic Properties in Fe-Hif-C/Ceramics Multilayer ils-.C'hoi,
J. Lee', S. Ilan, H., Kimn and I. Kang ................................................... 4851

Magnetic Viscosity and Activation Volumle in Domain Wall P~inning-I). Ng, C. Lo. and P. (Gaunt ..... 4854

The Dependence of' Magnetoacoustic Emission onl Magnetic Induct ion and Specimen 'Thickness-
1). Ng, C. Lo, S, C/iengi and J. Jakubar'u's....................... ......................... 4857

Performance and Noise Atte~nuation Mechanism of' Noise Reduction 'T'rans former-- '/. Yanada,
'I'. Matsuda, 0. Ih'/inokura., and 7I. Jiinenji................................................ 4860

Variation of the Localised Flux Densities in the Amorphous 'Toroidal Tansducer Core-M. Gokiepe
and 'I'. Me' vdan ....................................................................... 4863

Finite Element Analysis onl Characteristics of' Rotary Trransformers- Y-'I' H-uang, C-i. C'hen, and
W-B3. SDue ........................................................................... 4866

Magnetic Properties of (Fe,Co)-B-AlI-Nb Alloys with Ultrafine Grain Structure- Y. C/io, Y. Kim,

C. Kim, K. Lec', andi 7I. Kim ............................................................ 4869

Ferrites and Domain Walls
Effect of Heat Treatment onl the Microstructure and Magnetic Properties of Plolycrystalline MnZn

Ferrites-M. Rames/h, R. Cr'owell, and S. De'v ............................................. 4872
Low Tremfierature Fired NiCuZn Ferrite-i-Y. !Isu, W-S. Ka, 11-D. S/hen and C-i. C/wn ................. 4875

Correlation between Magnetic and Str'uctural Properties of Nixu)F-e2 () Sputtered Thin Films Deposited
onl Cr and Ta B~uffer Layers-R. Jer'ome, 7'. Valet, and P. Ga/tie,'.............................. 4878

FeGdN: a New Soit Magnetic Metallic Thin Film Material-E. Van D~e Riet ............... 4881

Magnetic Propecrties of' Nanostructure Controlled FcAlSi/ FcAISiO Multilayers-M. H1ir'amntn,

0. Inoue, and K. K14gimri' W ............................................................. 4884

Supersaturated A2 Solid Solution Induced by Ball Milling in the Fe-Si System: Structural and
Magnetic Characterization and Tliheu'al Stabil ity-M. Abde/naoid, E. Gajfft, 7I. Ilarradi, and

F.Faudot ........................................................................... 4887



Forsterite Film and Grain Growth in 3% Si Steel-M. Cunha and M. Cesar............................. 4890
Dynzmic Preisach Model Interpretation of Power Losses in Rapidly Quenched 6.5% SiFe-V, Basso,

G. Berzotti, F. Fiorillo, anid M. Pas quale.................................................. 4893
Thc Magnetic and Structural Properties of Ferrite Plated NiZn-Ferrite Filmls-C. Williams, M. Abe,

T. Ito/i, anid P. Lubitz..................... ................ ... ....................... 4896
Ferrite Plating of Fe3 0 4 Films Using Alternate Electric Current-Q. Zhang, T. Itoh anid M. Abe........... 4900
Dependence of the Magnetic Disacconlmodation Spectrum of YIG with Sintering Temperalure-

L. Torres, M. Zazo, J. Iniguez, C. De Francisco, and J. Muno ................................ 4903
Fine Powder Ferrite for Mult:Ilayer Chip Inductors-H-M. Sung, C-i. C2hen, W-S. Ko anid H-C. Lin.........4906
Theoretical Analysis and Experimental Research on the Approach-Staturation Curve of Polycrystalline

Hexagonal Planar Ferrites--S. Zhu, H. Chen, F. Wen, anid Y. Zhang ........................... 4909
Studies of thle Stoichiometrical Variation of Epitaxial Fe3.(11 6 )0 4 Thin Films-E. Lochner, K. Shaw',

R. DiBari, W. Portiwine, P. Stoyonov. S. Berr 'Y, anid D. Lind ................................. 4912
Magnetic Domain Behavior of Cu-Co Spinel Ferrite Systen's-S. Patil anid R. Dabliade .......... 4915
Structure and Magnetic Properties of Gdj.,Sr.,FeO 3 -6 Compounds-C. Kim. Y. Urn, S. Park-, S. ii,

Y. Oh, J. Park, J. Lee, anid C. Yo ....................................................... 4918
Experimental Study of Local Dynamic Potential Well of Isolated Domain Wall-V/. S~'nogach anid

V. Gornakov......................................................................... 4921
Effects of Surface Stress on Barkhausen Effect Emissions: Model Predictions and Comparison and

X-ray Diffraction Studies-D. Jil/es anid L, Suoininen ........................................ 4924
The Effect of Curvature onl Domain Wall Energy and Thickness-i. Jatau anid E. Della Torr( ................ 4927

Magnetic Semiconductors and New Materials
Synthesis and Properties of CdIXMnS Diluted Magnetic Semiconductor Nanoparticles-

R. Bandaranayake, M. Smnith, J. Lin, H. Jiang, anid C. Sorensen .............................. 4930
Magnetic and Structural Properties of Laser Deposited Lithium Ferrite Films-S. Oliver, C. Vittoria,

G. Balestrino, S. Martellucci, G. Petrocelli, A. Tebano anid P. Paroli.......................... 4933
Magneto-Optical Properties of CdMnTe Filmns onl Quartz Glass and Sapphire Substrates in the

Transparent, Visible Region-M. inamnura, K. Ogata, M. Tokubuchi, anid M. Nakahara ........... 4936
Studies of'Structural, Magnetic and Transport Properties of a New Series R.ICu3Sb 4

(R = La,Ce,Pr,Gd)-Z. Hossain, S. Patil. R. Nagarajan, L. Gupta, R. Vija~varaghax'an, armid
C. Godart........................................................................... 4939

Magnetic Ordering in (LJ. 5Tb0 ,5)CoGe2 Studied by AC-Susceptibility and Neutron -D iffraction
Measurenments-M. Kuzntietz, H. Pinito, H. Ettedgui, anid M. Melamnud ......................... 4942

Soft Magnetic Properties of Nano-Structuire-Control led Magnetic Materials---Y. Sugam'a, 0. Inoue, and
K. Kugiinivya......................................................................... 4945

Microstructure and Magnetic Properties of Semni-Hard Fe-Co-B-Cu Alloys Formed by Rapid
Solidification-A. Zaluska, G. Rudkowska, P. Rudkowski and J. Siromn-Olsen.................... 4948

Structural and Magnetic Properties of RFe(,Ge(, (R=Y, Gd, Tb. Er) Comnpounds-Y. Wang,
D. Wiarda, D. Ry' an, and i. (Tadogan .................................................... 4951

Superparamagnetism of Ferrite Particles Dispersed in Spherical Polymeric Materials -C. O'Connor,
Y-S. Lee, i. Tang, V. iohn, N. Koin~nareddi, M. Tau, G. McPherson, J. Akkara, and
D. Kaplan........................................................................... 4954

Magnetic Properties of Sm1j(Fe, 1'i)29 N., CompouMndls-F. Yang, B. Nasunjilcgal, W. Gong, and
G. Hadijipanavis ... ................................................................. 4957

Magnetic Properties of Two New Compounds: Pt,,Ni3 Si., and HoNiSi-s-C. Mazumndar,
R. Nagaraijan, L. Gupta, R. ViJavaraghavan, C. Godart, and B. Padalia........................ 4960

Spin Reorientation Transitions in RFcj1 .3,Nb,,6. (R =Dy, Er)-K-Y. Wang, Y-Z. Wang. B-P. Hit,
and W-Y. Lai ........................................................................ 4963

Magnetic Properties of RNi 4 B (R=rare Earth Mctal)-N. Hong, 7. Holubar, G. Hi/sc/icr,
M. Vybornov, and 1'. RogI ................................................... .......... 4966

High Field Magnetization Study of the Gd 2 Fc1 7 H, Systenm-O. Isnard, S. S. Miraglia, D. Fruchart,
anid M4. Gui/lot........................................ ............................... 4969

The Effects of Arsenic Doping oil the Magnetic Properties of CuCr,Se 4 -J. Tang. L. Li, S. Saxena,
A. Puri, A. Fa/ster, anid W. Shimmons, im..................... .............................. 4972

Magnetic Properties of thle Solid Solution NdGa1 ,Ge,- Y. Grin, 0. Sic/icvich, and K. Iliebl .............. 4975

CONFERENCE AUTHOR INDEX............. ................................. .............. 4978



Hard Magnets:
Nitrides, Films, and Ferrites J. Altounian, Chairman

High field magnetization measurements of Sm 2Fe 17, Sm 2Fe17Cx,
and Sm 2Fe 17CxH 5_x

0. Isnard and S. Miraglia
Laboratoire de Cristallographie, CNRS 166X, 38042 Grenoble Cedex, France

M. Guilhot
Service National des Champs Intenses, CNRS 166X, 38042 Grenoble Cedex, France

D. Fruchart
Laboratoire de Cristallographie, CNRS 166X, 38042 Grenoble Cedex, France

K. H. J. Buschow
Philips Research Laboratories, RO. Box 80000, 5600 .IA Ehidhoven, The Netherlands

The magnetic properties of ferromagnetic compounds of Sm 2Fe17 , Sin 2Fe 1 7Co.,, and
Sm 2Fe1 7C0 .6H 4.4 were investigated. Sm 2Fc 17 nitrides, carbides, and carbohydrides are suitable for
making high performance permanent magnets. The high field magnetization measurements
performed up to 200 kOe in continuous fields are reported. In this article, the isothermal
magnetization curves measured between 2 and 300 K on powder samples embedded in a resin and
then aligned under a magnetic field of about 10 kOe in order to get oriented 2amples are presented.
The magnetic anisotropy constants K, and K, are determined taking into account the angular
distribution of the grains axis. The results are discussed in light of previously rrported data and then
the effects of C or H on the Sm contribution to the anisotropy is compared to that of N. It is shown
that carbon and hydrogen have opposite influence op. the Sm anisotropy and it is suggested that a
wide range of magnetic anisotropy can be obtained depending on the H and C content. The influence
of both interstitial elements H and C on magnetic features such as the Curie temperature and the
saturation magnetization is analyzed.

The search for new hard permanent magnet materials has field up to 200 kOe produced by a water-cooled Bitter mng-
recently concr.ntrated on the ternary carbiaes and nitrides net. No single crystals were available due to the decrepita-
1R2 Fe,7 and R2Fe17N.. The crystallographic and magnetic tion process which is known to occur when hydrogen is in-

properties of the RFe,7 compounds have been known for serted in R2Fe17 compounds."'7 All the samples were sieved
many years1 -3 and in a recent article we have reported in down to a particle size smaller than 25 ,tm. Then the powder
detail on the magnetic properties4  of Sm2Fe, 7N3 , was mixed with epoxy iesin and subsequently aligned at
Sm2Fe 17D.5 , and Pr2Fel 7N3 Following our previous high room temperature using an orientation field of typically 1) 1
field magnetization, we will concentrate in this article on the kOc.
properties of Sm7 Fe 17Cx and Sm 2Fej7 CH5_ compounds. The crystal structure of the Sm 2Fe17 alloys is well estab-

Samples of Sm 2Fe1 7 were prepared by induction melting lished; its crystal symmetry is R-3m whose lattice param-
in cold crucible tinder argon atmosphere, whereas eters are reported in Table I. De Mooij and BuschowH as well
Sm2Fe17C0.6 has been obtained by arc furnace. The samples as Gueramian and co-workers9 "11 have shown that R2Fe, 7C.,
we~re found to be mainly single phase with small traces of phases can be obtained from a R2Fe1 4C series depending
iron in the case of Sm2Fe 17C,. The x-ray patterns of thle upon the heat treatment. R2 Fe1 7 carbides correspond to the
rhombohedral compounds were indexed using the hexagonal high temperature phase and RFe14C correspond to the low
multiple cell. Hydrogenation was performed in a stainless temperature phases. Helmholdt et al. " have shown using
steel autoclave under hydrogen gas pressure of about 5 MPa
leading to a stable hydride. The hydrogen uptake was deter-
mined by gravimetric methods and confirmed by volumetric TABLE I. Slructural data and (uric eimperature ()f Snfce1 7 X,. compounds

estimation. The accuracy of the hydrogen concentration can (X -1, C, N).
be evaluated to about 0.1 hydrogen atonm per formula unit; -
FTle Curie temperature was determined using Faraday-type T,. (K) a (A) t (A) V (A3) c/a
torque balance. Sm2 Fel, 385 8.554 12.443 788 1.4426

Magnetic measurements were performed using an auto- Sm[,.clH-1 5  565 8.682 12.55(0 819 1.4455

matic system provided with a cryr,,tat associated to a calo-- Sm1|21:c,7N 3  755 8.744 12.658 838 1.4476

r StnmFc 1 7(',t, 485 8.608 12.463 780 1.4478
rimeter which has been described in detail elsewhere. The S CII4  583 8.699 12.565 832 1.4444
magnetization experiments were carried out in a continuous
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hydrogen on the rare-earth anisotropy is opposite to that of
nitrogen. Here we study Sm2Fe1 7Cx and Sm2Fel 7CHs_.,. il
order to compare the 0i1fluence of C to that of N and H.
Insertion of H in a R2Fc7 carbide is expected to occur in the
two interstitial sites: (i) the remaining octahedral site not
occupied by C atoms, (ii) the tetrahedral site.21 These as-
"sumptions have been recently confirmed for ThFe.;C.jH Y "'
and R2Fe17CxH, (R=Ce,Nd,Ho,...). 22 No neutron diffraction
determination is possible on such phases due to tile high

--- "absorption cross section of Sm for thermal neutrons, 23 nev-
ertheless Sm compounds are expected to behave as others
R2Fe1 7 compounds do.

Insertion of light elements (H, C, or N) in Sm 2Fel7 al-
loys induces a significara lattice expansion. It is worth noting
that even for the largest interstitial element, C or N, the syml-
metry of the host alloy is retained in the interstitial contain-
ing compound, no change of structure is observed in Sm
compounds. It is not always the case since R2Fet7 (R=Er,

S2 Tb, Ho, or even Y) alloys which are known to crystallize in
P6 3/mnic symmetry are observed to retain their rhombohe-
dral structure for high carbon content.24'25 As expressed by

FIG. 1. R2Fcl 7 crystal structure; large and small circles refer to rare earth Table I, tue lattice parameters of the nitrided com4pounds are

and iron, respectively. Octahedral and tetrahedral sites are labeled 1 and 2, Targer tha tattofeothraintersttiia compounds are

respectively. larger than that of other interstitial compounds. Whatever the
interstitial element used, the increase of the lattice occurs
mainly in the basal plain (a,b) of the hexagonal cell, the

neutron diffraction experiments that carbon atoms are ac- expansion along the c axis being less pronounced. The vol-
commodated within the crystal lattice on an interstitial site Ltme expansion per interstitial atom deduced from Table 1 is
called 6c. This site can be seen as a pseudooctahedral site in close agreement with previous results21 obtained on
with two rare-earth and four iron atoms at tile corners. Tile Th2Fe1 7 compounds. Insertion of hydrogen induces an cx-
exclusive occupancy of this 6c site has been confirmed by a pansion of about 2.3 A3/atom which is about one-third of that
more recent work.8  induced by carbon or nitrogen.

The large difference in radii between iron and rare-earth Results reported in Table II show that whatever tile in-
atoms leads to large interstitial sites which are often used in terstitial element used the saturation magnetization of the
rare-earth iron intermetallic compounds to insert hydrogen. ternaries are significantly higher than that of the Sm2Fe,7
Since hydrogen is significantly smaller than C or N, it does compound. In spite of a higher content in interstitial atoms,
not only go to the octahedral site bitt also into some tetrahe- the hydride or carbohydride compounds exhibit it lower mag-
dral sites represented in Fig. 1. The location of hydrogen or netization than Sm 2Fe 7N3.
deuterium in the R2Fe1 7 lattice has been shown by neutron Studying several Sm2Fe1 7 Cx compounds with different
diffraction' 2' 3 and is discussed in detail elsewhere. All these carbon contents Gr6ssingcr et al. 18 have shown that for con-
atoms are located in the neighborhood of the rare-earth at- centrations higher than x=0.5 the magnetic anisotropy is
oms, their influence on the crystal electric field by acting on uniaxial. The magnetization curves measured for
the rare-earth site is expected to be important. This has been Sm2Fe 47C0.6 (Fig. 2) reveal a positive value of K, at 4.2 K
confirmed frequently for N (Refs. 4,14-17) and sometimes thus confirming the measurements of Grdssinger et al. l1 and
for C.1" The influence of hydrogen on the magnetic features Ding et al. 26 It is known that the iron sublattice anisotropy in
of the RPFe1 7 compounds has attracted less attention till R2Fel 7C, compounds remains planar whatever the iron
now 19,20 but a recent study 4 has shown that the influence of content;27 tile uniaxial character of the Sm2 Fe(7 CO(, comn-

lABLE II. Saturation magnetization and anisotropy constants measured for the SIn 2Fe7lX), compounds (X= H1,
C, N) at both 4.2 and 300 K.

4.2 K 300 K

M, K, K2  M, K, K,
(AIAft) (M.1/1n1) (MJ/m•,: (AIDOfu (M.1111 ) (MJ/llnl)

Sm112FeC17  29.9 -3.0_0.4 IKj<0. 1 26.3 75 ± 0.3 lK I'<0.05
Snm2F 71-15 34.9 --3.8±0.25 0.55-0.3 31.5 --2.81±10.2 01)55±+(0.2
Sm 2Fe,,N 3  40,5 10.8.t).4 -4.1 ý_0.4 37.8 1(4.4_11.4 -- 1
Sm1l2 e,1 C, 6., 33,7 2.41±0.25 -14.2±0.2 29.4 1.25±10.20 -01.4211.2
Srn 2Fcl 7 CO.61-14.4  35.1 -2.01±0.3 --(0.1±0.02 32.2 -2.0-01.25 01.07±0.01
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X-ray structural studies of nitrogen diffusion in Dy 2Fe 17

Er. Girt, Z. Altounian, X. Chen, Ming Mao, D. H. Ryan, M. Sutton, and J, M. Cadogana)
Centre for the Physics of Materials, Department of Physics, McGill University, 3600 University.
Street, MontrUal, Quwbec, Canada t13A 27T

The reaction between N,2 and DY2Fe 17 has been studied by therrnopiezic analysis on 20-25 um sized
powders in the temperature range 400-500 'C. Partially nitrided powders were analyzed using
CUKa, x-ray diffraction and thermiomagnectic techniques. Both high angle x-ray and thermomlagnetic
data show only the presence of Dy2Fe7 and Dy 2Fe17N3 _, (6<0.3) with no evidence of intermediate
compositions. The results of the x-ray diffraction experiments at several Bragg peaks were
simulated using a two phase model structure: a Dy2 FeI 7 core with a Dy2Fet 7N3 surface layer. The
results show that at low temperatures the nitride layer is too thin to account for all of the nitrogen
absorbed by the sample, indicating that a sigi. ficant amount of the nitrogen diffused into the core
of the particles, presumably along grain boundaries.

During a gas-solid reaction, nitrogen diffuses into Fig. 2, where the (300) peaks of Dy2Fe1 7 NO8.j (top) are corm-
R2Fel7 (R=rare earth), occupying interstitial sites and ex- pared with those (bottom) of pure Dy2Fe 17 (No) and
panding the lattice without changing the crystal structure. Dy 2Fel 7N3 (N3). Dy2Fe 17NO,85 clearly contains both
The enhancement of the magnetic properties was observed' Dy2Fe17 N3 and unreacted Dy-,Fe 17 . The position of the
as a result of interstitial nitrogen diffusion in R2,Fe 1T. Neu- Dy2Fet7 peak is shifted towards lower angles, due to the
tron powder diffraction 2 showed that the R2 1-:e17 and expansion of the unreacted core, while that of Dy2Fe1 7 N3 is
R2Fcl 7N3 phases are in equilibrium during the reaction, shifted slightly towards higher angles. Careful examination
However, it was observed3' 4 that a continuous solid solution of the (332) Dy2Fel 7 and Dy2Fej 7 N, diffraction peaks (inset
R2FeT7N5 (0<x<3) is formed on annealing partially ni- of Fig. 1), which are well separated, shows no evidence of
trided powders. In this study we use x-ray diffraction and the existence of an intermediate composition phase. Using
thermomagnetic technique,,: to characterize nitrogen diffusion TGA two distinct Curie temperatures, T, 1 128 °C and
in the 2-17 structure. Nitrogen diffusion in the 2-17 structure TI.2=445 'C are detected as shown in Fig. 3. Tel is 28 'C
typically occurs above 350 'C, and significant diffusion higher than the Curie temperature of Dy2Fel 7 and T,.2 is 5 'C
through extended defects such as grain boundaries at 400 'C lower than the Curie temperature of Dy2Fc 7N3. The x-ray
has been observed using mctallography. 5  and the TGA data are thus in agreement, as T, changes with

The polycrystalline Dy2Fel7 alloy was prepared by in- the lattice expansion of Dy2Fe, 7 . Even if the observed ex-
duction melting of appropriate amounts of Dy and Fe, fol- perimental data only show the existence of Dy 2FeI 7 and

lowed by vacuum annealing at 1173 K for two weeks. Induc- Dy 2Fe17 N3 , they are not at equilibrium at 500 °C. After sub-

tion melting ensures homogeneity of alloys and mass loss sequent annealing for 601 h at 48( 'C, a uniform Dy 2Fe1 ,N0.85
solid solution was obtained. Further work is in progress towas below 0.03% during preparation. The homogenized in td-hseuliru ~ls.Bcas yF 1 N n

got was ground and sieved to select powder sizes between 20 study this equilibrium phase. Because Dy2FeltN3 and
and 5 /m. he pwde sie wa cotired b scnnig lyFej7 are not in equilibrium, we tried to estimate the

and 25 .. The powdr size ws confirmed by scanningtected itrmediate phas (in the interace
electron microscopy. Nitrogen diffusion was performed in a bc t of te u n d i yc Fed7) pa rin the a-ra y

therniopiczic analyzer (TPA) at a starting pressure of I bar between Dy 2fce 1 N and Dy2 FeTN7) by comparing thie x-ray

and temperatures ranging from 400 'C (590 rini) to 500 'C patterns of crushed Dy2 N 1155 , shown in Fig. 2(b), with

(25 mim) to obtain Dy2Fe1 ,NO.• 8 . The amount of nitrogen
diffused into the sample was obtained directly from the gas
pressure change in the TPA. Structural analyses on Dy2Fe17,
before and after the gas-solid reaction, were carried out us- Iny2F1/N'.) 86

ing CuK, radiation on an automated Nicolct-St6e powder (a32)
diffractometer with a graphite monochromator in the dif- -

fracted beam. Theriornagnetic analyses were done using a
Perkin-Elmer thermogravimetric analyzer (TGA) in a small
field gradient, (P7 (19 71

The x-ray diffraction pattern of l)yffe 1 N8 5~ is shown in
Fig. 1. As a consequence of nitriding, a new phase was
formed with the same structure as Dy 2Fe1 7 but with the
Bragg peaks shifted towards lower angles indicating an ex- L .

pansion of the unit cell. This shift is shown more clearly in 30 40 20 eo 70
2 19

')On leave front School of Physics, The Univeo;ily of New South Wales, [:t(;. I The x-ray diffraction pattern of I) y EI N,1  s for nitrogen diffused at
Sydney, NSW 2052, Australia. 5(00 oC for approximately 25 rmin. Inhsh: (332) peak of l)y 2Pe •jN] Ks.
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W FIG. 4. iWo layer model structure used3 to calculate x-ray diffraction pat-
A ferns.

niated by the beami. Thle term e (2 g), sa conies from
I : - k il Ithle aitenuationl of the x-ray beamn from thle top (i - I ) layers,

35.2 '36.4 '37. 6 For the two layer model, the intensity ratio becomes

FIG0, 2. (a) Thc (300) diffraction peak of Dy2Fe17N115~j (powder sizes be- where we have neglected thc term e -- 2d.ji2 /sn as d2'-20
tween 20 and 25 pAn). (b) The diffraction peak of the subsequently crushed Aoi and p2= 1,577 jom-t
DY211eN 0~g~. (c) The (300) peak of a mixture of pure Dy2Fc17 and Tcrltv neste I 2 eeetmtdb i

Dy2 F1 7 N powersin hc rtioLImultancous fitting of the measured ( 112), (300), and (203)

Bragg peaks to Eq. (I) where each Bragg peak is a combi-
those (bottom of Fig. 2) of pure Dy2Fc1-, (No1) and Dy2Fe 17N3 nation of two Gaussians with position Ipi and width w, (i
(N3). Note that for the crushed Dy2Fe1 7N0 .85 powder thc = 1,2), representing the contributions from Dy2Fe 17N3j and
x-ray peaks are mostly relaxed to the unshifted positions. Dy2Fe 17. Thie widths, w, and lV2, are adjusted during the
Fitting shows that the possible amoutnt of the intermediate fitting. We note that this model assumes that the nitrogen
phase is much lower than the aniount of the D)y2 e1 7Ni~ diffuses uniformly through thle bulk of thle material. Figure 5

A phase. shows thle CuK,, x-ray diffraction pattertns of Dy2Fe t.,N0, 85
Nitrogen distribution can be estimated from the ratio of samples nitrided at 500 'C. The solid lines in Fig, 5 are the

the intensities of the diffraction peaks by usitng a simple flits to thle experinmental data and thie dotted lines are the con-
model where the core is nitrogen-free and thle surface layer is tributions of Dy2Fe.,j and DY2 1"'17N1, calculated 1'ton the
fully nitrided as shown schematically in Fig. 4. Estimating model. Assuming that the average pa)rticle has t rectangular
thc volume fractionis is complicated because the Dy2Fe17N3 shapc with the ditmensions 20X 15X 10 /.tin3 (this particle
phase coats the DY2Fe1 7 phase and so attenuates the x-ray shape is anl approximate representation deduced from scan-
.scattering. In a multilayered system the itntensity of the re- ning electron microscope photographs) we obtain, USing thle
flected beam from the ith layer canl be expressed as calculated thicknesses of' thle layers, that for nitrogen diffu-

d, sion at 500 *C ap~proximately 90)% of the nitrogen can be
j=j J, - '_'(2dj~1 sIn si 0) -' 2xju, Ain 1 dx FdS, (1) accounted for by thle intensity of the fully nitrided peak. This

J_ o J fShows that almlost thle entire amountt of' nitrogen is in the

where It and 0 are the intensity and angle of thle incident surffacle layer (thle p~enletrailon Of' thle CUK,, in Dy.,FeP- is re-

beam, d, and A, are the thickness and absorptiotn coefficient stricted to approximately 1 -2 Ami). To observe thle nitrogen

of the ith layer, respectively, and S is the surface area illumli-

Cd1
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'sition nitride phase, we attribute the apparent nitrogen deficit
to the formation of the nitride phase at depths within the

0.64 - t tparticles beyond th~e penetration range of the CuK,, radiation
,, (,1 pAm). For this to happen, the nitrogen must find more

0.X0 - rapid diffusion paths than bulk diffusion allows, presumably
along extended defects such as grain boundaries. Above
480 °C, the two layer model accounts for over 90% of the"V0," - absorbed nitrogen, and we conclude that for these tempera-

0.52 - tures nitrogen transport is dominated by bulk diffusion.
," In conclusion, using x-ray diffraction and a thermornag-

0.48 - netic technique only Dy 2Fc17 and Dy 2Fe1 7N3 phases were
observed. The thickness of the nitrogen layer was obtained

0.44 by fitting x-ray diffraction peaks with a two phase model
400 440 480 620 structure: a Dy2Fe 17N3 surface layer and a Dy 2Fe1 7 core. Sig-

nificant nitrogen diffusion through extended defects such as

grain boundaries was observed at temperatures below
FIG. 6. Effect of reaction temperature on the apparent Dy 2Fej 7N1 layer 480 0C.
thickness derived from fits to the x-ray diffraction patterns. All samples have The research was supported by grants fronm the Natural
the sanie nominmal nitrogen content. Sciences and Engineering Research Council of Canada, and

Fonds pour la Formation tie Chercheurs et i'Aide "t la Re-

distribution at different temperatures we introduced the same cherche, Qu6bec. J. M. C. was partially supported by an
amount of nitrogen (a bulk average of 0.85 atoms per unit International Scientific Exchange grant from NSERC.
formula) to 20--25 Am sized powders at temperatures be-
tween 400 and 500 TC.

The values for the thicknesses of the nitrided layer ver- 'J. M. D. Cocy and I-1. Sun, J. Magn. Magn. Mater. 87, 1,251 (1990).
sus the nitriding temperature is shown in Fig. 6. D)espite the 2(. Isnard, J. L, Soubeyroux, S. Miraglia, D. Fruchart, L. M. Garcia, and J.
fact that all of the nitrided samples have the same nominal Bartolornm, Physica B 181, 624 (1992).
composition, the DY2FelN 3 surface layer is clearly thinner -'M. Kattlr, J. Wecker, C. Kuhrt, L. Schultz, and R, Gr~issinger, J, Magn.

Magn. Mater. 117, 419 (1992).in the samples prepared at lower temperatures. In the absence 41'. Muk-, and T. Fujinoto, J. Magn, Magn. Mater. 103, 165 (1992).
of any evidence for the formation of an intermediate compo- 'c. C. Cltucci, J. Magn. Magn. Mater. 125, 161 (1993).
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Atomic diffusion mechanism and diffusivity of nitrogen into Sm 2Fe 17

Chris N. Christodoulou and Norikazu Komada
Central Research Institute, Mitsubishi Alaterials Corporation, 1-297 Kitahukuro-cho,
Oniya, Saitama 330, Japan

An atomic diffusion mechanism (voidal diffusion) is proposed where nitrogen atoms migrate inside
the Sm 2Fe17 lattice by jumping from a 9(e) site into a thermodynamically unstable tetrahedral
18(g) site and subsequently into a new 9(e) site. For the first time, the anisotropic nature of
diffusion and growth kinetics together with direct observation of the diffusion fields by Bitter
domain patterns have been taken into account and employed for nitrogen diffusivity measurements.
The planar and axial preexponential factors were found to be Dox=0.72X 10-6' m2 s-1 and
Doz=2.26X 10 -' m2 s 1, respectively. The activation enthalpy, All, for diffusion was found to be
143 kJ/mol.

I. INTRODUCTION overcome the strong bonding from its nearest neighbors (Fe

The metastable Sm2Fel 7 N3 compound is an attractive and especially the Smn atoms) and more importantly for the

material for permanent magnets.' It can be prepared by direct strain energy needed to breik through of the octahedral face

reaction of Sm 2Fe1 7 particles with N2 gas. The reaction in- [Fe(f)-Snm(c)-Fe(h)] and in through the tetrahedral face
valvs aslowdifusin ofN aomsfromthesurace o te IFe(h)-Sml(c)-Fe(h)]. Although the 1 8(g) sites cannot ac-volves a slow diffusion of N atoms from the surface to the coninodate any nitrogen atom in an equilibrium fashion, 4

center of the particles. In order to improve the observed low com eodate a nit rog e aom in anfeuir fashion
diffusivity it is important to understand the atomic diffus'on tei presence playr a eyerol e fo the diffusioitr
mechanism operating in this particular case. Such a mecha- gen atoms. The temperature dependence of the diffusivity
nism has been proposed recently by Christodoulou and can be written3 as Dxx=Dox exp(-AI/RT) along the pla-2 3 nar a axes and Dzz=Doz exp(- AH-/RT) along tile c axis,
Takeshita2 and Christodoulou and Komada. 3 The present ar- nar a axes and R ao the cas ,ticle represents a study of the anisotropic diffusion adR is the gas constantperidental results supporting the proposed atomic diffusion (8.314 J mol1 K -). Also, it can be shown 3 that the aniso-
mechanism presented. The planar (Dox) and axial don tropic ratio of D8x/Dzz is equal to •(o/c) 2 , where a and c
mechanismp resented. fctheo p and axiivation h alpy ('/ ) fhe are the lattice parameters of Sm 2FeI 7 . By substituting
preexponential factors and activation enthalpy (All) of the a=8.549 A and c = 12.441 Ak, Dxx/Dz, takes the value of
nitrogen diffusivity into Sm 2Fe17 are also reported. 0.3. In the case where the diffusing atoms (like hydrogen) are

allowed to move iiside the 18(g) "circular tunnel" (Fig. 1),
II. EXPERIMENT the anisotropic ratio of DxxI/Dz can be as large as ,( a/c) 2

Clean Smn2Fe1 7 particles were prepared by applying the or 1.07 (essentially isotropic).
interstitial hydrogen absorption desorption process on large
pieces of a Sm 2 Fel 7 homogenized alloy-' Most of the par- IV. THE KINETICS OF Sm 2Fe 17N3 GROWTH
ticles were single grains and only those with particle size of
larger than 100t) m were used for the diffusion experiments. The solution of the diffusion equation for the nitrogen
The diffusion experiments were performed at temperatures concentration, C(x), inside the diffusion layer in the case of
of 400 and 425 'C for 20, 50, and 100 h and at 450 and large particles (almost flat surface) and short times (no over-
475 'C for 5, 10, 20, and 5(1 h. The pressure was monitored lapping of diffusion fields) can be approximated with that in
to be constant at I atm. Each experiment (temperature-time a semi-infinite medium (Fig. 2) and is given by
combination) was conducted twice. The Sm 2FcN, phase C(x)=C. crfc[(x-L)/2 (,D()], (1)
was identified by Bitter domain patterns (colloidal solution
of magnetite) formed on polished particles which were pre- where C. is the constant surface and growing phase
aligned in a magnetic field. The thickness of the domain (Snl 2 Fe,7 N 3 ) concentration (Ref. 5), L is the thickness this
patterns were measured and averaged for at least 20 particles phase (Sm2Fce7 N3), D is nitrogen diffusivity assumed to be
obtained in each run. Phase analysis was also performed by constant, I is the time, and x measures from the surface of the
x-ray diffraction (CuK,) and by therinomagnetic analysis particle.
(TMA). For diffusion controlled growth

!r'- I[ ,)C?(x) 1

III. THE ATOMIC DIFFUSION MECHANISM C., J )= [ (--l.x j di. (2)

A detailed description of the mechanism can be found in
Refs. 2 and 3. Nitrogen atoms can migrate by jumping from
a 9(e) site into a thermodynamically unstable tetrahedral dC W) C.,18(g) site and subsequently into a new 9(c) site (Fig. 1). In (3)

such a migration path, nitrogen atoms have to encounter an

enormous energy barrier accounting for the energy needed to By combining Eqs. (2) and (3) and integrating we get

J. Appl. Phys. 76 (10). 15 November 1994 0021-8979/94/76(10)/6041/3/$6.00 © 1994 American Institute of Physics 6041
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FIG. 2. Growth of Sm,FelTN3 front tlhe surface to tlhe celter of a S11,Fe17
C grain.

i.-agnetocrystalline and diffusion anisotropy. A typical x-ray
diffraction (XRD) pattern and a thermomagnetic analysis
(TMA) tr-ace for particles nitrogcnatcd at 475 TC for- 20 hi are
shown in Fig. 4.

By fitting the data in Table I for planar diffusivity ac-
a .. .cording to Eq. (6), the preexponential factor, DIx, and the

activation enthalpy, All, were found to be
0 R-6(c) (0.72 t(0.05)X 10-_' m 2 s, , and (143- 10) kJ el-1t, respec-
o Fe-18(t) A 3(a) tively (Fig. 5). Applying the same for the axial diffusivity,
O Fe-l 8(h) L1 3(b) tile preexponential factor, D,), and the activation enthalpy,
* Fe-9(d) 9 9(e) AlH, were found to be 1.21 x 10--' m2 s -_ and 139 kJ mol0,
* Fe-6(c) 1 18(g) respectively. According to the proposed model, All should

be the same along xy and z axes. The experimentally deter-
FIG. 1, Schematic representation of the hexagonal cell of the Sn 2Ie17 mined values of 143 and 139 kJ mol - are essentially the
(R3im) structure and the atontic jump network [single solid lines connecting same as expected from the proposed model. The degree of
the 9(e) with the 18(g) sites) of the nitrogen atoms during voidal diffusion.
Double solid lites connecting the 18(g) sites represent the "circular tull- confidence for the data obtained for the planar diffusivity is
uel" through where hydrogen atoms can be tunteled. The saddle point con- greater than that for tile axial diffusivity because the orien-
figurations, SPCI and SPC2, are marked by "x.- tation of the particles could be unambiguously confirmed by

the uniformity of the thickness of the domains formed
around the particles. In the case of the axial diffusivity small

,(4) misorientations of the particles arc very difficult to be de-
The tangent of the concentration profile at the beginning of tected still revealing "parallel lines-type" of domain pat-
the diffusion layer (Fig. 2) defines a diffusion length, D\ terns. Therefore, the value of AHI equal to (143±-IC)
= ,ýi-DI, which represents the effective penetration of nitro-
gen atoms where 'he magnetocrystalline anisotropy of the
nitrogen containing Sml2Fc17 is- assumed to become axial and
exhibits a domain structure as observed in the Bitter domain
patterns. It is to be noted that the nitrogen-free S1 2Fe17
phase does not form any observable domain patterns. The
observable thickness of the Bitter domain pattern will be

d=L+Dx=[(2/ F-J)+FiT] t. (5) 1UI

The diffusivity at a particular temperature and direction (pla-
nar or axial) will be: 2(a) 0c)

D ="d 2/(2 + D)2t oD exp( - AHIR T), (6) o

where, d is measured along that particular direction.

V. RESULTS-DISCUSSION

Typical Bitter domain patterns of nitrogenated Sm2Fet 7
particles are shown in Fig. 3. Particles with their c axis per- 'Ell
pendicular to the observation plane exhibit a uniform "maze- A

type" domain pattern around the particle reflecting the
uniaxial magnetocrystalline anisotropy and the isotropic na- (d)
ture of diffusivity in the c plane. Particles with their c axis on
the observation plane exhibit a "parallel lines-type" domain FIG. 3. Bitter doinain patterns Ior SInv.ICl7 particles tttrogenated at (at)

pattern with deeper penetration reflecting both the uniaxial 425 '(' (50 it), (b) 425 °C (100 it. (c) 475 o' (5 it). and (d) 475 T( (Ht0 I).
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FIG. 5. Arrhenius plot of the planar diffusivity (D.vx) vs I /IT
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Sdiffusion mnechanism. This value also suggests that during
S,,,2Fc1:7% diffusion, nitrogen atoms are not permitted to move inside

the 18(g) "circular tunnel," 3 something expected to he oc-
4 •curring in hydrogen diffusion.

The activation entropy for diffusion, 3 AS, can be esti-
.0• mated to be -0.343R through Dox=yii exp(AS/R),

where y=I.015 XI_ l& ' 2 _(, and i O~S.Sc
negative activation entropy is attributed to the large increase

CDSn2tCI7N1 in the vibrational irequcneies of the atoms influenced by (lit-

S- fusion. The ratio of the vibrational frequency during diffu-
Sion to the initial one, vI1/ vi , can be estimated. to be 1.4.

0 200 400 600 800 1000 Such a value is physically reasonable based on the fact that a
nitrogen atom has to squeeze through and come in close

-Temperature (0) contact with the atoms at the two saddle point configurations,
SPCI and S1'C2 (Hig. 1).

FIG. 4. X-ray diffraction pattern (a) and thlrinomagttetic amilysis (b) The high value of te activation enthalpy for diffusion

Sm 2FerI particles nitrogenated at 475 'C for 20 Ih. They cotffirn the pres. ( h4 k is idte of the large energy brr wich

enCC of Sn12P"e1 7 and S11121'l 7N31 pbascs together with the diffusion layer of (143 M t"0- 1) is indicative of tile large energy barrier which

Stn 2FerT7N, (O<x<3). a nitrogen atom encounters during its migration from one
9(e) site to another. This value falls within the limits pre-
dicted by Christodoulou and Komada3 and it mostly accounts

kU mol is considered to be the correct one. Since All was for the huge strain energy needed for a nitrogen atom to
confirmed to be the same along xy and z axes, this restriction break through the two saddle point configurations, SPC1 and
can be applied in order to obtain a refined value of DZ SPC2.
which is very sensitive to AH, Hence, It is difficult to compare tile values of Do and AH ob-
Dxx/Dzz=DoxDoz= (dr/d )2 , where d., and d, are the tained in the present study with others published in the
observed thicknesses of the domain patterns along x and z, literature;'" because this is the first time that the anisotrnpic
respectively, at the same temperature and time. From this, the nature of the diffusivity and growth kinetics have been taken
preexponential factor, Doz, was found to be (2.26 into account together with direct observation of the diffusion
±0.15)X 10" m2 s 1. The Dox/Doz ratio is 0.32+0.04, a fields. Nevertheless, the present values compare favorably to
value which is very close to 0.30 predicted by the atomic the values obtained by Skomski and Coey8 but are much

higher than the ones reported in Refs. 6 and 7.

'IABLE 1. The planar (d(I) and axial (d,) average thicknesses of the Bitter
domaini patterns for So 2Fert particles nitrogenated at different temperatures C. N. Christodoulou and "'. T'akeshita. IEEE T'rans. Magp, MAG-92-245,

and times. 53 (1992).
"2 C. N. Chrislodoulou and T. Takeshita, PJroceedings of the Ist lIternatioual

Time (h) d (gni) 400 °C 425 OC 450 'C 475 'C Conferience on Processing Materials for Properties, Hloihluti. Hlawaii,

Nov. 7-10 1993, edited by tI. Ilenein and ., Oki (TMS, Warrendale, PA,
5 .. 2.33 1993), pp. 293-29(.

4.33 6..13 -. N. Christodoulou and N. Kom'ada, J. Alloys Coop. 206, 1 (1994).

ttl0 d ... ... 3.30) 4.9t) C. N. Chri:;todoilou and T. Takeshila, J. Alloys Coop. 198, I (1993).
d,= ... ... .112 8.66 5C. N. Christodoulou and T. "lakeshita, J. Alloys Com . 202, 173 I1993).

20 d., 1.97, 3.0t5 4.67 6.91 'J. M. D, Cocy, J. F. Lawler, I long Sun, and J. E. M. Allen, J. Appl. tihys.
d, 3.65 5.70 8.13 11.85 69, 3007 (1991).

50 d. 3.06 4.82 7.38 10.96 711. Kaneko, T. Kurino, and [I-. tJchida, Proceedings of the 7111 hiterna-
d = 5.41 8.39 12.66 18.811 lionil Symlposium on Magnetic Anisotropy and CoercioiOy in Rare Eirthi

100 d, = 4.32 6.82 . "lansition Metal Alloys (UIiiversity of Western Australia, Canberra, Aus-

d,= 7.64 11.57 ...... tralia, 1992), pp. 32t0-330.
"" R. Skomski and J. M. D. (Cocy, J. Appl. Phys. 73, 76t02 (1993).
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Effect of nitrogen on the properties of hard magnets
M. Melamnuda) and L. H. Bennett
National inslitute of Standardsv and 7echnology, Gaithers.burg, Maiyland 20899

R. E. Watson
Brookh~aven National Laboratory, Upton, Newv Yot-k 11973

The enhiancemnent of magnetic properties of RE-TM hard magnet miatcrials, such as RE2Ue 17' Upon
nitriding is studied using the Wigner-Scitz (Voronoi) construct. Ini analogy with other RFhTM
nitrides, it is concluded that nitrogen has a strong preference to occupy the octahiedral 9e' site Iin thle
2:17 comipounds, to the exclusion of the other prop~osed sites. Additional materials arc suggested as
candidates for nitriding onl thle basis of thle availability of such ani octahiedral site. The site prefercnce
and its effect onl the magnetism in RE2FC1., is discussed inl relation to thc Wigncr-Seitz cell of the
atomis. The miagnetic miomnitts onl the iron are shown to be correlated wilth the WS cell volumies, and
this dependence differs fromn that associated with ar~e.

Renewed interest in tile RE-Fc 2:17 hard magnets' has correlations with thle maignetic mlomenlts.'1 In aVIIn, for ex-
arisen because of thle enhanced mnagnetic properties achieved amlple, if we assunme that all thle Mnl atomls have thle samle
by alloying them with nitrogen (or carbon), The addition of radius, then the WS cells have different volumes. Relating
nitrogen causes Ili increase in lattice parameters, Curic till- these volumles to thle magnetic ili~lnl'iit5 at thle f ,our Mnl sites
lperature, subtattice miagnetic miomnilt, and( anisotropy field. iii aMn, a nearly linear relation is found, A similar result is
It has beeni observed theoretically 2.3 and experimientally'l'5  obtained for the four Fe sites inl thle hard mnagnet, P~rl' 1,,
that iron atomis exhibit different mnoments onl different sites in Ref. 12 (Tahble 1). Tlhe relationship ofthlle WS atomlic Voltdume
ltL21PeC.7 and Its nitride, and thle di scl 11111 ions to thle enhlancemenclt of the mnagnectic

While there is no argumient in the literature about tiuese properties are discussed inl this paper, and suggestions for
changes, anid ithas been agreed by all authors that nitrogen is possible ewhard mnagnet nitrides aegvn
interstitial (not substitutional), different sites have been Su~g- B~ased onl calculati ons of the WS jpolyhedra for a wide

gesed y dffeentautors PrFe 7 ad te oherRLFe ~7 array of TM mietalloids"' (With upJ to 50t% mietalloid content)
compounds discussed in this work are those hiavinlg the it has beeni shown that each metalloid p~refers a certain local
"112Zn117 structure-1space group Rimn (Table 1). The sites environmient defined by a special WS cell. one specificecx-
suggested for N (or Q) in the same space group are 3a ," ample is nitrogen which is always found in the (0) 0) octahec-
9 e ,.5 I 8/i,K and I 8g Y) One of thle principal purposes of this dral cmiv ironnient. J. [1I'is eniv ironmentcl cor p0 t es with tile
paper~ is to address the lprolbleni of where iii fact the nitrogen higher coordinated (0 3 6) ninefold B~ernal envir-onnment in
resides in the nitrided compounds. Thie ch~oice is quite clear the 3d metal carbides, Ini the 41l-.5d carbide group (except
if one notes the behavior'" of ordered I'M nitride coni- tor Nb2C) the carbides have joined the nitrides in displaying
p~ounids. oinly anl (0) 6) mietalloid e nv ironnie ilt.'(' Iol-oro is norm ally

The Wigiier- Seitz (WS) cell construct has prev iousl y encou0ntered in ali (0t 3 o) or (01 2 8) Becrnam Ieiw i rol, 111011t. I inl
bleen suggested"1 as a m-ethod for studying thie relationship of ainalogy with these TIM nlitr iLcs, we conclude. that it Would ble
cry stal structure and properties, especially with reg~ard to extraordinary ( i ,e.,, inod icamtive of' a inost unuasial I 1M---N
miagnetic properties oflhard magnets. WS (or Voro noi) polIy - bonding) if' niit rogen itoccup icd any thliing othtir t hani the oct a.
hiedra furnish a useful mecasure of the local environment of anl hedral ()(, site in the 2:17 comipounds,
atomi, including a description of' the site symmnetry (It' the We have calculated thle WS polyhedra for the Pr2FIe
atomn, and a catalog of what atomis constitute its nearest and PrbFce 7Nj (assuming full occupancy) with nliitrogcen (Ic-

neighbors. A miodified WS constructionl 11,12 also accounts for cupyillg ally one of the suggested sites. Ti'le mlethod oft cal-
the relative sizes (i.e., atomiic radii) of tlte vairious atomns, It culationl is described elsewhiere, 12 T'he results arc lprescntcL1'-
has been also observed" using the WS construct that "dis- in Tablel 1. Only in the 9v site is the WS polyhedron fo~r
clination nets'" pass through those iiietal sites which have the nitrogen (t0 6), namely, anl octahledral array ot' six nearest
largest mnagnetic miomrents. (Disc] inations are chemnically im]- neighbors.'The olther sites resuilt in different, nonstlable, poly-
portailt bond lines,) The nlets defned by these (liseliliatiolls hiedra which have very small facets or edges and1( iii sornI
have been shown to be correlated with the anisotropy axes of cases (e.g., 3a site) the resulting distances to neighboring
hiard mlagnets. 11 Structural factors, in addition to Invar-type atomis are too smnall.
volumne effects, are expected to be irnpooant to local 3d Table 11 lists har11d 11agnelt materialMs, ili additionl t0 thle
illagnetisin in tile hiard magnets. Pr,Fe17' wh1ic Were found t0 have enhIanIced iliagnetisnil

Wigiier.-Seitz cell construction has b~eleii eployed toI uponl nitriding. Inl all of' these, thle nitrogenl is found to be ill
derive a measure of'the local site volumies, and explore their anl oIctahedral (0) 6) eilvirolnlient. These include~i Ndle (,V,

__________________________________________and N d Pc ,Mo2 , bothI having the 'hI'll M,, s1FIt rIet c,1 thle

'Yiernmencii address: Nuciear Research (cnenir. Negev, iP.J, Blox 9001 , I eer. lie xagonal 2:1I7"(1'ni 2N i1,),- Iland the Ic,,N (n -3,0,). Ini Ihe
Stoeva 8 tVOn, isract. loweor part olf Iable 11(a), we propose so llic other hlard mlagnect
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TABLE 1. Wigner-.Seitz polyhedra (Ref. t3) of the atoms in Pr2Fel7 and its nitride, with nitrogen in the th' site of space group 1?3 in. The measured Imagnetic
momcnts in p.jj are givcei where knoovw (Refs. 4 and i). leh WS cells of other sites suggested by some authors for iiitrogen are shown in the lower part of
the table,

Pr2 e Pr2leN

Atom Site Moment I'oly Volume Momenlt Poly Volunic

Pr 6c ... ( 0 12 8) 31,95 3.4 (0 3 6 14) 32.12
Fei 6v 2.46 ((1 0 12 2) 12114 2.9 (0 0 12 2) 12.82
IFe2 9d 2.03 (00) 12) 11.23 2.3 (0I 0 12) 11.84
1Fe3 18f 2.03 (0 I It) 2) 11.71 2,1 (0 1 102) 11.83
7e4 18h 2.013 (00 12) 12.17 2.5 (1 I It) 2) 12.48
N 9)e (1)6) 3.35

N 3ac as proposed (0 6 It 2) I.08
N 18h/ by some authors (0 5 2) I.02
N I8g (2 2 2 2) 3.011

TAIBLIE II. (.a) WS polyhedra of the atloms in a tnuimber of hard anagel minaterials, before aind after nitrlding, assuiling tull N occupancy. Tlth deli aiiiliotls of tfhe
polyliedia desigitatlons lire given in (b). lii the lower part of (a) we list tie WS cells for the proposed sites (listed iti tie text) for nitirogen in riate rilns mot yet
known to be nitrided. Due to partial R1I0 and TM occupancy it Prte7 , two possibilities are shown for TM3. (b) Shortlhand (lcsignitiou delivii g valIous
polyhedra types (Ref. 13) comiputed ita some R.-'lTM-metalloid hlird magnet materials, encoutntered 2n Table II(). The designatiomis are sorted aecording to
tiotal tumiber of fiicets on the polyhedra, D)ifferenlt designatiosti are defined for the three different types Of 1too0ls, For the IVmIlidHOs, tie () designtes Ihlie
octahedral etivirouitient, time 7 and U are the nbine-fold and ten-ftold Blernal etnvironmttents, respectively.

(a)

RE 1 10:2 TM I I'M2 TM3 TM4 TM5 TM0 II N

l'rPe.i, A M K I, K
Plrl'elN., 1) Al K I. I, 0
'ntm2Nl 7  A A At K I, K
l'nm;NllN1  I) 1) Al K I, I. ()
NdllelV; A l K Al K
NdlielV 2N C' K IV 1. 0
NdlelMo4 A I K Al K
NdlerjiMo.N C. K A/t 1 ()
(rile M4
Ie1N M3 3
Ie4 N K3 413 ()
IegN Ml AI' N 0

NdNIlt A K I K
NdNIN. E, K I M I ()
(eCo 4 ll A A 4 K I I, 7'
(CeC'o4 llN1 . E A4 K I AtI 7' 0)
PIlre-, A A At K K il/l. K
Prle.IN,N A 1) AM K K 1 /1, K ()
Nd2Fei 4I1 .42 A 3 1, K K At 1. K 7'
Nd2Ilei 413Nj,.. R A 3 1, K K At 1, K 1/ 0)

(b)
Transitioni

Rare earth Faucels metal Ficetq Metalloid acetls

A ((00 128) 20 K Ut 0)12) 12 0 (0 6) 6
A 1 (011 164) 20 KI t 3 6 3) 12
A2 (0 28 10) 20 K2 ((0282) 12
A3 (0 1 10)9) 20 K3 (0 12) 12
A4 (0(6(0 14) 20

B() I 1v) I0() 21 11(0 1 10 2) 13 7' (ll .1 0) 9;

C (028 12) 22 M ((0 12 2) 11 U (0 2 8) I0
M I ((1284) 14

M3 (0168) 14
At4 ((10608) 14

1) (11 3 6 14) 23 N (0 5 2 3) 15

(E) (00 20) 26
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35 i1-- - - - - r which plhy an important role, such as coordination number,

a P,,[, types of neighbors and tile different exchange resulting from
.0 ........ A RE-TM ill addition to Fe-Fe exchangc. This result is sup-

.,ported by the observation' that an increase of --0.5%-1 % in

I 2.. tile lattice parameter of aYFe is accompanied by an increase of
,15% in its moment, resulting from the addition of a small

X X amount of nitrogen. This result is shown ill Fig. I to lie on.~r 00 the steeper line, off the trFe line, Other experimental and

I,, I ... .. L--• .- o calculated critically collected' 8 RE-TM data have been in-
I2 , eluded in Fig. 1. A substantial scatter is seen resulting from

!S Volio... inconsistencies even for tile same material, and because not

all values are saturation moments. There is no space to dis-
FIG. 1. Relation between twe WS eell voluw tond laglttili nmomtent per Fc cu';s this here.
atom ia I'r21e•7 and its nilride. Also sownti are results for iron nitrIeC The addition of the nitrogen into the structure ill Pr2|•e,7
(FPeN), for o.Fe under pressure, and for aFe containilg 1 N. EIxperimentlT
and predicted valuiesI tire represenled ty different symbols. The lines are tilte causes soie changes ill the topology of tile WS cells of the
results of linear regression for (1) iron and (2) 1r,. lel., ulltd its nitride. Also lneighbori ng atoms, which atre problably correlated with the
shown are values for Y, Nd, and (3d 2:17 cmipmlutnds (Ref. 18). change ill electron density caused by the nitrogen, and likely

contribute to the break ill slope. The mahi result is that the

materials which we have found have optional sites for nlitro- three livefold facets cntnnectilng the RP' to tile Fel4 neighbors

gen, with the samle octahedral ((0 6) WS cell us above, It is change into sixfold facets, thus incorporating the Fe4 in(o the

possible that these will also exhibit enhanced magnetic prop- sixfold diselination net and enhancing tiis net upoitriiit ig.

ertics. The list includes RE-'M miaterials of the 1:5 (CaCu~s This work wits supported by the Division of Materials

and thXe related CeCo,;i), the 1:7 (Prlc 7) and tile 2:14:1 Sciences, U.S, l)epartment of Energy, under Contract No.

(Nd2Fel,4B) structures, The suggested sites for tile nitrogen )E-AC02-76CII0t)(16,
are 3f in ,pace group Pb6/mmin, 9e itt 163m, and 2b ill R ( rdsshtger and X. C. Kou, prescented tit Magtnetlsm, Magietlic Mtteri-

P42 /ninit, respectively. ils amid itheir Applieatlons, Section I1, 1 I tlnia, C.ubha, I 99) 1; 1I. Sutl, J.

Iron voltmes calculated from WS cell cotstructiotns are M. I,. 'oCy, Y. 0htntal, wlld 1). F1. P. It brley, J. llhys. (.'onldelts. Multer 2,

correlated with the knownt iron magnetic tome t1ts, t
'

5 Its (c1anl 0465 (l •9Y)); K. II. J. iuschow, U. (Coetoomr, 1). It, deMimij, K. tie
bie seen it . 1. , i d its tlat because of Witard, and IT. I. Jtcolhs, J. Magn. Magt, Maler, 97, 1.33 (19901); J. M. ),

g 1. ioey, II. Sunt, J. Matgn. Mugc. Mater. 87,1251 . t (19Y).

the availabilii y of high-resolution teltutronl diff racthl it. Siptvar, W. H. Wallaee, tod J. Squour, Phys. Rev. B 36, 3782 (087).

nteusu renteuts, which provide accurate tiItomcnts for the 'A. Sakuma, J. Magn. Mapit. Mater, 1012, 127 (1991).,
foulr [Ir.onl sites. The UtoellltS onl the iron atoms for Pr2 '7 I'.C.. ttp, (% M. bcns, J, JJ. J. I Il, titdll K. It. J, lihcltow, J, Pltly. (Parik)

(dolloo. 6, Suppl. 12, 35, C -017 (11974); 1P, C. M. (idbbens, J. 11. E vail
were derived' lrotn MWssNa uet CXICil ll ItS, (. Onlly tihe i11O- Apeldoom, A. M. van der Kram, and KJ.I. 3.iusehow, J, Phys 1 4, 921

meat for the 6c site was resolved, and atit average moment 14)74).
wits assigned to tile other three irotl sites. We therefore have -J. K. SItlick, J. A. (olmass, S. F. (_theg, J. Cullen, anttd A. 1'. Clirk, Mater.

six expe rinlental points, to which a linear regression has ILtt. 12, 93 (19Y 1).
"SI., I, lZt. tl11, 0. Zhlng, X. Pei, W. Jliittg, and Wenlwang ltb, l[EHE

been applied, and predicted motmients for tile differeutt sites Trims. Magn. MA--23, 31195 (I1)87); S. L tto, (U. Zhang, Zlt, ti, X. Pil,

were conipated usintg Ilheir WS volumes. TIhe average of the W. Rhlatg, antdt Wenwang Ito, Ibid. 70, 311 (1987),

resulting monletts for the three sites (9d. 1 81, and I 8/) is 'J. M. I). C ocy, J, I. I •wter, 1I, Sim, and J. V. M Allan, J. Appl. Phys. 69,
2,18/, ats conllpaled to) tile experimlenltal value f' 2.()3/l1l . 3007 (199 1); It. It. I letiniholdi tlan K. IL J. Ilusclhow, J, l.ess-COti11iton

2. ,v' Metlk BS, I' (1989).

Atnother teehnotlogically relevaitt taugnet is rcpre,;clted '1t, II. Sladeluhnler, I.-'T'h. Itelitn, (. Schlelder, anid 11. .)rle, Malt. ILett,

on Fig. I, namely, FejN, which is itde. stud , for use ill 7, 155 (1988).
reading heads, 16 The known experimental ave rag" monmunt '). W. Yani, P. L, Zh•lng, Y. N. Wei, K. Sun, 3,. V Ill, Y. Z., Wattg, G). U.

for tills material is 2.8An (at room temperature), showtn ill [Lu, C. (lao, an1d Y. FICl, heng, 'thys. Rev, It 48, 2878 (W193).
" . U., watsoll and I., II. ticelnel, Phys. Rev. I1 43, 11642 (1991).

Fig. I using the average volumnc of the WS cells of these I'M. Melahmtd, I. It. Bennett, t1od i. K. Walsotl, Sc. Metalil. 21, 573
three sites. The iron atoms are ill tile three sites 4e, 4d, and ( 1987); i. t. Walsoti, L. It. Itealnell. and M, Melamlud, J. Appl. Pltys. 03,

8ht of space group 141nmin. Predicted momientts tr tile .i3I6 (191i); t,. II. Bennett. It. 11. Walsou, and M. Melamud, J. Phlys.
):11 tileris) 49, ('H-537 (1988).

three sites ire a0so shown otl Fig. I, is calculated front the E, Wi t ,ori and ( _ 11. II cm88 tt, .1. Alloys C'omp. 197, 271 1')93).

WS site volumes usinlg the sallme linear regression used for 1'3h1,111 notalio) f(r a WS cell is (a.b1c,1,..) for a polyhedtron havitig a"

Pr 2 ie iT . The average value of these predicted nmonlents is lrianogular liacets, "h" four-%ided facets, "c" tve-sided facets, etc.

2.7/jLhj , ill good agreementt with the experimental value of 1
4 X. Ohen, I,. X. .iiao, A. Altouniml, 1). IIL Iyan, aid J. 0. StrotitOiscai, J.

3Map. Magtt. Mater. III, 131) 11992).
2.8/AI . ('ihe calculated band theoretical values3 give atl av- iY. Otani, 1). R F. I hrley, Itog Still, and J. M, 1). (oey, J, App. Illiys. 69,

erage of 2 .4/,L .) 5584 (199lt•.
Figure I includes also results17 for IXt,,e (ias t futlCtion of X. x to. It. M. Metzger, and W. 1). D)oyle, J. App. llihys, 73, 6734 (199.1);

pressur'e, at 0, 8), and 1 22 kbar) . There seen ins tbet a well - C. o, W 1). Doyle, and M, 11111SI. Simlzil, J. Appl. tlhys. 73, (0579 (1993).
W tl 1) (uhcnzihiger 11i11 I) F. Ellis, PIhYs. R1ev. It 31, 93 (19,95).

delined slop- for llhese results, which is different 11f1om that in 18 la..1. laog, (). A. h'inglc.. F (' randje•ar, aod K. II. ttschlow, 1. Appl.

the 2:17 mIatcria Is, This lmeais Ithat there are otlier factors l1hys, 72, 4845 (1992), and refcleucea thereill.
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Theoretical analysis of the spin-density distributions in Y 2 Fe 1 7 N 3

and Y 2 Fe., 7 C 3

W. Y. Ching, Ming-Zhu Huang, and Xue-Fu Zhong
D~epartment of I'/o vicsv, Uni'c'rm .y of A'hssour-Kansa' C ily, Kansas CitY, Misouri 64110(

The electronic structures and spin-density distributionis inl Y2Fe17N anld YIFC17('3 arc calculated
using thle self-conlsistent spinl-polarized ortliogonailized-linear--coihinbtationi-of-aitomiic-or-bitals
method, The N or C atoms are assumed to occupy tilc (9 e') sites fin the rhombohiedral structure. Tile
Fe (I 8f) and N or C at the (9e) site form covalent bonds which result inl a very nonspherically
symmetric spini-dcnsity distribution, The calculation shows a reduced moment for thle Fe (1 81) sites
due to doping, I lowever, the moments at othier sites arc increased due to lattice expansion. Thlerc arc
some differences inl tile spin-density distributionl between N and C at the (9e ) site. Bly comparing
With thle results of calculation onl thle Pure Y21?P i at different volumes, changes inl momient
enhancemniti and density of states at the 17ermi level due to lattice expansion alone and that duie to
the chemical effect of introducing N or C are separated.

It hias been well established that nitrogen (N) or- carbion sites its well as onl the differences between systems with dif-
(C) doping fin the rare-earth-Fe p~ermlanent magnets IR2Fe ferent dopings, i.e.. N versus C.
canl raise the Curie temperature (T,.) substantially. 1,2 IlhiS is We use the ortliogonailized-l iinear-con'in~iationi-of*-
generally attributed to lattice expansion inl the doped samples atomic-orbitals (OLCAC)) method inl the LSI)A. The pl'oce-
whlich i ncr'eases thie Fe- Fe i nteratom ic dist a aces and thle ex - d ures of thie calcua at ion have beenl described ill tile
change inteac ios age numbeir ofI' cal culat ions exi st li te ratu re 14,15 and will not tic repeated. A minininal atom iel ike
Which shlow thle increase inl thle spinl-mlagnectic momoents onI basis set consisting ot' orbitals of' Y, Fe, N (C) which are
different Fe sites and significanit chaniges inl the density of' expanded inl terms of' Gaussians inl real space is emp)loyed.
states (DOS) atl the Fermi level E,.- ulpon N doping.' I1- low- Thle crystal param1IleterIs used are listed inl Table I. Three spe-
ever, it is difficult to prol.vide a direct explanation of tile ill cial k points are used inl the self-consistent iterations, While
crease fin 'I. biased onl the electronic structure results since !in the tinal calculation, secular equations are solved at 11
thle electronic structure is at zero temperature entity. Mohni sp~ecial k points in thle irreducible wedge of thle lBrillouin
anld Woll I fa-t h developed a theory based onl a splin fluctuation zone of the t rigonal cell. The final ch arge and spin densities
niechun isni which i inks with electronic structure to the TI,. of aire calculated from tile resulIt ing c ige n u nctions ait thlese 11I k
a magnectic miaterial.8 poinlts Withl~i properI correctionls for the core orthlogonal ization

Inl Spite oft recenlt caIculIat ions onl thle electronlic struituetn applied. T he sp in -magnet ic nmomien ts at each site are oh)-
of theC kl2 ~e7Phases 3 .9 and their nlit rogilated Sanmples, 3 -

severr]. qu (estion1s rema in un resolved, (1) T1he ca lculatced spini
mom en t onl each Fe site is ii I genieral agreemi en t with e xpemi - 'lA1 .1 1. ('IeiLUlmd proper(ile lbr Y,Fec, YI'd1.,N ,, mid Yý,Ve 11('3
meilt, buit discrepancies cx is for specific sites such as Ice crysuik".
(I 8f) anld (I 8hi) inl YlC1 71"e Tile 'Iic anner inl Which the spinl-l

momnentis have hceil obitaineud by dIiftferenmt comn pu tat ionaIl ( 'ystil YR.J., Y,tVel , Vt'c , Nj Y11i-c/c
methods has lot been fidlly scrutinized. (2) Se pa rat ion of' a Latic coltlis
chemical efftect and1( 'ol u inc expansion with illtroduct ion of N 8 A .4h1 8 h -1 8.653 8.72
is important ill understanding tile mechanaism for "T, eil ha m' e- 1 A)2.41 I 1I2,093 1 2.677 12.677

nient . (3) It is genermdlly assu med thiat tile effects of' the N Volume~(V V011;) 1.001 1.0)7 I .01() 1.0)72
dopinig or C doping on different Rc17crystals are similar.
Realist ic calCUlatiOnISm Illy sfow SUbtl d Iff1erences. (4) Tlhere Site II1Irlenii-i (1(11);

is a udmnatusina owele ielclsi est 6c) I(.13 0(.72 01.4n --(1.47
isa ina enalqes i il s o iet ei t i lcl pil enit e (0c25127 2,711 2,55(2.71) 2.59)12.43)

approximinat ion (1.5DA) of' tilie denisiiy Funct ion al theory onil .15211 2.41I 2.50(12.39)) 2.50(2,01)1
wIllichi almost al I of tile theoretical calculations are hased, is Fe (I Vi) 2.3701.81) 2.5(0 2,012(2.(16)1,I77(192

goodl enough to answer tile question of' '1 enhaniceiilet, it is Fe (18h,) 2.10(11.77) 2.42 2.31(2.121 2.11)( 1.75)

well known that the LSI)A can give fihe wrong grounid state N or C (9)t 1 ,07 -(1.22

il tile case of elemental Ie crystals. 13  Tiull Fec iulliilc~iIl (P.1):

Inl order to further understand somle of' thlese pirobleims, 37,1)7 412.13 38.58 .a.6110
we have carried ou~t self-consistent, spiri-p~laIri'/ed calcula- 7'.. WK ex. 2 9 "
tion1S on Y21Fe1 N,N and Y2 e1"C -'I- log lethe Withi oui pu-e"vioS 6914
calculations 10omi pure~ Y-11Fe withl differentf volume DO lF,,N/')il11tofSm 1c ecl:
expainsions, ilwe are able to separate the effects due ito vol.. N-, 1)0 11. (1.0 7.(, liilll0Il lici e0c c
Unic expansioni and chemical doping. We focus onl thle details N11 I. 1) 101.4 I 2.1 8.)0 9.5
of tlile 5 in -(elelsitIy dlistr ibut ionI ill tile vie in it y of' tilie dop ml'.- __________________
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(a) (b) (c)

0 (0 C .-

000

FIG. I. Calculatled harge density (leit pinel) and spin densily (right panel) for (a) Yik;e7 (top) ) { YlI"1N, (middle), and (c) Y.FIn. C3 (bottom) at
approxin•tlely the same volume lThie contour lines rc 0.1) 2, 0.02,1004, 0.06, 0.)08, (10),1,. 15, 0 . 25s,0 0, 0.25,0 31 , 0.40, 0.5) for charge density min plus or minus
of })0(01, 0.00)2, 0.J(), 0.(X4, 0.0X6, 0)8(18, 0.01, 0.015, 0).020, 0.030, 0.040, 01.050. Negative numbers arc indicated by dashed Contours.

tained by using the Mulliken scheme17 based on the eigen- for comparison. Based on these results, we can see that (I)
functions and the overlap matrix elements. Although the effect of volume expansion increases the nega-

The calculated charge-density and spin-density maps on tive polarization on the Y atom, the doping actually reduces
a plane perpendicular to the c axis and containing the Fe it. (2) There is a significant reduction of moments on Fe
(1 8f) sites, the Y atom, and tie doping elements are shown (1 8f) next to N (C) when they arc covalently bonded. (3) At
in Fig. I for Y2Pe• 7 , Y2 Fe,7 N., and Y2Fei 7C3 . All three crys- other Fe sites, the increase in the ,ntents can be accounted
tals have the samne cell volumes. In the calculation for for mainly by the effect of volume expansion, but the chemi-
Y2,Fc1 TN3 and Y.,Fc-,C1 , we used the internal parameters cal effect of doping is important and appears to be site spe-
which determine the atomic positions for Nd 2Fe, 7N, as mica- cific. (4) C is slightly more negatively polarized than N and
sured by Kajitan! et al. 16 The results of Fig. I can be sum- has a bigger influence on the Fe (188f) site and less influence
marized as folhows: (1) In the absence of the doping cle- on the Fe (18h) site.
ments, Fe (I 8f) and Y have rather spherical charge- and The calculated numbers in Table I can be compared with
spin-density distributions. The Y atom is negatively polar- the recent experimental MWssbauer data from Chen et al. 12

ized. (2) When N atoms arc introduced at the 9e site, expan- for YFe[7, Y2Fc17N 2.3, and Y21 e,7eC 2 by dividing the re-
sion of the lattice and changes in the internal parameters ported hyperfine field data by a rather arbitrary factor of 14.8
make the 9e site of sufficient size to accommodate N. There 17,al . These numbers are listed in parenthesis in Table I. The
is a significant covalent bonding character between Fe-3d comparison is only approximate because the samples are not
and N-2p electrons in forming a tight Fe-N-Fe unit. The spin stoichininctric in composition while the calculation assumes
denstty at these site, shows significant distortion from the ideal structure. Still, the relative magnitudes of the Fe
spherical symme,. y. The highly nonsymmetric charge- and moments should be meaningful. In the case of undoped
spin-density distributions have some implications on the YFei7 at equilibrium volume, it has been pointed out that
proper riagnitude of spin-magnetic moments at these sites. the agreement between calculation and experiment on the
(3) Although the moments at the N site arc small and nega- relative magnitudes of Fe moments at various sites is mar-
tively polarized, the spin-density map shows that they form ginal at best.") On the other hand, the results of oifferent
pairs of positive and negative lobes. (4) There are some dif- theoretical calculations using different methods are quite
ferences in the spin-density distributions due to N and C close." This reflects either a fundamental inadequacy in the
dopings. For C, there is no lobe structure and the negative LSDA theory for the magnetic properties of the system of
polarization at the C site is actually larger. rare-earth-iron magnets, or that the theoretically calculated

In Table 1, we list the calculated spin moments at each values may not correspond to quantities that the experiments
site based on the Mulliken scheme. Also included a.e the actually measure. In the doped samples, the experimental
results for Y2Fcl, at zero expansion and some measured data data measure an increase of moments on all Fe sites. Our
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4 linear muffin-tin orbital (LMTO)- or atomic sphere approxi-
mation (ASA)-type of calculations, 3

,4,) spin moments are not
20 based on the Mulliken scheme, but on the difference of ma-

A_ jority and minority spin charges inside the atomic spheres.
The charges outside the atomic spheres are zero. Tile calcu-

V lated spin mnoments depend somewhat on the choice of

-202  atomic sphere radii. In compact systems in which the charge
distribution is more or less spherical, this approach gives

-40 quite accurate moments. However, in doped systems where
S(b) the spin-density distribution is nonspherical, such all ap-

> 20 proach may not be reliable.
Figure 2 shows the calculated total DOS for the majority

_____ , •"•-.a',-'• and minority spin bands in Y2Fe1 7, Y2Fe17N3, and Y2Fe17C3 .

As can be seen, doping does modify the DOS profiles. Pro-
V 1 V•jected partial DOS (not shown) for N and C show that the N

7) states arc in tile range of -5.3 and -7.5 eV, while those of C
S-are between -2.5 and -7.0 eV. The calculated DOS at E1

40 (. . are listed in Table 1. For the majority band, the reduction in
20 ,the DOS at F1 . in Y2 Fei7 N3 by almost a factor of 2/3 is

mainly due to lattice expansion. In Y2Fel 7C3, the effect of C
doping increases N(E1 ..) and is largely compensated for by

D, ,the volume effect. For the minority band, lattice expansion
alone reduces N(E1 :), and upon doping, it decreases further
to about half of the value for undoped Y2 Fe17 at equilibrium
volume. Thus chemical effect of doping is most pronounced
in the N(E,-) for the spin down band and in the moment of

-10 -5 0 the Fe (18f) site.
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Study on the effect of the previous hydrogenation of the nitride formation
of a Sm2Fe 17(4 at. % Nb) alloy

H. W. Kwon
Department of Material Science and Engineering, 71w National lishee,is" University of 'usan, Pusan,
South Korea

I. R. Harris
School of Metailurgy and Materials, The University of Birmingham, Birmingham, 1115 277l England

In order to find an effective means of production of the interstitial Srn2Fe17 N,-type nitride, arn alloy
modification by the addition of small amount of alloying element (4 at.% Nb) and a hydrogenation
treatment prior to the nitriding process have been employed. The effect of previous hydrogenation
on the nitride formation of thle Sm 2Fe1 7(4 at. % Nb) alloy has been investigated systematically by
means of thermopiezic analysis, therrnomagnetic analysis, and vibra~ing sample mnagnetometer. It
has been found that the previous hydrogen treatment facilitates significantly the formation of the
nitride, and this may be due to the clean surfY:2e and the finer size of the particles caused by the
hydrogen decrepitation. It has also been found that the combination of the alloy modification with
the addition of Nb and the previous hydrogen treatment can be utilized effectively for the production
of a Stn 2Fe1 7Nx-type nitride.

INTRODUCTION Earth Products (Widnes, UK). The microstruzture of the al-

The Sm2Fe 7N,.-type nitride material has been consid- boy was examined using an optical microscope or a scanning

ered to be a potential candidate for the permanent magnetic electron microscope (SEM), and the phase analysis of the

application. -5 It is apparent, however, that there are alloy was performed by a SEM equipped with electron probe
sonc practical difficulties in the preparation of tile microanalysis (EPMA) facility. The supplied as-cast alloy
Sm2Fe 17 Nse-type nitride material. The east Sm2Fe,7 -type al- was subjected to a hydrogenation treatment prior to the ni-
boys, from which the interstitial Sm2 Fe1 7N -type nitride is triding process. The hydrogenation was carried out atloduc, fromwhichte a verestructual S enhooype nity.iTde i 300 'C, and it was followed by a degassing .reatment at
produced, have a severe structural inhomiogeneity. Thle 41 udrvcu etrta .5ma.Tehdoea
Sm 2Fe1 7 compound is formed through the peritectic reaction 450 aC under dacuusi better than 0.te5 fbar. Time iydrogena-

between the previously crystallized solid Fe and the liquid ioev and the dcgassing were repeated four times in order to

Smi-rich phase, 6 thus leading to the common presence of a achieve a full decrepitation (it has been found that the
considerable amount of free iron(a-Fe) in the cast ingot. In Sli2 Fc17-type alloy shows a poor decrepitation behavior with

order to overcome this practical difficulty, a modification of a simple hydrogenation treatment'(). The cycle hydrogen

the microstructure of the cast Sm 2Fep. alloy by a substitution treated alloy (hereafter the cycle hydrogenated alloy is in at

of M (M=Nb, Ta) for Fe in the alloy has been attempteo, and hydrogenated state after tie cycle treatment unless Stated

it has been revealed that 7'8 the addition of certain transition otherwise) was pulverized for I 11 using an automatic agate

elements, such as Nb and Ta to the Smn2Fc 7-type alloy pulverizer in a glove box filled with high purity nitrogen gas

modifies the crystallizing behavior, thus suppressing the (oxygen content in the glove box is less than 150 ppm). The

presence of the free iron. The poor kinetics of the nitride ,s-cast alloy was also pulverized under the Same condiliots

formation reaction of thle SM2FcI 7-type alloy is also a limit- as the one for the cycle hydrogen treated alloy for compari-

ing factor for the preparation of the nitride material. Because Son. The obtained powder materials were then nitrogenated
the kinetics of the reaction is so slow, the Sm 2Fe1,-type alloy at the temperature range of 450-500 'C for various periodsthe ineicsof te ractonun t er nitrogen gas (nitrogen pressure: I- bar). The nitrided
is piocessed commonly into a fine powder form (typical par- materi then miled fo r 2 I ud r c xe uing a
ticle size less than 10 Ari) in order to improve tile kinetics. material wits then milled for 24 11 under cyclohlexane using at
tine size ales thanf10icultins aoriatede wto i o ti cs, powd,.ýr pr ball mill (mass ratio of material to steel ball-= 1:20). A TPA
Many practical difficulties associated with the powder prepa- (thermopfiezic analysis'') was employed in order to study the

ration or handling are, therefore, inevitable. In the present

study, in an attempt to find an effective means of production nitrogenation behavior of' the as-cast or the cycle hydroge..

of the interstitial Sm 2Fe17 N,-type nitride, a combination of nated alloy powders. The magnetic properties of the nitrided
an alloy modification by the small addition of alloying cle- material were characterized by means of VSM (vibratingment (4 at. % Nb) and a hydrogenation treatment prior to tie sample magnetometer) or TM/k (thermomagnetic analysis).

ent(4nat.n proNb)sand a e hydroenaonytreatment prior tof thle For the VSM nmeasurement, the nitride powder was aligned
nitrogenation process has been employed. The effect of the and bonded with wax under the magnetic field of 20 k~c,
previous hydrogenation on the formation of the nitride has anth esunitwaprolmdanghelgigdi

been investigated in more detail. and tie measurement was performed altng the aligning di-
rection.

EXPERIMENTAL WORK RESULTS AND DISCUSSION

A SmnFe-,. alloy containing 4 at. % Nb was prepared The nmicrostruCturFc o)1f the as-cast alloy examined by a
using an induction furnace at 1400 'C and supplied by Rare SEM is shown in Fig. I. It is apparent Ihat the rnicrostructaire
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FIG. 1. SI3M (backscattered eleclion iningc) p~hotograph sho(Winlg theC IIt-
crotitructure of the US-Cast Sni2 lFC 1, (4 at, %/ Nb) alloy. FIGj. 3. '[MA results for thic nitridle materials nitrogenatcd tor 4 ht at various

temperatu res usiag the as-eatst aliloy poiwder.

consists of a mixture of the matrix phase and cUtcctic phase.
A minor island phase is also observed in the alloy. The x-ray rapid decrease, indicating that the hydrogen desorption is
microanalysis (EPMA) result shows that the matrix phase almost complcted at 450 *C and thc nitrogen absorption
has a chemnical composition Of Sml2Fc1 7 stoichionietry and takes place rapidly above this temperature. It can be seen
the cutectic is a mixture Of Sm12FC17 and NbFe2 Laves phase, from these results that the cyclc hydrogenated alloy powder
The island phase has a composition of Nb)Fe, Laves phase. canl pick up thle nitrogen at significantly lower temperatture
There is no evidence for the presence of the free iron in the witht resp~ect to the as-cast alloy powder. ']'lis suggests that
alloy, which is a commnon feature of the conventional thle hydrogen addition to thle S112 e1 7C-type alloy prior to thle
Srn-Fe 17 alloy. The ats-cast alloy canl, therefore, be used nitrogeniation may facilitate the formation of at Sm2Fec17
straightaway for the production Of thle Stnllll e17 nitride with- N,-type nitride.
out any homogenizing treatment. Figures 3 and 4 show the TMA results for the materials

Figure 2 shtows the TIPA traces for the as-cast or the nitrideci for 4 li at various temperatures using anl as-east or a
cycle hydrogenated alloy powders carried out under nitrogen cycle hydrogenated alloy powder. For both materials, thle
gas (nitrogen pressure: -- I bar). It appears that for the as-cast TMA curves exhibit two deflections at around 150 'C and
alloy powder, thle nitrogen pressure in the reaction chamber 480 'C. Those reflections correspond to the Curie temnpera-
begins to decrease from around 290 'C and a rapid drop is tures of the unreacted Sm2Fe1., phase and thle formed
observed above 480 'C, indicating that thle as-cast alloy ab- Sml2FC1 7N,,-typv nitride, respectively. It appears that the de-
sorbs the nitrogen irorn around 2901 'C and most rapidly at flections at 480 'C are much greater for the cycle hydroge-
around 480 *C. Meanwhile, for the cycle hydrogenated alloy nated alloy than for thle as-east alloy at any nitriding tem-
the pressure drop occurs from around I170 'C, and at rapid perature used in thle present study, indicating that thle nitride
increase in the pressure is obs di from around 250 'C up can be formed more easily from thle hydrogenated material
to around 450 'C. This -c -( se is (fie to 11he (lSorI)- with respect to thle tts-cast material at thle sanic condition.
tion of hydrogen Iýh.. l ed alloy. Thte p~ressure T1he nitrided material nlitrogeniated at 500 TC using thle as-cast
tncrease is stopped,. atu. .. nd then followed by a alloy powder exhibits at large deflection at arountd 150 'C,

2(XX)....... - ' -- , , 2. 0' cycle It -ydrog-citatcr

1 70'C I

cyctr~~~ 5Tdoeliti
Ot

4(X) 40..at4V

0 200 4MX 00M HO( I(00) 01 1(00 IM0 300 400 50 016W

FIG0. 2. [PA troaes fur the as-cast oir ttle tiydrogc it treated altoy powders FIG. 4. [MA resi Its tor t he nit ride mai~terialts nitrilgeniated. foir 4 hi it variouls
under ritrogen. tcmoperatures using the cycle hydrogen treated alltoy powsder.
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rIG. 5. TMA results for tile iiitride materials ifitrogeniated at 475 'aC for 4 It 116. 6. VSM 11141SUremntoI11% oi tile nitride IlaterIal Ilitimgenlated at 475 'aC
using the alloy powders under various conditions. for 15 hi usinig the cycle hydrogen treated alloy powdet.

cycle hydrogenated material at 475 TC for 15 hi are shown in
indicating that there is still a significant amount of the unre- Fig. 6. The material immediately after thle nitrogenation ex-
a,-ted Stn 2Fc1., phase after thle nitrogenation. There is, how- hibits poor permanent magnetic properties, The properties
ever, little evidence for the presence of the unreactcd are however, improved markedly by thle post- nitriding mill-
Sm12Fe1I7 phase for the cycle hydrogenated alloy powder. ing for 24 ht. Thle poor properties of' the as-nitrided materials
These results, together with thle results of TPA (Fig. 2), izidi- may be due to the coarse particle size, and the marked ini-
eate clearly that thle previous hydrogenation treatment onl thle provemient of thle propcrties of the milled material may be
as-east alloy may facilitate the formationl ot the nitride. Ftg- attrib~uted to the tinle particle size of the nitride. The milled
ure 5 shows the 'MA result for the nitrided material which is material has a significantly high coercivity (over 7 k~c).
previously cycle hydrogenated and thkn degassed prior to
being subjected to the. nitrogenation at 475 'C. The degassing CONCLUSION
was carried out in situ in the nitriding rig at 475 'aC until a The effect of previous hydrogen treatment onl thle nitride
vacuum better than 5x 10 _" '11rr was achieved. Thle nitroge- fomtinofte110 1 7 tpealY modified with the addi-

natin ws crrie ou im editelyaftr te deassng.The tion of smnall atmount of NI) has been investigated. It has been
TMA results for thle nitride materials obtained from thle nt- found that previous hydrogen treatment facilitates sigitifi-
trogenation ait 475 'C using thle as-cast or the cycle hydroge- cantly tile formation of thle nitride, and this may be due to the
nated alloy powders (the cycle hydrogenated alloy powder clean surface and the finer size of the particles caused by the
was in the hiydrogena~ted state prior to the nitrogeniation) du- hydrogen decrepitationi. The p~resent study also shows- that
plicated front Figs. -3 and 4 are also included in Fig. 5 for thlle combination of ant alloy modification with the addition of
comnparisonl. The comparison between the TMA results for NI) and at previous hydrogenation canl le utilized ats ant effec-
thle nitrided materials nitrogenatetl using the as-east or the tive mean,, of production of at Sm 1Fe^ -tp Nirie
cycle hydrogenated alloy powders may reveal thle effect of 2 1 -Y~ntie
previous hydrogen addition to the Sillc 1ýe, 7-type parent alloy 1J. M. 1). Coey and 11. Stin. J. Mapgo. Magii. Mater. 87, 1,251 (1990)).
on)i thle nitride formation. It is worth noting that the TMA 211. SoiiI, j. M. 1). Coey, y. ()taIli, 1111 tD. P .BIlortey, i1. 1PhyS. 'ne.

curves for thle nitride miaterials nitrogenafed using the cycle Matter 2, 6405 (1t990).
hydrgentedallo poder whch tre n te hyrognatd -M. Katter, J. Wecker, L. Schultz, and It. irossiinger, J. Magn. Magil.
hydrgentedally pwdes wicharein he ydigenteu Mater. 92, [.14 (1990).

or degassed state appear not to be significantly different. This 4 K. 1-1. iluschow, Rep. 1'rog, Pliys. 54, it123 (1991).
result indicates that the addition of' hydrogen to the '13. P. I tit, and J. M., 1). ('ocy, J. Less-Conimon Metals 171, 33 (1(Qt21).

Sm,)Fe -type! parent alloy may not influence: significantly the "W Gi. Moffttt, D/iv I1andbook of liinry) Phase DJiagriams (Geiirl E~cc-
tric Company, New York, 1978).

nitrogenation reactiont of the alloy. It ctin be concluded, ' A. E. P11latt, 1. I. hlarris, and J. M. 1) 1 oey, J. Alloys andt Compounds.
therefore, that thle easier formation of ntitride caused by the 185, 251 (1992).
previous hydrogenation may he due to thle dlecrep~itation B I. Saie, A. E3. Plaits, S. Kobe liesenicar, 1. It. I tarris, tmid 1.). Kolar (ito be
which results in a clean surface and at finer particle size. pa.btistied).

The agnticchaacteizaion peformd uinga VM 1. W. Kwon md 1~. It, I ilirris, Proceedings of the Billt I nternational Work-
The agneic caraceriztion ;)ctormd usngp oSM 01 1W on ' Magnets and Their Appticatinins (1[994), p). 8105.

for the nitride material obtained fromt the nitrogenation of thle '"Dt. 11. Ryan, and J. Mi. 1). (ocy, J. Pttys. F 19, 093 (1 98().
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The effects of hydrogen disproportionation, desorption, and recombination
on the structure and magnetic properties of Sm2Fe17Nx
and NdFejoMo2Nx compounds

Jujn Yang, Shengzhi Dong, Weihua Mao, Ping Xuan, and Yingchang Yang
De'partmnt' oJ Illnicsvc, Pek~ing Unhviii~v. Beqijing 100871, 11ole'sh Republic ol China

H-1ydrogena di slop~lort onlat ion, deso rpt ion, anad reconibi iaa i oii (III)1)R ) has been used as a1
pretreatmen-lt to prepare1- high pei-'rforance SinFe 7N., and NdFe 11MoN, coniipotiids. Isotr-opic
Sni-Fc I -,N and NdFel )MoN, conilpounds Witli intrinsic coercivity larger than 12 and 4 kWe have
bceen obtai ned by nit riiding the 111)1)R trent ed p~owders, respcct iye ly. It is lou ad thiat thle niag e tic
prlioperties arc sensitively depecndent oin thle timle and tenin pe aturcy of' the 111)1)R p~rocess. w tue h
determlinec thle grain size. niii oge ii con telt a I* iid thle a11111 01' af - Fe ill thle nlit ridCs,

1. INTRODUCTION were de term ined fionin l-T c1uenrves ohbtai ned Witl i a vi bratinhg

S2e 7 ,anld Nd(Fe,M)l N, conotd ave beenl sailiple- liaiglietontetecr operatIing inl ate leilp-eratLre ranlge trlonli
Sn'r'CI N, olil~~lds 1,3001 to 1000tt K inl a ticici of'1 -0. 1t T .

d iseove red as p~oteat ia I new PC rainane at miagnetic canadida tes ' I he l icios tracti la I chialages are observed I y powder
sin1ce 19901.1.2 x-raly dil'Ilractionl and scanning electionl iliicroscop~y (SEM I.

I-Il)DR, as a ~rel i-catnin et, hias b)een sLuCCCsstuI'ily used ila '1 'lie graina size olI I' he11)1 l treated iii trides was de teratii ied
the p~repat ion a0o iso~trop1ic Sni2 e 7 N, anad Nd Fe ,Mo,,N hai-on obiserva tions by tinalsin iss ion el ectrtoain liicro)scop~y
comipounds. The eclation ship between ~ie -l)iiit ion., 5 iR CHIii e ('Ill M
and miagnetic prop~erties of' II DIR treated S1ni I e 7N, and
NdFel nMoN., complounds will he presented inl this nrticle.

Ill. RESULTS AND DISCUSSIONS

A. Phase formation, structure, and Intrinsic magnetic
11. EXPERIMENTAL METHODS properties

Alloys of' stoich ionic tr cnc Oin pol ition were p)rc ic d by Froni x -ray dif'fract iona, t heronlioagi lieti Iie aestu I-c le Iitts,
arc mel0t i ig 99.5 w t 0/ P Li C inaterialIs ill a l)LIi i edl ar-gon a1iid SI'M ObNe rVat ioiiS, t1 lielloys arc i dclifii id as s in gle
atmlosphelre. Tb e ingot s wer icahn treated at t1051) 'C for 2 P iiaSe eXCeptInn a" smal a111 iii ocin (I'o Stin IC3 ill tilhe S in 21'Cl
days anad a week ti or Sin 2Ee 17 anid Nd cI cM o0 1 c o pIMi as, alloy. W liei ai ydr id in g and nitridiiig the COMinpOaiids ail 2511
respecctively. The CconlIou ads were ~LtiIv;er ized inato p~owders anid 51)00 'C, resp~ectively, the rhoninbohiedia anad let ragonanl
Witlli size ianaging h'omi I to 71) Mwin, Ilic n t hey werie Iiyd rided sI riictura iel oflte S inl 'I;c 7 and NdFel 1Mo, coniipoiunds were
at 250- 1 100 OC f'or I-5 11. SubsequenadIy, the hiyd rided cotin- ret ainiedi btI tWitlli a ai increa~se inllt lttice pIcilliictIc s. '1 Ii Ic I
p~ounlds were degassed at thle above ineait ioaled te in pC ratLi iC lists tilie latticle p)1a rainc Ics 11 c . uniiit cell vol ci mc V, ( r ic
tor I1-4 Ii, Nitrogenat ion was carried ocit inl the templeratulre teniliperatrci TcI,, and satiuration niagnectizat ioii A'IL. as well as
ianige fromt 480) 1(o 5 10I '(' Iklr 2 -4 It, tble a rap icily coioled to thle anaisotIIropy tielId 11., of t lie conilon pids anad thleir Ii yd rides
roo01i temperature111-. X-r-ay di ttraciodil wats uIsed to doer namei and liilridcs. 1t canl he seenl that llydro0genat iou aiid a itro0ge-
thle structure. niat ion call boili increcase thie Cur1ie temperCIatiure aiid Sa11ftait io

P)owder saninfe pCSof cylindrical shapec were lirelrd by mlagne tint~ii 01'o tilie eo mp)Oii ids all al i tr-0cIeiiat ion Call
embedd ing thle ~owvde rs in ep~oxy resin,* an LIsI 1in were cli ange thle easy unagne t ization di reeltion h'o ii ensy basalI
alIigned inl a 10) kOc field. II yste res is loop~s were mieasu red iii p laneI to easy C' a xiS for tilie S i 1 'e 17 Coliii po ci id all a I tron
-ill applied field of'/ I I1.4 To a a vi brat inig s inpife, niagii lgat- e asy conec to easy c axis !'Or thle Nd f'e"M ,M o colin pc ni d Li Li to
nineter anad II--7 T oiliasute Sicc (iiRLIactinig q on a1ti lin in IC rfe - tilie cdin nge of' second orider crystal tielId coofcticiceat A.,, in thle
e ace device (SQ U It)) i lgell~olmdct i.T '[le 'a c Ic 11)Iin PCri c p liases iilol pc in ii i oge [il t iclii.

'IA131,1 1. The tan ice painametilmcc Ux. ulrij cell vo,,illic V'. and its relat~ive chaunge AVt Coll (IIie linei'alUc 7_ s-aluraiolk l IlimgIIoiiita~llI Al, anIld tIill~isol1o)

C(11ompound siirctilre uI( (A)A & Wi V I Wl Vt' V 1, 7k Ki Al, (cniuig11 u., r

Smi el-N, Rimoimllt 8.7.;0 1 2.17 837.01 0.0 748 1ITS.5S
Nd;do etit. 8.5 93 4.784 .353.1 37.1 61,5,5'

NdFc1,MoJt 1, icirn. 8.61,1 -1.79(v , -'.') 01. 72 4 2 7 7-.1,81
NdIPc lM u,N, Teli . 8.0612 4.81I 301,.5 2.32 53 8 8o.114 8.4
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B. Determination of HDDR parametors 12 120

H-DDR includes two main processes: hydrogenation and A0 too
hydrogen desorption. InI both of thcml, timie anid temlperature
are vital to tile obtained permianent mlagnetic prop~erties of 80
Sm12Fe1 N, and NdFe10 Mo2N, compounds. However, the, 0
correct p~owder size is a prerequisite for tile proper l-DDR :
treatmetli. For comrparison, we chose the tiftrogenation treat- 4 ;40
mcent of 500 TC for 3 It as determiined in our- previous2
studies, 3  220

Figure I shows the demagnetization hysteresis loops of 01 1 4~ 0
SM2Fe1 7N, p~owder samtples with anl average p~article size of'
1, 10, and 70 /.kil with hydrogenation at 500 'C for 3 Ih anid
dehydrogeniation treatmenrt at 750 'C for 2 If and subse-
quently nitrogenat ion treated at 5001 OC: for 3 Ih. The resul ts FI G. 2, ITie permianent cimignetic properties ot'Sin2Ie ?N,. compound pow-
show that thle optimnized particle size is between 4 anid 1t) An ders with the variationi of hydrog~enationiin Lie (h) itt 75) TC.

in both Sm2Fi&7N, and NJFe111Mo2N,. comipounds. Powder
particles smnaller or larger tihan these size are deleterious to
magnetic properties. perniatiemt miagnetic prop~erties are obtainied at hydrogenation

X-ray diffractioni study Of Sm12Fe t7 and Ndlc10N)o2 conti- timies between 2 and 4 It and a dehydrogeniation timec of 2 Ii.
pounds after hydrogenlation treateit)CI ea to'ntperature's froml Vurthermiore, we canl see fromi F'ig. 4 that thle perinanent
250 to 1100 *C for 4 Ih shows; that when the hydrogenation mnagiietic properties ate sensitively dependent onl the hydro-
temiperature is lower thani 300 T,' lbr examiple, at 250 *C, thle genl desorptionl timei. Figure 5 shows thle hysteresis loops Of
S1112F1"C7l13, and NdFe111Mo2l-1 comlpounids are formled. At tihus treated Sm12F1"C7N, and NdiFe10 Mo2N., comipounds. From
temrperatures higher than 500 'C, S11 2Fe *,I and NdFel(0Mo2. these data, coercivities of 12 and 4 kOe have beeni obtained
comipounds decomnpose into a mnixture of RIM 12. and for Snl12Pe1Cl.,N and NdFetuMo 2N, ,respectively,
a-Fc(Mlo). When temiperatures are higher than 1050 -C,
S11 2 e1"C7 and Ndl',el 0 Mo2 are p~artially recomibined ini tile hy-
drogen atmosphere at 1 bar pressure. H-owever, only when C. Phase transformation In the HDDR process
dehydrogeniation was carried out ait 700-800 PC, canl the As observed itn See, 11, the lpertllatent miagntelic p~roper-
mnixture Of RIý-2 -1 and a-Fe(Mo) recoll~ibtte fully intoi tics ate sensitive to thle hydrogenation temp~erature, timte, antd
S112 1F017 atnd Ndlle l(Mo 2 cotupownds. As anl exanlple, tile especially to the hydrogen dlesorptiont timie. X-ray diffraction
x-ray diffractioni Iatternis of tile recomb~ined Stnlel-Fe 1 coni- studies have shown that tlie I IIJIR process is a rceationl of
pounds is shown in Fig. 2 in contrast with the decomiposed diffuisiottal phase tranisfotm11ationl, whicht conlsists of thle tol-
mnixture Of SmII 12-3 and a-Fe. Tile permianent mnagnetic propP- lowinlg two p~rocesse~s:
erties also reveal that the best values were obtaitled by hy-
drogeni absorption and desorption Ircatniettt at 700-800 'C. S11 2 Fe'C,7 + I1 -2 S 11112 -3 +t-1 I-Fe, (

Figures 3 and 4 show thle offects of hydrogetnation atid NdFcI uMoZ+lII-,-NdI-I2 ~+ aF(V o I
hydrogen desorption timie onl the permancttt niagiietic prop- al 3 *(o 1)

erties Of S1m 2Fel 7Nx COMp)OiLd1S. 1t can be Seen thalt thle best

N2 'dl 123 + a-Fc(Mo)' NdFe 10M0 2. (21))

to-
6 2* - 120

B ~ my~ 80
&__ Q__

-20-

2 -20
-20 -to 0 0 010H- (kt 0 0.5 1.0 1:5 2' Q

t W)

FtIG. 1 . Th h12Iysteresis loops itt Snid"CON coimpoutnds ot' lye age 1iowdu
particle size d1 1 nin (a), t10 Ain (1)), 701 lti (c) by I tI)lR aiid 1introgelc- P11G. 3. The Im ae ntiiiei nialtiiltic po)irfeties of Sinle jN comipoundii POw-
lion treatment as described in the text. deis wjd t(clie varialioti of dehydrogenatii nu time i(hi) ot 750 'C
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a wa..Fe

S04

b40 165U
FIG1(. 0. The SHM htnt ,. i ..re [CII-1 gt'Iku l OlS11V. Nd~ce,Mo,
cottipouiitk iter Imh ogenitt ion 75 'C o 3 11 (t ;id dcydoenatliot i

A 75(10 T or 2 bIt().
A

A A ££ £matted bl~uk Nd~el()Mo2 or. SmllFe 17 compounds at 750 'C, the
4 40 disproportionation process occurs preferentially in the grain

20( boundary region, as shown in Fig. 6. It canl be seen that the
Sni(Nd)l'2-1 phiase surrounds the tr-le(Mo) phase and con-

FIR4. hex-ry ~l~etin alt"1-% 1111"O cmpundhyd-0~l1~d stitutes a maze pattern, From SE-M observations, we also see
ul(1 4.0 Th for 3 1 60 mfiedt pateoto n 2 e orpidhydrogwild t75 Ctil-2Id() that the size of' cr-Fe (Mo) and Sm (Nd) 12-3 phases inlcreases

at 5n C itr It(a an deiydtgeaiu a 751 ~ to 2 i (),with hydrogenation temperature and timec, because the diffu-

sion rate of' 11, Nd)SnO, and P'e(Mo) atonis increases with
In process (1), the reaction begins from thle adsorption of' 1-12 inicrsing temperature, and the diffusion distance ot' these
on thle particle surface and its decomposition into 11 atomis, litolins increases with thime.
then the 1-1 atoms diff use along grain boundaries, and crystal In p~rocesses (2), the reaction starts with the detachmient
defects such as twin grain boundaries jump through intersti- oft I-I atomis from Sii(Nd)l 12-3' simultaneously, the Fe and It
tiai sites into thle hattice. Thiis results in its decomposition into atomls will rapidly diffuse into each other to recombine into
a mixture of Nd(Sin)I-1 2. 3 and a.-Fe(Mo), which also requires the original compounds bilt with much smaller grain size aIS
thle, diffusion of Nd(Sin) and F'e(Mo) atoms to formn clusters shown also inl Fig. 6. The size of' thle recombined grainls is
of Nd(Sm)l '2.3 and cr-Fe(Mot). Therefore, when we hydroge. vital to lperimanceilt magnetic lpro.perties of' the nitrogenated

samp~les buecause it determines the nlitrogen content, x, and
the an molit of' thle r- Fe phase as well as tilie a mount of0 re-

toverse dom ai n nucleation sites. T he grain size is (determ ined
80- ~mainly by the desorption lemperature- and timei. "iCrtainly, thle
64- size (of, the Cluster of, thle mixture, which is controlled by the

40- hydrogenation timec and temperaturc, will influence the re-

20. it bCombined grain size, The grain size inl the optimized peima-
Ilent magnets is around 0.3 to 0.5 Ajlm 1for Sm114C 7N, and

Nd~ 1 o I cmpunS as deterni mied fronl tranismissionl

-20-electronl imicroscopy (EM) observat ionis,3

.4- . M. 1). ([Icy md11I. Suni, J. Magit. Magit. Maler. 87, 1.251 ( I J9)l).

Y C.Yang, IOl 'diX. o 1). t'tgS.L. ,L.S Kong, 0.U),tI *') iltO il,~ 0 . I Itt~iig, I Ixi L4t

isvollrolm an~d C ot'rcijls in R1W- TA.! Allo ,vs, em ied by S. U i Sankit. Wa(.tin-

,~ ~ ~ ~ ~ ~ ~~ei M rellonig Universiy, Pitihnibipl, P1A, i99)i~i. p. i'90. g.tilte

FIGt. S. (Tie hysterestis Itt)PS ()I' Sot 21et 7N (itt) antd Nd P:c lMoN, (b hi oltt- Appicaii.init (hntheira. Jully. 199)2, 1). 44,
polituds tmllgnclized dtitU tiidd1 i--IA .T t IC OAtiertp ii d IIDDtR ti]o litioge. "S. ZL. Zlitot, J. Yan~g, M. (C. Z.imitg, F. 11. Li. antd It. Wing, as in Rd, R,

aiollt treattinett. p). 44.
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Phase formation in melt-spun Nd-Fe-Mo-Ti alloys
F. E. Pinkerton, C. D. Fuerst, and J. F. Herbst
Physics Department, General Motors Research and Development Center, 30500 Mound Road, Warren,
Michigan 48090-9055

We report for the first time the range of ThMnl2-type crystal structure formation in melt-spun
Nd-Fe-Mo-Ti ribbons. These materials, which combine the melt-spun microstructure with the
favorable intrinsic magnetic properties of the NdFei 2 -,(Mo,Ti)X phase, are important as precursors
to the formation of hard magnetic materials by nitrogen absorption. Alloys with c mpositions
Nd 1 sFe10+xMo 2 _2xTix (0--x-- 1), which grade the composition smoothly between the two end
point alloys Nd[.l 5Fe1lMo2 and Ndl 15Fel 1Ti, were melt spun at quench wheel velocities 5
m/s--v.--30 mis. From x-ray diffraction patterns we construct a phase formation diagram as a
function of Ti content x and wheel speed v,. We find that the desired ThMn1 2 structure is obtained
only in ribbons quenched at low v., At higher speeds, the ribbons quench instead into the disordered
TbCu7-type crystal structure. Further, the Th~ln 1 2 structure is considerably less stable at the Ti-rich
end of the composition range than at the Mo-rich end: for Nd1 , 15FeJ 0Mo 2, the ThMni 2 structure is
obtained for v- 17.5 m/s, whereas in Nd1 15FelTi only ribbons quenched at v,= 5 m/s are of the
ThMn 12 type. Heat treatments of Nd1 .| 5Fc11Ti ribbons me!t spun at 30 m/s confirm the relatively
difficult formation of the ThMn12 structure type; anneal~ng temperatures in excess of 1000 'C are
required to form the ThMn1 2 crystal structure.

I. INTRODUCTION and NdFeltTi. We will show that slow quench wheel veloci-
ties favor the formation of the ThMn112-type crystal structure,

Compounds of the type R(Fe,T)i 2N,, (where R=rare whereas higher wheel speeds quench the alloy into the dis-
earth and T includes Ti, Mo, and V) having the tetragonal ordered TbCu7-type structure. We have previously reported
ThMn 12 crystal structure have received increasing scrutiny as that the ThMn12 structure is obtained in ribbons quenched at
potential permanent magnet materials since the discovery by wheel speeds up to about v,= 17.5 m/s in NdFe11 Mo 2 , but
Yang et al.' that the Curie temperature TC, saturation mag- that ribbons spun at v,= 20 m/s and above quench into the
netization M, and magnetocrystalline anisotropy field HA of TbCu7 structure. 9 Here we find that compositions at the Ti-
RFe11Ti can be enhanced by nitrogen absorption. in the ni- rich end are much more readily quenched into the TbCu7
trided form, the most promising candidate materials are those structure at wheel speeds at and above v,= 10 m/s. High
with R=Nd, for which large saturation magnetizations and quench rate Nd-Fe-Ti ribbons can be converted into the
uniaxial anisotropies are obtained. In the case of T=Mo, for ThMn12 structure by annealing at temperatures above
example, the anisotropy changes from basal plane in 1000 °C.
NdFei 0Mo 2 to uniaxial in NdFei 0MO2Ny (y _l). 2-4 Of
T=Ti, Mo, and V, the nitrides of the Ti representative have
been reported to have the most favorable intrinsic magnetic II. EXPERIMENTAL DETAILS
propertiess with 4TrM,= 13.7 kG and 1 1A = 8 0 kOe at room
temperature, and Tc=470 'C ('740 K). Magnetic hardening Starting ingots of the form Ndl.15Fe17 1,,Mo, - 2xTi. (x
of the Ti materials to obtain substantial intrinsic coercivity, =0, 0.25, 0.5, 0.75, and 1) were made by induction melting
however, has proven to be difficult: coercivities of only 1.4- the pure elemental constituents in an argon atmosphere.
2.5 kOc have been reported in mechanically alloyed ThMn 12-type Nd-Fe-Mo compounds form over a range of
powders. 6,

7 This appears to be due to the formation of a Mo contents from NdFe1iMo to NdFepsMo 2.5; we selected
phase having the disordered, hexagonal TbCu7 structure8 NdFel0Mo 2 as the x=0 end point for this alloy series be-
which impedes formation of NdFeiTi characterized by the cause it is stable, the melt-spun cognate has been well char-
ThMn 12 structur,. Greater success has been obtained in ni- acterized in our previous study,9 and it forms high coercivity
trides of NdFe1 0Mo 2 , where coercivities of 6-9 kOe have ribbon powder upon nitriding.9 '0 Excess Nd was included in
been reported by nitriding rapidly quenched ribbons either the alloys because our prior work on nitriding of Nd-Fe-Mo
directly quenched to a microcrystalline state,' or else melt precursor ribbons demonstrated that extra Nd was beneficial
spun at high wheel speeds and then annealed."' The genera- for obtaining large coercivities.9 The ingots were rapidly
tion of high coercivity by both of these techniques relies on quenched by melt spinning the molten alloy through a 0,60-
the formation of ThMnI 2-type material in the ribbons prior to 0.65 mm orifice onto the surface of a Cr-plated copper
nitritling. quench wheel. The quench rate was adjusted by varying the

In this article we examine phase formation in melt-spun surface velocity v, of the wheel. The ribbons were ground to
Ndý.15Fe,,,,,Mo 2 -2.Ti., ribbons (0<•x-<-l) as the quench -325 mesh (<45 /iin particle size), and x-ray diffraction
rate is varied by changing the quench wheel surface veloci'.y patterns using Cu-K,, radiation were obtained. Powders
v., The above alloy formulation transforms the composition made from NdFel ITi ribbons melt spun at v,= 30 m/s were
smoothly between the end point compositions NdFe10Mo 2  annealed in vacuum for 10 miin at temperatures ranging from
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2000 - I I . .. 1 , 35 1 T I I
1 0 1()3 - Ndt.15 +Mo2-2xTi

1500 -30o 0

1000 0 ThMn 12 structure

600 
25 0 TbCu 7 structure

500
o- 1 20 0 Q 0 o 0-

2000 o 0 0 0 *

1500 (b) Nd, Fe: 15MOTIO5

S1000 Ti content .

1000 -] A

• k•. • L• _1•..,FIG. 2. Phase fortnation, it, melt-spun Nd-Fe-Mo-Ti ribbons: (.) T Mi, 2,,S0 - ~ ~(0) Th~Cu., structure. Italf-fitted symlbols r'cp'eSentl partia fly Iraii.'-;fMned ima-

.30 40 50 60 t

20 (degrees)

Lattice parameters as a function of Ti content arx shown
FIG. I. X-ray diffraction patterns for NdP.hFen0 2 2xTi ribbons it i -pin s qe n h
spun at 15 tils: (a) x =0.25, (b) x (1.5, anld (c) x 0,75. l i.3frteTil2tp ibn unhda he

speed of 5 mn/s. The lattice constants were obtained from tile
d spacings of the well defined and isolate d 301 and 002

S600 to 1100 °C in order to establish the stability of the diffraction peaks, and chccked against the positions of soy-TbCuT-type material produced at high wheel speeds. eral additional peaks. Contraction of the lattiec with increas-

ing Ti content x occurs predominantly in the basal plate,
IFIG. R t. X-ra N diffracio nsfoN ,whilethe change in the c-axis lattice s tacing is small. Al-

sple though the ThMne 2 structure is maintained througmout the

The ThMn12  struct,:re is readily formed in composition range, the hattice constants do not obey Vegard's
Ndt 5 Fe1 Mo 2 ribbons whetd the wheel speed is less than or law: a minigun in each of the lattice constants is observed
equal to 17.5 m/s.9 At high wheel speeds, above 20 m/s, the at about x=0p75.
ribbons quench instead into the, disordered TbCu7 structure Figure 4 shows x-ray diffraction patterns of NdFealTi
_ type. The x-ray diffraction patterns in Fig. 1 illustrate the ribbons elt spun at a wheel speed of 3 t no/s and subse-

"effect on phase composition of tnoving toward Ti-rich alloys, quently annealed for 10 min at temperatures between 700
With the wheel speed fixed at 15 m/s, patterns are shown for and 1100 'C. The as-spun ribbons, shown in Fig. 4(a), have a
(a) Nd.1 5Fe 10.25Mo 1..5Ti0.25 ribbons, (b) Ndl 15Fe 0*..5MojTiO.5 few weak diffraction peaks, at line positions consistent with
ribbons, and (c) Nd1 t5Fe1 .T75MO0 .sTi0.75 ribbons. Like its
pure Mo cognate, the x=0.25 sample has a clean ThMnt 2
diffraction pattern. At x =0. 5, however, the diffraction p~at-
tern has begun to transform into that characteristic of tile 8.62

TbCu7 structure, and hence it represents a partially disor- Nd8i.Feia÷xMO2 "snTix

dered material. Line broadening due to decreased grain size 8.61 -
alone cannot account for the observed changes in the diffrac- 8.60
tion pattern, At x=0.7f',, the transformation into the disor- cc
dered ThCu7 structure is complete. 8.59

From x-ray diffraction patterns like those of Fig. I we
construct in Fig. 2 the phase formation diagram as a function 8.58 -

of composition x (abscissa) and wheel speed v, (ordinate). ------
The filled circles represent samples which fall clearly within
the ThMn1 2 structure type, whereas the open circles represent 4.81

samples having the TbCu7-type structure. Partially filled
circles denote samples which do not cleanly fall into either " 4.80 -

one of the two structure types, and signify in most cases a 4.79

partially transformed material. The demarcation between the 0.00 0.25 0.5 0.75 1.00
two structure types moves to significantly lower wheel Ti ontent x

speeds with increasing Ti content, indicating that the forma-
tion of tile disordered TbCu 7 structure is much more favor- FIG. 3. Lattice parameters a aold c for Ndt ntl:c1 1 ,.Mo)2 -,Ti, ribbons elll
able at high Ti content. Spun at 1),=5 [t/s its a ftllction of Ti Celtl,! V.
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400 - I I A--- - -InI conclusioni, we havec stabl ishled the phase formation
00 (a) As spun Nd1 5,Fe,,Ti -diagram of' mielt-spun Nd .,1 7VeI M~-~i~a h oio

200 - V. - 30 rni/s sitionl is changed smioothlly betw~een Nd 1.1 5Pe 1Mo, and
100 -- Nd 1 1sPe i (Ii and the quench whecel speed is varied f'rom 5 to

0 -- 3 /.Tl h 1 rsa tutrwihi 'vrbefi
S1500 4-.---4- i 0z/. h ha2 rsa trcue hih1 aoiil o

(b) Ta .70000 thle formation of hard mlagnectic material by nlitriding, is ob-
81000 -vtained only a low whteel speeds. At higher speeds, thle rib-

0ou qunc inotldsree ThCu, IStructure. The Tbio.,
0 - stuctre i paticlary malf:at lic"1-rch ridof the comn-

1000 (C) 1" -9000 ositioin range, and inl NdFe l~i the 'Ibha12 structure is ob-
Soo ~~tained oid y by qoteziching at very lOW speeds W, =. 5mi/s) or

by anneialing the ribbons at temperatures ablove I Ot00,C.
0 -This poses a Serious challentge ito thle generationl of' usefull
150- 4()T 1)00GcorCIiv'ily inl 'IlltM 11 -type Nd-Fe-Ti-nitride,

150 dT 1000
1000
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rates the pliase tormation dliagram of Fig. 2, emnphasizinag thle 0254 (11)93); Z. X. Tang, (;. C. Ha dj ipannyss midui V. i'lc I llityiniiio, J

Al loys Compount011ds 19'4. 17 0I 99)1)
relative difficulty inl formIing thle Tb vtIMlI2-type structure il "T. li stkaichi, Im. U mcmolo, L. ()ksi, anid S. I lirommia, J . Alloys Coiun -
Ti--rich ribbons. piotuirs 193, 262 W11)93),
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In-plane magnetized VIG substrates self-biased by SmCo based sputtered
film coatings

F. J. Cadleu and H. Hegde
Phlysc De~ tpartmernt. Queen C ollege o C UN) Flushing, New Kirk 11307

E. Schloemann and H, J. Van Hook
Raythieon ReseV(arch' D~ivision, 13?/ .Spring Street. 1.exinglon, h'Iass.le/1IN0ou.k; 0217.3

ii igh ly an isotropic S il Co based Iiiills With tile Tb'lcu *-type s tact eu I iavc bceen sput ter' deposited
directly on to Y16 su bst rates. I'llv Sm( '0 crysta Ili tes have tilie C. axes appro xi matelIy ran dot ai y
SplayedCL 1a11o1t thle subst rateL p lane s uci th at tilie easy direct ion ohl' nagnct i/at ion of, hle Sn l( 0 finil is
inl tile filmi planle. TIhe inl-pliine static enlergy product of' the Simlo filiol layers was abouit 10 MGi 0C.
In -p Ia nc vib)rating samiplc! Iaina initme te r hiyste resi s loiops of tlie Sn i o fii in and Y IC subs traite
ex hi bit a Cominpo s ite formIl WithI the Y I f ielId reversal sb ited in to thle first quald ian by thle looping
field fi-orn thle SnC~o filiu i lyer. Approximately 4 X4 nini2 pieces of, YI1i substrate have bween
il ICaso red to deletell ii ie tilie Y I(; W)as field and field required Inl r i e ier saut a tion iof' tilie Y I ( as a
fi net ionl of, tlic Sm( ~o based fI in layer th ickness to YI1( substrate thIiickness, It is observed t hat l'ot
SnI('o to YIG thiel.iess ratios grei~ter than 0.22, thle looping field fi-oni file Sm~(o tilmn laiyer is
sufficienit to saturaite tilte YIG nilagynd'ization lin the reveise directioni, Stoo film thicknesses Inl the
ninge I'ron 80 to 120) ton ohave been iUsed ill th ese studies. Specijal boi 0 id iiry liayerts have been o sed
to lproloiot thick filni aidhesion to tile VIli substrates.

INTRODUCTION ý.18 Wec using at vibratinig sample niagnetomelier (VSNM). lIt

Matgnet ic Ceiiamiics ate oflt en tised inl mnicrowave ci rcu its aiddit iiat, IL hil)1 i)lai I IOWC t5111) Wit', Used i0 SWCCI) tilie l iw
to provide. anl active clenienet fi'o mlicrowaive cirellaltor'S 11)d tield region Rfor Ceitain sampilles. Samiple pieces ot, 811('o

isolators, Inl Ilse [Ilie mlagnli izafhiol of' thet- magn1etic ceralmic is base18d 111ii1 Mnid Y(10 SubISIVOiit vWere CtIt tot V.SM aIcsaelSI--
gCeM-lCnfy siitu riited th nighl tile Use of bu 1k PIeces oft ililgi c~t e ii ts uisingi 11 diai a nid w ife saw.
surrounding thle device."'' Suich ai iriraiigenient is not aline-
liable to direct f11liii integration of' suich devices. To p~rov'ide Lil RESULTS AND DISCUSSION
ailternativye arran iget ne it il whIiich ttlie in agn ctio cc naillit:C all I iguru I sho iws filie cross section (if' a 11I8 jol ii thik
lie biased we h aive delposit ed SinCo based pemne mi111I i tagn et S inl (.i based flilti li tht Was directly eryvstall ized onli ito 635
filni la1yers dire!ctly on1to VlSIU sustaite.S, Tilie SmIIo based p-in1 thick YI0 sub)Strate. A 1.5 Aini bounidary layer of dense
filmns were directly ciystallized onlto the YI(i substraites suchI aluillilluia was first sputter lleposiied oiitno tile YRA slibsiriile
that [lie lietililalilet iiialgiiet fi Ito layer. fills tlie easy iixis of' to prilonate filiii Idliesioli, Thle resultinig filml laid YIKi subl-
Iii lignltizat ionl stiongl y ailigned onito thle substr'ate phialtC. Th'le st rate cali be pa)111 ctle by ph oto lit hogralph1y inieth ods or. CutI
I onpitlg field of' t lie SinCk nf110 11 fil liy c thl leats to NU ila e
YI( S.111MIstrt! ill tile reveise dii'Cctioi. Thie YI( 1 biIs field
level and tHe field requiired lot contpleie reveise field satora'
tionl of flie YIG fills beeni studied as ai Fluitetioti of, tile StlC o
filmr layer tliickiicss to YK( substrate liyer' thickness. Perima-
tieut mi aginet fil~ti lay er thIiic kniesses [toni 80 1to 12(0 itin iaiv e
l)CCI ii st tiied. TO pt1t01110te adheCsion l such SIi 1111S ont tiIhr
Y 10 substrates special boundary laiyers have beent used.

EXPERIIMENT

HiighlIy aiiiisot 'op ic S mlCo based fi lois Cointa inin tg (raices
of('au and Zr as ill Sni~o baised 2-17 mlagnlets have beeni RF
sputtter' depIosited 0lilt0 p)olished YIU sutbstratLes, Thle sub-
strtates Were lie ated soi thant filie deposit cry statllized upLI li
deposit ion0 into a1 sintgl e phaise 1 b( i .- typ lCtlctTir. h' le
nominiial f ilmi Soli conicentration wis I14 at. ,"C Th'le sputitte rintg
Coiid it ions weie AdJUSLi SO tedso t litIlie C aXes 01' t lie0 'h( 'u7I
stru ctuore Wee iclii thle hi Ito p l tcan and nearly ta odoinIy lily spaed
aiboutI the f iliii planeIC." To promt th(1 ic k fiIin i adhlesion a
boiiida ry layer of' dcense Al was dleposited onliito the pol)i shied
YIG substrates bef'ore tile StolC'o bamsed dep~osti olO Th Ife aitolp di. el '1 V ci ysviitspii onto til hoidaii ititik ciiio mcd til wi sl'li ii-jhii
magnet~ic proper(AtiOs WeiV tIteastited tlt MOiMi~ teiflerattile to is shouwn. tIhle Y( .tslihuic aw tiif along ith cleil edg o[liei tigtult.
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FlU.2. u xiay lttueliuilcr i K d ~~ ~I~( iii OtFIG -1. 1IyIMer.)0)4 lnoop" s1'lliaed iii-plulici 1111 peipL'eod~iculmi t[Ile Plane
FIG. . AliX-tay(liffucloader 1,11ce Cu~aI-Ildatiol, ol rn0 inio 11111If Ida05 pil thik %lnwin.etile hown. ht! mG inv %ait 11.3-1.5 nto.

Fig. I IS Nu1ina~i. Notie Ithat Ilic crsalic haeI sc u aligned o)111( the Avrows tile shmown t)I jinictiile Ow11 ahill Ioop i h0 it acs Itsl.

its esied ithot tle ilinandSubtrat deamiatin. ' li itadoiis sphlying of' tile clysldllites ill twot dimensions. I'hi:
05 dLsir~ ~vii~ootthe ut du a dswili~lg Ihe expected rellilnelnt to saituraltion fIlux density ill this case is

SmsAo based fili m wits crystlie "It ti '"('1 (l di~oi d"ed 2
/Tt- :0 .64." The room Ii Ill 101Iitt ic 5 stlic C CICrgy produto ()I'

1 -5 type structure. Ani x-ray diffrcowe trace of' Such it tile Smoi ba hsed filim is -~ 10( MG 0c. III this pal ticullur rase
film is shown ill Fig, 2. Th ony lie Woe luckgrolind thie roo1m tentjL'lpsttueill.. -ii 0(0 kc )eSo that tile ciiergy plod.
orro-lesponld to tilie (1I 0) lit 2( )-30A 43 d the (200) reflec- oct is not corci cv ity l imited,
tion il 42.25'. It should hle noted tha tlotol crystallii tes hav tVC Fk1igurIe 4 shows in11)110 mid perpend~ PCitd ul0 to til plane11
V axes alignod ol110 thet plan of'0 tilt! subst rate, bill 1h it1 Ithere hysteresis loopuls t~or a) hre VK I(Sub stnt p iece so Iasurllp.
Is a nearly rIl1donil spityling of thle c axes about the film1 4,3X4.5X0.635 nuir". Arrows tire shtown to1 iiidicalc thati
phllne. Ill Soose case,,. tilt' SinlC bu hsed 11011 wias Sp utIter deC- ceah loop retra1ces5 i tself' witl Ito 11uppsi cill Ii ytustCCis to (lIs
pos ited Wit 11it mask used to tbint a pattlerl ill LI e Illti s de pos- SeaI SIchIOWI I. The YiiiV C II LIX (IC I Si I y 9 tI 1111fllgh/ hO 1'01
ited (1111( tile Y IG substratet. The h ysteresis loops5 Illeas-UIed ill zce o appli ed lieIld SO thIat tilIe YM l~hI s volll ta is Z.1' . Il (Iili'.
[ie I 111111 1)hulle and perpendiculatr to t ile Il lae for a ptl~iece S ize piece a reverseC i-ll il le atpplied field of' 200( ()C k re-
remloved froml thle mus1k are shsowni ill Fig. .3. liI t11is Wily tile iedtslIltttleIICYl( 5)tIt:.Tcptjcliila

ilsaglletie ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~uie prletiSo il Ii 0hsc Iilicn5h saICIISLI til field- for siutrilirtii c I 11) The( (opelic. liillanicic ropltis o' te Sll~ baed illl Cll u Ileaure apltjIied fedrequliredImStrioisaoil100. c
trot II Itise SaItme SpAUte dep)osit iO I IN ULI~e for tile S Ill(Co f111111 tie Id Valuets requ1i redl for Slit I il-t 111it Ic 1(1 h y the dellSiagivs ii
layer deposited onto1 tile KIG subs-trate. Thle masignetic prop.- zail field due to) thle sllaiiw (l tse Vit piece.
cr1 ies show thaut tlI e easy di rect ion oh* illagnetizaition of' tile F igu re 5 Sho ws 01IC COMi)Oii 1(1to i i sl illIiMI VIIStCrXi .~ liitI)0 (1
5551Co 1111im layer is inl tile filsill plaioe. Thle typical relifinitnt
flux denIsity i% appr I 1i1)ciy 8 k(.s which i ISconsisten~t with I1

IilM

It0 L 1)1 t il )

20 M1 0 I')

AHI'I 111) 11111) (V),!)

It K~ AnI i i ilphik looI I ii' I IN pm luck Sin( o Iisvd IiIIu

the plane foir a 118t j~ll Ifilek h~u -lype SilUo hascd liii. l Ill(l~I l )uLjIjIlliIj/JIjjHII H it iI
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level~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~IlJ Clu. it)4. tile presence otieSW 111I 1dcciswl sthfed b nedha(lev 31431 bias. fil alioc Lv ille owiii pl(33Slc4eof'
3331i44 whic tileel Y140 becme saturated44: Iluiie til revrs dirvcilon Notec111111Otile

pI~l Isl7 satiaeld view il he revesgirct~lion heuiiey tile apled uiilcd is sill 1 (140111S(01flni '5 e Tcitcnlfel f heY0i

levill tile4 1oppos~4347I.4741144 44(4 ite ielol ieiilwiilue that tie14344 appiwedl f4 ie hld bis Oi ernote that the appbiad field valuonl due 1( lowepredic to
44 W41.3i Iied Y 150 Iieiiiei I44r4i4' this ca4se t4V4i'e4 dlr.iG 14441,st eN441.1 V 11441 Ih

Thei looping field t'i-omn thle StillCo based laye' is 1IboS sifitl.*
a 118 /.Lml thick SniCo based ill liiis deposited onito i4 035 /1211 cien ito comp41111etel Sa'5114l~lte(L the Y IG(Ili3 i 4, ~4 a. I- s edirectio

thick YIO' substraie. The applied field ranige Shown~ is f'roill Whien thle CX~e'll 1cii1ihA i jd lIeild is (it 00 O. The4. ii 44)ji 1l) field
± 20 k~c, Arrows oin tile curve indicate tile malgnetizaltion f1 14404 such ai4 S no ( bw lcd If ill hil 13115 i used4 44(5cIsim11ilariiy 14o bials
anid demiagnetizati on progression, F or thle upper branch tilte 1147 a11114)y stlils' ailId inl tile Co4 41114134~ ii 44434 I~I 1 ai It 4-Oj4t iC

sharp) drop near 11=0 is when thle YIO emnu value reverses, waiveguide isolator."i
Ini this case the SnlCo find YIG suIstrive size mlea~sured was Figure 7 shows tilie Y(; bills level, and4. tile field 1'cofliftled

3.5X3.3 m1m12. '11h4 relative SmlC0 to YIG einou value jumps fb'o ievei'5e sa1111lti(1 441' till' YlR, as5 ;4 fumicioni of tile S5 1il(4

tire in thle ratio of' the renianent flux density of the SniCio to YIG thickniess raIo14. Fill Sill(,() to4 llick-ii'ss ra~tios (ifl

layer timies thle thickness of thec SinCo layer to tile Saturationl A1.22 the Ian:4letizaliull 441 ilL' \!(; I, lCVUPW il' satuaed by
flux density of' the Y I layer times the V 11. thickness, T he tile p)Rusen 04.(1' 11447 541 Co '4414yi' . Tlh~ V IG( hiir ' level anld 1fi47
remneiaiet SinCo fluax density is 8.0 kG w hilec that of I he Y16i fiel hI e uilcd 14 01 i~c ye r;c Y I i sati nia 3414144/l h(oli c elosi45' io14-
is 1.7 kGj. A SnmCo 1to YIG filin thlickness rati.o of' 1.7/8.0 getei its fill, Yl(; thicik44'ss I!, de44IL'lSeLi i4/4CUR4 IllC (IClelllg-

--0.21 woulId show the Y I re .verse: satturat ion step level at 1341 7.11 it 44 vail 1Icr. ic 14 54'

the zero net7 emilu level. For F~ig. 5 tile SmCo to YIG thickness
raltio) is 0. 180 and thus the YIG 4711u conitr'ibution1 exceeds the ACKNOWLEUGMLNTh;
SniCo contribution. 'Ihis work ww4. '.uppoi) rd cIt 14', s1414.4it4ialcii lil te Raly-

H-ysteresis loops were measured to saturation ill the film Ificon Comopainy (W .1. C .1 Iv ift pa( if tile ARi', spo44444 ied1
planle for a 118 Arn thick SniCo based film oil a YIG sub- Ferrite Developiniiei Con443340 14313. WorL a Of '1 supplj~~Ild ill

strate for suecessive steps as the YIG substrate wits nmechaiali- part1 by AFOSP
cally thinned. Figure 6 shows the SnmCo-YlG magnetization
progression as the fielId was swept f rom t 1 8 kOc. The de- J. 1), Adami~, M . R. Daniel, Pi 3R 34I mial. andi ', II I .411.,i, Alij,Iii'4 mai.'i4

cr~ease in thle total SniCo-YIG CmIi Value due to the YIG MaveJ 'I'S, 'tysics4. II1114ilia I .1111 \ i. Iii', Mi. Ii :i ,441.1ik41(3'; Mal.3 I.
Vossei4 (Acae13 im44 . Sao4 D~iego'. I '('4 I

magnletization reversal is shown wi th Wil n exp1anlded scale as 2 1 . SCHC141(14444444 4434. It. E. 1411)! 1'. !. Ill. \11, l'. 131W.l Iei v I'4 ckh31.

tile applied field was loweredl from ±400) to ~- 10(0 Oc, as W'IT-34, 13944 (19'80).

indicated by the arrow di rectionl. Th is expanded scale region 1`1 J. (:adieu, If. I Iegde. and4i I'. ''1. 1 App 3'3l%-. 07, .11)(0)31 IM

corresponds to thle rectanigular region lindicated in the inset 41:. 3. ('ldieu. 11. API.e~e andy K1. 3to '1+1 1 iV 1w Ii ~ t;2,ý
figure. The expanlded scale date. was collected withl a field (1989. ideI.lee 341.li.VI3rri.li'i3.t\12,3/3

,;el size of' a few Oe. Thle expanlded scale pait of'the fi gurc " F. 3, ('adieu, Per14133'~ manei 3 ,r / duliv l Ihm S I,' .i .' I hl 1ii 3-lui', Vol). 1(

shows thait the V 10 reversal ocecurred ibelore tile appl ied Ifield ( Acad(emic, SC. D'I1iego, 199i~2).

hlad beenl reduced to m47o. For the susrtlhninllp 7H egde. S. U. ie41, K. Chen74, 31441 F. .1 'idi 7.j 3, 3, ',l)6

shown in Fig. 6 the YIG substrate thickness was 316 Anllfor 'M. Levy, It. Sca443lmzzino3, It. M. (Isgeul.I .1 v -134I 'ie J.
a film to YIG thlickn~ess ra~tio 4)1 0.373. In this case it shlould A1411. Phlys. 75, 6286 (1994)4.
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Transverse susceptibility and magnetic anisotropy of CcTi-doped barium
hexaferrite single crystals

C. Zimmnermann and K. A. Hempel
Institu( ffir tWckstofi, der / IetrA(techikI Audit/i UniverLi li of hciitiology, Mnzplergraben 55, .5205(
Aahn hi, (;crman

Measurenients of' the reversible transverse susceptibility iRTS) were performed oil
aFela , CojTi,.01 single crystals with doping concentrations x-yý 1) 77 under different

angles O),~ betwenl tlie easy ax~is and ap)plied field. For intermediate doping concentrations tilc
r w~ocurrence of a peak inl thle RTS curve for 0()90 indicates that the domnain walls are not free to

wove. This asitumption is confirmied further by thle large component of the RTS being out of phase
w I rspect to thl-,e xcii ation fieldH .F The phase angle of thle initial susceptibility mecasured parallel

to the easy axis becomes miaximiumi at a characteristic excitation ficld value '11F.C and a relaxation
of Ilic susceptibility is observed ifIl~steps from zero io at value larger than I!~Using thle RIS
('111V( flo 0,~ 't and assuming that thle peak of the RTS is located at thle samle field strength as, if tile
ptr-tickh WCre single domlainl, the first-order anisotropy field !I-A=2Kj1 (jioM j and the second-order
anisotniliv constant K, can be determined. The values found this way are compared to results froot
in ag ict un tin n-cur-ve analysis andu froml other authors.

1. INTRODUCTION ( 2K2\ 2K,

Iu 1)u to hei r w id applicability, M-t ype baz ill innheifer- "A I+ KI N Nl ,- 1/A K1 ý"

"ites, wilt substitut~ionS of co2  ndT wrthsubje!ct Of wh -e--' (2KI )I(ii1 1M,) is the first-order anisotrop~y field,
masItILorCtiCal1 antid experiment11al investigaltions., Most of, K 1.2 are thle first- and second-order anisotropy constants, AM,

flie oxpti inental wvork was done onl isotrop~ic )ol ycry stall i ie thle saturation miagnetization, and Auý4 nrX It) 7 (V W)(A/Ii).
I)OW&Ie SM11nIplS 111d aimied at the dependence of' saturation It' the direction of 11 Coincides with the easy axis of the

11gieizat inn .It mld agnectic anisotropy onl the doping particle (i%=0~), thle transverse susceptibility measurement
otemtrt onYields 11' which is not influenced by K, rII Tus, thle Coll,-

'iheir( was an attempt recently to clarify the resulting and parison between 11, and /-I'~ itt priniciple gives thle opportul.
partiamlly conflicting theories of manet, to ndaiorp nity ito determine both the anisotropy constants ofasige

byinalv'iiig mnagnetizatocre of siitlc fcysals Poverit domnain particle. If*, onl the other hand, a miultidomnain single
widle nmtpy td f ields and temperatuies.4  n oa on crystal is considered, the theory predicts at jumip of the RTS

invest 4igt hot was thle independent determtinatioin of' the at the transition into thle single-domiain state. Since !in prac-
fiiand ~ckond-order anisotropy constants K, and K, . The tice there is no sharp kink, as expected theoretically, it is

1111 ttd Inis palper is to lpresent new data for these Constants generally impossible to get information about K2 front RTS
obttainted o ,v measurements Of thec reversible transverse sus- mleasuremenlcits of, iultidomiain -rticlcs.5

vvpithit;I~v (1I'S) onl bl"c 1 2 '. .Coj,0i),,t single Crystals at
r0oM tenm11 nteur. Results froml analy sis of' thle iagnetiza- Ill. DETERMINATION OF A.. jOTROPY CONSTANTS

wi kiii \,, itt the magnetically hard direction are given for we ivsgad lve reualy hpd
''I ttnpaisoit, and thle observed timec dependence of the iniitial We ivsiaeIie irglry sae

* tIsCt'171I i lity is described inl order to give mlore insight intio BaFe 12x A'., C'l'i-v()9 tsingle' Crystals, whlich were' Il-rcpaed
tile t .,,,nt izat ionl process, by Slow coolingt of' 1~O- 3a -P3 mlelts 0('tile I). Thie

samples were oriented in a field of' 1 00t kA/ni and lisedL
using liquid adhesive. Subsequently, we mecasured the miag-

if. ~ ~ ~ ~ ~ ~ e izatSVRS SUCETIILT cl6Z ii Crves parallel anIld perpend icula r ito) file easy ax is
II. RANSERSESUSCPTI3LITYin a vibrat ing saninple in agnectoni etc r a multthe RI S nurder (fit,-

* 'I ~he reversible transverse sutscep)tibili ty ( TS ) , whtich
mleasures tile Change of' magnetization inl the dlirection of' a TABLI; 1. Dtttant ctntcctlliatitiis.ý Weigtti, antt stillatiitn n11tgutctizaiittt 04
smiall excitation field applicd pe rpend icuIa r to a bias field( H, tiC 1t iVCtig!utCd si[1t1Ct MrSWtIS.
was investigated theoretically fotr u itiax iatl sinigle-do il a in pill- - - -- -

tic ies by Aia ron i ei a.5 Ilit the case of perpendiut elar orienita - tti, , i

tion of bias field H1 antd easy ax is (0()= 910), thle theory pieC- Sup .vs (t1kA/it

diets an intfi nite RI`'S inl thle (11, easy ax is), plaite at lield1 ________________ _______-_____

* st reng ths suftficienit for satu rat ioni. ASSa mi ng It Single cry stail 1 i0 it 17.t91
W ithm anl elliipsoidalI shape, coin cid ing crystalline andti rota- 0)09 R 1t t14.3 .372
tiona I axes, antd de Ittagnet i~ii nglfacto .rs N11 anid N, parallel 0.0 01. 41(t) 3305

aid p~erpendtieultar to these aixes, t lie saturating ticid( is givet 5i 0.77 0.1 46.t~t4 .11
by _____
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FIG. 1. In-phase component of the RTS of sample 2 for different angles 0,. FIG. 2. Out-of-phase component of the , ES of sample 2 u~nder the same
"The measuring frequency was 5 kHz and the excitation field strength conditions as in Fig. I.
15 A/rm.

ferent angles 00 with an experimental setup similar to that order to get more insight into this effect, we measured the

described in Ref. 7, each time starting with a field of 1600 initial susceptibility parallel to the easy axis. Figure 3 shows

kA/m. the dependence of the phase angle of the initial susceptibility

Whereas the undoped single crystal exhibits a qualita- on the strength of the excitation field HE,, where we use

tively good agreement with the theoretical RTS curves for X=x'-ix"' (i = ý- 1). The most striking result is the cx-
the multidomain case, a peak of the RTS occurs for 0n=90' istence of a maximum for the th;ee samples with low and

S ven for the small doping concentration x -0. 1 (Fig. 1). If x medium degree of doping at a characteristic excitation field
aid y increase, the RTS curves become more and more simi- HE.C of about 45 Aim. The X"IX' ratio depends weakly on
lar to the curves predicted by single-domain theory, indicat., the measuring frequency in the 1-150 kHz range (Fig. 4). As
ing that the domain walls do not move without energy con- a corresponding effect in the time domain, a relaxation of the
sumption (as presumed for the theoretical inestigation)r. susceptibility with a time constant r of about 20 s at room
The location of the peak, as well as its shape, do not depend temperature can be observed on samples 2, 3, and 4 (Fig. 5),
on the measuring frequency in the range between I and 150 provided that H,. steps from zero to a value larger than a

kHz and on the strength of the excitation field which was threshold value Hl.T-H,. c. If the temperature is increased
increased to 90 A/rn. up to 50 °C, T decreases to one-tenth of its room-temperature

Identifying the field of the RTS peak with H., and using value and becomes undetectable with our measuring equip-
the RTS curve and the magnetization curve for 00=0 for the ment at a temperature of 100 'C. If we thus assume a ther-

determination of H' , N11, and N, , the values of "A and K-, mally activated process with T-=r= exp(A lIVkT), we yield
given in Table II are yielded. In addition, we evaluated HA TO-2x 10- s and AW 0.7 eV at a rough estimate. A simi-

and K2 using a Sucksmith-Thompson (ST) plot of the mag- lar a,:tivation energy, as well as the existence of a threshold
netization curve in the magnetically hard direction.") The field, was found by Enz el al.'1 on Si-dopcd YIG and as-

room temperature values of HA obtained in Ref. 4 by the cribed to a diffusion aftereffectt 2 involving electron transi-

same method are given for comparison. tions between Fe 2 ' and Fe"3 ' ions. It is remarkable, in this
context, that Simisa et al. deduced from their measurements a

IV. OUT-OF-PHASE COMPONENT AND TIME preferred occupation of 1 2k instead of 4f2, sites by the Co
DEPENDENCE and Ti ions in the hexagonal fundamental cell in case of

The assumption of a damped domain wall motion is con-
firmed further by the appearance of a large out-of-phase
component of the RTS for samples 2, 3, and 4 (Fig. 2). In 0.6

0.5 x=0
0.4 A

TABLE It. First-order anisotropy field 11
A, and second-order anisotropy con- 0.09

stant K, deterinined by RT1S measurement and Siuksmilh-'lohompson plot 0 0.0

(ST), respectivelv. The H5A4' values are given in Ref. 4 and were obtained by A 0.40
the ST m ethod. 0 .2 A , 0 5

_ _ __,__ .0.58
'Ha. ls K.Rs tt "Asr K,.s, tlX':.s 0.1 Ui •• '

x (kA/n) (MJ/nr1 ) (kA/m) (MJ/:nt (kAmn)t _ )-, 0.77

(3 1381 ... 1299 •o.ZO.l 13t5 0 10 20 30 40 50 60 70 80 90
0.09 1370 b,.006 1270 0.00t2 1241 HE (A/m)
0.40 1069 0(.007 914 0.005 ...

0.58 531 0).019 429 0.012 454
0.77 135 0.03 175 10.1029 4tt FIG. 3. Phase angle of the initiatl susceptilility' asa function of' the excita-

tion field strengit U1 . The inersruring Ircire ncy was, I kilt.
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FIG. 4. Phase angle of the initial susceptibility as a function of the ,neasur- FIG. 5. Relaxation of the initial susceptibility of sample 3 at rono tempera-
ing frequency. The excitation field strength was 15 A/rt. ture, The excitatioli field is applied parallcl to the easy axis and steps from

0 to 30 A/m.

increasing dopant concentrations, 4,13 The present results are
not sufficient to enlighten the conceivable connection be- relaxation time. Further investigations are necessary to
tween these obseivations. clarify the suggestive interpretation of these results in terms

of a diffusion damped domain wall motion, possibly due to
V. CONCLUSION distribution of the Co and Ti ions on energetically different

The first-order anisotropy field valcs% determnincd by lattice sites depending on the direction of magnetization.

measurement of the reversible transverse susceptibility par-
allel to the easy axis of the single crystals and by analysis of ACKNOWLEDGMENT
the magnetization curve in the perpendicular direction are in
a good agreement with the results of other authors. 2,:),4 The aufors the gro th of th asn .

By contrast, the values ubtained for the second-order

anisotropy constant differ both for the two methods used
here and in comparison with results published elsewhere. On Lmandolt-l6rnistcin, Numerical Data, New Series III (Spritiger, Berliti,

1982), Vol. 4b.
one hand, this reflects the general difficulty in the experi- 2D. J. De Bitetto, J. Appl. Phys. 35, 3482 (1964).
mental determination of K,); on the other hand, it might il- 3C. Snirig, K. A. Hlempel, and F. Schumtacher, J, Magtt. Magt. Mater. 117,
dicate that the observed curvature of the magnetization 441 (1992).
curves is not due to the influence of the second-order anisot- Z. Sim~a, R. Gerber, R. Atkinsot, autd P. Papakonstantiutou, Ferrites: Proc.

iICF 6, Tokyo atid Kyoto, Japan, 1992 (unpublished).
ropy constant. Despite a possibly large error in the absolute -A. Aharoni, E. M. Frei, S. Shtriktnan, atid D. Treves, Bull. Res. Coutic. Isr.
value of K,, both methods however do not indicate a de- A 6, 215 (1957).
crease for higher dopant concentrations, as was found by 'H. J. Richter, J. Appl. Phys. 67, 3(181 (1990).

other authors,4  '0. Zininiermaian, J. AppI. Phys. 73, 8436 (1993).
'G. Zittinieraiantl atid K. A. Hempel. IEEE Traits. Magn. 28, 3126 (1992).

The existence of a peak in the reversible transverse sus- )Z, Siýima,. R G0inert, A. J. 'oiatton, and R. Gerber, IEEETratis. Magtt. 26,
ceptibility as well as the appearance of a large out-of-phase 2789 (I090).
component indicates a heavily impeded wall motion for in- 5W. Sucksmith and Ft 1. Thompson, Proc. R. Soc. l.ondou Ser. A 225, 362
termediate doping concentrations. This assumption is con- (1954).

SdU. Enz and H. van der Heide, J. Appl. Phys. 39. 435 (1968).
firmed by time domain measurements, which show a relax- 12J. F. ,'atak, J. Appl. Phys. 34, 3356 (1963).
ation of the initial susceptibility with a thermally activated 13L. W. Gortcr, Proc. lEE 104B, 255S (1957).

6064 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 G. Zimmermanrt and K. A. Hempel



Preparation of high-coercivity fine barium ferrite powder
W. A. Kaczmarek and B. W. Ninham
Research School of Physical Sciences and Engineering, Australian National Umiersi S,, Canberra,
A.C.T. 0200, Australia

The structural and magnetic properties of the thermally activated transformation from nanostr',ctural
material, mechanically disordered and decomposed BaFe12O,01 ferrite powder to pure crystalline
phase, have been studied by x-ray diffraction, scanning electron microscopy, and vibrating sample
magnetometry analysis techniques. All experiments were performed on as-milled (1000 h) in air,
and in vacuum and annealed Ba-ferrite samples (4 h 1at 773 and 1273 K). In parallel with the
structure and particle morphology changes, we investigate the influence of heat treatment on the
powder M-H hysteresis parameters in relation to the preparation routes, i.e., powder obtained by ball
milling in air and vacuum, and annealed in air or vacuum.

I. INTRODUCTION scope. Structural characterization was performed using a

The first experiments dealing with the effect of milling Philips x-ray powder diffractometer employing Co Ka (\

on the magnetic properties of barium ferrite were conducted 1.789 nm) radiation, Supplementary thermo-gravimetric

more than twenty years ago. '2 However, particles obtained experiments were pcrf)rmed in a Shimadzu TGA-50H sys-

were well above the single-domain critical size (-I m at te.-n. The dc magnetic field behavior of the material was in-

room temperature); and the results of magnetic measure- vestigated from the initially magnetized sample using a vi-

meats were ambiguous because they reflect the influence of brating sample magnetometer PAR 155. All magnetic

structural deformation and lattice defects. Likewise, simple measurements were performed at room temperature on disk-

milling techniques used in those studies suffered from lack shaped (4 ram) samples,

of control and precision in prescribing required milling con-
ditions. Only in a recently introduced new type of ball mills III. RESULTS AND DISCUSSION
can the milling process be controlled with required A. X-ray diffraction
precision.3' 4 The present report is part of a wider project inwhich the influence of effects induced during mechanical X-ray diffraction (XRD) p~atterns of as-milled powders
processing on the gas-solid state surface interface on c are presented in Figs. l(a) and 2(a). For sample A1000 twoproessing oxide ystem -sois i stiated. Thrfe inteuence of balli main crystalline phases were distinguished: dominant linesp le x o x id e s y s te m is is in v e s tig a te d , T h e in fl u e n c e o f b a ll m ill- ch r t e i i c f r o - 2 3 S r u u e i n x d a d m rk d b
ing of BaFe12O, 9 ferrite powder on its structure and particle characteristic reaining, st indexed and ark b
morphology was described in a previous paper.5 In this study, F(hkl), and the remaining, most intense, reflections fromalog wth he trutur chnge weinvstiatetheinluer~e barium ferrite marked as (B) and indexed below for sample
alofg heat treastmentuonthages p wder particte mophog and AA1273. In the early study,' directly after milling no secondof heat treatm ent on the pow der particle m orphology and p a e w s d t c e y X D a a y i o l u s q e t y fmagnetic properties in relation to preparation routes, i.e., phase was detectcd by XRD analysis (only subsequently, af-
powneticprobrtained b in g in toprepairationd vacuu , i ter annealing at 1273 K). Comparing the above with theXRD pattern for sample V1 000, a strong tendency to form

II. EXPERI'•MENT disordered phase was found. Peaks observed belong to the
hematite phase, but additional broad features were assumed

High-purity (99.99 wt %) barium ferrite powder to be from nanocrystalline Ba-ferrite phase. Annealing at 773
(BaFe12O01) with particle size distribution in the 0.5-5(0-,um K shows a complex mixture of two phases, and the influence
range from Alfa Products/Johnson-Matthey was used as a of air pressure during heat treatment was observed. Charac-
starting material. Starting sample characterization and me- teristic XRD lines for both structures are clearly visible, and
chanical ball milling preparation details were described ex- the broad feature (20=36' and A20= 10.50) of V1I000 has a
tensively in the previous paper. 5 An additional two samples tendency to disappear. XRD patterns from AV773 and
were obtained by milling in air and in low-pressure "techni- VV773 are more similar than those seen for air-annealed
cal" vacuum (_ 102 Pa) for 1000 h. All three samples wiJ1 be powders. We assume that unlike the air-milled sample, the
denoted in this paper as Ba-ferrite, A1000, and VIO( -- vacuum-milled sample has oxygen deficiency. Annealing in
spectively. Heat treatment was performed on Al 000 and air allows restoration of stoichiometric proportions. licat
V1000 powders at temperatures of 773 and 1273 K in air trealnment at 1273 K for 4 h produces complete hexagonal
atmosphere, and in vacuum (sealed quartz tube) for 4 h. The structure restoration for either vacuum- or air-annealed
experiments then yielded samples designated: for air milled samples and, contrary to results presented above for lower
material AA773, AA1273 (annealed in air) and AV773, annealing temperature, present XRD patterns are the same.
AV1273 (annealed in vacuum) samples and for vacuum In Figs. 1(d) and 2(d) powder samples annealed in air are
milled powder VA773, VA1273 ianncaled in air) and VV773, presented. Wc note that particle crystallographic structure is
VV1273 (annealed in vacuum) respectively. Particle mom- Uninflucuce1d by different annealing atmosphere and the lime
phology was examined by direct observation of gold-coated required for "recrystallization," or to annihilate any defect
samples on a JEOL SEM 6400 scanning electron Micro- induced by ball milling is relatively short when compared to
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j ~AtUOl)

AV773

Lb)

C r)

AAA1273

250 4,50 ('5 85'

Scatteriig Angle 2 0 (degrees)

FIG. 1. XRI) patterns evolutio~n of' the aiir-miilled W~Fe 2001 p)OWdeI f Or
differerit annecaling temperatures, Peaks tire indexed by: F: 'r-FeC2O3 and B3:
BaFe1,0 1,,.

that usually expectcd for "ordinary powder process." Partial
decomposition during prolonged milling cannot produce
completely separated hematite and barium oxide particles. AA 1 273 1 pm VA 1 273 1 ptm

Futler, it takes place us a microscale phase separation, and
produces multigrain nanostructural particles of thle three
phases. Then, the subsequent reaction requires only a short- '
distance diffusion between the grains within a particle.

B. Scanning electron microscopyI

In Fig. 3, SEM micrographs of A1000) and VIGOUI as- "
milled powders as compared with samples annealed at 1273
K are presented. Diffe~rent behavior was observed for each.
As a result of milling, instead of clusters of fine particles

AV 1273 1p VV 1273 1 i.m

it n FIG. 3. SEtM anialysis, of' as-nrilled (A P1000) atid (V 101(10), andl annealed fit
1273 K in air (AA and VA) and vaicuuni (AV and VV) p)owdersi.

6) VA773
~' ~ IIIseen otýr the first powder, af tendency to form larger and more

spherical pautiiles can be noticed for the vacuum milled
a powder. Annealing at both 773 and 1273 K (air or vacuumi)

5) ~ ii V773of' Al100(0 and V 1000 powders results in tile same particle
If fi 111 characteristics, as compared with material before annealing.

Due to thle short time of' heat treatment, inidividual particle
shape was found to be insensitive to process tenlilprature and

V'A 127 atmfosphere~L. -Lfter anneltaintg thle parttice size remains iii thle
ranrge 0.,1-01.4 Awn and 1-3 ful respectively, for air- and

I vacuun-tnlilled powders.

25 .45" 65 m5
Scarliling Ang~le 2 1) egrees) C. Magnetic properties

FIG. 2. XRDI patterns evolutio[I offt vatuenum- nil ted lBaFCe01 powder Fro m early reports on tmagne tic p ropert ies of mil led

f'or different annealing templeratities. ha rium nferrite it has been well established tbat overall linag-
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TABLE 1. Values of magnetic hysteresis pmamielers: volume saturatioo. ever, slightly hiigher M, valuetis were obse rved f7or a ir-mil iled
remlaliene, and coereivity. All parameters measured mif room tempe rature. powders AA 1273 and AV1I273. Onl thle other hand, a nnealIintg
Maximum magnctic field applied I Tl. inl a ir promotes mininimall y higher ii, valIues. We assumne that

xf different particle morphology as seeni in F~ig. 3 is directly
Sample (MAm) (MAm) (kAhn) responsible for magnictic parameter value fluctuations. It i s

Ba~e, 20, 5  380.0) 254.7 744 obvious that independently of' particle size, fo~r either air- or
A 1000) 13.0 2.7 44.6 vacuum-miilled powders, the observed Al, values are close to
AA773 28A4 5.3 995 alues measured for a starting powder (--90%), but of' im-
"A773 5211 25.2 187.8 portance is the fact that the coerciviiy increases over six
AA 1273 347.8 222.8 445.r times and reaches it value 445.6 kA/m, This value is typical
AV 1273 344,1I 203.5 3.9 of chemically coprecipitated fine Ba-ferrite powders where

VA1000 13.8 3. 50Perfect crystal structure assures a defect and stiess-free
VV773 22.9 5.6 601.9 spin arrangement with high mlagnetocrystalline anisotropy
VA 1273 335.4 197.,6 434.5 enlergy.6 According to the Stoner and Wohhffarth theory of
VV1273 343.1) 1939.2 429.7 coherent rotation,' thle theoretical coercivity for a randomn

assembly of Ba-ferrite p~articles would be fl, = 0.9 6
K1 /M,= 664 kA/m (substituting K= +33 MJ/ii 3 and Al,

rieic roprtis ae geaty afeced y mllig ad aneaing = 39t0 kAhm). The last value is higher thanl any experimental

processs.1- Our- findings confirm thecse conclusions, From Malssbever spaietroslp mesultsinal theosa ese powders.wllb

thle results of hysteresis measurements performed at room **sbuispcrcoyeulsntleampwdswlle

temperature presented in Table 1, it is clear that for as-milled presented subsequently."

samples Al100(0 and V1000~t all parameters arc extremely low
by comparison with the lpreifilled powder. Alter subsequent IV. CONCLUSIONS
annealing at 773 K, only minimal changes of hysteresis pat- We fon.ht eedn i mligamshraro
ramleters are observed. Thle most significant improvement of Weafound, thliat, dvepaendn par miclings atmosphferen (air.o
overall magnetic prprtc wats recorded For p~owders an- vacuu1m), thespenal iverage parth icle izesae different 0r.3
nealed at 1273 K. Magnetic hysteresis curves for some of' o and ue of m agresetiveltithan multeiphae nhaosructure.ti
these powders are presented in Fig. 4 and all paramneters are Lwvle fmgeiainadcecvtcaatrsi
listed in Table 1. 0for decomposed Ba-ferrite, were found for as-precpared

We note that after annealing at 1273 K hysteresis paratn- samples. With heat treatment, structural and magnetic prop-
oters are weakly dependent onl the milling air pressure. IHow- erties were altered, but the particle morphology is retained.

Annealing at 773 K produces miore obvious changes in mag-
nectic propertics; however, with powders annealed at higher
temperature, significant values M,=335.4-347.2 kA/m

t3PeO1,0 M, (kA/iot and /I,.= 393.9-445.6 kA/m were obtained. The AM, value
-AA 1273' -fix is near the typical value for Ba-ferrite powder (<I 0%), but
--- V1273 - the HC. value was improved quite remarkably, by a factor of

AV 127.' s~ixas a resul ofnecystal grain size produced by short
annealing time.

/.'K. ilaneda and 1-1. Kojama. J. Am. (Ceami. Soc. 57, 08 (193)
-01 Hk II)k A/) 2M. ! . Hodge, W. R. Bitter, raid R. C. Braidt, 1. Am. Ceramn. Soc. 56, 49)7

(1973).
7 3A. Calka and A. E R~adtinski. Mater. Sci. hug. A 134. 13501991hO).I

4W. A. Kacminarek and Bi. W. Ninluam, ]lEl 'iras. Magma. MAC-30, 732
(1 994).
5W. A. Kaemiarek, J. Miater. Sci. tin press).
"0. Kiho, 'I". [do, amnd 11. Yokovyamm, tFEFT iranms. Magma. MA(G-18, 1122

71'. C. Stoner suIt 1:. 1'. Wohlh1Irtlm, l'IiloN. ~IraaS. R. SOC. 1,ondOn A 240,
FIG. 4. Maugneiat iitoni in a funuction of exterital muagnleti fii eld Sthowi ng Ile 599' (1 948),
cffeet of annealing at 12713 K on milled him-ferrite powvders. 'S. J, (san-phelt, W. A. Kuacz,inrck. maul G. M. Wang. W(M Warsaw (1994).
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Nitriding studies of aligned high anisotropy ThMn 12-type NdFe11 Col -yrMoyN
film samples (abstract)

A. Navarathna, P. Samarasekara, H. Hegde, R. Rani, and F. J. Cadieua)
Physics Department, Queens College of CUNY, Flushing, New York 11307

Highly aligned ilmn samples of ThMn 12-type NdFe, 2 ,,.:CoyMo., y+z-I, have been directly
crystallized onto heated substrates by rf sputtering. The deposited films have then been nitrided at
different nitriding pressures and temperatures to determine the optimum conditions to maximize the
coercivity. The films have generally been (002) textured so that the easy axis of magnetization of tlic
nitrided films is perpendicular to the film surface. For low Co concentrations it has been possible to
enhance the saturation flux densities, the coercivity, and the anisotropy field of the nitrided samples.
Maximum room temperature coercivities and anisodrupies of 11.3 and 145 kOc were obtained for a
ThMni2-type Ndg.gFe9O. 3Co6,.eMo 4.N (002) textured film sample. At lower temperatures the
coercivity and anisotropy rose smoothly to 29.5 and -200 kOe respectively by 1) K. Based on
rnitriding studies on similar films, all nitride sites should be occupied at - I N per ThMn 2 formula
unit for the high coercivity films. Previously NdFe 1CO0. 5Mo 9.,5N films were reported with a room
temperature BH ,x=46.3 MGOe at 293 K and 59.6 MGOe at 10 K.' In general, lihns that have been
made to exhibit a gradient in any one component have exhibited lower energy products due to either
a reduced coercivity or to shouldered hysteresis loops.

")Supported by Army Rcsearch Office.

'A. Navaratlina, 1t. Hcgde, R. Rani, K. Chcn, 111td VF J. Cadic., IF1.I' ETiamis
Magn. 29. 2812 (1993),
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Magnetic Anisotropy in Thin Films and Multilayers B. Engel, Chairman

Theoretical predictions of interface anisotropy in the presence
of interdiffusion (invited)

J. M. MacLaren
)epariment of lhysics. Tulane University, New Orleans, Louisiana 70118

R. H. Victora
Imaging Research and Advanced Development, Eastnan Kodak Company, Roches'te; New York 14050-2017

The first ab initio electronic structure calculations of the niagnetocrystalline anisotropy of
superlattices with imperfect interfaces are presented. Specifically the possibility of an inteldiffusion
between the layers at the interface in Co/Pd and Co/Pt superlattices is considered. The electronic
structure calculations use the local spin-density formalism as implemented with the layer Korringa-
Kohn-Rostoker method. Interdiffusion at the interface is modeled in two distinct ways. In the litst
approach a diffuse interface is represented by ordered airangement of substitutions, while in the
second approach interdiffusion is assumed to produce a substitutionally disordered random alloy on
the layers at the interface, which is solved using the coherent potential aplproximation. The
calculated interface anisotropies for superlattices with perfect and imperfect interfaces are, on
average, modeled accurately by a simple N6el-type model. This model always predicts a reduction
to magnetic anisotropy resulting from the presence of defects.

I. INTRODUCTION the range of superlattice periods which exhibit useful perpen-
dicular anisotropy will depend on sample preparation. Thus,

Recently there has been considerable effort aimed at de- it is of great interest to understand and predict the influence
veloping high-density magneto-optic storage devices. One of defects on the magnetic anisotropy energy.
proposed method for reading the stored data is to use the The magnetocrystaliln.e anisotropy energy in transition
polar Kerr effect. A prerequisite for using this technique is a metals is electronic in origin and results from the spin-orbit
medium with perpendicular magnetic anisotropy, since this interaction. The magnetic anisotropy can be obtained theo-
leads to optimal coupling between the incident light and the retically from an electronic structure calculation by comput-
magnetic media. Transition-mectal superlattices have a nuum- ing the electronic energy as a function of the spin directik ,i.
ber of desirable properties which make them potential These types oflcalculations are, however, challenging owing
magneto-optic media, including large Kerr rotations, which to the small changes of energy (as compared to the total
are still significant at short wavelengths, and perpendicular electronic energy) accompanying changes in the magnetiza-
atisotropy for certain multilayer geometries. ltion direction. Calculations for the elemental magnets Fe, Ni,

P,.rpendicular magnetic recording also offers the poten- and Co ' 2 predicted incorrect easy axes of magnetization for
tial of higher aerial storage densities than longitudinal re- Co and Ni and while finding the correct easy axis For Fe the
cording because of thle properties of the demagnetization value of the anisotropy energy was too small. Systems with
fields. Many short-period magnetic multilayers exhibit a per-
pendicular anisotropy resulting from the influence of the in- lem etry su sarfici freelayersa
terfaces, despite the tendency for in-plane anisotropy caused embedded monolayers, surface overlayers, 3 -5  and
by demagnetization energies. Beyond a critical multilayer supcrlattices" 7 typically have anisotropies which arc an order
period, the volume anisotropy will dominate the influence of of magnitude bigger and are large enough that the anisotropy
the interfaces and in-plane anisotropy results. While the vol- energy can be reliably calculated using electronic structure
ume term always favors in-plane magnetization in a thin-film theory.
geometry, the interface term can in principle produce either a In this article first-principles electronic structure calcula-
longitudinal or a perpendicular contribution to the magnetic tions and a simple symmetry model arc used to study the
znisotropy. In most of the magnetic multilayers it appears influence of defects produced by interdiffusion on the mag-
that the interface contributions favor perpendicular anisot- netic anisotropy. In particular, superlattices with three or-
ropy. The range of superlattice periods which have the de- dered arrangements of defects are considered. For tihe spe-
sired perpendicular anisotropy clearly depends on the rela- cific case of Co/Pd these are: (1) l(Co3Pd,)/l(Pd4) and
tive strengths of the interface and volume terms. The value 1(Co(;Pd i)/2(Pd,)- -a Pd substitution in the Co layer of lCo/
of the interface anisotropy depends upon the quality of the I Pd or I Co/2Pd; (2) I (Co 4)/I (CoWIPd3)/I (Pd40.-a Co substi-
interface, thus, the strength of the magnetic anisotropy and tulion in one of the Pd layers of lCo/2Pd; and (3)
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3Pt superlattices where the interdiffusion between Co and Pd
or between Co and Pt at the interface produces a substitu-
tionally disordered random alloy. The profile of Co interdif-
fusion has been chosen to follow a trapezoidal distribution,
"i.e., l(Co1 _2xPd 2x)/l(CoPdt _x)/1Pd/1(CoxPdj _.) and
i(Cot _2.Pt 2.)/1(Co.Ptt _.)/lPt/l(COxPtl _) tfor various val-
ucs of x. This composition profile is one which is consistent
with experimental x-ray studics8 where interdiffusion is often
seen to occur. In all cases the atoms were assumed to lie on
a perfect fcc lattice whose lattice constant was taken to be a
weighted average of the constituent atoms. This choice was
consistent with all the experimental x-ray determinations of

ýa) tthe superlattice crystal structure.'

II. THEORY

A. Electronic structure theory

Tile clectronic structure of both ordered and disordered
superlattices is found self-consistently using the layer
Korringa-Kohn-Rostoker (LKKR) method within the local-
spin-density approximation.') The Janak, Moruzzi, and
Williamsit parameterization of the exchange correlation en-
ergy and potentials has been used. Unlike other studies
where the spin-orbit interaction has been included in a sec-

(b) eond variational step using self-consistent potentials obtained
in the absence of the spin-orbit interaction,1 "'(6 the calcula-
tions reported in this article solve the Kohn-Sham equations
self-consistently with the spin-orbit interaction when the
magnetization is normal to the superlattice. The longitudinal
magnetization calculation is treated as a perturbation on the
self-consistent solution for the perpendicular orientation of
the magnetization. The energy difference is obtained using
the force theorem12 which we have found to give essentially
identical answers to within numerical accuracy to full self-
consistent results with a longitudinal magnetization. Calcu-
lations with an in-plane magnetization are significantly more
time consuming because of the lower symmetry.

Tile LKKR method has been described in detail in Ref.
10. In this section, therefore, we present a brief outline of the
method, paying attention mainly to those aspects that are

FIG. .. Crystal structures of ordered arrangement of supcrlattice defects. unique to this work.
Light and dark spheres correspond it) Co and i'd/I't atoms, respectively. (a) The potentials are assumed to be spherically symmetric
Monolayer substitution; tb) monolayer adatom; and (c) bilayer substitutiot. within contiguous muffin-tin spheres and a constant in the

interstitial region (the muffin-tin approximation). This ap-
proximation is known to be accurate for close-packed metal-

l(Co4)/l(Co3Pdl)/Il(Pd 4)--a Pd substitution in one of the Co lic structures, and since the anisotropy energy is predomi-
layers of 2Co/lPd. These three defect structures are denoted nantly determined by the d states which arc primarily located
as a monolayer substitution, monolayer adatom and bilayer within the muffin-tin spheres, it is an excellent approxima-
substitution, respectively, and are shown in Fig. 1. The nota- tion for the anisotropy energies of the metallic superlattices
tion adopted is that all atoms between parentheses belong to discussed in this article.
the same layer, thus 1(Co 4) is a single I vcr with four Co Inside the muffin-tin spheres the Hamiltonian can be
atoms in the two-dimensional layer unit cell. For each of conveniently partitioned into the usual scalar relativistic "SR
these structures, the defects are only connected at third near- and spin-orbit Hso terms. In Rydberg atomic units, which are
est neighbors, a separation at wLich the detccts are assumned assumed throughout this work, Hs5 is given by
to be essentially isolated.

aloIn addition to these ordered defect structures, we have 1sz - ( V 2  (,) (Vi
also studied the magnetic anisotropy of lCo/3Pd and 1Co/ Hs,=-2M .0 V 0 V1
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0V a size is independent of tile number of layers. Computing
0 times scale roughly cubically in the number of atoms per

(1) layer and linearly in the number of layers rather than as the
cube of the total number of atoms in the unit cell as is typical

dr c~rfor most conventional electronic structure method,,. This
This term is spin dependent but diagonal in spin space. The makes the LKKR method a very efficient technique for
spin-orbit interaction in Rydberg atomic units is given by studying superlattice electronic structure since typically each

1 av alayer has a simple structure and all the complexity in the

1 T V LS = T V(7 . (2) superlattice lies in the stacking together of the layers.
s°= C2 d-r fS =r I+ - 1 ' The coherent potential approximation (CPA) provides a

The forms of HsR and Hso are taken from Koelling and technique for describing the electronic structure of the ran-
Harmon.13  dom substitutionally disordered alloy by appropriately aver-

In the above equations, Vt and V, are the spin-up and aging different configurations, 15 and when combined with

spin-down one-electron potentials, V is the average of multiple scattering theory provides a first-principles density

spin-up and spin-down potentials, c is the speed of light, functional theory of alloys."' The physical picture behind the
M= 1/2+(E- V)/2c 2 is the effective electron mass, CPA is as follows: A mean field treatment of the alloy allows
l=I.,+ily and 1 _ -l -il are the raising and lowering or- the construction of an effective medium which has transla-
bital angular momentum operators, and 1 Ij., are the Car- tional inmariance, Each atomic component in the alloy has
tesian components of the orbital angular momentum opera- the electronic structure of that particular atom embedded in

tor. In the spin-orbit term Hso, V is chosen to be the average this effective medium. Tie concentrations of atoms can be
of the spin-up and spin-down potentials to ensure that this made site dependent, thus, realistic interdiffusion profiles can
term is Hermitian for real energies. Hso couples spin-up and be modeled. The details of the implementation of the CPA
spin-down wave functions and this mixing depends upon the within the LKKR method are given in Ref. 17.
direction of the magnetization. The matrix elements of Hso The basis set included s, p1, and d partial waves to de-
can be readily obtained by using spinors appropriate for a scribe the scattering in the layers from the individual muffin-
magnetization direction specified by the polar angles 0 and tin potentials. In order to converge the anisotropy energy to 4
ob,4 Ry, 13 plane waves to describe the interlayer scattering,

135 k points per irreducible Brillouin zone wedge, and 48
/ce2  sin( 012)e _'i4,12  (3) energy points were needed. The spin-orbit interaction lowers

sin( 0/2)e'" 2  - cos( 0/2)e' the symmetry of the crystal, thus care must be taken to in-

Writing the solution to this effective Schr6dinger equation as elude all inequivalent wedges of the Brillouin zone.

a product of radial solutions, spherical harmonics, and
spinors, defined by Eq. (3), results in a set of coupled differ- B. Simple theory
ential equations which are solved by standard techniques. Results of our previous electronic structure calculations 7

In contrast to most electronic techniques which calculate showed that the magnetic anisotropy had significant contri-
single-particle wave functions and eigenvalues, the LKKR butions from all points in the Brillouin zone and that I'd
method uses multiple scattering theory to obtain the one- atoms distant from the interface contributed negligible
electron Green's function at a given energy and wave vector amounts to the anisotropy. This suggested that the magnetic
in the Brillouin zone. The valence charge density is obtained anisotropy could be interpreted in terms of a real space
from the imaginary part of the Green's function fro:m. inte- rnodel with near-neighbor interactions and that only Co-Co
grations over the two-dimensional Brillouin zone and over and Co-Pd or Co-Pt interactions were important.
energy from the bottom of the valence band to the Fermi Symmetry dictates that the lowest-order contribution to
energy, rather than from the sum of squares of occupied or- the magnetic anisotropy is L (1?M)0- where L is the intcrac-
bitals. This energy integral is performed numerically as a tion strength, R is an interatomic unit vector, and Mý is a unit
contour integral in the complex plane which ensures rapid vector pointing along the magnetization direction. The total
convergence of both energy and Brillouin zone integrations. anisotropy of the superlattice can be found by summing the

Multiple scattering theory provides a convenient frame- basic interaction over all nearest-neighbor pairs of atoms. In
work for calculating the Green's function by combining the the Co/Pd multilayers the simple model is parameterized by
atoms together to form the solid in a recursive manner. In a the geometrical arrangement of the atoms, and by two con-
LKKR calculation the solid is partitioned into planes of at- stants L/ describing Co-Co interactions, and L describing
oms within which only two-dimensional translational sym- Co-Pd interactions. A similar pair of constants are needed to
metry is assumed. The multiple scattering is then factored describe the Co/Pt system. The philosophy of this model is
into intra- and interlayer terms. First the scattering properties the same as that suggested by Ndel in 1954 in his study of
of the unique layers are found from those individual atoms. surface anisotropy;"' differences include the use of two pa-
Multiple scattering within each layer is solved in the angular- rameters to characterize the two different interactions, and
momentum basis whose size scales with the number of atoms the correction of some algebraic errors in NM's original
in the layer. Multiple scattering between thc layers is solved work.
using tile layer coupling algorithms, derived for low-energy In contrast to our previous work7 where explicit numeri-
electron-diffraction theory,14 in a plane-wave basis who:ic cal values for the different atomic interactions were required
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TABLE 1. Energies of superlattices with ordered arrangrnients of defects.

Defect P'erfect Difference

System Einergy (,uRy) System Energy (1dtly) LKKR Simple theoly

t(Co.,PW)/(Pt) 186 1 (C04)1l(P01W 389 - 4, 1K, 4. 0K,,
1 (Co.,Pd)/ 1(P(14) 46 1 (('( 4 )/l (P(14) 72 - 2.9K, 4. OKI'
l(CoPt)f2(Pt,,) 98 t(Co4)/2(P~1,) 322 - 5,6 k -4.OK,,
1(Co,lPdj/2(Pdl4) 16.5 1 (Co4)12(Pd4) 242 2.5 K 4 1K,,

I (Co.)/] (Copt.,)/l1(PI.4) 39.3 1(Co 4)/2(1't 4) 322 1I .8 KI 2.OK;,
I (C04)/I (Co(pd3)/ I 11'(14) 173 1 (C04)12 (Pd,j) 242 -2.3KI 2 (1K,,
1 (Co 4)/I (Co.1pl) 1 (114) 211 2(C04 )/ I ("(4) 24(1- I ((KI -2 IK,,
t (Co4 )/l (Co.,Pd)/1 ("(14) -29 2(Co4)/I(P0%) (10 - 16KI 2.OK,,

to quantify tile simple theory, in thc case of superlattices with where the interface anisotropy of the ordered sojperlattice is
interfacial defects tile changes in anisotropy canl always be KP Win - !(7)
expressed as a fraction of that found in thle perfect structure. 1 2 1 7

This obviously makes the results more useful in interpreting In a similar way one can derive expressions for the reduction
experimental results, in anisotropy energy of the three ordered de~feCtSý The~y are

First we will derive an expression for thle anisotropy of 4K1), for- the mionolayer Substitution, and 2K,, for thle mono-
an unstrained (IlH) superlattice which is composed of it lay- layer adatomi and bilayer substitution. A simple geometric
ers per cell where thle probability of finding a Co atomi oil picture would suggest that a I'd substitution in the Co mono11-
layer j is given by Pi I All nea rest- neighbor atomis are con- layer would modify two interfaces and thus might be ex-
tained either within the planle or in the adjacent p~lanes for pected to reduce the anisotropy by 2K,, , While thle Co ada-
this superlattice orientation, thus it is more convenient to torrl and the bilayer substitution only modify one interface
consider thc effective interactions between atomis in the samre and thus might be expected to reduce the anisotropy by KI)
plane W0 , and the effective interactions between atoms- in The simple N~el theory predicts that the influence of thle
ad~jacent planes W1 . These effective interactions take into defects is twice as large as naively expected, demonstrating
account thle geomnetric arranlgemienlt of the atomis in the [LII I ]i the dramiati effect of defects onl thle magnetic interface an-
planes. A superscript tit or f ik added to differentiate between isotropy.
ferroiiagnietic-paramiagnietic and 1'erroniagnetic-ferro- 1 Col51ld superlattices fabricated under a variety of' d if-
magnetic atom interactions. Specifically Wf sumis the inter- ferent experimental conditions show a wide variation ill tile
action between a Co atom and six Co first nearest neighbors measured magnetic anisotropy. A I Co/S I'd superlattice
in a 1111] plane, while IV(' sumns the interaction between a grown by molecular-beamn epitaxy has tile largest anisotropy
Co atom and six Pd or Pt first nearest neighlbors in a [I I I] of 5.9X 10'7 erg/cm,2 (Rtef. 19), and a lCo/5l)d superlattice
plane. Similar definitions apply to W{l and W" ,. All four of grown epitaxially in UlIV had an anst, yo ,X0
these effective interactions canl be expressed in terms of thle erg/em12 (Ref. 2(0). Sputtered lWo/51)d s uperl att ices made by
basic interatomic interactions Lf aitd L,,, . Using these effec- different groups have anisotropies of 2.OX 1t)7 erg/em12 (ReCf.
live interactions gives tile following for the magnetic anisot- 21) and 2.4X 10'7 erg/em12 (Retf. 22), respectively. TIhese can
ropy of the disordered superlattice: be compared to the theoretical values for a perfect lCo/5Pd

to sulpcrlatlice of 6.6X It)1 erg/cn12 (Ref. 7) and 8.7X.10"
2K=I P'Wf1 +2(l - Pj)IjV('+ Pij ± f1  erg/cmn2 (Ref. 6). All of the experimental superlattices will

Itl contain defects, with the sp~uttered samples having tile largest

i~Iconcentration. Tile range of valueCs obsierved is clearly conl-
+Pj( I -P-I . )W'j"±( I -I) 1-PP I . (4) sistent with thle theoretical expectations for superHatt ices with

defects.
Two identities canl be derived immediately since tile anisot-
ropy of the pure material and thle 50:50 alloy are zero) be-
cause of the cubic symmnetry. This yields Ill. RESULTS AND DISCUSSION

Wf+ Wf = WT' + W"' = 0. () Table I shows the calculatdaiorpesfalo h

ordered defects in Co/Ild and Co/Pt. As was stated ill tile
Using these relations and noting that tile n-layer superlattice previous section, the simple theory predicts a reduction of
Ilas two interfaces per unit cell it follows that the interfa'_,e 4KI for Pd and Pt substitutions in a Ccnmonolayer. Tile
anisotropy frtlimefcinefc icnbsmpyo- results of the electronic structure theory for substitutions ill
tamned from that of the perfect interface K,, by the Co mi-onolayer also show a reduction in thle anisotropy. In

/I previous work onl perfect Co/I'd stpratcs' we hlave no-

Ki = y ~ (Pj - Pj4  2, (6) ticed that lthe simple model reproduces average trends in tlte
j~~i magnetic anisotropy while thle results of electronic structure1
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TABLEJ 11. Di~ergies ol'superhitt ices w ith tnuidomitinturige ocits oF (]elctIcs.

tDedc tPerfect Iliftocoice

Syslent P1cligy Q-tRy) Systelm liocigy (pRy) I .KK R Simple theory

I) (C',~~'r9 (iC'o,, dn) I IItI/I I (C'Un I'd0 .) 10.8 IC '/311 64.6 1 .5K,, I .()K,,

1 (('o1 ,,PId(,.,)/ I (C('o, 2 'dj, )/ I I'd/i(Co,) 2 'dý,,5) 14.0 IC'/31'd 56.0 1. 5 K1. LOKI 6 ,,

calculations for individual systems caln show significant de- IV. CONCLUSIONS
v iationls fironi the pred iction s of, thle simple theory. T he stai . 1 Using 'thle L K-K(R eilectrontic st ructu0re miiet hod we have
dnrtd devi ati iono'1the fit inl this case wIS I .2Kp,- These va tlil per I -Ildfrtpiiilscluain f ie11gitcyt
!ons callt prtobably li e exp lainted by ntintIrg, t hatI whil e enf erkredI s pitc pe aclton f cnaneiiyta
point inl thle Br ill oui I zone con tributes to th .e an isotr-opy, CC r- lines lantisotdoyenred rg aiy ent of' d zprliefects andrec a indtero
taitlpi buts are niorc inluportatitl tlmti others and that those tae.Bt ree ragmnso'dtet n alol

poilts re tiprlatic deendnt.subst itutoinaml alloy have Ibee ii studied. Using a simlple N~e I-

IFor tilie f'oot nio no layer substitutions stud ied, 1(lie average typ thlbenry, ex pressiotns for the expected chianlges inl an i sot -
I-LUC01 s3. p 14Kwihissaitcly[e ileis tony associated w .ith each typbe of' defect have been detived,

1 le simple theory pied ictiont of' 4KI . Ill tilie case of* thle or.- Dealdcm rios hw flevue f't ipe

de red dole fets struoctures withI subst itu0 tios inl thle Co hi layer syninrite ty -based niode I as a quon it itativye pied ictotr of' tilie ex-
ii ld C sust to ios i th Pdor P lac (ostfo it'Ii iesof' pected trtenrds. T1 he ilmperfect supe 1.1a tt ices Whle re tihe in I erdif'-land Co4' substitedutions i'lL i the PdotP ae lstlu ie f fIusioti causes a tandom atrangettent (if defects are expected11l il) Stesimlea theoty prledicts a edc ionoi piltl to be a1 iiote tea list ic mlodel of' tilie eXple ri nien fal ill te-thice,

anu~SOttop)y. Th'le ilgice InC n t betweenI thle cI CtU'loi Stl'Utoct0 Ie and inl thiis situoatloln thle siniple theory is uith Ioif00lid anld
results and the simiple theory is cleat ly not as good. flxclud- exctdtbemrusflWehvsow tath ilu
ing the 2Co/lI d superlattice, leads toi ai average reductioti epcted tof blectmote us eful. y We lavger shown thanitr th aifl.
of' (.5Kp 1.7K, which is still consistenit with the simiple etc tiurfciossgnrallrertlieo trct-

licry houh tliestadar dc iat h isI age . D fe -tee o te ns wio d uggest, tnd tihat de feets act to reduce tilie
2( W I Pd hilS a iuc ocl stn 11ci' antiisotrlopy 1 hanl simtpleI theory tmagnietic an isotrtopy.
would prted ict atnd thfus it is [lot too su rprising fliat thle illtt t -
ductioti of' def'ects pro)duces ati anomialous result.
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Magnetic anisotropy of metal/Co/metal and metal/Co/insulator sandwiches
Michael H, Wiedmann, Brad N. Engel, and Charles M. Falco
Pohysics Dcepartment and Optical Sciences Cen'te; University of 4Arizonac, Tcson. Arizona 85721

In site polar Kerr-effecl measurements have been used to study the magnetic anisotropy of
MBE-grown Au(I II )/Co/X and Pd( I )/Co/X sandwiches, where X is the nonmagnetic metal Ag,
AuI, Cu, and Pd or the insulator MgO. For the metals it was recently tound that the magnitude of thc
Co/X perpendicular interface anisotropy is strongly peaked at -I atomic layer (1.5-2.5 ,A)
coverage. 'To investigate structural influences on the anisotropy, reflection high-energy electron
diffraction (RH 3EED) and low-energy electron diffraction (LEED) have been used to measure
changes resulting from overlayer coverage. Analysis of digitized RI IEE1) images captured every -e I
A during mletal overlayer. coverage shows nio abrupt change of' thle in-plane lattice constant. The
out-of-plane lattice spacing has also been investigated as a function of nornmagnefic metal coverage
by measuring LEEl) I-V curves along the (0,0) rod. In the case of Cu, where the LEED behavior
is nearly kinematic, no evidence was seen of any abrupt structural changes at -- I atomic layer
coverage. These results suggest the observed peak in magnetic anisotropy is [ot structural in origin.
"To further study this pheomlcnon, the influence of an insulating overlayer, MgO, on the
perl)Cndicular magnetic properties has been measured.

I. INTRODUCTION ings of -- 1%. A reverse-view LEED system with an identical

A fundamental understanding of the magnetic anisotropy CCI) camera was used to lcasure changes ill perpendicular

arising from the interface between magnetic and nonimag- lattice spacings upon coverage by measuring intensity versus

nctic metal films is an important current problem inl magne- voltage (I- V) curves of tlte specular beam. The growth must
tism. Of particular interest for optical data storage applica- be interrupted after each coverage step in order to rotate the

tions are material systems that display perpendicular sample stage to perform LEED. I-V curves can be completed
anisotropy, such as Au/Co and Pd/Co. Possible explanations iii less than 20 minm with minimal surface contamination be-

advanced for this strong anisotropy include tthe reduced co- tweer depositions.
ordination symmetry,t altered electronic structure, 2 and Io- Magnetic and magneto-optic characterization of the

calized epitaxiul strain at the interface between two different samples was carried out by in silu polar Kerr-effect measure-

materials.3 Previously, we have investigated influences on merits. The sample can be transferred between the deposition

the interface anisotropy by varying overlayer coverage and chamber of our molecular-beam-epitaxy (MBE) system arid
material species.45' For Ag, Au, and Cu we have found that another connected ultrahigh-vacuum chamber (1'<2X I ( '
the magnitude of the Co/metal perpendicular interface ain- Torr) where it is aligned between the poles of an external

isotropy is strongly peaked at -I atomic layer coverage, electromagnet. The magnetic field is applied along the

In this article we report oni detailed structural chaaracter- sample normal with a maximum field of ±_2.2 kOe. We use a

izaiion of the metal overlayers by reflection high-energy 51 kilI photoclastic modulator and lock -in--amplifier-baSed
electron diffraction (RHEED) and low-energy electron dlitf- detection scheme with a I leNc laser to measure the polar
fraction ( LEEI)) . We aI so invest i guted thle e fleets ofn i -~ Kerr ellipticity of' the sample I as a tfunction of applied field.

lating overlayer (MgO) on thie magnetic properties of single
crystal Co films grown oin Au(I 1l) surfaces. III. STRUCTURAL CHARACTERIZATION OF METAL

OVERLAYERS
11. EXPERIMENT The role of crystal structure in our observed coverage-

The results reported here are for Co tiln-s in the thick- dependent anisotropy is an important question that is difficult
ness range 2 At. ,,•30 A deposited on 500-A-thick buffer to address. Because magnetic anisotropy is very sensitive to
layers of either Pd( 111) and Au(l 11). The buffer layers were the local environment, subtle changes in atomlic spacings
grown on annealed, Co-seeded GaAs(1 10) substrates. We could cause significant effects. We have used RI-EED and
used an effusion cell for PId deposition at 0.15 A/s, and LEED to investigate coverage-dependent changes in the sur-
optical-fecdback-controlled electron-bearm cva•orators to de- face lattice spacing. Using RHEED, we have measured in-
posit the Au (1. 1 A/s), Co (11.25 A/s), Cu (. I A/s), and MgO tensity profiles across a streak pattern of a Co surface as it is
(-2 A/s). All deposition rates werc determined from Ruth- progressively covered with Au." Starting with a 30 A Co film
erford backscattering spectrometry (RBS) analysis oif' thick deposited on a 500 A Au( lll) buffer layer, RIIEEDI) images
calibration films. The background pressure for the metals were captured every 4 s during uninterrupted Au deposition
was --ý5x 10 1t 1 Torr during deposition and -- I X 10 8 Torr at a rate of O.1 A/s, giving a coverage interval of ---(0.4 A. At
for the insulator. The crystalline quality of the films was the coverage equivalent of I atomic layer (2.4 A), the dif-
monitored during growth with RI-tEED. The RI ILEI1) images fraction peak is composed of contributions from both bulk
were captured with a chairge-coupled-device (CCD) camera Aut and bulk Co spacings. After 2 atomic layers of coveIage,
system capable of resolving changes in in-plane lattice spac- the peak is dominated by diffraction froml the bulk Au spac-
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FIGl 1. LEED I- V curves of (0,0) specular beanlr fot Co( 11) surface and ii FIG. 2. Change in average perpendiculat la.tice spacings delermined fromt
thick Cu linl (200 A) deposited ott top of it. shiifis in lowest-ctiergy peak locations in Fig. 1. The continuous curve is

calculated assuilming bulk Co and Cu lattice constaints and ta Illct sarlmpling
depth of 3 A. Thcre is nio evidence of any abrupt change at I atomic layer

ing. Because the Au immcdiately grows incoherently and coverage.

strain free, these measurements suggest that the Co in-planc
lattice spacing is unaffected by the Au overlayer. A similar
experiment was carried out for a Cu overlayer on Co, where
the two materials have a roughly 2% lattice mismatch. In this out-of-platie lattice constant. The energies and distances are
case we also see no abrupt changes in the surface lattice given in hartrecs, I hartrce=27,18 eV, and bohrs, I bohr
spacing. =0.529 A, respectively. The angle of incidence of the clec-

Because the R14EED geometry is only sensitive to the tron beam was -7° in the (11-2) azimuth. The measured
in-plane lattice spacings, we can obtain information about spectra of the Cu( 11) surface are very similar to those inca-
the out-of-plane spacings from LEED versus I-V measure- sured by Reid.8 We have measured the inner potential shift
ments. Although not as rigorous as a full dynamical analysis, for bulk Co and bulk Cu to be 7.7 and 8.5 cV, respectively. It
one can determine the average out-of-plane lattice spacing of should be noted that we do not know how the inner potential
the top few nionolayers from measured I-V curve of the V(0 varies as Cu is deposited; however, because the two bulk
specular or (0,0) beam. This simple analysis is only valid for values are nearly the same, we used their average (8.1 cV) in
materials which show weak or no multiple scattering. The all of our calculations. This causes only a small untcertainty
average lattice spacing is deduced by comparison of the re- in our determined lattice spacings and is included in the error
sulting intensity peak locations to calculated Oragg peaks. In estimates.
this article we report results from I-V curves of thle (0,0) From the shifts in the Bragg peaks upon coverage we
beam of Cu deposited on Co(1 It). In this case, the overlayer can calculate changes in the average out-of-planc lattice
is a different material from the substrate and therefore this spacing according to Eq. (1), and which are shown as the
analysis provides a combined weighted average lattice spac- circles in Fig. 2. Here we have used the lowest-energy peak
ing of both materials. As an example of the sensitivity of this at 137 eV which is the most surface sensitive with a mean
technique, Fig. 1 shows an I-V curve of a clean Co(l 11) sampling depth of only -3 A. The mean free path of LEEI)
surface and that from a bulklike thick Cu film deposited on electrons at 137 eV is roughly 6 A;7 however, in a reflection-
top of the Co surface. The two representative curves show diffraction experiment in which a monoencrgetic beami must
well-defined Bragg peaks which are slightly shifted from enter and exit the crystal, the mean sampling depth is half tile
each other. To measure the effect of the overlayer as it is value of the mean free path. We have also calculated the
grown, I-V curves were taken after ezvch of many Cu depo- coverage dependence of the average lattice constant that
sitiorkt of •I A each (the equivalent of 0.5 atomic layers of would be expected if both tile Co and Cu remain at their bulk
Cu), As the bare Co is increasingly covered with Cu we spacings. This average spacing is calculated using depth-
observe a continuous shift from the Co peak positions to the dependent weighting factors derived assuming an exponen-
Cu peak positions. Furtlher deposition of Cu beyoi.d 8 A tial decay of the LEED electrons with a probing depth of 3
coverage does not change the location of the peaks, These A. The calculated solid curve in Fig, 2 is in good agreement
peaks can be associated with Bragg diffraction by taking into with the measured data indicating that, to within our uncer-
account an inner potential correction, indicating that both tile lainty, Cu grows at its billk perpendicular iattice cotnstant on
materials Co and Cu behave nearly kinematically. The peak the Co surface. We see no evidence of any abrupt structural
location of the specuIarly reflected beam can be calculated changes of greater than --(1.6% at -- I atomic layer coverage
from the following relation.7  that would correlate with our observed peak in the anisotropy

V)cos (rat this co,,eragc.
We have also taken LEED I- V spectra of' thle specular

where Ell are the B3ragg energies, V(1 is the inner potential. 0 beam for Au and I'd :)vcrlaycls on CO. Both rltatcrials show
is the angle of incidence, n the order of the peak, and d the strong multiple scattering where the peaks do not correspond

6076 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Wiedmann, Engel, and Falco



18A co Cu. The initial magnetic moment of the bare Co is in plane.
(a) As we previously reported, upon coverage with just 2 A of

Cu we see a large increase in the perpendicular anisotropy.
Interestingly, after depositing a MgO cap of - 120 A thick-
ness we observe a decrease in the perpendicular anisotropy.
The MgO shows polycrystalline growth as evidenced by the

(b) 2 A cu disappearance of the Cu RH-EED streak pattern. In a different
experimenlt we started with a perpendicularly magnetized 4
A Co film with a. coercive field of H,-470) Oe; subsequent

-, ~deposition of ---30 A polycrystalline MgO reduces the coer-
cive field to H,-70 Oc with no change in the magnitude of
the measured ellipticity.

(0 ) k (mdeg) 120.4 MgO It is surprising to find such a large change in anisotropy
10 since the electronic interaction between the metals and MgO

should be very weak. It is possible that the MgO overlayer
I __H -(KOe) induces strain in the Co. Unfortunately, because MgO grows

polycrystalline n~ this case we are unable to use in situ struc-
tural characterizatiLcn techniques to investigate changes due
to MgO co lerage. Work is in progress to investigate other

FIG. 3. In situ poiar Kerr eiiiptiefty loop) fromi: (a) uncovered 18 ACo on inuangmtrls

Au(l' 1); (b) 2 ,' Cui deposited onl I F, A Co: (c) 120 A MgO deposited on 2 V. SUMMARY
ACu.

We have used RH-EED and LEED to investigate struc-
turni influences on the perpendicular anisotropy of Co(111)

to Bragg peaks and therefore theý above- siinpl~e analysis can- ultrathin films upon coverage with the noible metals Ag, Au,
not be applied. and Cu. Neither RHEED nor LEED show evidence for

abru~pt changes in surface and out -of-plane lattice spacings
WV. MAGNETiC CHARACIERIZATION OF MgO for Au and Cu, respectively. We have also investigated the
OVERLAYERS effect of an insulating ovcrlayer (MgO) ont the magnetic an-

* In order to further study this phenomenon we ha,'e inca- isotropy with in situ polar Kerr-effect measurements and ob-
sured the -Influence of an insulating o".erlayer, MgO, onl the serve a reduction in the perpendicular anisotropy.
perpendicular magnetic, properties. F-or the noble metals Ag, ACKNOWLEDGMENTS
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Effect of submonolayer coverage on magnetic anisotropy of ultrathin
cobalt films M/Co/Au(111) with M=Au, Cu, Pd

P. Beauvillain, A. Bounouh, C. Chappert, R. Me'gy, S. Ould-MahfOuid, J, P. Renard,
and P. Veillet
)nsfritt d"ltltctroiique [ondamnuoiule URA C.NRS022. Unii'cersit' Miaris-,Sid, 9140.5 Orsav,; irawec

D. Weller
IBMv AlJmaden Research (Cuent; 65(0 Hairr Road, San lose, C'alifornia 95120-0099)

J. Corno
Instijiu d 'Optique 7Iuairique et Appliqu&,, URA CNRSO 14, U'iiic',silt Maris-Sod, 91-105 ()rsaY

Using in sint polar iriagriito-optical Kerr-erfeet measurements, tile variation ol the Kerr rotation and
mnagnictic anisotropy of a (0(11)1)Co ultrathin filmi on a (Ill )Au substrate has been precisely
recorded, during the first stages of the growth or anl overlayer of mietal M =Au, Cu, and Pd. As
reported earlier, a drastic increase of thc magnetic atnisotropy was observed, wihb a peak around I
monolayer of' overlayer thickness. From a careful study of thle variation of the remianenit Kerr
rotation, it could be shown that only thle interface contribution to the anisotropy changes with the
overlayer thickness, while thle bulk contribution remains mostly constant. The over-all behavior canl
be interpreted in termis of electronic effects in the mletal overlayer. acting onl thle interface anlisotropy
via band hybridization at the interface.

Considerable work has been devoted in thle last few with 1-2 M L of Aul coverage is observed by R11E EI).6 This
years to the study of the mnagnetic anisotropy in ferromnag- is a major phetinomenon, which involves an important reorga-
netic ultrathin filmrs.1 Besides the miagnetocrystalline inter- nization of the Co layer to rub out at least short-range rouigh-
face anisotropy introduced by N~el, 2 strain-induced miagne- ness. It may be attributed to a surfactant effect of Au: Indeed,

toelastie anisotropy 3 or spin polarizaitioni of thle interface (lie surface energy of (Ill)Au is lower than the (0(1(11)Co
layer in tile nonniagnetic substrate 4 have been proposed to one. This behavior is not observed for Cu and Pd coverage.

explain (lie observed behaviors of anisotropy versus the fer- Our PMOKE configuration, in which both magnetic field
roniagnetic filmn thickness, or for different nonmiagnetic and laser beamn are perpendicular to (ilie sample, allows direct
metal substrates. A new powerful way to investigate the oni- determination of the anisotropy coefficients only for filmls
gin of the magnetic anisotropy in ultrathin filmis is to nica- magnetized inl plane, and provided that sul licieiitly high

sure its devolopment in siltu, during thle first, stages of the fields canil be applied to saturate the magnetization oft (le
growth of an interface between tilie filni and a metallic over- sample. Ill the present study. this would restrict the dcetrnii-
layer. It has been reported recently 5

-
7 that (ilie cercrivity and nation to only at few selected values oif 1(-_,8 1-~o get an

(ilie perpendicular anisotropy of Co ultrathin filmis on IdV Ill1) evaluation of (ilie variation of thle anisotropy coefficieints for
aiid Ali( Ii 1) substrates exhibit drastic increase with only any t,., andl i combination we have proposed" anl original
subn-ionolayer coverage by Cu, Ag, Au. and Pd, while a clear method that uses the fact that, for hepl Co thin films. (lie two

peak iobevdarounid oeatomnic layer (AL) of (;verlayer first anisotropy coefficients K, and K, haei omaril
thickness: however, owinig to (ile complexity of in sim ex- miagiiitudc (withl K ,>t), and (112 change iin easy axis froml

perimients, only total atnisotropy for one Co thickiiess could perpendicular to in plane with t(,, occurs via an intermediate
be mleasured.7.8 WL. have proposed" anl originail method, state where thle easy direction lies onl a coiic of half-angle - .
based onl the analysis of' the evolution versus (lie Co film Provided (lie sample rcniaiiis iii a single-domiain slate, which
thickness t(.,, of' (lie polar m1agneto-optical Kerr (P)MOKIL) is likely at least for low to interniiediate values of -Y, (ilie ratio
rotaition at renmanence. We report here a detailed application of tile renianent to saturaiid Kerr rotations 0i1?10s~, inl this
of' thiis miethod to thle case of' a (t 0(1) Co film onl a (111 )Au in termled iate state. should r be equal to cos (y). gi veii by
SLbStratC. upon coverage by a iiietal M = Au. Cu, or Pd.

Details of our sample preparationinumthod have been cos( y) I-2 7rM -± K 4-2KX (2K
published previously.""' To achieve mlaxilniUni precision aind
reliability inl our study of' hle miagnet~c properties versus I here, MS is thle saturation i~i mgntization, which iii (lie ftfl-
filmns thicknesses, we grow steppicd -wedge samples using a ~lowing -we shalli assumeC constant aind eihtil to (ilie bulk Value.

moigShutter between san1I)ipLan eviiporation sore.Fr Assuming that Kdoes iiot cineiuhwd (, ti

each saiiple, tel 2-muni-widic steps ivc maide. with increasinig a~ssumpiltioin is confirniled a pfoster-iori at (tile end of' this ar-
Co thicknesses. Thein (lie M overlayer is g~rown iil successive ficle, it. good characetrizaition of' tilie dependence ifK KI vs ((,,

thin (0).5- 1 AU) layers, and after cornplet i..'n of' each flew is giv.:i, by tile crossover thiickiiess t" at which 0)- 45'. B3y
I aykir, c'-ore liensi ye P'MO KI anad refIlect ioii hiighi ienergy i n rodUtic l g for K, Oh' usual eC preCsiOs iiSWith i ote r face
eLcetran -ft raction (RIMIEED) scans arc perfor~ned oy mov- an isotropics K5 Ij and K%2~, rcslpcctivey. (or (lie first (( o/Ato)
iig tile samlI rileli fromi of ii fixed U. (i laser beaiiil. and secooiid t vacuii ai /C o or MI C ot in terf aces, and a volumei

As we reported earlier, a smoothing of' tle f~ree sourface Coot ribuit i on K, , One 011ii b atin(lie 'X pre SSio ii
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FIG. 1. Saturation polar Kerr rotations measured on a Au/Co/Au(II 1) sand- FIG. 2. Normalized renmanent Kerr retation vs normalized Co thickness,
wich vs the Co thickness tco for different values of the overlayer thick- measu'ed on a Au/Co/Au(1l1) sandwich for different values of the Au over-
nhsS tAu . layer thickness (see legend inside the figure).

Ks +Ks 2=t*(21rM2-K 0 -K 2 ). (2) fast increase in t* at the very beginning of the overlayergrowth. For Cu and Au, a narrow peak appears around
Furthermore, if both volume contributions K. and K2 do tcu= 1.0 AL (respectively, tAu = 1.5 AL), followed by a sub-

not depceid on the overlayer thickness tM, one can easily see sequent decrease of t* toward saturation. A smoother in-
by combining Eqs. (1) and (2) that, for a given metal M, the crease of t* is observed with M=Pd, as in Ref. 8. In agree-
_ OR1O vs tee dependencies for any t M values should super- ment with previous reports, 5- 8  the coercivity of
impose on the same ORlOs vs (tlt*) scaling curve, perpendicularly magnetized Co films (tce<t*) displays a de-

Examples of hysteresis loops measured in situ at differ- pendence versus tM very similar to that of t*. Note also that
ent stages of the interface growth have been given earlier. the value of t* that we measure on uncovered Co film
For tce values above 7 AL (4 AL for Cu coverage), where the (t*=4.3 ML) is in very good agreement with that reported
loops are not perfectly square, the maximnm magnetic field previouslyt 2

in our setup is too low to allow direct determination of q5. Not much can be said at this point on the evaluation of
For lower tco values the measured q5 values vary linearly absolute values of Ksl +Ks 2, which would requime knowl-
with tc., as can be seen for Au coverage in Fig. 1. To evalu- edge of K, and K 2 for each overlayer metal M. One can,
ate 0s for any Co thickness, we thus extrapolate this linear however, observe that the scaling curves of Figs. 2 and 3 are
variation to higher tce values. By high-field (20 kOe) mea- very similar, which leads one to expect similar values for K,
surements in air on samples with a thick coverage, we and K2 for M=Au and Pd. It is difficult to conclude for
checked that this extrapolation is valid at least up to 15 ALof M=Cu, as a much smaller perpendicular anisotropy results
Co. Ani itnportaiit effect seen in Fig. 1 is the occurrence of a
nonzero intersect with the tC& axis, in agreement with Ref.
10. This can be attributed to an interface effect. A more de- -1.2
tailed study will be published elsewhere.t1

Figures 2 and 3 display the variation of ORIOs vs /ti*, I" ' 0.sAL
respectively, for Au and Pd coverages. In both cases, within
experimental precision all points appear well on the same 0.3 "A

scaling curve. This good agreement with scaling hypothesis ' •1.5 AL.

confirms that K 2 is rather constant and does not change much • 0.6 2 Al.
with tCo. A similar behavior is obtained for Cu coverage. I " 3 AL
Those curves appear actually more rounded than the ones 0.4 6AL
calculated for perfect films.' 2 'This can be easily accounted
for by introducing a narrow distribution of anisotropy coef- .
ficients, which could originate from nonuniform Au substrate "1
roughness. or from inhomogeneous densities of stacking
faults or strains. 0 0.5 I 1.5

As stated above, this scaling behavior allows us to as- t/t*

surne confidently that measurement of t* versus overlayer
thickness characterizes precisely the variation of the 'nter- FIG. 3. Normalied renanent Kerr rotation vs normalized Co thickness
face anisotropy Ks, + Ks2 vs tM. The variation of I* vs 1,,A. measured on a Pd/Co/Au( lll) sandwich for different values of the Pd over-
for M=Cu, Au, and Pd is given in Fig. 4. We observe a very layer thickness (see legend inside the tigurci.
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16 canl give a pseudoiniterface term, which, as observed here,

14 should be higher for ALI and Pd coverage, those metals hay-
Au ~ing at large lattice mismatch with Co. This MEA is unlikely

12 *to be thle domninant contribution here, as it could explain

In neither thle negative sign of Ks for the vacuumn/Co interface,
nor thle peak, nor even the amplitude of the change if- K,5 for

8 - Au and Pd coverage. Also, a im-dependent relaxation of thle
~ - .distance between subinterface and interface atomlic planes in

6 - Co could contribute. However, the most likely origin of thle
4 .. behavior reported here is an evolution with IM of the elec-

tronic band structure of thle metallic overlayer, acting on thle
2 Tinterface anisotropy through band hybridization with the Co.

0 . Indeed, very important changes have been observed by pho-
(1 2 4 6 8 5 toernission on electronic structures of ultrathin layers of Cu

tM (AL,) onl Co(OOOI )),15t() or ALI. Moreover, in both eases the Im de-
pendence or the band structure bears striking similarities
with thle behavior displayed inl Fig. 4 here, with, for instance,

FIG. 4. Variation vs M overtayer ithickness i M of thie Co Ithickness *where the existence of specific two-dimensional (2D) electronic
thie renianent Kerr rotation is cequal to 11V2 times thre saturation Kerr rota- structures for I-1 L5 AL coverage that relax very rapidly to-

tion fo M =All CuandPd.ward the bulk structure with further deposition of less than 1
AL. Thle existence of such 2D structures requires abrupt and
flat interfaces. Ini this scheme, the more rounded behavior

in a narrow observation range., and thus in less precise evalu- observed here for Pd coverage could be attributed to some
ations. Nevertheless, to get comparative values of interface alloying at the interface, as5 we have evidenced earlier oil
anisotropies for all three coverages, we have assumed one set similar sampecs.
of volume zoefficients K,, and K2, measured onl similar Finally, we cannot rule out the occurrence of a small spin
Au/Co/Au samples,t13 and made the assumptions that: (i) in polarization in the Au or- Cu monolayer on Co, as observed
the Au/Co/Au sandwich both interfaces have the same K,5 ; recently at thle Co/Cu interface, t7
(ii) the first (Co/Au) interface keeps the same K., for any This research has been sponsored bly a 11CM-EE-C pro-
coverage. This last assumption in particular corresponds to gramn.
thle intuitive feeling that, after deposition of several atomic VW J. M. de lunge, 1. J. 1i. IBloenien, and V. J. A. den Broeder in Experi-
layers of Co, deposition of a thin overlayei should not ,OPWInxigtosf gIL0Anorpytitihi vrgntctr-
change much the first interface. Tlw' obtaiin,'d values of' K., tures, Vol. 1.3, edited tby 13. Hteinrich and J. A. C. Bland (Springer, Berlin,
are given in Table I. Note that the interlace anisotropies for 1994).
thick coverages ate in good agreement with previously re- 'L. Nrel. J. Phys. Radiumi 15, 225 (1954),

'C' Oippr and 1). l3111110, J. AppI. Phiys. 64. 5736 t(1988).
ported ores.' One interesting result is the negative (in-planle) 41t). Weller, It1. IBrijdle, R. F C. Farrow, It. F. Marks and Gi. H-. IHarp,
interface anisotropy of the vacuum/Co interface, in agree- NAEO Advanced Science Instilate Series 309, 1993,. . 201.
ment with theoretical predictions.t p'13. N. Ivirel, M. I I. Wiedaunn. It. A. Van Lecuiwen. and C. M. Fiflo , I.

The most interesting behavior remains the peaked de- Magn. Magn. Mater. 126, 532 (1993).
"S. Ould- Mahifoud, It. M~gy, N. Itardos , B. 131arienI inn. P. tlenViitll, C

pendenzc of thle anisotropy versus Im . We have shown hecre, Clhippert, J. ('01r10, B. LeCCIIYC, 61. SCZigel, 1'. Veillt, Mind D. Weller.
for the first time, that the changes occur inl the "'interface'' Marter. Recs. Soc. Synip. I'roc. 313, 251t (1993).
contribution. Ini principle, strain-induced anisotropy (MEA) 7M. 11. WiednIannll, B. N. Eingel, R. A. Van teccuwen, K. Milmu . Shinjo,

and C. M. Falco, Miller. Res. Soc. Synip. Proc. 313, 531 ( 1993).
13. N. Eingel, M. I11. Wiedmrrni, IR. A. Van Lxeenwen, and C. M. Falco,
Phys. Rev. 1B Rapid Coinminin. 48, 9894 t(1993).

TABLE 1. interface anisoltropy coeffieients evaluated from the mecaskired * '1). Renard and G. N iloul, Pliilos. Mag. 13 55, 75 t 1987).
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Effects of Ar-ion implantation and annealing on structural and magnetic
properties of Co/Pd multilayers

John Q. Xiao, K. Liu, and C. L. Chien
Department of Physics and Astrono.•Y The ,Johns Hopkins University, Baltimore, Maryland 21218

L. F. Schelp and J. E. Schmidt
Institute de Fisica, Universida de Federal do Rio Grande do Sil, Porto Alegre, Brazil

The contrasting effects of ion implantation and thermal annealing on structural and magnetic
properties of Co/Pd multilayers have been studied. Ion implantation causes local damage to the
multilayers, resulting in enhanced magnetization due to the polarization of the neighboring Pd.
Thermal annealing generates massive *nterdiffusion across the interfaces into the t'rmation of
Co-I'd alloys with a lower magnetization. Effects on coercivity and remanence have also been
studied.

Magnetic multilayers have been the subject of numnerous satellite rzeaks near the Pd( 111) peak. Because Co layers are
studies 1

.
2 owing to their unusual propi ties and potential ap- thin and have a much lower scattering factor, no substantial

plications. Novel properties such as enhanced magnetization, diffraction peaks near the Co( 111) peak are revealed nor ex-
large (sometimes perpendicular) magnetic anisotropy, tai- pected. It is well known that the intensity of the satellite
lored spin structures, and giant magnetotransport properties, peaks is dictated by thc layer profile and the repeatability of
have been uncovered. Among the multilayers, Co/Pdl has the bilayers. The structural coherence of the multilayers is
been extensively studied in recent years, 3'A stimulated by manifested by the width of the diffraction peaks. From the
both fundamental interests and technological applications, width of the main diffraction peak, beyond the instrumental
For constituent layers with very small thicknesses, the per- width, the structural coherence length L has been determined
pendicular anisotropy together with substantial Kerr effect to be about 270 A, which is about four bilayers. These results
have led to the application of Co/Pd multilayers in magneto- show that the as-prepared sample has a well-defined layer
optical recording media. 5  structure with [111] crystalline orientation.

While the novel properties of multilayers are intimately Figures l(b)-i(e) show the diffraction data for ion-
related to the high degree of structural coherency of the lay- implanted samples of [Co(l0 A)/Pd(59 A)],1 with Ar flucnce
ered structure, a complete understanding of the relationship varying from 5X IU13 to 7.5 X 10"' ions/cm12. Several features
between interfacial characteristics and physical properties re- are noted for samples within this fluence range. For increas-
mains lacking. In this work we have systematically altered ing fluence, the satellite peaks decrease progressively in in-
the interfacial characteristics of Co/Pd rnultilayers using ion tensity but remain observable in all cases. More important,
implantation and thermal annealing, and studied the resultant the width of the main diffraction stays essentially the same as
structural and magnetic properties. Our studies ';how that that of the as-prepared sample. These results indicate that
these two methods give rise to very different effects on the layer structure and the structural coherence length 1, remain
multilayer structure. intact, but the layer profile becomes more diffuse as a result

The Co/Pd multilayer samples have been deposited onto of ion implantation.
glass substrates using two electron-beam-deposition sources A contrasting situation occurs when the Co/Pd multilay-
in a vacuum of l 10 8 mbar. The samples are denoted as
[Co(x A)/Pd(y A,)],, where x and y are the Co and Pd layer
thicknesses, respectively, and n is the number of repeats of
the Co/Pd bilayers. One set of samples with [Co(10 k)/Pd(59 . -)
A')], 8 has been subjected to 230 keV of Ar' implantation at
room temperature at a low current density of 50f nA/cm 2 to . (d
avoid sample heating. Low fluences of 1×XI0'-5X10 ' " (-l

wI
ions/cm2, which are small compared with I inolayer of , \ /

iU)ions (lxlO' 5 ions/cm 2), have been used. Another set of -

samples of [Co(14 A)/Pd(44 A)],8 have been thermally an- -= (b~.
nealed for 30 rain in a helium atmosphere at various temn-
peraturcs up to 700 K. Structural characteristics of all the .

samples have been made by a 0-20 x-ray diffractometer with _ '.(at
Ci.Ka radiation. Magnetic properties have been measured .....
using a vibrating sample magnetometer (VSM) with the 38 40 42 44 46

magnetic field parallel to the film plane. 20 (dogc'ees)

Figure 1 shows the x-ray-diffraction data of the as-
prepared and the ion-implainted [Co((I A)/l'd(59 1•)i]1 FI(. 1. X-ray spectra ofti) as-prclazcd sample and tihe impltanied samples:

samples. The as-prepared sample [Fig. I(a)] shows several (10 5× 11ox , ( I) I 10t', (d) 5 X 101'. and ic) 7.5 t 1I0' imis/ow".
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523 K

main intact. On the other hand, thermal annealing is far more

M K disruptive. It promotes interdiffusion of all the constituent
F atoms at the interfaces, very efficiently destroying the multi-

__layers even at moderate annealing temperatures. Further-

36 38 40 42 44 46 48 50 more, due to the interdiffusion, the multilayer rapidly con-
20 (degrees) verges to the terminal and homogeneous alloy composition.

These conclusions made from structural studies are cor-
FIG. 2. X-ray spectra of samples annealed at different temperatures TA . The roboraLed by the magnetic properties. It is useful first to re-
peak positions corresponding to bulk Co and I'd arc shown t,, the top. Alloys call the magnetic properties of CoxPd1 00_a. alloys of which
with different compositians have also been indexed. the magnetic ordering temperature Tc increases rapidly and

monotonically with Co content. The values of Tc are less
than 300 K for the alloys with low Co content (x< 10).6 The

ers have been thermally annealed at various annealing tem- magnetic moment per atom of Co-Pd alloys also rises mono-
peratures TA . The x-ray-diffraction data of the as-prepared tonically with Co content. However, because of the strong
(TA =300 K) and representative data of the annealed samples polarization effect on the Pd atoms by the nearby Co atoms
(TA up to 693 K) of [Co(14 A)/Pd(44 A)]&s are shown in Fig. (also known as the giant moments), these polarized Pd atoms
2. Discernible change of the diffraction are observed for contribute significantly to the magnetization.
TA• 5 2 3 K; most notably a diminution of the satellite peak The saturation magnetization M,. of the Co/Pd multilay-
intersity and the appearance of additional diffraction peaks. ers after ion implantation and thermal annealing arc shown in
It is useful to recall that Co and Pd form fcc Co-Pd alloys Fig. 3. First of all, the as-prepared samples have a higher M,
over the entire composition range. The lattice parameter of than that of bulk fcc Co, owing to the well-known polariza-
the alloy decreases monotonically from that of pure Co to tion effect of Pd. The enhanced magnetization has also been
that of pure Pd. At the top of Fig. 2 the locations of the observed in other Co/Pd and Fe/Pd (Ref. 7) multilayers.
diffraction peaks of Co(1l) and Pd(111) are shown, and the Most remarkably, after ion implantation, there is further en-
(111) peak of a Co-Pd alloy falls between those of Co(IlI) hancement of M,, and M, has a weak temperature depen-
and Pd(111) according to the composition. At TA =573 K, in dence; the values at 77 and 300 K are similar. This indicates

I addition to the satellite peaks, a new peak, corresponding to that, as the interfaces are systematically disrupted by ion
Co 16Pd84 , appears. At TA=6 2 3 K both the (111) and (200) implantation, more Pd atoms are exposed and polarized by
peaks of Co3NPd 70. in addition to the remanence of the sat- the displaced Co, hence a larger M., Furthermore, most of
ellite peaks, are observed. Finally, at TA= 6 93 K, only (1il) the magnetic species remain sirongiy coupled to share a high
and (200) peaks corresponding to predominantly Co3.nPd 70  value of TC. Quite the contrary, the thermally annealed
and a small portion of Co5 Pd95 are observed. There are no samples show a decrease in M, and a stronger temperature
satellite peaks remaining, and the layer structure has been dependence in M,. Bcth of these obser-ations, which are
completely destroyed. It may be noted that, if the Co and Pd consistent with another group's results,8 are the results of the
atoms in [Co(14 A)/Pd(44 A)]18 were mixed completely and formation of Co-Pd alloys with relatively low Co contents,
uniformly, orie would have obtained an alloy of Co30Pd70, hence lower values of T7.
which is very similar to the alloy composition found. In Fig. 4, the magnetic coercivity I/,. for the implanted

From the above results, it is clear that both ion implan- I-Fig. 4(a)] and the annealed [Fig. 4(b)] samples are ,hown.
tation and thermal annealing can cause deterioration of the We discuss the annealed samples itst. Changes it II,. occur
multilayers; however, the processes with which the layer when the formation of the Co-Pd alloy appears at TA •523
structure and the interfaces are compromised are very differ- K. Higher values of 7'A result in large values of B,., and t!,.
ent in the two cases. At low fluence, ion implantation causes shows similar behaviors at the three temperatures (7 7, 150,
local damages of the layer structure, while most of the layer and 300 K) measured. For the ion-itiplanted samples, III. for
structure and the structural coherence of the mnultilayer re- the ion-implanted samples with higher flttences ( -5x 10 t14
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....I .. -...I ... 0...............presence of Co.-Pd alloy phases. In the annealed samples, the
predominant evolution of the multilayer is toward the forma-

78.. tion of Co-Pd alloys, which generally give rise to lower

lo3..... . squareness.vian
MK 3" "V In conclusion, we nave observed ia structural admag-

0 ............ .. '0..... ...................... netic properties the very different effects on the Co-Pd
300K i multilayer due to ion implantation and thermal annealing.

... ~ .* .. 40Ion implantation causes local damage to the interfaces while
F.. maintaining the layer structure, whereas thermal annealing

X40 K promotes massive inteidiffusion toward the formation of

10 .......... 0..... 2 Co-Pd alloys. Consequently, contrasting behaviors in satura-
0 20 4000 400 Soo 00 700 tion magnetization and other magnetic properties have been
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ions/cm 2) has similar temperature dependencies as the an- 1See, for example, Physics, Fabrication and Applications of M1ulilaycred
nealed samples. The results for the lkjw fluences are, how- structures, edited by Eý Dhcz and C. Weisbuch (P'lenumn, New York, 1988).
ever, miore complex. In particular, the results of the im- 2 L. M. raclicov el al.. J. Mater. Res. 5, 1299 (1990).
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perature (<300 K). The precise nature of these possible M. Falco, J. AppI. Phys. 70, 5873 (1991).

albeit~~~~~~~~~~ olo sapecnethanobenacr M. J. A. M. Greidanus and W. B. Zeper, MRS Bull. 15, 31 (19901).
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Finally, we turn to rernanent magnm-tization Mr ex- 7 F. J. A. den itroeder, Hi. C. Donkerslool.,1H, J. G. Drailisma, and W. J. M.
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Sputtering pressure effects and temperature-dependent magnetism
of Co/Pd multilayers

S. Y. Jeong,a) Z. S. Shan, P. He, J. X Shen, Y B. Zhang, J. A. Woollam, and
). J. Sellmyer

BBehlen Laboratory of Physics and Center for Materials Research and Analysis, University of Nebraska,
Lincoln, Nebraska 68588-0113

The temperature dependence of the sputtering Ar pressure effects on magnetic properties and the
coercivity mechanism of Co(2 A)/Pd(13 A) multilayers were studied as the sputtering Ar pressure
varied from 3-15 mTorr and the temperature from 300 to 35 K. It is found that the roughness of the
interfaces or film surface increases with increasing sputtering pressure, the anisotropy increases with
decreasing temperature and increasing Ar pressure and shows a maximum at lPAr, 12 mTorr, and the
coercivity increases with Ar pressure and shows stronger temperature dependence at higher Ar
pressure. The coercivity mechanism was analyzed in terms of the coercivity predicted by
Kronmiiller's theory [Phys. Status Solidi B 144, 385 (1987)]. Wall pinning is found to be the main
mechanism and the size of the pinning site increases slightly as the Ar pressure increases.

I. INTRODUCTION 1ll. RESULTS AND DISCUSSIONS

Co/Pd multilayers have been studied intensively in the A. Structure properties
last decade for pure and applied reasons. -3 For the Co/Pd Figure I shows the small-angle x-ray-diffraction pat-
multilayers with nanoscale Co layer, the interracial magne- terns. It is seen clearly that the amplitude of the diffraction
tismn, which is strongly influenced by the preparation condi- peaks decreases with increasing sputtering Ar pressure and
tions, plays a crucial role in determining the magnetic behav- when tde sputtering pressure is greater than a m ndrr, the
ior. Hashimoto el al.,4 de Haan et al.,- Shin et al.'6 and He diffraction peaks become obscure. This is attributed to the
et al.7 have reported the Ar pressure effects on magnetic roughness of the interfaces which increases as the sputtering
properties at room temperature. It is found that the coercivity pressure increases since the sputtered Co and I'd atoms ex-
increases with increasing Ar pressure PAr during deposition perienccd more collisions with Ar atomrs and form larger
and the anisotropy increases monotonically with increasing clusters at the giowing film surface.
"Ar (Up to Pr•5( rTorr),5 or shows a maximum at Figure 2 shows the AFM pictures of samples sputtered at

Ar (a) PAr, 3 mr'orr and (b) 15 mTorr and it is found that the
In this article the temperature dependence of the sputter- surface roughness in Fig. 2(b) is much larger than that in Fig.

ing pressure effects on magnttismn was studied as the tem- 2(a). If the surface rouglness may be regarded as the accu-
perature varied from 300 to 35 K. The coercivity mechanism mulation of the roughness of all individual layers oi itetr-
was investigated in terms of the initial magnetization curves faces, Fig. 2 indicates clearly that the interfaces have larger
and minor loops at diftferent temperatures, and comparisons roughness when sputtered in the higheo Ar pressure, which is
were made to Kronnm.iller's model.5  consistent with the result in Fig. 1.

II. EXPERIMENT B. Temperature character of pressure effects on

[Co(2 A)/Pd(13 A&)j35 (35 is the number of bilayers) magnetic properties

multilayers were deposited onto Lylass substrates by dc mag- The Ar pressure dependence of the anisotropy K,, (K,,
netron sputtering under pressure PA,= 3', 6, 9, 12, and 15 K,', + 2 7'rM2) as tle temperature varied from 30t) to 35 1K is
retorr. All live samples were fabdicatcd in one vacuum run to demonstrated in Fig. 3. It i:i seen that K,, increases as the
insure identical preparation conditions except for die A-kr temperature decreases. As the pressure increases K,, filst in-
pressure. creases, then decreases and shows a small peak at 'A,= 12

The structure properties were characterized with the jnT for all temperatures. This behavior is qualitatively con-
x-ray diffraction and atomic force microscopy (AFM) and sistent with earlier work'," except that our peaks arc rather
tthe magnetic properties were measured by an alternating gra- small; K,, shows larger Ar pressure dependence at lower tem-
dient force magnetometer (AGiFM) with the temperature perature. The origin of such K,, behavior is atiributed to the
changed front 300 to 35 K. The coercivity H,.('') and mag- interfacial magnetism which strongly depends on the polar-
netization M(T) data were obtained from the perpendicula' ization of' Pd atomns al the interf'aces"•'10 and the morphology
hysteresis loops and the measured anisotropy K,',('[') dat;, of interfaces. As the tempraturc decreases the induced Pd
were determined from the area between the parallel and per- moment increases which enhances the K,, . Halshimoto and
pendicular magnetization ctirves. co-workers' have explained quiditatively the bchavior of Ar

pressure dependence of' K,, in terms of the stress-induced
"I.(nl' catrtn. address: l)L•'arlmelUi o! ihysics, (ycongsilug Nationial Uiver- anisotropy because the stress in tile film cchanges from corn. -

siiy. ('Chinju (,t,(0-701. Kowrar,. pressive to tensile as the Ar pressure increuses, Recently Vic-
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FIG. 1. Small-angic x-ray diffraction for Co(2 41/%](13 A) deposited at
different Ar sputtering pressures: (a) 3 rri'Forr; (b) 6 in'rorr, Mc 9 m1111rr; (d)
12 m~brr; and (e) 15 rrilorr. FIG. 3. Sputtcring Ar pressure dtependencee of measured anisotropy K. at

differentt temperatures.

tora and MacLaren 11 employed the symmetry-derived mlodel ger temperature dependence at higher PA,. The physical ori-
based on summing L(M.R) 2 pair interactions (where M is gins of this feature are discussed below.
the magnetization direction, R is the vertor connecting the
two atomis, and L is an interaction parameter) to calculate
anisotropy for Co/Pd and Co/Pt multilayers. We, intend to use C. Coerolvity mechanism
this approach to calculate the K,, behavior quantitatively. In order to study the coercivity mechanism the initial

The sputtoring pressure dependence of coercivity H,. as curves and minor loops were measured at room and low
the temperature varied from 300 to 35 K is shown in Fig. temperature. All these curves show the typical domain-wall
4(a). The coercivity increases monotonically with increasing pinning feature: The magnetization is small at low applied
PAr and shows stronger 1-Ar dependence at the lower tern- hield H,, and increases rapidly while H,, reaches a threshold
perature. This behavior cannot be attributed fully to the value 11t1 which corresponds to the field required to exceed
change of K,1 as shown in Fig. 3. In order to understand such the pinning barrier. As the temperature dpcreases the thresh-
behavior properly, we also need to consider the pinning ef-
f-,ct of the domiain-wall motion which is discussed in more
detail in the following section.

The temperature dependence of H, is shown in Fig. 4(b):0 i6K
H, increases as the temperature decreases and shows stron- V - 75K ý /
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3.- ,From the fits we could estimate the size of the pinning
OKo • sites for each sample. Tile estimated sizes are 4.7, 3.9, 5.0,

100 5•K •o• 5.2. and 10.6 A for the samples prepared at PA,=3, 6, 9, 12,
2.5 150 and 15 mTorr, respectively [see Fig. 5(b)]. The estimated

20 -- values show that the size of the pinning site increases with
W increasing sputtering pressure. Equation (1) also tells us that

2-.0 300 ý-6250OK HJ(T) depends on the r0K" product. Although K. decreases
(a) with increasing PA, for PA,> 12 mTorr (as shown in Fig. 3),

2.0 2.5 3.0 a.5 4. Q H, still increases with increasing PAr for PA,> 12 mTorr [as

(2Ku/Ma2 )/61 X 107 (Cm) shown in Fig. 4(a)] because r0 increases, and we have
pointed out this feature earlier.

12

7 10
IV. CONCLUSIONS

The variation of the anisotropy and coercivity as a func-
tion of temperatures is closely related to the polarization of

4e the Pd atoms at the interfaces and the film morphology
(b) which was controlled by the sputtering Ar pressure. The

2 12 dominant mechanism for the coercivity is the wall pinningand the size of the pinning sites increase with increasing the
Sputtering Prasaure(mTorr) sputtering pressure.

FIG. 5. (a) A linear fitting to the exprrimental data afte- Fq. (1) and the r,
obtained is 4.7 A. (b) The sputtering Ar pressure dependence of the esti- ACKNOWLEDGMENTS
mated size of the pinning site.
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Magnetoelastic effect in Co/Pd multilayer films
Young-Suk Kim and Sung-Chul Shin
Departient of Physics, Korea Adva'ced Institute of Science and "echnology; Kmiu,ng-Dong. Yusung-Gu,
Taejon 305-701, Korea

In situ measurements of tile su'ess are reported, and tie magnctoelastic contribution to the magnetic
anisotropy is clarified, in Co/Pd multilayer films prepared by dc magnetron sputtering. Fhe stress
was varied between 2.36X 10(1( and 4.22X 10 'dyn/cm' 2 in the Co sublayer of the film with an abrupt
drop of the stress in tile Co sublayer thicker than about 5 A. This abrupt change seems to be related
with a structural transition of a coheret-to-incolherent matching at the interface with thickening tlhe
sublayer. The stress-induced anisotropy of the samples having perpendicular magnetic anisotropy is
found to be 40%-80%, compared to Niel's surface anisotropy.

I. INTRODUCTION Pd. 'The multilayer structure was examined by low- and high-

Co-based multilayer films are of great interest today be- angle x-ray diffractometry. The mnagnetizatiou was measured

cause of their novel properties and potential technical by a vibrating sample magnetometer (VSM) and the mag-
netic anisotropy was measured using a torque magnctometerapplications. 12 In particular, the perpendicular magnetic an- at an applied field ot 10 kOe.

isotropy observed in those materials has been attracting wide
attention for the application of the materials to magnetic and
magneto-optical recording. Co/Pd multilayer films have been III. RESULTS AND DISCUSSION

reported to show the perpendicular magnetic anisotropy for All samples in this study developed low-angle x-ray-
the samples having a Co sublayer thinner than about 8 A and diffraction peaks irrespective of the sublayer thickness,
Pd sublayer thicker than about 5 A.3-6 The perpendicular which suggests the existence of the multilayer structure in
magnetic anisotropy in this system is generally believed to those samples. High-angle x-ray-diffraction studies revealed
be related to the change in the magnetic anisotropy of' the that the samples were polycrystalline grown along the [I II]
interfacial atoms as a consequence of the reduced symmetry cubic orientation.
in their surroundings, as NMI first suggested. 7 However, re.. Figure 2 shows a typical results of in situ measurement
cent studies have indicated that the stress-induced magnetic of the gap distance between the substrate and the optical
anisotropy also plays a role, especially for the samples pre- probe with the deposition time for the sample having H-A-
pared by sputtering.5 In this article, we report in sim niea- thick Co sublayers and 9-A-thick I'd sublaycrs. The positive
surements of the stress and clarify the magnetoelastic contri- slope for the Co sublayer implies the existence of a tensile
bution to the magnetic anisotropy in Co/Pd multi!aycr films. stress in the layer, while, the negative slope for the Pd sub-

layer implies a compressive stress in the layer. This result is
II. EXPERIMENT as expected, since tie d spacing of the ( 111) matching plane

Co/P"d miultilayer films were prepared by dc miagnetron of Co is 9.9% smaller than that of l'd; however, it is inter-

sputtering mrom 2-in.-diam Co and Pd targets on 4-cmn-long,
3.l-cm .-w ide, and 130-/rm -thick glass substrates at the A r St,',ig Ci,"

sputtering pressure of 10 mTorr. The distance between the I . ,.,,,,,,,,,.,
substrate and the sputtering source was 12.7 cm. All edge of'
the substrate was fixed by a cantilever holder. The multilayer
structure was achieved by alternately exposing tile substrate -, 0,
to two sputtering sources via a reciprocating shutter. T"pical Ph,,tdLcte1tOr Rf......g

deposition rates of Co and Pd were 0.53 and 0.81 A/s, re- pa,.

spectively.
The stress of a multilayer film was measured in situ dur-

ing the deposition using a homeniade optical displaeenicnt A(I~clct,.r - A A A
detection system as depicted in Fig. 1. A displacement sen- (IclA..("lCurclil Ator

sor, composed of 39 optical fibers of 50 jzm core diameter,
was installed behind the free end of the substrate. The back .. 51tcr

side of the substrate was coated by 1000-)A-thick Al to cn- Mull; Cl•r C
hance the reflectivity. A change in the gap distance between N

tile sensor and the substrate, caused by tile stress O( a depos- GI'tt1
ited film, was detected by measuring a corresponding change
in the reflectivity from the back side ofl the substrate. The (1 (AMI 0.I5

sensitivity Of the displacement sensor used in this study was
0.059 V/,wn and it turned out to bC good enough to dletcc t tile
stress caused by a deposition of a l1lo(1 at, to ic ialyer of 7Co or Ii 1. I, Schm ic coilfiguratit l (it nl ill Nitu sti I'I(L' hmea I C 1CIII 'V"t.v'qlii.
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FIG. 2. A plot of tile gap distance vs deposition time for the sample having FIG. 4. A plot of the stress vs the Co sublayer thickness for a series of the
8-,-thick Co and 9-Ak-thick Pd layers. samples having a constant Pd sublayer thickness of 9 A.

esting to note that the slopes of the Co and Pd sublayers are error bar corresponds to the root-mean-square dvviation of
changed with increasing sublayer thickness. To see the varia- the mean stress of the Nth sublayer, which was obtained by
tion of the stress with the sublayer thickness., we calculate taking the derivative at 100 points in each sublayer in Fig. 2.
the stress existed in each sublayer using the well-known The stress in a multilayer film is mainly caused by two ori-
Stoney formula" as follows: gins: an adhesion of the film to the substrate and the lattice

Ests Ad mismatch between two dissimilar adjacent sublayers. The be-
t 1 (1) havior of the stress with the sublayer thickness in Fig. 3

31- ( -(1- v,) At' implies that an influence of the substrate yields a tensile

where E.,, s,,S, 1, and t, are Young's modulus, Poissons's stress with a maximum of 2 .0 0X 1011t dyn/cm 2 in the sub-

ratio, and the length and thickness of a substrate, respec- layer, possibly due to a smaller thermnal-expansion coefficient
tively, Ad is the change of the gap distance and Atf is the of the glass substrate than the Co/Pd multilayer. This effect is
change of the film thickness, E,.=I51 XI0u2 dyn/cm 2, meiiotonically decreased and seems to he negl:gible when

.,=0.3, 1=3 cm, and r,= 130 ,ant are used in the calculation. the film is thicker than about 100 A. Therefore, that a very
Using Eq. (1) we plot the stress as a function of the small compressive stress observed in the first several Pd sn-

sublayer of Co and Pd in Fig. 3. Since the Co sublayer was blayers is not surp:ising; in this thickness range the tensile

deposited first, the Co sublayers are expressed by the odd stress due to the substrate is appended to a compressive
numbers and the Pd sablayets by the even numbers. The stress caused by the lattice mismatch. From Fig. 3 we note

that the lattice mismatch between Co and Pd layers yields a
2.36X 10. dyn/cm2 tensile stress for the Co sublayer and a

,0 -- 1.81 X 101( dyn/cm 2 compressive stress for the I'd sublayer in
""--211.this particular sample, which is larger than the stress of

e -beam-evaporated samples.9
04• 4I.00 " Co sublayer

F Interestingly enough, we have observed that the stress of
o P the Co/Pd multilayer film was suddenly dropped with in-
) 2.0O creasing the Co sublayer thickness. Figure 4 shows a plot of

£> Ithe stress versus the Co sublayer thickness for a series of the
samples having a constant Pd sublayer thickness of 9 A. A
distinct drop in the stress can be seen when the Co sublayer
"thickness is larger than about 5 A. Since the samples were

u) -2.0 prepared on the same glass substrates at the same sputtering
0 conditions, the contribution other than the lattice mismatch
.) -4.00 Pd sublayer to the stress of the film should be the same. Therefore, a

sudden drop in the stress is believed to be related with a
structural change fram a coherent to incoherent interfacial

-6.0 . matching between Co aiid Pd sublayers with increasing the
Nth subloyer Co sublayer thickness. The critical thickness flor a

coherency-incoherency transition observed it, our sample
FIG. 3. A plot (f tile stress as a function of the Nth sublayer of CO and Pd. agrees with a theoretical value of -- 5 A estimated by den
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15.00 ropy energy Ku. As seen in the figure, Kx of --3.11 X 106' and
R -1.87X 10" erg/cm3 are obtained for the coherent and inco-

"-" \ herent samples, respectively. The N~el surface anisotropy KN
\ .0mated 0.16 erg/cm2 . The contribution of KN to Ku for the

samples showing perpendicular magnetic anisotropy is csti-40• Q)t mated to be between 2.7X 106 and 8X10() erg/c,11. tlence,
- the magnetoelastic contribution to the perpendicular mag-

">" netic anisotropy is 40%--80% in comparison with the contri-
0_ bution by Ndel's sufface anisotropy.

0.00 IV. CONCLUSIONS

_ Ku We have investigated the effect of the stress on the mag-

netic anisotropy in Co/Pd multilayer films prepared by dc
500 2. sputtering, it situ measurements of the stress have revealed

Co sublayer thickness that multilayers had a tensile stress of 2.36X 10' 1 1-4.22X 10'°dyn/cmn2 in the Co sublayers. An abrupt reduction of the

FIG. 5. A plot ol'lhe anisotlopy energy K,, and the strcss-iuduced anisotropv stress was observed when the Co sublayer thickness was

K) as a luuction of the Co sublayer thickaess. larger than 5 A, whic" is believed to be caused by a
coherent-to-incolherent transition, It was found that for the
perpendicular magnetic anisotropy of our samples, the mag-

lBroeder and co-workers.1 The structural transition is under netoelastic contribution due to the lattice mismatch is much
investigation by transmission x-ray diffractomctry and will comparable to the contribution by NWcl's surface anisotropy.
be published elsewhere.
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Interface processing in multilayer films
R. J. Pollard, M. J, Wilson, and P. J. Grundy
JoilL' Ph ' vic Lalioi (toit anid SC Ience Re'searchIn 1stituite, UnivritY oif viSalford.
Greate.r Manc/u lei M5 414rT United Kingdom:

We have investigated the effect of ion modification of nmultilayer growth and ionl etching of,
multilayer interfaces onl perpendicular anisotropy and gianit miagnetoresistance in sp~utter deposited
Co/Pt and Co/Cu multilaycrs. These two properties are thought to be particularly sensitive to thle
formn of thle interface profile in miultilayers. We find that thle ionl-assistcd deposition Conditions used
degrade both perpendicular anisotropy and (iNR through interface sm-ioothing and mixing, In
contrast, thermal annecaling and first experimnents in ion etching show that GM1R can be increased by
smoothing of thle Co/Cii interfaces.

INTRODUCTION RESULTS AND DISCUSSION

Co/Pt and Co/Cu MLs are believed to exhibit structure ireI()sosteplrKrhyteislosfra
sensitive magnetic anisotropy 1-3 and giant miagneto- seiesgftree I ( t)shos ile po/a 1.2 r nhyPterMsis deopositedrby

resistance. 4 We have used such systemis as models in prelimni- ionl-assi stedl growth. It Canl he Seeni that as thle ion e nergy is
nary investigations of the effect of ion beamn-assisted sputter inlcreased thle loops dVIparlt mor01e and More from11 sqularenes'S
deposition, ion beam etching, and thermal annealing on these and thle coercivity of the ML Ls dcreases, The shearin g ofth

proertes.loops is reflected inl thle torque curves of' Fig. 1(h), which

EXPERIMENT show at gradual deIcreaISe in tI e torque amlp1 it ide, With inl-
EXPRIMNTcreasing ion energy. The negative slope, tit 0=0t confirmls thle

Thie ML~s wert; deposited in) a UlIV-compatible inagne- normial to the ML as thle easy direction (0 is thie angle he-
troll sputtering system equipp~ed with dc mlagnetrons and at 3 tweoen the normal to thle ML. and the field direction) for the 0)
cmn Kaufman ion source. The Co, Pt, and Cu layers were eV (no ion flux) and 100( cV M Ls. I lowever, for 20(0 eV the
deposited onto glas!- substrates by ion-assisted deposition, t01'iqtt Curve is clearly modified with the appearance of' a
i.e., the ion beamt (0-400 eV, 2 mA) onl and irradiating the ch1ange of Slope near zerou torque and 0-1). Theste changes
ML during growth, or by ion etching. i.e., with) thle deposition indicate that thle effective p~erpendicu~lar ani~sotro~py decreause
interrupted and the top surface of' each Co layer irradiated with mncieasing ion eniergy froml at valuv of' ~-t-0Y) I J in t
with the ion beami for 0 s. T[he deposition rate was allo 0it.1 for the "unassisted MIL. anid that tIile easy direct ioi of imall-

-t. ne za onrtates Irm 11n ain to teMItoardsth

The magnetic hysteresis loops were nmeasu red ii at VSMN plane. A siin ila r result has bieen ob(t)ta ined foir aitm hen i)ci'li etl-
(Co/Cu MUs) or in a Kerr M/0 loop plotter (Co/Pt Ml~s). ing of' at series of 7x(t).4 amn Co/ 1.2 ii Pt)0 MLs. Againl, a
Anisotropy (Co/Pt MLs) was investigated by torque miagne- decreaise iii torque and perpCIcdiCufh~r anisotropy with) inl-
tomietry, and mnagnetorcsistance (C'o/Cu MILs) was measured creasniig ion energy was observed.
by the standard tour probe dc method. Sonic basic structural Sputter deposited ( o/tMl tL~s with thicker- (1 0f.8 ami) Co
changes were inferred from x-raY' diffraction measu remnic ts. layers do not "fhow such st ron g perpciadieu far ~ila isot ri py."
All measurements were carried ou lt at room t inperil tu re. Figu~re 2( a) gives p0lIa r Kerr 101' iv l it Iraseries of ftour I5
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Increasing the beam energy in ion-assisted deposition even- duces a mluch less sheared hysteresis loop at 200 eV, Fig.
tually destroys thle layered structure as indicated by the ratio 3(a). There is a concomitant decrease in the GMR ratio to
of the (Ill) maximum to the first satellite maximum, almost zero, Fig. 3(b).
1,, 111,,,. For the 0, 100, 200, and 400 eV MLs described in Thermal annealing and x-ray measurements 9 show that
Fig. 2,11111,.,I wits measured as 1.7, 1.6, 2.3, and -, resPec- the GMR in Co/Cu MLs is destroyed along with the layered
tively. structure at temiperatures abos e about 30)0 O(C. I lowever, an
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Anomalous interface magnetism in ultrathin Co films with in-plane
anisotropy

F. 0. Schumann. M. E. Buckley, and J. A. C. Bland

U%iIng 0he Inagnict -cpipcal Kerr effect, we have observed it sinking ,cni~i% iti oI tile iagneti

proerlie,, (if utilalm th o ( 'I fl(N.) I film'. to '.nhmllmnolivC! c()verlgc" of ( 'u III paliciti'lta 1.11iQ,

11111111ot0HO11 Cflictil,1:\ Of Ilhe _ICTCrL' h feld If the height ot tile Vl 11 luoop ImgltlIp
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.maximd for the (00) beam did not indicate strong changes in

s80 the perpendicular lattice parameter occurring upon Cu depo-

sition.
The drop in 1t, may indicate a drastic change in the

,, magnetic anisotropy. A correlation between the change in
perpendicular anisotropy and coercivity induced by an over-

140 layer is reported by Engel et al''' for Cu-coated Co/Pd
01 films. We would like to point out that Schneider et al." report

!ii ................................. that the coercive field of films grown at 300 K is much
70 higher than for those of identical thickness gr( ,vn at 450 K.

This observation is consistent with our data if we assume
that the films grown at high temperatutes correspond to tile

coated structures we have studied, as suggested by the obser-
vation by Kit et al. "' that surface ('i segregation occurs ait

10, .elevated temperatures.
The increase in niagneto-optical signal with ('u deposi-

0 o. 1 1.% 2 2.% 1 1. lion is surprising. We find that the degree of enhancement
(u thickness (Nit) due to the 0.2 Mi. Cu overlayer is comparable with the in-

crease in magnetic signal that would occur for an equivalent
HG(i. 2. Ihc te .uli )I A C'atlul analv%.r oft •ic (Cu overlaycr growth %C- inci-.ase in the (o thickness. Schneider ce al." report a reduc-
quencet ot a I .(f, tlu.k ('oi('ulI I I film are %luhmAn revcaling the nonntllol l lioni of the Curic temperature T. uplo.n Cu deposition: there-
ionic be.havior (it Itil ýatuflual~l mIaglnelo-opliclt' %,Ignll[ M _,, III (al). anld libtcoctcivc field U' of I hb). fore one might expect a reduction of AM,,, upon Cu deposi-

lion. Since l•( and M., change with Cu overlayer thickness

dct, it is feasible that 7'' could also be a general function of

thicker Co films. We define the peak enhancement as fol- 'I,, with the reported reduction" being the limiting behavior

lows: at higher Cu coverages. However, because Tc increases rap-
idly with ('o thickness,sjs any effects due to a change in 7'(.

_____(d_'u)- M.(O) should be more pronounced for films with a thickness of
A_ I(() ) with t -. 2 L (1) 1.1d, than for those o1 1,7d,.; our findings show a similar

We can now summarize the main experimental findings for behavior for all Co thicknesses. We can therefore rule out

all the structures studied as follows: H, always rapidly drops changes in the Curie temperature as a possible mechanistm

by roughly a factor of -3, and 6 is always of the order of for the enhancement in loop amplitude we observe.

20% upon the deposition of only 0.2 ML of Cu. At present we cannot rule out the possibility that the

In Fig. 3 we show the thickness dependence of MAt of a deposition of small amounts of Cu acts like a "surfactant,"

1.5d, thick Co/CuO01l) film. We notice again a nonlinear improving the ,;tructural quality of the film. This is suggested
behavior in the submonolayer range as in Fig. 2. At higher by the almost perfectly square loop shown in Fig. 1(b) for
coverage% we see a noticeable drop of Ms,, below the value 0.2 ML Cu coverage. However, further Cu deposition causes
for the uncovered Co/Cu(00t) film, which is more pro- the loop to become less square, which contradicts this expla-
nounced than that wiich would be caused by optical attcnu- nation at higher thicknesses. Also the peak enhancement is
ation through the Cu layer. A low-energy electron diffraction difficult to explain via surfactant effect. It is also possible
study of the energy dependence of the Bragg peak intensity that the Cu overlayer affects magnetic domain pinning or

domain wall energies.
In our opinion, the most likely mechanism for the behav-

ior we observe is that the evolving interface electronic struc-
ture influences the magnetic properties (anisotropy in par-

.I 0 ticular). Recent calculations by Freeman1 6 show that the
,5 presence of a Cu overlayer considerably influences the mag-

netism of fcc Co/Cu(O01). Tile anomalous anisotropy behav-
"ior observed by Engel et al.3' 3 is believed to arise from the
interface electronic structure, although we note that in this
case the maximum effect is obtained for a nonmagnetic over-
layer thickness of around 0.8 ML. In our view, the signifi-

0 1 2 3 4 s 6 cance of tho present work is that it implies that "anoomalous"
Cu thickness (ML) interface-induced changes in the magnetic properties may

FIG. 3. The behavior of M,ý, for a 1.5d, thick Co/('u(t01) tlin. Note M,, also occur for films with planar anisotropy, suggesting that a
drops below the value for the uncovered filh at high Cu coverages. common mechanism may apply ii, both cases.
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FMR studies of magnetic properties of Co and Fe thin films on A1203
and MgO substrates
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L. R. Tagirov
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Institut ffr Experinientalplzysik, Ruhr-Universici~t Boch um, 44780 Bochzum, Germany

The effect-of substrates onl thle magnetic properties has been studied for Co and Fe films both on
A1203 (1120) and MgO (001) substrates by using ferromnagnetic resonance techniques. For Fe(00 I)!
MgO(00 I) samples the thickness dependence of thle magnetocrystalline constant and of the effective
magnetization values have been determined from the in-plane angular variation ot the resonance
field H11,. Differen-t reasons for thle thickness dependencies of thes~e parameters arc discussed. For
Co(l 11)/A1,0 30 1120) the angular variation of l-l() exhibits anl uniaxial anisotropy, for which several
causes are discussed. For Co(l II 0)/MgO(1l00) at four-fold in-plane anisotropy was observed which
is due to the twinned structure of these samples.

1. INTRODUCTION films, were covered by at protective gold layer of411 A thick-

Magnetic properties of' thin films arc affected to a large *1he strcua.rpriso im eesuidb u-f

degre byl withterfsciatrefet andrisiangdfro thes interfactine plane and iii-plane x-ray scattering experiments. It should be
the ilmwit th subtrae. ndestadingthee iterace noted that the structural quality of' our rf sputtered films

anisotropies inl thin ferromagnectic layers is allso cr inpo.- come close to the quality ot thle MBlE grown epitaxial films.4

tant for dealing with the more coniplex problem of magnetic Thle epitax ial relation of' bee Fe) 100) onl fee MgO( 10)1) fol-
multilayers and inl particular with thle analysis of exchange lows the 450 epitaxy expected from the bulk lattice con-
coupling. Recently, anisotropy mleasuremenclts using thle kmn. stants, i~e.. the Fc[ 101)1 in-plane axis is parallel to thle
gitudinal Kerr effect were curried out onl cobalt films grown Mg[111ai.Ti 0flso l( 1()sbtae
by molecular beami epitaxy WB lE') and onl iron films pire- grow in0 axs Tc rhip srCtur depedin on the0 film0 sbthick-

pared by Jf sputterinig techniques.' For tile observed anisotro- nesswit ithe th Ic or I st axistore (0e1pen piding opte rfim enic-
pies possible sources for the film/substiate interaction were ns ihete ie( )ai r(0 )pitn epn

suggested. H-owever, final conclusions canl only bie drawn dicular to the film plane. (Co films onl MgO( 10)1) substrates
after detailed investigations of' the thickness and temperature t*-w in the hicji structure with thle (I 120)1 plane pairallel to the
dependenes of' thle anisotropy have beeni carried out. It is figli P)latte.
well known that tile ferromnagnetic: resonance FM RI tech- FMR :xperimients were carried out at* 9.4 G(iiz in thle

I- tempeJWrat ure range fromt 21) to 41)1 K. Tlhe atngula r depernden -nique is a powerful tool [or tho: study of' lmagnetic' ailisotro- isotepcraweobrvd ihbthfldcmgtc
pies. Here we report thl, results oif a FM R study of the cies ofte-eti ee bevdwt oh thle.d aei

-( field and the high frequency field in the filmn planeplane an isotropN Of C O and Fe~ films onl Al0 I I I -1)I and
MgO((00 I substrates over wide temiperature a~nd thicknekss
ranges. I1l. RESULTS

1I. EXPERIMENTA.F/g
TIhe results of' thle FMVR measuremenlts were analyzed

Cobalt films were grown by MWit. techniques onl using ttile standard formalism (see, e.g.. Ref. 5). Magnetic
A1203 ;(1 10) and MgO( 01)) substrates. D~uring film growth free cilergy was takei; consisting of a1 Zeemati
tile substrate temperature was hlcd constant at T, 020) K for F, - A-l /Sill 0 Los( / - '/,//) . a demagnetization "1-'

the sapphire substr-ite and at T, - 3001 K for tile miagnesium 2 irA-I -' cos- (1. anid at magnctocrystalline atnisotropy term
oxiuc substrates. The sample prpaaion and the growth F,. I(Sl-,214;i"1sn21h
condhition% are described in more detail in Ref. 3 Sonic film.% ii 1 in0sn2b.(
were exposed later to hiighl (temperiatures t 4710 Ki al t ahyvdro- whte rc 0( 01~) 'I nd b(/k, (II) arc thie anugles of tilie magnet izat ion1
gen atmosphere of about l10t min 11 lg. IFor one %aiple pctlie it/ Illagre tic field /1) with II rspect to tilie fi lmi ic noral anld toi
effect of the substrate teniperatu re oil thle anisiotropy wit al"o thle % axis in the Milli planie ý.%v planec), respectively. In our
examined. geomietry 0,, irrr2

Tile Fe filnis were grown by rf sputtering onl Mg( (001)1 By~ fitting thle lollr- fbId an guIa r depentdenlce of thle reso-
.:,:bstrates at 30)0 K in at 5 x 10 1t Ia pure Ar to').999'; I Ilarice field positioni /I(,, the 4 TrV- value and thle cubic an-
pl asma with at groiwthl rate of 0A. A/s. Frhe I 1r details arc i s 11r( p colis' lit K, were de termiiiined. In IFig, I K, is plotted
provided in Ref. 4. In order to p`reVentl oxidationl. tilte iron as, i I fiunton of the reciprocal fim thickness 1. 1 and in Fig.
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6.0 energy the effecti',e value 4 7rMeff should be used. Evaluat-

ing the contribution from the magnetostriction effect to
EU 4"rMeff, the correct sign is recovered, but the magnitude is

"5.0 far from being able to explain the reduction.
A more important contribution to the apparent reduction

4.0 -of 4 'rMeff may come from tile axial crystal field generated
0 4.by interfaces. This uniaxial anisotropy field leads to perpen-

"- ~ -1=30K dicular anisotropy of thin films.7 Estimates show that this
3.0 • -1=130K reason is partly responsible for the apparent reduction of

-T=230K
T -1=293K 4 1rMeff as observed by FMR.

At this point we would like to discuss the possibilities
2,0 12 for a real reduction of the net magnetic moment. Early ob-

10 3/L A , servations of moment reductions in rather thick films8 could
be discarded because of oxide formations on film surfaces
resulting in "dead layers" (see, e.g., Ref. 9). However, this

FIG. i. The anisotropy constant K1 for Fetss l) on MgO(for) pdontcd as a seems not to be tile case here because of the use of a protec-
function of reciprocal Fe tilnm thickness and for different temperatures tive gold layer. From a theoretical point of view, band struc-

ture calculations lead, in general, to moment enhancements

2 4"rM is plotted as a function of temperature and for the at (inter)surfaces due to band narrowing effects (see, e.g.,
different film thicknesses. These data clearly show a thick- Refs. 10 and 11). However, in these calculations. possible
ness dependence of K, and of 4"TrM. quantum fluctuation effects of the local moments cannot be

The thickness dependence of K, may be caused by the incorporated. They are important at real interfaces resulting
epitaxial misfit between film and substrate. If the epitaxial from random anisotropy fields and changes of tile sign of the
stress is located within a few atomic layers near the interface, exchange coupling. In our case, for instance, autiferromag-
we expect K, to vary inversely proportional with the film netic (super)exchange interaction between Fe spins via oxy-
thickness because K, represents the volume density of the gen ions at tile Fc/MgO interface can be expected. Then the
anisotropy energy. X-ray scans from these films revealed ground state would not correspond to a fully saturated ferro-
structural features which arc consistent with this magnetic moment of tile film. Strong frustrations of the ex-
interpretation. 4  change coupling may even lead to some canting of the spills

The thickness dependence of4 7rTM comes as a surprise, near the surface or ilterface ("surface magnetic
at least (or the thickness range studied here. However, it reconstruction- ).
should be stressed that our FMR experiments cannot distin-
guish between an apparent decrease and a real reduction of
the saturation moment due to interface effects. T"hese possi- B. Col A12 03
bilities shall be discussed in the following. FMR measurements on the angular variation of the reso-

An apparent renodIlalization of the saturation molmenl nancec field IH( showed a uniaxial in-plane anisotropy, which
could be caused by epitaxial misfit stresses. In this case ai can be described by the frec energy:
term accounting for tile inagnetostriction effects should le " f energy
included in tile expression for tile free energy. The angular I"(K1 sin 2  -K,-- sin" ((K,,/2)sin 2 11 cos 2 d,. (2)

dependence of this contribution is similar to that for the de- Figure 3 shows tile temperature dependence off the in-
magnetization term. Therefore, in the expression fui 1!ie free plane uniaxial anisotropy field I,, - K,, iM for two samples

with t(o, 1201 A and t1(0,,3511 A. For the ((,, - 120 A thick
sample th,' I/,, value increases with decreasing temperature.

22.0 whereas I r the sample with t(,,:- 3501 A. I,, is reduced as
bulk compart_ . to the thinner sample and is nearly temperature

21.0 --- -independent. After annealing the thin saniple in a hydrogenSatmosphere, the If, vaiue drops and approaches the /I,, value
0 o o for tile thick sample. Moreover, we noticed that lowering tile

2:.0 0 o substrat Itemperature during film growth has the effect of
:• o decreasing the I/,, and its temperatutre dependence seems to

'-19.0 odisappear.

0 • }"`t111 these observations at least two contributions to til':
18.0 - 100 C uniaxial anisotropy can he inferred. The Jý,nlperature depenl-

1. -500 dent part may be caused by strains arising from the differ-
17.0 ,-r , -------r -l ence in thernmal expansion coefficients of the substrate and00 20 300 0T , K the film. This part depends oin tile growth temperature and

decreases after annealing a [ temperatures lhwer than the

FIG. 2. The temperature dependence of the 4 -rA'! value ploticd for all sud growth temnperaturc. The tclperalture indcpcndenit part may

ied samples. be due to internal oxidation of (Co atomlls along lie oxygen
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50 - that 4viM is reduced. This reduction is most likely due to the
reasons already discussed abuve for the case of Fe/MgO.

40 3520 00a IV. CONCLUSIONS
~ 120 (annealed) 00 FMR measurements of MBE grown Co films and of rf

sputtered Fe films on the A1203 (1120) and MgO (001) sub-

t 20 strates have been performed over a wide temperature range
X 0C 000 10 and for several film thicknesses. For all studied systems,

1 0 0 0 000 (;ý 0 0 C 0o film/substrate interactions were detected. The particular an-
isotropy observed depends on the specific substrate material
chosen aud on the preparation conditions such as substrate

0 100 .... 200.. 300 .400 temperature during growth. Thus, for iron films on the

T ,K MgO(001) substrates, a reduction of the 4 iiMeff value in
comparison to the bulk saturation moment was observed
with decreasing thickness. It was argued that this effect may

FIG. 3. Thc temperature dependewte of thc in-plane uttiaxial anisotropy field possibly be caused by surface contributions to the out-of-
H,,K,/M shown for two saniples oi Co(tll)/ A12O3.(1t20) with finti plane axial anisotropy. An additional contribution may come
thicknesses t(.,) = 1210 A and ir,,=3Sl A. Ini addition, the data for tilc thinnler fr nitraerdcino h auainmmn.I h
sample are shown before and after annealitig. fr nitraerdcino h auainmmn.I h

case of Co/A1203 samples with the Co fcc [Ill]I axis perpen-
dicular to the filmn plane a strong and unexpected uniaxial

chains on the A12O3 (I1120) surface as was suggested in Ref. in-plane anisotropy was observed. This anisotropy probably
2, or due to the existence of an array of steps on the surface arises in part from the difference of the thermal expansion
of the substrate which creates uniaxial in-platie anisotropy, as coefficients of the film and the substrate and in part from the
observed by He~inrich et al. 14oxidation of Co along oxygen chains on the A110 3(1120)

surface or from step arrangement on the surface of the sub-
C. Co/MgO strate. Finally, tor Co films on MgO(00l) substrates a four-

The n-pane nguar vriaion if he F R rsonace told in-plane anisotropy was observed due to the twinned

field clearly exhibits a four-fold anisotropy for Co onl hpsrcueo h imadadces fte47Mf au

MgO(0(X)I) similar to anisotropies usually observed for cubhic was ob~tained resembling the Fe/Mg() system,

crystals itl thle (1(H)) p~lanec. Ill cotlitast to Fe, the Co films ACKNOWLEDGMENTS
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The relationship between the microstructure and magnetic properties
of sputtered Co/Pt multilayer films (abstract)

Y. H. Kim, Amanda K. Petford-Long, and J. P. Jakubovics
Depalrtnut of Materials, Universityv of O.ftnrd, Parks Road, O.xford OXI 31'11, United Kingdomn

Co/Pd multilayer films (MLFs) are of interest because of their potential application as high-density
magneto-optical recording media. Co/Pd MLFs with varying Co and Pd layer thicknesses were
grown by sputter-deposition onto (100) Si wafers. X-ray diffraction and high resolution electron
microscopy were used to study the microstructure of the film,-, and Lorentz microscopy was used to
analyze their magnetic domain structure. The films show an fcc crystal structure with a
compromised lattice parameter and a strong (111) crystallographic texture in the growth direction.
The compromised interplanar spacing parallel to the surface increased with decreasing thickness
ratio (tc,itp(), and the columnar grain size decreased with increasing Pd layer thickness. Films with
t(.,,=0.35 nm and td=2.8 nm (columnar grain diameter 20 um) showed promising magnetic
properties, namely a high perpendicular magnetic anisotropy (1.85X 1l) J n, ), with a
"perpendicular coercivity of 98.7 kA m 1, a perpendicular remanence ratio of 99%, and a
perpendicular coercivity ratio of 88%. The magnetic domains were uniform and of" a narrow stripe
type, contirming the perpendicular easy axis of magnetization. The Curie temperature was found to
be about 430 'C. Films of pure Co and I'd, grown for comparison, also showed columnar grain
structure with grain-size:i of the samc order as those seen in the MLFs. In addition the Pd films
showed a (I11) textured fcc structure.
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Identification of magnetoelastic and magnetocrystalline anisotropy
contributions in ultrathin epitaxial Co(11O) films (abstract)

J. Fassbender, Ch. Mathieu, B. Hillebrands. and G. G~tntherodt

R. Jungblut and M. T. Johnson
PhIilips5 Re'sear ch Lab~oratoriesv, I'rof. / Io/.siaaci 4, 5650 AA Einidhoven~, Thie Nedwrciand~s

Magnetic anisotropies of ultrathin transition-mectal films arc inhercutily related to their structural
properties. Inl ultrathin films the large fraction of atorns located at the film interface generate,, strong
interface anlisolropies, whereas elastic strain fields caused by the forced registry of atomis at thle
substrate/hilm interface induce rmagnetoclastic anisotropy contributions.1 3 So far thle experimental
conlfi rmation of thle transition from these thin-film properties to bulk anisotropy properties.
characterized by at dominating miagnetocrystallinle anisotropy, has not yet been presented. Magnictic
anisotropies reflect, depending onl their origin, both thle crystallographic symmetry and thle
symmetry of the film geometry. For at clear sep-.ation between magrietoelastic, nmagnletocrystalline
and 1~el-type interface anisotropy contributions, the film symmetry and thickness must be chosen
such that thle respective different anisotropy contributions appear with different symmetries and film
thickness dependencies. This is the case for (11 I0)-orienited fcc Co films. Ini thle present study we use
the Brillouin light-scattering technique for thle determination of' thle anisotropy contributions. Anl
analysis of the spin-wave frequency measured as at function of the in-plane direction of the external
field and the filmn thickness yields information about all relevant anisotropies. Trhe samples used
were niolecular-beamr-epitaxy grown inl ultrahigh vacuum. Onto at Cu (lit)) single-crystal substrate
a wedge-type sample and two staircase-shaped samples% with distinct thicknesses inl the range of
8-110 A were grown. To obtain symimetric Co/Cu interfaces the Co layers were covered with a 12
A Cu layer, Finally, a 25-A-thick Au protective layer was deposited. Low-energy
electron-diffraction studies were used to obtain thle structural data of thec films. All relevant
anisotropy contribu tio ns-thle magnetocrystalline anisotropy, and thle uniaxial in-plane and
out-of-plane anisotropy contributions-were determined. Three different anisotropy regimes are
obiserved ats a function of thle Co layer thickness d(,, .This thickness regime up to 13 A is dominatcd
by the miagnetoclastic anisotropy contributions as a result of thle pseudonlorphic filmn growth of' thle
Co layer. For Co layer thicknesses larger than 13 A we finid a reduction of the magnectoelastic
anisotropy contributions,. This is structurally correlated to anl anisotropic relaxation of thle inl-plane
Co lattice constant. In the regime of d(-,,>50) we observe a thickness-independent value for thle
magnietocrystall ine anisotropy contribution K1  - 8.5 X 105 erg/cm11 3. This anisotropy contribution
is largely sup)pressed for d(.)<50t A. This finiding might either indicate at breakdown of the usually
postulated linear superposition principle of magnetic anisotropy contributions to the tree anisotropy
energy, or it might point to at subtle modification ot thle electronic blind structure. At the onset of thle
nlagnetocrystalline anisotropy we find a change inl the easy magnetization direction from (Ot) ) for
thin Co films to (1 11) for thicker ones. For at more detailed discussion see Ref. 4.

This wcork is supported by Deutsche F-orsctiai~igsgeiniciiis.ctizatt throught SF0B
341.
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Coupling and Transport in Unusual Systems S. F. Zhang, Chairman

Nature of half-metallic ferromagnets: Transport studies
J. S. Moodera and D. M. Mootoo
Francis Bitter National Magnet Laboratory, Massachusetts Institute of Tkclnology. Caambridge,
Massachusetts 02139-4307

The half-metallic ferrornagnetic compounds due to the absence of states at El.. for minority spin

electrons, as predicted by band theory, should exhibit unique features in their transport properties.
Transport measurements conducted as a function of 7' and H for NiMnSb and PtMnSb thin films

show interesting behavior. In H =0, the resistivity versus T shows the absence of the T2 dependence
at low temperature found in ferromagnets such as Fc. Ni, etc. The Hall constant increases

significantly below about 100 K for both compounds; NiMnSb shows a factor of seven increase.
Transverse magnetoresistance changes sign between 295 and 4.2 K. Transport data seem to imply

a drop in the carrier density and a large increase in their mobility at low temperatures, which is
consistent with zero density of states for minority spins at E,.., but additional measurements are
needed to clarify theoretical understanding.

I. INTRODUCTION 500 'C. After annealing these filnis at the deposition tern-

The prediction of an energy gap for the minority spin peratures for 20 mnt, they were cooled to room temperature
carriers at the Fermi level (E.,) in certain Heusler alloys has by turning off the heater. Films were analyzed by x-ray dif-
not yt tbeen verified.l Such materials have been called as fraction, EDX, and Auger depth profiling to confirm the for-
half-metallic ferrornagnets, in that only majority spin carriers mation of correct phase and chemical composition. Film sur-

haf-ehton polarize cindc-s faces showed nonstoichionmetry down to several tens of A
occupy the Fermi level, leading and beyond that, 1:1:1 ratio of the three elements were ob-
tion electrons. Among several compounds which may be served within the accuracy of the Auger analysis. In order to
classified as HMF. NiMnSb, and PtMnSb are the two com-

pounds that have been studied the most.2- 4 However, very prepare tuynel junctions over these films the surface was

limited transport measurements have been carried out. The cleaned by Ar ions at shallow incident angle and inimedi-

study on polycrystal and single-crystal bulk samples of ately covered with A110 3 by sputtering onto these films using

NiMnSb and PtMnSb by Otto et al.3 covers the resistivity a sapphire target. Aluminum thin films, 40 A thick, served as
the top electrode. Tunnel junction preparation was carried

and Hall-effect measurements in the whole temperature out in a modified ion milling system. Optimum conditions
range, from the ferromagnetic Curie temperature to the for obtaining useful junctions arc yet to be found.
liquid-helium range.. However, detailed temperature variation Magnetotransport measurements of these filmas were car-

of p at low T is lacking. For normal ferromagnets such as Fe, e ot in t te m eaturemrnge of thes-1.1 K andeapplied

Ni, and Co near liquid-helium temperatures, p varies as T2 ried out in the temperature range of 300-1.1 K and applied

due to spin flip scattering of charge carriers by magnons 5.0 magnetic field up to 20 T, using a water-cooled Bitter mag-

In the case of an HMF material the absence of spin-down net. Results ofthese measurements are presented below.

states at EF, is expected to change the character of spin scat-

tering, leading to the absence of spin flip scattering for the III. RESULTS AND DISCUSSION
majority spin carriers, with p vs T not showing T 2 depcn- For both NiMnSb and lPtMnSb the resistivity decreased
dence at low temperatures. The ultimate test of the theoreti- with temperature as shown in Fig. I. For these films p at 300
cal prediction is the direct measurement of spin polarization K is higher than that reported by Otto et al.3 for single crys-
of conduction electrons which can be performed by spin- tals of NiMnSb and PtMnSb. In the case of NiMnSb, p de-

polarized tunneling technique. In order to carry out tunnel- creases more rapidly below about 100 K. whereas PtMnSb
ing, thin films are orders of magnitude better than single shows a nearly uniform drop in p. l)etailcd low-temlpcraturc

crystals for preparing planar tunnel junctions. In addition, variation of resistance for both compounds is shown in Fig.
careful transport measurements can be performed with rcla- 2. Below - 15 K the resistance decreased linearly with tcn-
tive ease and sensitivity. In this paper we concentrate on the perature. This is different from the T 2 dependence of p ob-
magnetotransport properties of thin films of NiMnSb and served for normal ferromagncts such as Fe, Ni, and Co in
PtMnSb compounds. this temperature range, 5 and also observed by us for a pure

Fe film prepared under similar conditions as used for
II. EXPERIMENTAL NiMnSb and PtMnSb films.

Transverse magnetoresistancc of both PtMnSb and

Thin films of NiMnSb and PtMnSb were prepared by NiMnSb tilms was negative at 295 K, all the way to 20 T. At

three-source coevaporation on glass substrates held at 450- liquid-helium temperatures it changed to a positive value for

J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6101/3/$6.00 © 1994 American institute of Physics 6101
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The Hall effect, as expected for a ferromagnetic mate- other phases, below the detection limit of powder x-ray dif-
-ial, showed two components as a function of applied mag fraction, can also dilute tile ItMF effect in these materials.
netic field. In fields up to -- 1 T, a large anomalous 1-lall Negative ni-gnctorcsistancc at higher temperatures for
voltage was observed and beyond which the ordinary Hall NiMnSb may be interpreted as due to inelastic s-d scatter-
voltage (positive) increased linearly with H. The anomalous ing, which reduces to negligible values at low temperatures,
part decreased as T decreased, consistent with an increase in which in turn is due to reduced thermal fluctuations and to
the film magnetization. Ordinary Hall constant (R?)) plotted the absence of spin-down states at El,-. This tetative expla-
ir Fig. 4 as a function of T shows a small increase down to nation again depends on the presence of an energy gap for
-100 K, below which it increases significantly by about minority spin carriers. In PtMnSb the corresponding energy
20% for PtMnSb and by a factor of 7 in the case of NiMnSb, gap is even smallerl and hence the effects are smaller. The
Similar behavior was observed earlier by Otto et a/i in poly- effect seen in the transport measurements car, also result
crystalline bulk samples. from a structural phase transition below roonm temperature.

The transport properties of the above HMF compounds The above conjectures need more support from further stud-
thus show unique features. There arc no theoretical models to ies on these compounds. . or instance, thermal conductivity,
explain this behavior. The temperature variation of p is inter- specific heat, and MOKE measurements as a function of tem-
esting, particularly the linear dependence ol p vs T. Accord- perature and magnetic field will certainly shed more light
ing to theoretical prediction, if there are no spin-down states onto the nature of these compounds. 1:1 addition, structural
at Ej.., then spin flip scattering for spin-up charge carriers studies below room temperature are necessary.
due to magnons is forbidden. This will lead to the absence of
r2 dependence of p and to an increase in the mobility of the IV. CONCLUSIONS
charge carriers, Since the Curie temperature of PtMnSb and In summary, NiMnSb and PtMnSb compound thin films
NiMnSb are 582 and 730 K, respectively, 2 one may not ex- show interesting temperature changes of resistivity and Hall
pect many magnons at near-heli:,m temperatures. This means coefficient. This behavior appears to be consistent with the
absence of T2 dependence of p does not provide conclusive band structure calculation for these half-.metallic compounds.
proof for the absence of spin-down states at El,,. In addition, However, study of other properties is needed to confirm the
scattering processes such as electron-phonon, electron- above observation.
"electron, etc., can give rise to nontrivial p-T dependence.
However, ordinary Hall coefficient increase by a large ACKNOWLEDGMENI'S
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Magnetoresistance and magnetic properties of NiFe/oxide/Co junctions
prepared by magnetron sputtering

T. S. Plaskett and P. P, Freitas')
INESC, R. Ahles Redol 9-1, 1000 Lisbon, Portugal

N. P. Barradas, M. F. da Silva, and J. C. Soares
INETI, EN O, 2685 Sacavem, Portugal

NiFe/oxide/Co junctions wete fabricated by magnetron sputtering for studies of polarized electron
transport across the insulating barrier. Als0 3 , AI-AI 20 3, and MgO insulating barriers were prepared
with junction resistai_'es from 0.5 to 116 fl. The I-V characteristics at room temperature are linear.
For low barrier resistance, the magnetoresistance of the structure is dominated by the anisotropic
magnetoresistance of the ferromagnetic electrodes. For the higher barrier resistances, a different
magnetoresistance effect is observed, which is tentatively related to tunneling or spin-valve effects
across the insulating junction.

I i. INTRODUCTION of A120 3 or MgO in a mixed Ar/0O atmosphere, containing

Ferromagnetic/insulator/ferromagnetic junctions have 2%-10% 02 by volume, from metallic Al and Mg targets.
been studied in the p in order to clarify the effect of The reactive sputtering of the oxide layers was done at power
spin polarization on the tunneling current across the insular- densities of 1 W/cm2, rates of 0. 2 A/s, at an Ar pres1ure

ing b-irrier. These experiments were carried out at low tern- of 1.5 mTorr. In the thermal oxidation method, a thin layer of
peratures in the tunneling regime of the I- V curve. A change Al was deposited on top of the NiFe electrode. The sample
in the junction zero-bias conductance was observed, which was brought to atmosphere and oxidized in air for 36-1(101 h

ino thodjunction zero-biasyconductancelwys observed, which
depended on the relative magnetic state of the boitom and to produce an AI-A1203 layer. Tie Co layci was then depos-

iop electrodes. Due to the relative size of electrode and june- itcd. The oxide thickness was varied froi 25 to 3(( A, ard

tioti resistances, the magnetoresistanee (MR) of the ferro- electrode thickness was either 40( or 1500 A.
magnetic electrode was neglected. The oxidation process was studied by Rutherfbrd back-

Recently,4 work has been reported on NiFe/AI-AI 2O./Co scattering (RBS). For this purpose a thin Si(100)/NiFe(50

j;,rictions. These authors claim spin-tunneling effects at room n)/A1 20 3(tiC(50 A) structure was prepared without break-
temperature, although it is not clear how the MR of the fer- ing vacuum. Figure 2 shows the oxygen content, obtained by
tutagnetic electrodes was avoided. RBS, for a series of samples with various AIO1 thicknesses.

in this paper we describe a study of NiFe/oxide/Co
structures, where three types of oxide barriers were prepared,
Ytactively sputtered A120 . and MgO, and thermally oxidized (a) -- Fe
Ai-A120 1. A systematic study of junction resistance, I-V V
characteristics, oxide structure, and magnetoresistance be-
havior is reported. We find that when junction resistance is of L-, -

the order of the electrode resistance, ;ciectrode MR domi- Co0-
im, es. For junctiol resistance much larger than electrode re-stance, the observed magnetoresistance is ascribed to tun-

neling across the oxide. n u to
___________ P1(1.Insulator - _

IL. EXPERIMEN TAL METHOD

The samples were prepared by inagnetron sputtering in a
sysion. with a base pressure of I × 10 "7 Tort. Tihe ferromag- (b) , _ ... ,•
niefic aod insulating layers were deposited through metallic oC-T-• -•'--"" "'

ra,wsks to produce the cross pattern shown in Fig. Il(a). The Co

junctio;n has an active area of 1 mmn and the oxide layer is
,!'p•-i ed through a circular mask with a diameter of 5 mm as
irn order to prevent shorts between the top and bottom elec- H Insulator
trodes. The ferromagnetic electrodes were deposited at a rate 7ppI. I

of I A/s in a magnetic field of 100 Oe to induce an easy-axis NiFe,. I
direction along ille Ni 8 ,Fe19 and Co bars.

lThe insulating oxide layers were prepared by thermal
o'ilda!on of a metallic Al layer, and by reactive rf sputtering

FI 1-. (a) Schenatic diagrami ot the Irnagliet/itsuhaor/ferrttip•net
:Atn at 1S'l, Av. Rnvisc' Pais, IN 6., Lisbon. Portugal. cross structure; (b) entarged view of the junction area.
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The oxygen content is proportional to the oxide thickness,
and the slope indicates an A12 01 stoichiomnetry. The extrapo-
lation to the origin corresponds to a Ni Fe oxide layer of 20 One signature o teured Thin tuneeling is a noniliear
A. The measured 0, content at the origin is due to behavior of the I-V curve. This has been shown at low tern-
native layer on the substrate. The main conclusion is that peratures for Fe/GclCo. and Ni/NiO/(NiFe,Co) juictions.
during the initial growth of the A1203 layer, the NiFe is being Our I-V charactcristic, at room- temperature arc linear over

oxidized. four orders of magnitude, and therefore give no evidence for
Tihe main problem with these thin oxide layers is the tunneling across the oxides.

existence of pinholes, leading to a low junction resistance of Another signature for tunneling across an insulating bar-
a few ohms. Also, the junction resistance sometimes de- rier comes from the magnetoresistance measurement.
creascs significantly at current densities as low as 0.1 A/cm2 . Slonzceski's theory for spin tunneling across an insulating
This occurs through irreversible dielectric breakdown taking barrier5 predicts that the magnetoresistance is a function of
place for fields of the order of 2X 105 V/cm, the cosine of the angle between the magnetizations in both

electrode layers. In Fig. 1(b) we show the junction structure
under study. The easy axis on both electrodes arc at 900 to

III. RESULTS AND DISCUSSION each other, such that we will always have one of the layers in
Table I summarizes the oxide type and thicknesses stud- a hard direction when the field is applied along one of the

ied, and the measured junction and electrode resistances, "'he electrode bars. With this structure, one of the magnetizations
junction resistance includes both insulator and electrode re- reverses by rotation, therefore producing a configuration
sistances. The electrode resistance in the junction area was where the angle between the two magnetizations varies from
measured using the same geometry as shown in Fig. 1, but 00 to 1800.
without the oxide layer. A simple calculation of this resis- Figure 3 shows the hysteresis loop for a
tance shows that most of the current in the junction area is NiFe/AI-Ai 203/Co structure where the electrode thickness is
in-plane. Notice that high junction resistances were observed 40t0 A, oxide thickness is 40 A, and the junction resistance is
only for MgO barriers. In this case, junction resiz;tance is 1.0 Q. The applied field is parallel to the Co easy axis. The
about 800 times higher than electrode resistance. For the Al NiFe is In a hard-axis direction and should start reversing at
oxides, most junction resistances are of the order of the elec- a 4 or 5 Oc positive field. This is not observed. The curve is
trode resistance, shifted giving rise to 100% remanence at H= 0. This may

indicate a ferromagnetic 2-3 Oc pinhole coupling. Between
-5 and -20 Oe the magnetizations of the Co and NiFe

"TABLE I. Oxide types, thicknesses, junction resistance, and electrode resis- layers are antiparallel.
tance in the junction area. Figures 4(a)-4(d) show the magnetoresistance behavior

for the same sample, for different orientations of the applied
Junction Electrodes field, either parallel to the Co easy axis (a), pa.allel to the

I R 1(cach) R(Iolal) NiFe easy axis (b), or at t45' to the Co easy axis (c) and
Insulator (A) (ft) (A) (11) (d). The main conclusion of these results is that the observed
A 2 .O, I(W) 0.4 1()0( MR comes from the anisotropic magnetoresistance produced

400 20 400 0.75 by the in-plane current component in each electrode [see Fig.

AI-AI2,O 40 1.0 401 0.75 1(b)]. In Fig. 4(a) the Co reverses by domain-wall motion
6t0 1.4 4ot 0,75 leading to no AMR. Oil the other hand, the NiFe is perpen-

ItS) O.9 40(0 0.75 dicular to the in-planc current component at saturation, and
2(H) 0.4 ,400l 0.75 becomes parallel at near-zero field, leading to the observed

MgO 150 116 1500 0.15 positive AMR, In Fig. 4(b) the NiFe now reverses by
100 0.4 1500 0.15 domain-wall motion (no AMR), and the Co rotates from per-

rperldicnllar to the in-plane c-rrellt at sallralion to parallel to
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FtC(. 4. Mignellrov csi.ioec r ltle %nimc •lirdure ,hllwn in Fig. .3. hul w ill
the naglel fielddii applied along dilf leill ofelal olils 'Ilie angular depen-
dence of' the MR comes froiii the ;isolropc nnigneloiesislalice ol tie lt- 116.i.. K llg oresisuihnc hor i Nic!Mg()/('o structure, where Ihe jtlllC~ionl
ronlagnetic elc'iodcs. Junction resisallce i b ot sl olde r w. Ic, c t.rode . rtesiance is I1 h hllger (han ,ii clrod, resiktlcc. No AMR is ohserved.

resistance.

sible exchange coupling between MgO and the NiFe or Co
layers, and the formation of' magnetic oxide compounds at

the in-plane current at zero field. The definite proof of AMR the interfaces. When dielectric breakdown occurred in this
is the negative magnetoresistance found in Fig. 4(c), where same sample, and junction resistance dropped to 3.5 1, the
both tile NiFe and Co at zero field have ,nagnetization corn- elcctiode AMR became comparable to the junction signal.
ponents perpendicular to the current. This resuti is not unex- Again. we emphasize that the MgO junctions show linear
pected since in this sample the junction resistince is 1.0 f1, I-V -trves at room temperature. This may indicate that the
which is of the order of the electrode resistance in the june- observed MR has a different origin than tunneling.
tion area. The main conclusion of this study is that further work is

OOn the other hand, on one of tile NiFe/MgO/Co samples, needed in order to produce stable, high-resistive junctions,
the junction resistance is about 800 times larger than the with high dielectric breakdown. Only in this case can the
electrode resistance, and it is Zlow possible to probe the june- junction contribution to the perpendicular MR be measured.
tion MR. In this case, the voltage across tile electrode arms Whether tunneling effects across insulating layers can be ob-
comes mainly from the junction. Figure 5 shows the mea- served at room temperature, remains an open question.
sured MR signal, for an electrode thickness of 1500 )A and
oxide thickness of 150 A. Contrary to the sharp poý;itive and ACKNOWLEDGMENTS
negative MR peaks shown in !-'ig. 4, which are characteristic
from electrode AMR, Fig. 5 shows essentially positive MR This work was partially supported by STRDA/C/CEN/
for all orientations. In Fig. 5(a) plateaus occur in tile MR at 461/92 program. One author (N.P.B.) was supported by a
low fields, when the magnetizations of the electrodes are CIENCIA/JNICT stipend.
antiparallel. This geometry, and the measured hysteresis loop
is similar to that described in Fig. 3. These MR results are M. Julliere, Phys. LeOl. 54A, 225 (1975).
characteristic of tunneling or spin-valve effects.3 .4 " M. Tedrow and P.. Mescrvey, lPhys. Rev. 0I 7, 318 (1973),

'S. Mackawa and U. (iifvOcr, IliE '.rl'ms. Magn. MAG-18, 707 (1982).
The details of Figs. 5(b) and 5(c) are not yet fully un- 41', Yaoi, s. IshIlo, aind TI. Miyataki, J. Magn. Soc. Jim. 16, 3013 (191)2).

derstood, and are being invcstigatcd with respect to the pos- 5J. Slotnczewski, P'hys. Rev. 1 39, 0995 (1989).
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Changes in resistivity behavior of metallic glass Fe70Ni12B316Si2 due to
molybdenum substitution for niick

A. K. B3htnagar"~ and B. Seshu
',c hINc itc/ Hit / %1 ic I' mit r/ %1/ . 11 H%/i/c cji'cjc. /1% dc/c*, ci icccjS 1)I 4. bcchia

K. 0. D. Rathnayaka and D. G. Naugle
1hI)l'j r 1114 -11 ci I cc '/I%%I ,c 1. 1 cc% ., % k. Alf ( icc ,cfim. ( cc//ca'c Siccrlml,, jiItIN - 784.?

']hIe ChilgLS III thle re..iIVIt. ehahiVmo 01 intaltme glass j~c .Ni,. , Mo,BI,1,Si~ are reported as
functioin ofl Mci stbtituticci (.% (). 2. 4. and Wi or Ni at teniperazuies between 3(00 and 1.5 K.

The temp~erature dependence: ol' the resistivity of0 many The normal ized resistivity r('' (T/ 6 ,where 1)() is
imagne tic and in linmagnetlic metallic gl asses belo w rioom Weill- the resistivity atl thle ice point, is plotted in Figs. I and 2 as a
perature results [ron a numhecr of scattering mchlanlismls. function of, temperature, Tfable I lists roomn-temiperature resis-
and local izat ion and C oulom nb intie ract ion e ffcci s ill thle t ivi tics p)( R'). teminperau ure coeffticient of resistivity (TCR)
highly disordered structures. Metallic glasses wvith Fe-rich defined as t) 1(dpl/dT') , assumintg lineair7'Idepcendeneot p
composition based onl Vc(B, and Fe511lB, 1  S i, , Which are near RIU, and Curie temperatures (7'() for tile samnples. Thc
ferroniagnetic, normally show at positive temperature coefti- resistivity increases with the addition of Mo. the initial in-
cicut ot resistivity (TCR) at roomn temperature, and their re- crease being about 30% for x=2 after which the change is
sistivity exhibits at minimium in its value usually at at temli- about 3 41 cmi/Mo at. %, The TCR, tile magniitude of which
perature (Ti, below 21) K. Addition of Ni or Co for Fe in is typical of most metallic glasses, decreases with increasitng
such systems does not shift 7',,j, very much10 but additiotn of roomi-temiperature resistivity, hence with Mo concentration.
Cr or Mni does change tile resistivity substantially ias fiar as This is expected from Mooij 's correlationt. Although
7',,,j, is concernecd. It is known that aI substitution of. Mo. a samples S4 and S6 have p(RT) higher thani 15(0 p.41 cmn, tile
nonnmagnetic mectal, reduces the Curie temperature (7'(.) of TCRs for these samples are still positive at 300 K.
re8flB20 (Ref. 1) and (Fc1 .,M0J 75l"I~,Bi,Al3 (Ref. 2) appre- The temperature dependence of tnormalized resistivity
ciably, the effect of Mo ')eing more drastic in the latter glass. tr(7T) (Figs. I and 2) exhibits substantial changes as the Mo
Ol 'lie other band(,, substitutiont of Mo inl a metallic glass like concenitration increases. Sample SO behaves typ)ically as
Fc7,,Ni12B,,,S'2 does not change 7'(, and magnetic properties other iron-rich metallic glasses like Fe8(1B2(1, with almost liii-
as much as ill the above two mentioned metallic glasse.s.31 car behavior near 300 K. A minimum in resistivity is ob-
The similarity of magnetic properties of' Cr aztd Mo substi- served at 15 K, and below this temperature the resistivity
tuted Fe-B3-Si glasses hans motivated us to invesiigate whether ratio shows a negative TCR. For S2 the temperature depen-
a similarity ill thle resistivity behavior also exists in thlese two dence becomnes less pronounced, atid exhibits a resistivty
types of glasses. We present measurements of thle resistivity millitunm at about 45 K. H-owever, the re-sistivity ininimum)
of the metallic glass systemi Fe7,0Ni12 ,,Mo, B,,Si. These is much broader than that for SO). H-igher Mo conicentration
glasses remain ferromnagnetic at roomn temperature 01T) and changes the resistivity behavior signlificanltly. The miinimluml
below even for x = 6. We compare thle results with those re- shifts to much higher temperatures. T ill values for S4 and
ported for Cr substitution in ferromiagnetic glasses and dis- S6 are 195 and 232 K, respectively, Because '' for S6 is
cus,; them qualitatively, close to room temperature, its negative TCR range is much

Fe71,Ni1 2 -cMo,131,,Si, samples (SO, S2. S4, and S6, cor-
responding to x = 0, 2, 4, and 6, respectively) were prepared
at Allied Signal. 'Tile ribbons were 0,5 cmn wide and 20 'Unm
thick, Glassy structure was confirmied by x-ray diffraction 10
and differential scanning calorimetry. The resistance was
mieasured between 300 and 1 .5 K using tile lout-probe dc 1.00-method, Tile temperature was changed quasicontinuously .
with a 5-10) K/h drift in temperature, Thle samples were ert-6
closed in at double canl, one in high vacuum with anl inner canll 0.98'
for the samples having 0.1 Torr of lie gas for good thermal 0.97-
contact. Changes iii the resistanlce with ain accuracy of better
thlan two parts in 10- were detected. Theli accuracy in the 0.96- d

room- temnperatu re resistivity is determined by geomectrical 0.95
factors. Curie temperature (7'(.) determined by a vibrating
sample magnetomleter as well as by differential scanning 0J9  100 200
calorimectry are in good agreement with each oilier. TI (K)

"Ptrcciccc itdi civ: D epartmenit of Phtysics, 'Tcxis A & M Un iversi ly, Cot tege tIG. 1 . Normaltized resist ivi iy r ( ) vs temccperatucre T: (a) t',Ni. ~
Staictoii, 'TX 77843. isicopte SO) micitd (b tIc)1,Nil Mo2t3l,Si, (saicple S2).
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FIG. 2. Normalized resistivity r(T) vs tcmpcrature T: (a) Fc70NisMo 4B1,,Si2  FIG. 3. Ar/rlnin) vs 7`
2  for samples (a) F ,711Nil12Bi,Si 2, and (hi

(sample S4) and (b) Fc7 INi(,MoBIbSi 2 (sample SW). FeC7,Nil,,Mo.B,,Si2 for T< 7,,.

larger than for the other samples. The total change in resis- cient of the order of 10 - K between 200 and 300 K indi-

tivity from RT to T= Tin for SO is about 5% while this eating the possibility of a contribution from magnetic scat-

change is less than 1% for other samples. These figures also tering to the total resistivity.7 For lower temperatures but

show that r(T) of both samples S4 and S6 exhibits a weak above 7",,ni, a quadratic fit in T adequately describes r(T)

maximum followed by another weak minimum at lower tern- which may include the 7.2 magnetic scattering termn7 in addi-

perature. The broad resistivity minimum for S2 may be con- tion to the 7"' contribution as predicted by Ziman's theory.8

sidered as the precursor to the development of a second Data for S4 and S6 samples were also fitted to the second-

minimum. Similar results have been reported for glassy order polynomial in 7' for T">T7,,, which resulted in a linear

Fe8(xCrB 2 0 (Ref. 5) and Fc8)_.,MOB 2l0 (Ref. 1) although term with a negative coeflicient of about 5×X 10( (K 1) and

it has been reported that Tlin for glassy Fe80 .Mo,B 2 () (Ref. a positive quadratic term of the order of 10 7 (K 2). The 7.2

6) increases with x up to x=4 but then reduces for x-=6 term, we believe, is due to the magnetic scattering 7 since the

while we find that, for our sample S6, Tnin is larger than that Ziman theo , predicts a linear T dependence near RT. Tile

for S4. We speculate that this difference may be due to the negative linear term is most probably the contribution due to

presence of Ni in this glass. A reasonable linear correlation the incipient localization effect as .xpected from Mooij's

between Trotn and p(RT), and T in and Tc. within experimen- correlation with p(RT). In the negative TCR region, it is

tal uncertainty is observed. These correlations indicate the controversial as to whether the increase in I(T) of ferromag-

possible importance of roles played by the structural disorder netic giasses is due to a "Kondo-type effect," structural dis-

and the magnetic property of the samtples in addition to other order induced two level states, or weak localization and ('ou-

physical mechanisms in determining the behavior of their lomb interaction effects. Numerous reports indicate that the

minim'lm in resistivity. The temperature at which a local temperature dependence of resistivity of many magnetic and

maximum in resistivity is observed for S4 and S6 is practi- nonmagnetic metallic glasses can be fitted to 7'/2 reasonably

cally the same for both samples, while the temperature Triin2, well below T, at which minimum in resistivity is observed,

at wl'.,ch the second resistivity minimum is observed, de- with negative slope as predicted by Coulomb interaction

creases slightly with increasing Mo concentration. Values of theories.9 To check whether our samples show the similar

Tnmin and Trin2 are listed in Table I. Errors in these values are trend, we have plotted, in Figs. 3 and 4, Ar/r(min)=[7')

determined by the flatness of the resistivity variation near -p(min)]/p(min) vs T'' 2 for T<T.in for SO and S2, and

these temperatures. T< 7'urai2 for S4 and S6. It is seen that it exhibits a linear

For discussion pu~poses we shall divide temperature in- behavior, and that the slopes for all of these samples are

tervals as follows: (1) T>T in, (2) T<Tinu2, and (3) approximately constant (-5 10 -4 K /2). A similar observa-

Tmax<T< Tami. For T>T. in, the resistivity ratio r(T) can tion was reported for FeS0._.XCriXB 2[l samples for x<20.5 Ac-

be fitted to a second-order polynomial in T with a linear cording to the Coulomb interaction theory,9 tile major contri-

coefficient of the order of 10- 4 K-1, and a quadratic coeffi- bution to the resistivity arises from the diffusion channel
which predicts an additional term to the conductivity, which

TABLE 1. Various measured parameters for Ftcl()NiI 2 -xMoBI5Si2 metallic in absence of spin-orbit interaction is given by 5

glasmes. For cxplanationl of symbols see tile text.
1.'. ki/" 112

p(R~'t) ('45%) TCR (RT) TI,,~,i T,, ... T,i,,2 "lC __(H T_=- _4_-_ h
(at. %) (gf cm) (K-) (K) (K) (K) (K) o-)(H,T) l-

0 1019 2.(4X10 15--2 7001 (A4+,)

2 139 8.94x10' 45±5 ... ... 635 x \ + 1 3t +930

4 152 3.04X 10 195t2 22±2 13:.2 558 .3 2 1 J
6 161 1.38x , 232±2 20±2 10±2 476

where
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0.007 a linear dependence on - 7"/2 in this temperature interval
also. We also find that Ar/r(min) for these samples can be
fitted to an expression (a - b In T) equally well in this tem-
perature interval which is predicted by either two-level tun-00 neling or Kondo-type magnetic scattering,"' however, the co-

6efficient b is about one order of magnitude greater than that
"1. found for Fes,,B.,o rCe. and similar metallic glasses. 7 The

.0slope of Ar/r(min) vs T in this temperature range is only
about one and a half times larger than that found below
Train2. Whether this T11 2 temperature dependence is due to

0. 14 .6......... 2.4 Coulomb interaction effects or not is difficult to conclude at
1.2 1.4 1.6 1.8 2.0 2.2 2.4 this time although one would expect these effects not to be

TII:(K0) appreciable at such large temperatures. Most probably, the
higher-temperature region has resistivity contributions from

FIG. 4. Ar/rtminl vs 7"1'2 for samples (a) Fe-,,Ni 8Mo4B,,Si2 , and (b) other mechanisms, e.g., magnetic scattering, localization ef-
Fc7,1 NiMo,,B 6Si 2 fir T T- 2. fects, etc., as well, and one needs to do additional measure-

ments like the magnetic field dependence of r(T) to get a
better understanding.

32 3F .F) 3
/
21 Thus, the resistivity behavior of Fe70Ni, 2 Mo.,B16Si2 is

S(F) 1 +--- I + similar to that of Fe-Cr-B metallic glasses, 3 i.e., the tenmpcra-
F 4 2' ture dependence of resistivity shows two minima as Mo con-

is a measure of the electron-phonon interaction. The function centration is increased. Since it is very difficult to make high
g3(h), where h =gpjI-H/k8 T, has the asymptotic form concentration Mo amorphous samples, it is difficult to deter-
0.056h 2 for h 4 1 and (h 112_ 1.3) for h / 1. Various constants mine whether Tmint (observed at larger temperatures) would
have the usual meaning. We have calculated an upper limit start decreasing for large Mo concentration samples or not.
for D, the diffusion constant, from this expression by taking Similarity of M6ssbauer spectra of Mo and Cr substituted
the limit W - 1 =0 and find it to be -3.5 X 10 5 and 7.8X 10-s Fe-B-Si/Fe-Ni-B-Si and Fc-B-Cr samples, the fast decrease
m2/s for SO and S6 samples. These are typical values (within in Curie temperature with concentration, and the similar be-
a factor of 2) reported for other metallic glasse5. Hence, the havior of resistivity indicates that Mo in these glasses in-
assumption that the temperature dependence of the resistivity duces an "interaction" similar to that of Cr. It has been
of Fe 70Ni, 2 ,MoB1,6Si 2 at temperatures below 10 K is suggested2 that this interaction is an "antiferromagnetic"
dominated by the Coulomb interaction effects seems to be a type based on the observations of the fast decrease of Curie
reasonable one. temperature of (Fe, -xMox) 75PIC,B,,AI 3 with increasing Mo

We have also plotted Ar/r(min) vs T"2 for S4 and S6 in concentration, and the similarity of Missbauer spectra of
the region Tn,,,<T< Tj,, in Fig. 5 since these samples show Fe8g_.MB 20 (M=Cr, Mo). A more detailed analysis and
two minima in p(T). It is clearly seen that Ar/r(min) shows measurements of the magnetic field dependence of the resis-

tivity minima and maximum need to be done in order to fully

elucidate the role of Mo in this metallic glass system. Such

0.005 measurements are in progress.
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An sotropic magnetism and resistivity of an Ai70 MN15Co 15

decagonal quasicrystal
J. T. Markert and J. L. Cobb
l)epartnent of Phy1ics, University of 7exas. Austin, 7eýxa, 78712

W. D. Bruton, A. K. Bhatnagar, and D. G. Naugle
Department of Physics, Teaas A&M University, College Station. "'Jixas 77843

A. R. Korlan
MA'& T Bell Laboratories, Murray lill, New J.rese.' 07974

We report the results oif dLe magnetization and clectrical resistivity studies of a single-domain
AI7 1,Nit.sCol5 decagonal quasicrystal. The temperature dependcnce and anisotropy of the electrical
resistivity are in excellent agreement with previous results for a similar sample. The magnetic
properties were determined by superconducting quantum interterence device magnetometry over the
temperature range 1.8-300 K for magnetic tields between 10 Oc and 10 kOc. The magnetic
behavior can be characterized by a weak ferromagnctic component M(I(H) which saturates in
moderate fields (11l- I kOc) and a differential susceptibility, X)= AM/HAt, obtainable from the
high-field data. The observed magnetization M = Xo1H + M,, is slightly anisotropic and essentially
temperature independent below room temperature. For H parallel to the quasicrystal axis, we
observe X011= 7 .1 X 10 7 emu/g and Mo11=2.0X 10 -' emu/g. For H perpendicular to the
quasicrystal axes, we obtain 'O I = 8.2 X 1 0 7 emu/g and MO, = 1.7 X 10 3 emu/g. Art anisotropic
and weak superconducting transition was observed at T=3.2 K, corresponding to a
superconducting volume fraction of only 1) 0.

Although a great deal of experimental effort has been background response. For the observed susceptibilities, do-
directed at understanding the unusual nature of quasicrystal- magnetization effects were negligible.
line materials,' only recently, with the discovery of the two- Figures I and 2 both define the geometries used in this
dimensional decagonal quasicrystals,"' has it been possible study and show the results of the electrical resistivity inca-

to make a direct comparison between properties in the qua- suremenis. The resistivity in the periodic direction (perpen-
Kicrystalline and periodic directions of the same material. dicular to the quasicrystal axes) of Fig. I exhibits the posi-

The decagonal quasicrystalIine material A17ONilsCo, was tive temperature cocfticient expected for delocalized

recently4 shown to exhibit appreciable transport anisotropy. electronic states in a metal, However, in the quasiperiodic

In this work, we verify the transport properties observed in
Ref. 4 and present the results of dc magnetic measurements; All7 NiSCO°S
the magnetic data indicate a weak anisotropy in the conduc-
tion electron susceptibility and the presence of small quanti- Periodic Direction Resistivity
ties of both ferromagnetic and superconducting inclusions in
the single.-domain Al 7 Nil5Coj5 quasicrystal studied.

The single-grain crystal used in this study (---0.6
X 0.6 X 3 mml3 ) was prepared and characterized in a similar
manner to that usecd for specimens previously described.s
The temperature dependence of the anisotropic resistivity 63
was determined from conventional four-terminal measure-
ments with careful placement of voltage and current leads. 0 a

The magnetic data were obtained at temperatures in the
range 1.8-300 K using a Quantum Design model M1PMS 55
superconducting quantum interference device (SQUID) mag-

netometer. Because of the small signal from the -- 7 mg qua- 50

sicrystal, a custom sample holder was employed which uti- 4.....

lized a cancellation of Pauli paramagnetic and Langevin core
diamagnetic contributions, resulting in an extremely low
background signal. For example, at Tr'-5(0 K with H= 10 40 , 2....

kOe, a background moment of only - I ) 1I0 t' emu was T(
obtained, compared to the quasicrystal moment of

-6 X 10 -5 emu (i.e., only a 1-2% typical correction). A
point-by-point subtraction of the sample holder background I;tI. 1. The resistivity in the periodic (directioni as a functiot o1 temperiture

was used for all data to avoid possible nonlinearities in the for a single-domain specimen Or tile decagonml quiasicrysltl AIr71 Ni ,('o5.
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Quasi-periodic Direction Resistivity 40 a
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decreasing temperature between -25(0 and 300 K, and then
decrease before levelling off at low temperatures. As mnen-
tioned above, this result is in good agreement with a prcv.iouw: lie behavior was argued '.o he contsistent with pli)t1(n-
study 4 using the Montgomery method, where such nonmetal- assisted tunneling of carriers in extended states.

In Figs, 3(a) and 3(b) are showni isothermal magnetiza-
tion data as a function of thle external magnetic field, taken

Al7ON1lbCcils with the field perpendicular le the quasicrystalline axes, for
T=30)0 and 60 K, respectively. Similar data are shown in

4.0- (a) Fig. 4 for the magnetic field applied parallel to a quasicrys-
tallinc axis. The nonlinear hehavior may be characterized by

3.0- a ferromiagnetic Component which saturates in moderate
3 fields (1-1- I k~c) followed by the more usual linear increase

_5)r 2.0 in magnetization with field at higher fields. Several observa-

I? W lions arc in order. First, the overall behavior is nearly isotro-
a 1,0 T =300 K -pie and essentially temperature independent. Such

H J_ Q tcmipcraturc-independenit hehavior implies that whatever is
~J0C responsible for the ferromiagnetic componcnit (whether it be

clusters inl1ono pararnagnons) cannot he attributed to
CD 5.0- (b) extremecly small nanoclusters, which would be expected to

CO 4.0-exhibit superparamagnetic behavior above some blocking
4.0 temperature. Second, the ferromiaguetic component exhibits

3.0 -rernaneceic at 60) K [nete the y intercept of the data in) Figs.

2.0 3(b) and 4(b)], which disappears at room temperature. The
2.00 lines in Figs. 3 and 4 are linear fits to the htigh-field region

T1.0 K where the ferromagnetic complonent hias presumtably satu-

rated. The intercepts of these lines with dhe magnetization

0 10006 2000 3000 4&000 5000 axes p~rovide the saturated momient of thc ferromiagnectic
H (0e) component, with tempecrature-indepenident values of

M(, = ( 1. 7 ± 0. 1) X 10 ensu/g for 11 perp~endicular to the

FIG. 3. Isothermal magnetization at (a)7T 300 K and (1))T=60t K asa quasicrystal axes and M = -- (2.(1± 0. 1) X< 10 -3 emu1/g for I-I
function of magnetic field applied parallel to the lpcriodic direction of parallel to the qu asicrystal ax is. If the anisotrtopy in M11 is
A170Nij 5Cc~lr. attributed to shape antisotropy of the possible inclusions ort
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FIG. 5. It igh-tield differential susceptibilIity, x il/l s it function of H 1Q
tenipwrature for magnetic fields ipplicd both perpendictilar (openi circles,
U L Q) and naradleI (fiilled circles. 1-111 Q) to the 4wasicrystatlitic direction of1 FC
At7,,NilC.oi,. 

100 o __ ... I C -1 2 3 4 5

clusters, this would imply (for feurromiagnetismi) that their Temperature (K)
shape is prolate with the shorter axis perpendicular to the F10. 6. Mqneigwtuioiitmo s a fuinction of' tentiperatutre in at field If 101 Oe
quasicrystal direction, a reasonable result. We poi'M out, itpphcid (a)f paralic to (the qviasirystaltitie directioin and (b) Perpendicular to
however, that thle observed values of M, correspond to only tlice qtiasicrysiiilline dirctioni for A1711Ni15('o1 . B~otht zero-field cooled (ZFC)
about I X 10( %All pet formula unit of A171tN! 15Co15s, a rathecr and ficid-cooled 0:0i data airc showns.
smnall ferromragnetic component.

To obtain the underlying fielId-inrdependent susceptibility weak superconducting transition is observable at 7'= 3.2 K;
(thle slope of the lines in the high-field regions of F'igs. 31 and thle strength of' the signal corresponds to a superconducting
4), magnetization data were taken as a function of tempera- volume fraction of only - 4 7rAX,, 1() 3. One candidate for
lure between 1.8 and 300 K for applied fields I1--- 5 and 10 superconductivity in this temnperature regime would be inclu-
kOe. Thle intrinsic susceptibility was then defined by sions of' amorphouls aluminum. The signal for '-'IIQ (Q is the
Xit AMIAfI. The results are shown in Fig. 5. The data are quasicrystallinc direction) is about five times% larger than for
essentially temperature independent between about 30 and IIIQ. Such behavior is opposite of that expected for demag-
25(0 K. with a Curie-like impurity tail at low temperatures. netization effects due to prolate inclusions parallel to the
The Curie-like term corresponds, for example, to only quasicrystalline planes-, however, for small inclusions, pen-

-2 X 3 free Co"' moments per formula unit of etration depth effects may dominate shape anisotropy,
A]-7(Ni 15Coj15. A small but persistent anisotropy in the value In summary, we have reported electrical resistivity and
of Xii is observable in Fig. 5. Thle average values of fihe data dc magnetization mecasu rciements onl a single-domnain dccago-
for temperatures between 3(0 and 2.50 K arc nal quasicrystal of Al71)Ni,,'o, Tho anisotropic resistivity

Xo 8.2 X 10) 7 mu/g and Xojj 7. 1 X It) 7 emu/g. Such was in good agreement with earlier mecasu re mentts, Weak su-
values are appreciably higher than that reported 4  f ,or perconducting, Curie-like, and ferromagnetic contributions
Al().Cul.SC020, where )(() _ 1 X It) 7emiu/g; that small were observed, presumably due to defects, A dominant
value was attributed to a nearly qp-like band at the 1Fermni temnperature-indepenldent susceptibility of -7 X 10) 7 etmu/g,
energy. The larger value for AljNiljCol 5 is somewhat unex- with -10% anisotropy, was observed.
pected, given the similar transport properties of the two mia- This work was supported by tlte National Science Foun-
tcrials. If one estimates a contribution to Xii due to core dation under Grant No. DMR-9 158089 and the Robert A.
diamagnetism of X,(re,,--1.5X I() 7,1 tile bare density of Welch Foundation under Grants Nos. F- 1191 and A-05 14.
states from the resulting Xii value is N(E,.-)'- 161) states
eV t- per formula unit of Al7itNiisCo15,, or N(f•,.) - 1 .6 states Sec, e.g., Ph'livsicsv of QuasicrvstaA~, edited by R' J. Sicinhart and S. Ostlund

(World Scientitfic, Singakpore, 1987).eV__ atomn- 1. However, this may be anl overestimiate, since -'. X. 1kc. Y. K. Wo. and K. Ht. Kimo, J. Mater, Scd. Left. 7. '12,94 (1987).
we have neglected any possible Van Vieck paramiagnetisnm 'A. 1'. Tsid. A. Inoic, anid . Masuntoin, Mater. Trains. 30, mo((1C1989).
(e.g., due to Co 3-), which is difficult to determine. 'S. Martini, A. 1; Itletard, A. R. Kormat, iind A. F Ttieil, t'ttys. Rev. Itit. 67,

Finally, in Fig. 6, we show magnetization data as a fiutw- A.9 (It 1. rtnealPhsRv.B4,97(18)
tion of temperature takc:1 under both zero- field-cooled (ZFC) 't.. N. Mulaky anid Hi. A. Btoudreaux, Diem " v and A4pplications of Molecular
and field-cooled (FC) conditions in a field of H t 1) Oc. A D.ianrrgnelhsin (Wiley, New York, 1976).
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Mossbauer effect investigation of the pentagonal approximant phase
in the Fe-Nb system

R. A. Dunlap, J. Kyriakidis, and M. Yewondwossen
Department of Physics. )alhousie Untivrsity, HIalifax, Nova Scotea B31 3.15, Canada

The formation of the pentagonal Frank-Kasper phase (,u phase) in the Fe.,, ,Nbso , system near
x =0 has been investigated. The effects of composition and heat treatment on tie phase diagram of
this system have been studied. Only the as-cast x(=0 alloy was found to consist of a pure u phase.
X-ray diffraction patterns ind;,'ate the existence of a phase with a high degree of structural order but
considerable chemical disorder. A M6'ssbauer spectrum of the A-phase material exhibits a
room-temperature quadrupole split doublet with A=0.2019 mm/s and an isomer shift (5= -0.289
mm/s relative to a-Fe. A shell model analysis of the spectrum indicates a structure with a high
degree of order. Results are discussed in terms of measurements on related icosahcdral and
decagonal phase materials.

I. INTRODUCTION and relative intensities obtained in this work along with those

ssbauer effect studies of quasicrystals have been) U1 calculated for the At phase (W,|'e 7 structure) with a ý4.928
portat for an understading of the microstructure of these are given in Table . Te peak locations
novel materials. A recent review of these studies has then are in excellent agreement with the calculated values3 for the
presented by Dunlap and Lawther.e A number of methods for lattice parameters as indicated above. The anomalies in the

the interpretation of Mossbauer spectra of quasicrystalline measured intensities for some of the diffraction peaks are an
materials have been presented in the literature and the infor- indication of the presence of substantial chemical disorder on

mation which can be obtained from these measurements de- the lattice sites.
pends crucially on the techniques applied to their analysis. The room-temlerawre F Mssbauer effect spectrum

The comparison of results fromn quasicrystallite materials of the pentagonal phase of Fe-Nb is illustrated in Fig. I. This

and those of related crystalline phases has been important in spectrum shows the existence of a symmetric quadrupole

understanding the relationship of M~ssbauer spectral param- split doublet. Although the individual lines cannot be rc-

eters and microstructural details, In the present work we have solved, the shape and width of the absorption peak indicate

considered M6ssbauer measurements of the pentagonal ap- that it is not a singlet. A lit to this spectrum using a Lorent-

proximant phase in the Fe-Nb system. These results will be zian doublet yields the mean quadrupole parameters as indi-

inefor related quasicrystal- cad in Table 11. The linewidth of the component lines, 0.29
line materialsn tsm/s, is slightly greater than the intrinsic linewidth of the

spectrometer but is substantially less than that found for

II. EXPERIMENTAL METHODS similar fits to spectra of quasicrystalline materials; typically

Samples of Fe.t 4.rNb50..x were prepared by melting
high-purity elemental components in all argon arc furnace for IAIBL I. X-ray diffraoiol scatering length and relative peak iticnsities

compositions with x =0,2. Materials were studied as-cast and for pertItgoal FsI cNhi,, measured in the prsenlt work and calcult•ted for the

after annealing for four days at 1000 'C and water quench- pIentagonal :raink-Kasper phase.

ing. Room-temperature Cu K, x-ray diffraction patterns were -

made of all samples using a Siemens D5(00 scanning diffrac- Measured (atcutai.J
tometer. Room-temperature 57Fe M6ssbauer effect studies Index d (A) I d (A) I

were performed using a constant acceleration Wissell System I I 02.47(0 86 2.471 72

11 spectrometer and a Pd 57Co source. The intrinsic linewidth ( I In 2.273 67 2.278 416

of the spect:'ometer for 57Fe is 0.23 mm/s (FWIIM). 0 1112 2.238 18 2.242 is
I I 6 2. 163 100 2.165 75

Ill. RESULTS 2 01 2.131 45 2.133 35
ItI 11 2.1210 53 2.124 43

All alloys studied here showed the presence of the pen- 2 U 4 2.0137 17 2.039) 16

tagonal A phase. However, only the as-cast x=O sample was 0 2 5 1.987 31 1.985 29
I919013 I5 1.905 I5free from the presence of impurity phases. This analysis is I I •.87 15 I.166 150) I 13/2 01 7 1.867 II 1.800 I

consistent with the phase formation studies of the Fe-'blh 30 0t 1.426 16 1.426 201

system reported by Raman. 2 Further investigations presented 21 I10 1.385 15 1.380 33

in the present manuscript are confined to the single-phase 3 00 6 1.359 22 1.35,) 32

sample. 0 I 19/I 2 13 1.34s 22 1.348 ..1X

X-ray diffraction peaks for the tt phase were well de- 0 2 1 18 1.278 20 1.2711 01
0 2 17 1.-/t -1271, 21

fined with a typical lincwidth of A(20)--0.2' (FWIIM), indi- 2 2 0 1.236 20 0.23,

cating a high degree of structural order. The peak locations,-
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TABLE. III. Comparison of shell model parameters for pentagonal Fe-Nb

(p) and some icosahedral (i) alloys. * =this work,

Alloy Phase n cr (mnm/s) Reflrence

.7Al1a110  c20  
i 1.14 0.363 8

"AI62 .5CusFe1 ,.5 i 1.44 0.283 5

"" AlýjFclMoq i 1.48 0.351 8

AI6 ,Fe1.,2Mon3..12  i 1.7(0 0.144 1

E Fc51 Nb.11  p 5.2 0.088 *

- I I I I
-0.5 0 +0.5

(m11/s) typical Ti-based icosahedral alloys."t ,2 where the Fe atoms
are believed to reside in highly symmetric sites at the center

FIG. 1. Room-temperature 57Fe M6ssbauer effect spectrum of the pentago- of an icosahedral cluster.

nal phase of Fes5 Nb 50 . The solid line is a least-squares 1it to the shell model. The negative isomer shift observed in this alloy is in-

wtcative of an anomalously high electron density at the Fe

abo 6mm/s. This excess linewidth is, presumably, the probe sites. This is expected on the basis of the presence of a
about 0.36rme/s i th e ssruine as esumaby the large concentration of early transition metal (M) atoms in

S result of local disorder in the structure as evidenced by the the alloy. The value of S observed here is consistent with _.

anomalous x-ray peak intensities and which produces a cor- measurements of dilute M e alloys and near neighbor effects

responding distribution of local Fe environments. This be- of dilute M impurities in Fe (see Ref. 13 and references

havior can be accounted for in the analysis of the M6ssbauer therein).

effect spectrum by fitting the data to a shell model distribu- The parameters obtained from shell model fits to several

t(ion of quadrupole splittings of the form1 '4  quasicrystalline alloys are compared with the data for pen-

_() , (tagonal Fe-Nb in Table 111. The present results are anomalous

SP ) xp-2'(1) ini two respects; an unusually large value of the parameter n

whe nand an unusually low value of the parameter oa, when corn-

where n and or are fitted parameters. The symmetric nature of pared with all results for quasicrystalline alloys reported to
the spectrum indicates the lack of correlation between isomer date.1 The relationship of these parameters to the detail of the

shift and quadrupole splitting distributions. A detailed corn- microstructure has been discussed by Dunlap et al.8 Specifi-

puter analysis confirms this assumption. The results of the cally, n near unity and a large value of o- arc characteristic of

shell model analysis for this spectrum are given in Table I.I a highly disordered (e.g., amorphous) structure, while in-

and the calculated P(A) is illustrated in Fig. 2. creasing values of it (and correspondingly smaller values of
cr) arc characteristic of an increase in the degree of micro-

IV. DISCUSSION AND CONCLUSIONS structural order. This inverse correlation between the values

The existence of a decagonal 9 and icosahedral"0 phase in of it and oa is characteristic of the relationship between the

the Fe-Nb system has been demonstrated by electron diffrac- shell model and the distribution of local Fe environments in

lion studies of rapidly quenched samples; although single- the material and is illustrated for typical data for quasicrys-

phase materials have not yet been prepared. Table I colnp'res talline and related mateuials in Fig. 3. Typically quasicrystal-

the mean quadrupole parameters of the pentagonal Fe-Nb line materials have values of n in the range of 1-2, with

phase with several other icosahedral and decagonal materi- more highly ordered materials (as evidenced from other ex-

als. The mean quadrupole splitting of Fe-Nb is somewhat
less than in Al-based icosahedral 5 and decagonal 7 alloys
where Fe atoms are believed to exist in a highly anisotropic
environment analogous to the transition metal site environ-
ments in the outer shell of the MacKay icosahedra of a cubic
approximant phase (e.g., a-AlMnSi) or in the sites of a two-
dimensional Penrose tiling, respectively. On the other hand,
the quadrupole splitting of Fe-Nb is much greater than that in

i TABLE II. Results of room-temperature MWssbauer effect studies of some --

quasicrystalline and telated materials: i=icosahedral, d=decagonal,
p =pentagonal, * =this work.

Alloy Structure A (t1al/s) 6 (mm/s) Reference 0 0.1 0.2 0.3 0.4 0.5

Al,?.5Cu,5Fe12.5 i 0.369 +0.234 5 A (tmn/s)

Tij6NimFe.sSii16 i 0.06 -0.170 6

Al7aldtsFeiit d 0.372 +0.185 7

Fe50Nb55  p 10.2(19 -0.289 FIG. 2. Quadrupole splitting distribution, P'(A), for the spectrum of Fig. I as

obtained from Ihe shell model.
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0.4 to describe the structure as n d - 1. The present studies
clearly point to the differences which exist between the mi-

0.3 - 0 crostructure of quasicrystals and their crystalline approxi-
mants.
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Short period oscillations in the Kerr effect of 4d- and 5d-transition metal
wedges on Co films (invited) (abstract)

A. Carl and D. Weller
IBM Alnaden Research Cente'; San Jose, CaliJbrnia 95120-6099

We report a novel type of short period oscillations in electron-beam evaporated Co films covered
with wedge-shaped films of Pt, Au, and Pd. Oscillatory behavior, with periods in the range 2-3 A,
is observed both in the saturation polar Kerr angle and in the high field susceptibility, as a function
of the wedge position (see Fig. 1). The structures of the type buffer/Co/X wedge/Y cap were made
by high vacuum evaporation using fused silica as substrates. They consist of a 200 A Pt buffer layer,
a thin Co layer revealing a perpendicular easy magnetization axis, a transition metal wedge (X) with
thickness in the range 0-25 A, and a thin Cu or Au cap (Y) layer. The presence of oscillations
depends critically on the choice of the cap-layer Y. They are distinctly different from long and short
range period oscillations observed in magnetic sandwich or multilayer structures, since there is only
one magnetic film involved. The present results will be discussed in the framework of spin pola ized
quantum well states.

31.5 ,3.0
-) P ,* an Cc x0-4 b) '-. ,e R.Non'C

- £

-2.02

,0.0

5 10 15 20
5 10 15 20 wedge thick,.ss(A)

wedge thickrism (A)

FIG. I. Oscillatory behavior as a function of [tie wedge position.
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Magnetoresistance of CuNiCn ternary alloys (abstract)
R. S. Beach, D. Rao, and A. E. Berkowitz
Center for Magnetic Recording Resea-ch, Universiti, of Cahfornia, San Diego, La Jolla. California 92093

Magnetoresistancc (MR) measurements on four film samples of the ternary alloy CuNiCo were
performed at room temperature in fields H _-20 kOe. Following growth by sputtering onto thermally
oxidized Si substrates, the films (100-200 nmn thick) were annealed between I and 6 h at
temperatures TA =200, 350, 500, and 700 'C. The samples display anisotropic magnetoresistanccs
(AMR) for H< 100 Oe of up to 3% at room temperature for Cut)Ni53Co2 7 (Tj =350 'C). Despite the
fact that in the bulk these alloys tend to phase separate into Co rich and Co poor regions, we find
evidence for giant magnetoresistance (i.e., an isotopic negative component to the MR) in only one
sample, Cu5 lNiI7Co3 j, after a 6 hI, 700 0C anneal. In the as-deposited condition, samples
Cu2oNi 53Co-,7 and Cu11 N.11Co4(, display a pronounced asymmetry between the resistance decrease
for H applied perpendicular to the current I and the corresponding ir"crease for H parallel to I which
substantially exceeds the 1:2 ratio in bulk materials or the 1:1 ratio expected for a thin film. The
large observed values of AMR (more evident in samples with low Cu concentrations) are likely
linked to AMR in binary CuCo alloys, which are known to exhibit large AMR.' The disparity
between the MR for tH parallel and perpendicular to the current we attribute to magnetic anisotropy
induced during fabrication.

'0. Jaoul et al., J. Magn. Magp. Maier. 5, 23 (1t977).
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Kondo, Mixed Valence, and Heavy Fermions I J. D. Thompson, Chairman

Enhancement of the localized behavior in CeNio.8Pto.2 Kondo compound
repli-cing Ce by magnetic ions (Pr,Nd)

j. C. G6mez Sal
Facultad de Ciencias, Universidad de Cantabria, 39005 Santander, Spain

J. A. Blanco
Departumento de Fisica, Universidad de Ov'iedo, 33007 Oviedo, Spain

J. I. Espeso and J. Rodriguez Fernandez
Facultad de Ciencias, Universidad de Cantabria, 39005 Santander; Spain

D. Gignoux
Laboratoire Louis NMl CNRS, 166X, 38042 Grenoble Cedex, France

The substitution of Ce by magnetic ions such as Pr or Nd in the CeNi0 .8 Pt0 .2 Kondo ferromagnetic
compound not only favors the magnetic interactions increasing the Curie temperatures, but also
disturbs the cohetence of the Kondo lattice state leading to a decrease of the Kondo temperatures
and an increase of the Ce intrinsic magnetic moment. These effects have been studied by resistivity,
magnetization, and neutron diffraction.

CeNiPtI -x is among the cerium-based compounds one Nd must not only produce a decrease of the volume but also
of the systems which presents a clear relationship between have a direct influence on the magnetic interactions. We
the cerium state and the cell volume.' The orthorhombic present here the resistivity, magnetization, and neutron-
CB-type structure is kept through the whole series from diffraction studies performed in two diluted compoands:
CePt to CeNi. The variation of the cell volume gives rise to CeO.OPr.1tNio.8 Pt0.2 and Ce0.9 NdO.Ni08.Pt0. 2, referred to as (Pr)
chang,'s it the magnetic properties according to the rule "the and (Nd) hencefc,,h. These experiments are compared with
4f-sd conduction-band hybdidization increases with decreas- the results from the "nondiluted compound" CeNi0 8aPtc', re-
ing cell volume." The substitution of Ce ions by nonmag- ferred to as (Ce). Resistivity, magnetization, and neutron-
nctic Y or La strongly supports this fact. 2 A mostly localized diffraction experiments were performed at the Universidad
Ce' behavior is observed for the larger volume compounds de Cantabria, at the Laboratoirc Louis N6el (Grenoble), and
(CePt or Ce, yLayNiPt,--) while CeNi or on the D1B diffractometer of the ILL (Grenoble), respec-
Ce _.YYNi0 .8 Pt0.2, with smaller volumes, show an enhanced tively.
Pauli paramagnetism or Kondo impurity behavior. From We have not observed drastic changes in the general
CePt, the compounds are Kondo ferromagnets with TK shape of resistivity due to the Pr ot Nd substitution (Fig. 2).
(Kondo temperature) increasing with the decreasing volume.
CeNio0.Pt 0.2 is the compound with the largest T, (Curie tem-
perature) but close to the crossover between the localized
and delocalized regime, according to the Doniach diagram.3  "i 1.6 -1- T- , I I - -I ,.-- -

Recent specific-heat measurements 4 give electronic co- ' 1.4 "CeNiPt--
efficients y with a maximum (y-200 mJ/K 2 mol) for A ̂ __x

CeNi0 8PtO2. The description of Cuag and the relative vatia- • 1.2

tion of TK and y along the series could be interpreted in the - 10,T)
framework of an S = 1/2 resonant level model extended to • 0.8
Kondo lattices using a mean field approach as developed by 0.6 (La)
Bredl, Steglich, and Schotte.5 Neutron-diffraction studiest' al- -magntzation-C.u 0.4 mantzto
lowed us a direct estimation of the Ce intrinsi, magnetic 0.2 neutrons
moment. As can be seen in Fig. 1, the magnetic moment is
much smaller than that of the free Ce 3 I ion (2 .14/zt) and it 00 0. 2 0.. ... . 80 0.2 0.4 0.6 0'.8 I
progressively reduces with the Ni concentration as a conse- x
quence of the enhancement of the hybridization, showing the CePt CeNi
increasing importance of Kondo interactions with the volume
decrease. It is worth to mention that the diluted (La or Y)
compounds have magnetic moments according to the ccrre- [IG. 1 Magetic moniclt of the Ceatomsas a function (f the Ni coutent in
sponding volume effects (see Fig. 1). the CeNi Ptj .., series. The monments of the diluted componuds have been

The substitution of Cc by magnetic atoms such as Pr or situated with arrows pointing to the solid line used as a visual guide.
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70 Ce,+Pro"Ni0 ,Pt _ - ... -- - . Ce 0 .9Ndo. Ni 0.8 Pto0 .2
60 - Ceo PNd t.Nio 02

265 T=1.5K

2O LaNio 811to 5t ' .-
00 _0 15 0 200 250 3

0 __ Lo ..i-.. ....1r I - ,_t_, _ _ I __ _

0 50 100 150 200 250 300

T(K)

20 30 40 50 60 70 80
FIG, 2. Theroal variation of tile electrical resistivity. Inseoi o magnetic con-
tribution to tile resistivity p,,,. FIG. 4. Rietveld refinements of the ncutroii-ditlraction pallerns for

Cec1 , Nd0•lINio.1 l11..2 at 1.5 K. Vertical marks correspond to the rctlcxin of'
the two crystalline observed phases. CePr1 ).Ni,.5 t'.1 presents a similar

The magnetic contributions, obtained by subtraction of the pattern.

isomorphous LaNi0,8Pto.2 resistivity and a constant residual
resistivity term, present a broad maximum attributed to the
crystal-field effects which are quite strong in these low- tive magnetic moments very close to the Ce 3 free-ion value
symmetry compounds. The position of the maximum, which and leading to paramagnetic Curie temperatures. 0o =-49,
is related to the crystal-field-level scheme, does not seem to -40 K, and -43 K, for (CO), (Pr), and (Nd), respectively.
be very sensitive to the introduction of these small conccn- The neutron-diffraction patterns (Fig. 4), present the
trations of Pr and Nd. The negative slope of pg at high same characteristics of the rest of the series and previous
temperatures is related to Kondo interactions, being slightly diluted compounds.(' All of these compounds, prepared in a
reduced by Nd or Pr substitutions. The Curie temperatures ,'old crucible induction furnace and annealed for a few days,
10.2 and 9.8 K, deduced from the kinks in (Pr) and (Nd) present a splitting on the peaks corresl)ondintg to thfl CrB
respectively, are slightly higher than that of CeNioi.Pt0 .2 (8.6 structure. The only way to interlpret such diagrams is to con-
K) and they coincide with those obtained from the Arrot sider a kind of spinodal segregation o." phases of the same
plots of the magnetization measurements. structure with slight differences in the cell parameters. With

The magnetization curves at 1.5 K for the three corn- these hypotheses the Rietveld refinements give quite accurate
pounds are presented in Fig. 3. They are characteristic of a fits, assuming that Pr or Nd atoms are randomly distributed
ferromagnetic behavior but the (Pr) and (Nd) curves present in the same (4c) site occupied by Ce atoms. The obtained
a notably larger magnetization. At 80 kOc they are far from crystallographic data are presented in Table 1. As expected,
saturation. The extrapolated values of M (Q=0, T=1.5 K) we find a slightly smaller volume for (Pr) or (Nd).
are 0.28, 0.35, and 0.34/ 3 1/formula for (Cc), (Pr), and (Nd), The diagrams obtained at 1.5 K (in the ordered range) do
respectively, thus showing the enhancement of the effective not present supplementary new peaks, but only an increase
magnetic moment on the rare-earth site. The reciprocal sus- of the intensity of sone of them. The magnetic peaks are the
ceptibilities follow a C tri-Weiss law with averaged effec- same as those detected in other magnetic compounds of this

system," corresponding to the same collinear ferronmagnetic

0.6 structure, with the magnetic moments in the c direction. Due

C - .--% C %0 ,1NI.I,'10 2 T= 1.5 K to the weak magnetic contributions, thc determination of the

0.5 .. Cm0 .Pr .NI 0 I) 2  -1, - magnetic structure has been perform ed frorn the difference
CeNInt0.,t. 28 Il0-.---2-- diagrams (1.5-15 K) using the Rietveld method.,

0. .. .The magnetic intensities arc noticeably higher for (Pr) or
4 " . , . (Nd) than for CeNitePt1 .2. Il order to estimnatC the Ce 1nag-

"0.3 , netic momnent value, we have considered ain average thag-/"10( IV W netic m1omnent (/z)-=l).9p.(., + 0. 1/.(p, ,,r Nd) n e c a'-at

0.2 o(4 c) site, taking Altrr= 3 .2 0lut and ANd=3.27p. 1 + which corte-
- .W spond to the free-ion values A-g.l.l ,u0 . Then, the only pa-

O.l 0 ,, rameter to be fitted is the A(., value. The magnetic rare-eartho . o0 100 15 20(1 250 3M
T-K , form factors were taken ftrom Ref. 8. The obtained values

0 10 20 30 40 50 60 7(0 80 must be considered just as an estimate which gives a mini-
m (kOi) nut limit for the cerium intrinsic moment, because we havelnot considered the crystal-field effects on Nd anid Pr. For

example, in the isomorphous NdNi compound, the crystal

FIG. 3. Magnetization curves at 1.5 K. Insert: thermal dependence of the field reduces the Nd magnetic mIomen iclt to 2.7/ilt .' We obtain

reciprocal suscetjpibility. 0.t)92-l0.05ttli for (Pr) and 0.89 ±0.()5 /lut for (Nd). These val-
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TABLE I. Crystallographic and magnetic data.

V Average V RnMrT, R7,ug

(W3) Phase % (W)3  (%) (K) (,Uj/CC atom) (%)

178.7 52.0 4.8
(C ) ....................... 175.2 ............... 8.6 0.50(5) 18.2

171.3 48.( 6.6

178.1 42.7 4.8
(Pr) ....................... 174.7 ............... 10.2 0.92(5) 12.2

172.2 57.3 4.9

178.7 44.1 4.9
(Nd) ....................... 174.4 -------------- 9.8 0.89(5) 19.6

171.3 55.9 5.6

ucs are much larger than that found for CeNi0 .8 Pt0.2  The present results show that the dilution of Ce by mag-
(0.5 -O.,05p.,). These moments are indicated by arrows over netic atoms disturbs the coherence of the Kondo lattice state
the general trend presented in Fig. 1. increasing the magnetic interactions and favoring the ten-

From all of these data we can deduce that the introduc- dency to a localized behavior of the Ce ions. This is not the
tion of 10% of Pr and Nd atoms in the CeNio.8Pt0.2 Kondo case of Y nonmagnetic dilutions for which a clear tendency
ferromagnet enhances the exchange Ruderman-Kittel- to the delocalized behavior was observed, This means that
Kasuya-Yosliida interactions leading to a noticeably in- the Kondo lattice behavior needs to be understood not only
crease of the Curie temperatures and very slight modifica- as a consequence of the large 4f-.sd conduction-band hy-
lions of the crystal-tield scheme. bridization but also as a cooperative phenomenon ot coher-

If we only take into account the very small volume de- ence between the Ce magnetic ions.
crease caused by the Pr or Nd introduction, it should be This work was supported by Spanish CICYT (MAI'r3-
expected an enhancement of the hybridization; however, it is 0691).
clear from our results that the Kondo interactions are re-
duced. The experimental results that support this assertion '1). Gignoux aind J. C, 06niez Sal, J. Appi. PtIys. 57, 3125 (1985).

tit absolute value the paramagnetic J. M, Barandiartiii, J. A. Blanco, ). Gignoux, J. C. (6ntez Sal, J. Rod-
re: (i) the decrease of the asolc riguez Irernilidez, and J. Voiron, J. Magn. Matgn. Mater. 90 & 91, 145

Curie temperatures, which are related to 7'A ; (ii) the higher (1990).

values of the magnetization, at 80 kOe for (Pr) and (Nd) (see "S. Doniach, in Vahte,!, Instabiliies and Related Narrow Btand Phenon-

Fig. 3); (iii) above all, the noticeable increase of the Cc i- ena, edited by R. D. Parks (Plenum, New York, 1970), p. 169.
trinsic 3 iii) abovmoments ndein (Pr)and se by neution 4J. A. Blaueto, M. d& l'odrrsta, 1. 1. Espeso, J. C. (6mez Sil, C. lester, M.

magnetic tfound (Pr) nd(Nd) by A. McIJwcn, M. Patrikios, and J., Rodri•puez Ferntudez, Phys. Rev. B 49,

diffraction (see Table 1), 15126 (1994)Y

Figure I has been used to illustrate the effects of the 5C. 1). Bredl, V. Steglich, and K. D. Schcntc, Z, Phys. B 29, 327 (1978).

different dilutions. On one hand, the substitution of Ce by 'J. C. CO6 mez Sal, J. I. Espeso, J. Rodriguez IVernitndez, J. A. Blanco, and J.
Rodriguez Carvajal, Solid State Cornmun. 87, 863 (1993).

nonmagnetic ions, Ce 0.8La0. 2Ni0 .8 Pt0. 2 and Cc.gYo.iNio.8Ptt. 2 , 7 j. Rodriguez Carvajal, I'ui.i.'moi;: A program for Rii.veld Refinement and

leads to magnetic mometnts higher aitd lower than that of P'atern Matching Analysis (Abstracts of the Satellite Melt. 15th Congrcss

CeNit)ttPto.2 , according to the volume effects. And, on the of the lIternational Union of Crystalhtgraphly, '6'louse, 1991), P. 127.
othler hand, tihe Cc magnetic tionent changes appearing with 8C. Stassis, If. W. Deckman, 13. N. Hlarmian, J. P. Iesclaux, and A. J.

Freenmain, Plhys. Rev. 13 15, 369 (1977).

the introduction of Pr and Nd magnetic ions are opposite to 9
R. I-rxtnire and D. 1'accard, itt Ues Elentents des Terres Rares, (edited by

those expected by pure volume effects. CNRS, Paris, 19711), Vol. 2, p. 231.
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Low-temperature phase diagram of YbBiPt
R. Movshovich, A. Lacerda, P. 0. Canfield~a) J. 0. Thompson, and Z, Fisk b)
Los Alamos National L abor atory, Los Alamos, New Mexico 875415

Resistivity me csurenmeots aire reported on tile CUbic heavy-fermion comipound YbBillt at amibienit
and hydrostatic pressures to -19 kbar and iln magnectic fields to I T. The phiasc transition at T, = 0.4
K is identified by at shiarp rise inl resistivity. That feature is used to build low-temiperature H- 'I and
1'-T7 phiase diagramrs. Thc phiase boundary in the 1-1-7 planie follows thle weak-coupling BCS
expression remaurkably well front 7',. to T,14, while sinall hydrostatic pressure of- I kbar suppresses
thle low-tcmlperature phiase entirely. Thlese effects of hydrostatic pressure and magnetic field onl the
phase transition arc consistent withi ani spinit-density -wave (SDW) formation inl a vcry hecavy electron
band at T=0.4 K. Outside of the SDW phalise at low temperature, hydrostatic pressure increases tile
7,2 CoeffiCieml of resistivity, signaling ant increase inl heavy-fermion correlations with hydrostatic
pressure. The residual resistivity decreases with pressure, contrary to trends inl other Yb
heavy-fermnion compounds.

Interest inl the comnpound Yb13il't hias been sparked by of tho Fermii surface. Comibiniation of this effect and the mag-
the very large coefficient of' the linlear-ini-temrperature contri- netic niature of the transitioni suggests SDW ats a candidate
bution to thle hecat capacity, Y=8 jllmo(l K2, that develops at for lthe nature of' T=0.4 K transition. The curve at P =0.78
low temperatures., If a sub~stantial part of' that hecat capacity kbar displays simiflar behlavior, with the transition temipera-
is due. to tile heavy-fermion nature of' the ground state, that ture shifted very slightlly downward; hiowever, application of'
value of' y makes Ybl~t lthe "heaviest"' fermnion comlpounid 1.20 kbar suppresses any resistive signature for the low-
known to dlate. Inelastic neutron scattering 2 suggests thamt tenlperature phiase transition. The inset inl Fig. 1 shiows the
some fraction of this large y may be due to the existence of' 1'-7 phase diagram, withi data points1 identified from thle
low-lying crystal-field excitations; hiowever, sep~aration of kinks inl the resistivity curves, ats inl Fig, I, ats function of
these and intrinsic hecavy-fetinion contributions has not been pressure. The point at P1=0.84 khar is obtained from a curve

possible. T[he heat capacity data also revealed af phase Iran- not shown in lthe Fig. 1, The dashied line repiresents the apl-
sition at t0.4 K as at small, but rather sharp, peak inl the C vs proximiate pressure above which there is nio resistive signlm-
7 curve, It is the nature of' that transition that is thle subject of' lure for at phase transition. The dotted line throughi thle data
this article, togethier with the clucs it mnay provide to thle poiints corres~londs to the ;)reý:sure dependence ot the transi-
properties of tle ground state of the systemi. To address these lion temiperature of (d7',./dI')1, () - 14 ninKkbar. The be-
question~s we have studied tilie electrical resistivity as a fuo c- hay ior of, thle triansit ion temlperature is high y, nonlIinca r, and
tion of pressure and applied omitgnetie fields and we argue
that these results are consistent withi thle development of a
slpin-density wave (SDW) below 0A. K inl a heavy-mrass band
of' conduct ion elect ions. 12AA

Single-crystal samlples of' YhI~ilt were grown front anl 30 & AA-
excess H3i flux. 3 X-ray diffraction confirms the ~:amples to be Q v A AA X

face-centered cubic with tie hialt-fIeusler structure at rooml , A 00.0 1 C~
temlperature, Neutron diffraction shows no evidence for a E 000.32 0.42 lie U

.structural transition to 27 K.- Resistance m1eaisurem1en~ts were C!2 - Tr V<
miade in standard f'oui'-probe and Moiitgoniery4 cointiglra- WŽ
lionis. Pressure was generated inl a self-clamiping He-Cu cell Q_ 1011
with l'luorincrt l'C-75 as tile hydrostatic pressure medium,
The lpressuriiv at low temperatures wats establishied froml thle2
shi ift ill thle sulpercoid ucti ng Iranusit ion of' a piece of' highi-2

pu11ri ty lead miooiited near thle saniple.
Results of' four-probe ac resistivity measuirements uinder II

hydrostatic pressure b~elow r-4 kbar are displayed in Fig. 1 0.0 (.K) 06 08 . .

f'or thle rod-shaped samiple in which the current flow wats

close to being parallel to the (I 0t0) crystallographic direction. FI.1Reitvy lasne-rm odsaw apeof llltudr
Data for P==) kbar- curve show at sharp kink at 7' 0.4 K. '[h JIG. hyrsaic . esistivite; (0t 0t krigir; Icrystal rudalt;e (Xipt 1.20 ii iar; (A)3.9
rise in resistivity below '1,. suggests at decrease inl th lienumber kblir. hIsci: raltsiiiott tetiperatinre T, vs applited li ydrosliati prestsure, oub-
of'condcý:tiol, electrons that could arise from partial gapping tattted trom litte ktinks int curves shown in the main body ot' tlie tigutre.

D ashted fine: ap(proximttett prenstire Ithat suppresses thie tow -tcttperiture
______________ -phase. D~olled linte passes throuigh (lie dita pointis, wil itt i stlope

;'ireseitt addlress: Anitts i .nioratioy/iowt State U aiveisi iy, Atties, [A 5011(i. (dT lMd!),.1 ý- - i14 mtK/kbtr, The ti ow-iciti t'ratitre phase is suppt essed by
'''Pr[eseliti address; iHonda state Unaiveisity, 'rattahitassee, Fl.- 323001. presstire hetweeit 0.84 and 1 .20t kOar.
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very strong. Hydrostatic pressure has been an important tool T (K)
for investigating the SDW transition in Cr. The transition 0,0 0.2 .4 0.6 0.8 1.0
temperature is suppressed rapidly by pressure, at the rate of 30 1- - - 1
(dTN/dP)po=--5.1 K/kbar.5 Such a strong dependence on
pressure is seen as a consequene of the delicate Fermi sur- 25 -

face nesting that results in a SDW transition. The high sen-
sitivity to relatively small pressure on the order of 1 kbar is >
consistent with the 0.4 K transition in YbBiPt being due to a 20 - -_
Fermi surface instability. Extending the analogy with Cr,6

analysis of data similar that of Fig. 1 for P=0 kbar (Ref. 7) 1.00
results in a value for a weak-coupling SDW gal) of .
A(T=O)/k8 T,=1.65±0.15. This is close to the minimum .,, "
value of 1.764 for the two-band model of itinerant . . ,
antiferromagnetism. 8 For comparison, in Ci it was found6

that A(T=0)/kYTN'=2.3.I 11kG
To further investigate this transition we performed a se- (b)

ries of resistance measurements in a magnetic field. The two 03,0 1 o
samples used were of a "Montgomery type," thin square 0 2 4 6 8 10

platelets, each oriented to have one pair of long edges along H (k0)

the magnetic field. Both samples displayed anisotropic
resistivity, 7 and the direction of the largest increase in V/I FIG. 2. (a) Tenperature sweeps at constant anag;l:tic field: (solid line) -i=0)

kG; (dotted line) It= I kG; (dashed line) I/I2 kW. Kinks iii VI1 curves are
was longitudinal for one of the samples and transverse for taken as signaling transitkin temperatures for given lields. (b) Magnetic-
the other. One reason for choosing such a geometry was the tield sweep at a constan' temperature of T'=350 miK,
expectation that magnetic field might reorient the SDW do- (V/I),=(V/I)/IV/I(II=O)]. Inset: derivative of the curve shown in (b).
inains with different order parameters, as was demonstrated The sharp kink indicated by the arrow at a field I = 2.1 ±0.01 kG represents

for Cr,9 and produce a single-domain sample. In one of tie the phase transition at T=350 iK.

samples we indeed observed a small downward kink in V/1,
in the direction which had a larger resistivity at zero field, temperature-dependent resistivity at pressures between -4
while sweeping temperature at a fixed field of 2.5 kG. This and 19 kbar. Data for all curves can be fit very well by
would imply that reversal of the direction of the larger retis- p(T) =po+A7T2 below T=300 inK, as expected for a Fermi
tivity has taken place, However, temperature sweeps in fields liquid. In this Fermi liquid regime 4A was shownti to be
greater than 2 kG are increasingly difficult since the phase proportional to y for a large number of Ce and U heavy-
boundary of the low-temperature phase becomes rather inde- fermion compounds. The inset in Fig. 4 shows A as a func-
pendent of temperature, as described below, dion of pressure and indicates an increase in the heavy-

Figure 2(a) displays results of temperature sweeps for fermion correlations with pressure. Similar systematics with
one of the samples described above in which the excitation pressure are observed in other Yb heavy-fermion
current was transverse to magnetic field. The phase transition compounds.12 The decrease of the residual resistivity P, with
temperature is easily identified by sharp kink in V/I. Figure
2(b) shows V/I at 350 mK for the same sample but with the
current flow parallel to the applied field. We identify the
sharp kink at 2.1±0.1 kG in the derivative with respect to H
as the transition magnetic field for that temperature. This
identification is consistent with the results of the temperature 3-
sweep at 2 kG, which gives a transition temperature of
350±+10 inK. Similar identifications were then made for --.
magnetic field sweeps at 100 and 200 inK. • 2 ,

Figure 3 displays the resulting magnetic-field tempera- -
ture phase diagram for the low-temperature phase of YbBiPt,
The solid curve is the functional dependence of the BCS
energy gap scaled to pass through the points TI=O.4K,

H=0 on the x axis and T=0, H=3.1 kG on the y axis. The
curve his the data very well, indicating the weak-coupling
nature of the transition in the whole temperature range stud- OF
ied. In contrast to Cr, in which Tv is independent of mag- 0.0 0.1 0.2 1 03 0.4 0.5

netic fields up to H lJ16 T,'It YbBiPt follows mean field be-
havior expected of an itinerant antifceroumagrettisnm.

We now turn our attentiunr to the resistive behavor of FIG. 3. Magnetic-field temperature phase diagrami for the low-temperature
phase of YbBiPt. The solid antd olpe symnbols are results or the temperatureYbBiPt at pressures sufficiently high that evidence for a and magnetic field sweeps, respectively. The solid line is a BI'S curve fixed

phase transition is not found. Figure 4 shows the by the points 0I,T=(t and IIU ý0, T, .
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40 dependene of the transitionl temperature, withi the low-
-30 - temperature phase being suppressed by pressures of -I kbar.

0000 Above that pressure-induced transition, the heavy-fermion

40 - 00000nature of YbBiPt appears to be enhanced further with in-
30 0,4xxxx creased pressure. We Suggest that investigating YbBi1~t at

higher pressures yet miay yield interesting informiation onl a
10 20 transition regime b)etween heavy-fermlion and antiferrornag-

P ( kbr) nitic behaviors.
20 We want to thank Dr. Griiter Spurn for help with con-

20 - structing apparatus and Dohn Arms for writing some of the
software. We also acknowledge Dr. S. A. Trugmian, Dr. Ward
Beyermnan, Dr. H-. It. Ott, Dr. L. R. corkov, and lDr. A. J.
Millis for stimulating discussions. Special thanks go to Dr.

0.10416 0. . Alexander IBalatsky for numerous discussions of data. Work
0.0 02 04 06 08 .0 .2 at Los Alamos was lperforined under thle auspices of the U.S.

T (K) Department of Energy.

FIG. 4. Resistivity (ot Ytslltt in itie high-pressure plimse: t0) I 8,79 khiir; Z.. Fisk, P, .(', (unie d, W. R' lleyerimii, J. D). Ttiompsoni. M. F. I lutudley.
(A) 7.83 khar; (X) 3.92 khar. Injset: 7,.2 coefficient of 1p(T) vs pressure; 11. It. 0Oh, E. Felter, M. 13. Mapte, M. A. Lopez de la Torre. P. Visaioi, iind
straighit tine is a guide io ithe eye. C. L. Seonian, Phys. Rev. Lehi. 23, 331 It1I99 1.

It. A. Robiiison . M . Kotigi T. I Osakiihe, K. C. Cmunile kt, I. Kamilywlam T.
Nakane, Z.. Fisk, miid~ J. 1). 'Thomiptsoni, Ptmysieu 1816-188. 550) t 1993); It.

prcssu~c, however, is rather anomalous. In othei Yb comi- A. Rotbiision (uiitubilisthed).
P' . C, autietd and Z.. Fisk, t'hitos, Mugt. 13 65S, 1117 (1992).potinds the residual resistivity increases with pressure, po5- 411 C. Montgomery, .t. Appi. Ptmys. 42, 2971 (1971).

sibly reflecting its Kondo hole origin. 13The decrease of Po 'T Mitsui imid C. 1. Thinizuka, Ptiys. R~ev. 137, A504 I 1905).
with pressure in YbhliPt may be due to purely band-st ructuLre 'IT. 13. McWhian and TI. M. Rice, Pitys. Rev. Lttei. 19. M46 (1907).
efifects. The REI~ilt series (RE is anl element of the rare-earth 7 tIt. Movaliovicti, A. Lacerda, E. C. Camitleld, J. ID, Thompson, and Z.. Fisk

(to be publishmed).series) exhibits a systematic proigressionl frorn small gap) HR A. IFedders and PV C. Martin, P'lys. Rtev, 143, 245 (1906).
semliconductor in Nd to metallic behavior iii Yb, 14 as tile RE .1W. BI. Muiir and J. 0. Strhmiu-otsen. PtIiys. Rev. It 4. 988 (1t971).
series is traversed from the left- to right-hand side, i.e., as thle ")Z. Blank, IK Fawcuii, 1), Fedcr, o. 1t0irineZ, and M. 1t. Wit~ker, J1. Pliys. F
size of the RE ion diminishes. Pressure would reduce the 11, 915 (t98lt).

11K. Kadtowaki and S. 13. Woods, Solid Suite C olimin, 58, 30)7 ( 1985).volum.Q of the unit cell of Yb~iPt even further, possibly in- 12J. D. 'Thoimpisoin, 11. A. Blorges, Z.. Fisk, S. I orn, It. 1), Parks, and (,I..L
creasing the carrier density and reducing resistivity. WetlI%, in 1 lworetical and l-XPerhnienial Aqwvspcv of the Valence Fluctiw-

In summary, the lplasc boundary in the 11-T plane of thle 6I0Wi otd IlVe1%'Y F(I'I'ruONS, edi[Cd by 1L. C. iUjIIII 111id S. K. Miatik PI 'te

lowtenpertur stteof Yb~i3it follows the weak coupling num. New '.Ark. 1987), 1). 151.
low-temperature. 6tt 1, (M, J1. M. ILawrence, and 1. 1). 'Thompson (puivaie comnmumieatcilion).BCS-like expression expected of anl SDW transition. This I'R C. Canfietd. J. 1). Thlomapsonm, W. tR Ileyermimi, A. t .icerdii. M. F. Himtu-

identification is supported further by thle extreme pressure dtley, U. Peierst,ii uid Z.. Fisk, J. Appt. Ptmys. 70, 5800(1t9C91 ).

J. Appi. Phys., Vot. 76, No. 10, 15 Novornbor 1994 Movshovich et al. 6123



Quadrupolar effects in PrCu 2Si2

R. Osborn
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439)-4845

E. A. Goremychkin')
ISIS Science Division, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OXII OQX, United Kingdomn

As part of a systematic study of the crystal-field (CF) potential in RCu2Si2 compounds (R=Ce, Pr,
Nd, Tb, Ho, Er) using inelastic neutron scattering, the CF level scheme and potential in the
antiferromagnet PrCu2Si 2 both above and below Tv has been determined. There have been recent
speculations that the quadrupole moment of PrCu1 Si2 has been quenched by the quadrupolar 11ondo

effect. Using the CF potential derived from the results, the quadrupole moment Q2 of PrCu2 Si 2 has
been calculated and it has been compared to the other members of the RCu2 Si 2 series. The
temperature dependence of the quadrupole moment of PrCu 2Si2 is significantly weaker than all the
other compounds, e.g., it is approximately five times smaller than in I loCuSi,. Therefore, it is the
CF potential which is responsible for quenching Q2 at low temperature rather than a quadrupolar
Kondo effect. Furthermore, the CF Schottky contribution to CIT vs 7,2 is approximately linear
above 'N and explains the anomalously high linear term in the specific heat. However, the evolution
of the CF potential across the rare-earth series provides evidence of an enhanced hybridization
contribution to the CIF potential of PrCu 2Si2 , intermediate between the heavy fermion Ce(?u1 Si2 and
the other rare-earth compounds.

1. INTRODUCTION ization, and consequently the quadrupole moment. We have
N sbeen conducting a systematic investigatioln of the magneticIThere has been considerable interest in f-electron sys- properties -A RCu 2Sik compounds using neutron diffraction

terns, particularly uranium alloys such as U0.2 Y0.(Pd13 (Refs. and inelastic neutron scattering.7 -1'' Inelastic neutron scatter-
1 and 2) and UCu3.SPd.s, 3 displaying non-Ferni liquid seal- ing (INS) is the most reliable method of determining the CF
ing of their thermodynamic properties at low temperatures, potential in intermetallic comlounds since it measures di-
One possible microscopic mechanism to explain these obsor- rently the energies and dipole matrix elements of transitions

vatio'Is is the N=2 multichannel Kondo effect produced by between Ce levels. One aim of our work is to measure the

orbital scattering of the conduction electrons.'4 This quadru- CF potential across the rare-earth series in order to determine

puiar Kondo effect is expected to quench the local quadru- whether the CF in the heavy-fsermies compound CeCu2Sit is

pole moment of the f electrons just as the single-channel antmalous compared to the "normal'' rare-earth compounds.

Kondo effect screens the local magnetic moment and still- We have flow established the CF parameters for ,=Ce, Pr,
presses miagnetic ordering. It has recently beea proposed that Nd, Tb, Hlo, and Er and discuss some of the consiequences of
anomalies in the thermodynamic and structural properties of these results here with particular reference to the praseody-
PrCu2 Si2 and related isostructural compounds might also be miunim compound. Full details of this work will be published
evidence of quadruIolar Kondo interactions.-"" The extrapo- ill Ref. 9.
lation of CIT vs 7' , measured in the paramagnetic phase of
PrCu2Si 2 (TN= 2 1 K), to T'=0 appears to give evidence for a
large electronic contribution to the specific heat with y=225
mJ mol t K -2.6 Since there is no evidence of' conventional II. EXPERIMENTAL RESULTS

Kondo-like behavior in the magnetic susceptibility or resis- The samples were prepared by arc melting stoichio-
tivity, there has beei speculation that quadruplar Kondo metric quantities of the constituent elements, with no inca-
scattering is responsible for the high y. This suggestion is surable weight loss. After annealing at 700 °C, nearly all
given further weight by the absence of a cla lattice aiomnaly peaks observed ill neutron-diffraction measurements could
at low temperatures, comparable to those seen in all the other be indexed with tlie ThCr2 Si2-type structure and only a few
RCu 2Si 2 (R denotes rare carth) compounds, implying that the very weak reflections in the light rare earths indicated minor
Pr3+ quadrupole momict has been quenched. contamination by other phases. The INS measurements were

When the anomalous properties of PrCu2Si 2 were first performed at the pulsed spallation neutroil source ISIS (Ru-
reported, it was pointed out that a knowledge of the crystal- therford Appleton Laboratory, U.K.) on the time-of-flight
field (CF) potential is essential to assess thle validity of these chopper spectrometer liET, using incident energies between
ideas,6 Apart from making a substantial contribution to the 10 and 60 meV, and on tile high-resolution inverse geometry
thermodynamic properties, the CF also determines tile spectrometer IRIS to resolve low-energy transitions.
f-electron wave functions, in the absence of strong hybrid- The rare-earth ions in R,(u 2Si, occupy sites with tetrag-

onial point group symmetry. In the palitn agnetic phase, Hlc
'On leave fioro : 1. I. iFrak ULhoratory of Neuiron Physics, Joint lIstitulh apl)ropriate CF I lalili10olliall is

for Nuclear Research, lutmat, Hiead Post Office, VO. Box 79, Moscow. , 1 ) 1  ) 1 1 4 0 , + 4 ,u ,1
Russia, CIS. I . ..- I 0l 'l0-• ,) (1)
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20 E, -,..EmeVI

T= 25K 11.33 0,70711+2)+ 0.70711..2)

159.20 0.88961±1) +0.4568[rT3)

7.78 0.35571+4) + 0.864310) + 0.35571-4)

5.09 0. 7071144) -0.70711-.4)

5. 4.18 0. 61111+I4)- 0.50.3010) +0.61t111-4)

~.. -,~ .1.35 0.70711+2) -0.70711-2)

0.00 0. 88961 T-3) - 0.45MI1± 1)

30 T= 4.5K

FIGi. 2. Energy -level scheme for l'r112SSI~ [inte paramiagntetic phase witht
25 Iitie erystalfield parameters givel if) lihe text. Tlhe arrows mark the dipole-

20 allowed transit ions.

15 dispersion in tile antiferromiagitetic statc. We have performed

10 similar analyses for the other rare-earth compounds. In each
A' case, tilc CF potential wats determined without ambiguity

- __________. .with the possible exception of IbC'u2Si 2 where thle transi-
C- - .- __ J " 1 tions are not well enough resolved to guarantee at unique

-5 0 5 10sltin

IIl. DISCUSSION
F1G. 1. Neutron Inelastic scattering from PrlC1u2Si2 measurcd at 4.5 and 25 K
oil I Wliiwith anl incident enlergy of 15 nteV integrated over scattering angles As we stated inl Sec. I it has been proposed that Pl.Ctt 2Si2
of 9o-29'.Tfhe solid line Is thie profile of the crystal-field model described Ilt shows unconventional (quadrupolar Kondo) hecavy-fermnion
thle text inl)CU(iIng A~rentziant broadening and, at 4.5 K, af molecular field. eain5Oem edterslofu-CF nlysisoThe dashed linle is the quaslelastle scatterIng, the dashed-dotted linies aire tile bhvo. n m eit euto u Eaayi st
inelastic transitions, and the dotted linc is thle elastic nuclear scattering. e~xplaini the apparently high value of y. The calculated ('I

contribution, consisting of a inumber of overlapping Schottky
p~eaks, is approximately linear in CI''T vs T2 for about 20 K

where 0,"' are thle Steven's operator equivalents and B,:' are above TN anld extrapolates to tile Value 282 mlJ mol 'K 2 at
the phenomenological CF~ parameters. The influence of anti- T=~0. Once this Schottky contribution has been subtracted,
ferromagnetic ordering onl the excitation spectrum has beenl CIT is close to zero within the uncertainties of' this analysis
taken into account inl thle molecular-field approximation. An so there is no evidence of' an enhaniced electronic contribu-
example of the I-lET speetra onl PrCu 2Si2 , measured both tion to the specific heat. A second result is to explain the
above and below TN , with an incident energy of 15 meV and absece1C Of thle lattice anotii1aly at low IlempeCratureS. Figure 3
summed over scattering angles from 9' to 29', is shown in shows the calculated teinperattore dependenice of' thle quadru-
Fig. 1. The spectra taken at 1360, where the nuclear scatter- Pole mlomlenlts Q2ý 2-a1(0() of' RCu2Si2 usinlg thle measuredCo
ing is strongest, shtow that the phionon conltrib~ution inl this CF-, parameters. Q2~ is p~ropotrtionall to the size )I' thle lattice
energy range is negligible at low angles, so tile observed anomialy assuming thle miagnetoelastic coupling is linear inl

peaks are all magnetic.
The solid lilies in Fig. I are thle results of a profile re- 0 .04

finemenitt of the CF model after establishing the approximate rt2S
CF parameters using at comprehensive stepwise search. The NdCu SI
resulting parameters are )i'= -(6.28±0.15)X 1l0 2 11eV, *TbCu 2 SI2
)Jtt(1 48±0.15)X 10 -3 mieV, 2B0=(5.27±0.07)XI f S* n V, 0.02 : cu2SlI

B'=(2.24±0.06)X 1. Vand B4 - (3.80 ±0.03) X .61* ~2
nicV, and the corresponding level schemne in th paaig
netic phase is shown in Fig. 2. The INS spectrum measured0
at 4.5 K shows that the molecular field 1I f changes thle level
splittings, energies, and transition probabilities significantly
inl the anti ferroinagnetic state. Nevertheless, it wats fitted uts--.0
ing the samne CF parameters as in 11 0 paramagnetic phase 0 3(X20 )j
with H-If=(10. 4 ±0.6 ) T. Therefore, the CF, model describes Temperature IKi
the measured profiles reasonably well both above and below
7'N with some discrepancies due probably to the use of a FIGl. 3. tIempe[ratureN dIependence of thle quadrupole momentil Q2o R( 'f
common linewidth for all the transitions and to thle neglect of compounds (It 4r,Ndlh,Tbjlo,l;r).
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2 , is small in comparison with the copper contribution which is
nearly constant across the series, However, a large negative
silicon contribution has developed ill CCCu 2Si2 indicating an
enhanced hybridization between the rare-earth 4f electrons

. 0 a- and tile Si s-p orbitals. The SM analysis does therefore show
T evidence of the same hybridization in PrCu2Si2 but on a sub-

S-I stantially reduced scale.

* Cu IV. CONCLUSION
-2 |

* Sil Our solution of the CF potential of PrCu2 Si 2 shows that
the anomalous thermodynamic and structural properties ob-

Ce Pr Nd 1b -Io Er served in earlier investigations call be understood in tile
framework of a conventional .'-electron system split by the

IG. 4. Superpositioln model parameters A and . fr RCuSi2 crystal field. Both the enhanced linear term in tile specific
compounds assuming A4 aud A, 4 o heat and the apparent quenchinog of the Pr 3 + quadrupole mo-

ment are reproduced by our CF model. However, the ex-
panded radial wave functions of the f electrons, compared to

the tetragonal strain."1 Although the absolute value of Q2 in the heavier rare earths, arc reflected in all enhanced hybrid-
PrCu2Si 2 at room temperature is slightly greater than the ization contribution to the CF" potential by the silicon ligands
heavy rare earths, its temperature dependence is much as earlier observed ill CeCu2 Si2.
weaker. For example, its variation between 300 and 20 K is
live times weaker than inl IIoCu2Si2 making any attendant ACKNOWLEDGMENTS
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Mixed valence in a generalized Hubbard model
A. N. Kochariana) and G. R. Reich
Min Wcs Department, Union College, Sc/iuzctai4d, Not, York 12.308'

A generalized H-ubbard miodel involving two kinds of spinlcss let inionls with (different masses is
p~roposed to explain the properties of mixcd-valncric compounds. Ani equivalence bctween thle
proposed model and anl effective anisotropic antiferromiagnctic Hecisenberg miodel with external field
is established in the stronig-interaction limit. The grounid-state energy and partition function ate
obtained analytically using generalized mican field theory which, for bipartite lattices, alilows tile
system to lbe reduccd to anl equivalent two-site p~roblemil. The analytic behavior of the valence and
compressibility undcr variation oif pressure and the phiase diagram inl the ground state and at finite
temperature are inivestigated. The conditions for a first-order transition depending onl thle positionl of
the f band are obtained, taking into accounit the effect of local hybridization between thle s and ],
states. The known ainomalies inl the behavior of tit and X in mlixed-valence systemis are interpreted
inl analogy with the magnetization and suscep)tibil ity inl the corresponding pseudlospiti model.

Many phieinomena in hecavy-fermnion comp~ounds, high-T,. mentally, 5 and it correctly predicts the first-order transitions
superconductors, quantum crystals, etc. have been modeled seen inl those materials under change Of temlperatur11e and
either with a single-band I lubbard modell or a spinless pressure.
Falicov-Kimiball (FK) (or closely related) miodel, 2" " These It is convenient to rewrite thle GM IHamiltonian, replac-
models are also often used to exIplain pihase d iagram ainnom a- i ng tilh' creationl operators by HIu bbarid ope ratorsi so that
lies and interesting valence behavior inl mixed valence coum- (c1.,r=XA'()-i_ -X "A~' and thie 1Ham ilton ian takes the sy inme-
pounds under change of' temperature n, piessure (see, e.g., trized folhin lI(jm~~ji,AII( ij +I A) +- 11(i + A,i), where
Ref. 5). Aside from some details of el-i troll structure these A is suinnied over thle lattice vectors, and 1l( i,j) call be
two models can be studied togetnel IS~ particu Illr cases of' a writtenl inl termis of two-site operators as follows:
inure general model (GM), 11(i,j)-= --1,,(X I XO I +X2'A'I 2 )-i2 (A')'t ' 1' +X2 A')

lC1Cj-1- C iIC I UI CO~iTlciI~iI ,vt()vlOX2+v2jXvflI 1(Xj12+X1 )' 2
I I J

U +U/2(XA i X)-l1/4(X')'+A')'--XJ' 1--XI .

2 ''I~~Ac) I While the first two ternis inl Eq. (2) represent simpile hop-

whic inluds hopin teiv;and ntrsit replsin (>O) ping, thle second two are interconfiguration fluctuation termls

for two different kinds of particles. For I I 1) it is, of .course, incn be remov.eI the st rugintabe i utoi initar theatsiarmasionrms

a H-Iubbard model with aill applied iiiagnet ic-field. Although ilIW' a .inito i ancailbe eton ipnddtoaiorerato li in powetrasfofme

Eq. (1) is written inl tilte lanlguage of'electr'on creationl opera- Hmloincnb xaddI n re l oeso

tors withI sp in indices, anl eq uiv alent HIamil toniiani coulId be 'ice U f s rjcingl tcclied tristato s m edxamciIflny a nt lie sub.lin
written usinig band or oirb italI ind ices, as in tilte F K mlodel. It PC fs tly(ct idsaee c thl-iln
other wolrds, the c;' operators iin Eq. (1) canl be replaced i t )gvs olws rdr nfcieIlmloii
with creation op~erators f` a 'representing spinless ferinions ± X X X X
it thle f and s baitds. The field streitgth 1i in this case repre- 'eI/C1-_ - I /A1  I' I '' ) +~ ('A
sent.i tilte entergy difference between tite centers of tlte two 2U (oj) U (0i)

bands, whticht inl mixed-valence nmaterials canl be chaitged I/ .X I .1I ).
with pressure. For I I =0, this is equivalent to the FK mnodel. h)-2 1 , (3)

!in thle strong interaction limit U -,- thle GMV reveals soimeL Since the IHubbard Ioperators A'iI1 generate anl SU (2) algebra,
interesting relations between the two models, and hielps to and their commuittation relatioits are isomiorphic to those of
explain tlte conlnect ions between such phenomena as super- the pseudospimi operator 1, (21. ,A-X' -X A'I and L A ý' I ),
fluity and excitonic insulators, aittiferromiagnletisin (or the effective I lamfiltonian above cail tbe written iii the forml
chiarge-density waves) and valence-density waves, ferromiag-

netisni, and pure integer valency. Ilit addition, viewed as ai 21L; ~1, J (+ , i L + hc) -- 111 ,
generalization of' tte FlK miodel there are Sigitificanlt advait- W') (ij)
tages to using Eq, (1) for describing mlixed-valeitee coin- (4)
p~ountds. Ini thle pure FK miodel, for example, mixed-valence with.11 ý(1 2+t2l)/ 2U antd./, = 1~1t.,! . Thus, to lowest order,
states canl appear onily ats a spat iaIi y leienod ic lattice of ions," tilie (GM is strictly eq uiva~l en t to a tt artisotropic aitt i feClrn iiiag-
with it1 0 or I1, a kind of orbital antiferroinagnetisml. The ntwhexralfldUsgaaois ti knid ont ay
generalPized model, however, alisot)IC tmits at Iiq Uid like st ate of advanatageouslIy translate thle su bst ant ialI existing knowledge
uniform, itoninteger valetnce, as hias bieen sceet expleti- aotsi ytm omxdvlnesses

'The ti-ansfor-med I Iant1iltonliait is Valid for all I1,I2I atid
"V1 iernmiient address: Yerevain Physics listilute, Ye revanl. Aminieau 3750163(. inl earl icr wolrk 7 [lie case I I -I ,2 Was described. It is' a Iso easy
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to show that taking t= t2 (Hubbard model) gives a spin Comparing the Anderson Hamiltonian HAM with HI,
analog equivalent to Anderson super'cxchange, 8 HA,M. Here above, we see that the difference between the Hubbard and
we examine in greater detail the FK-like case -10. Expand- FK models in the strong interaction limit is no more than that
ing the resulting effective Hamiltonian to fourth order gives between a classical Ising system and a quantum antiferro-

tt magnet. Thus, cxactly at half-filling the FK model can be

IH I,= , LL+-- , L21-I-4 Lf+const (5) considered to be a classical analog of the Hubbard model.
U ,I), , Below we show that, in spite the fact that J11- ýJI , the inclu-

o tsion of a finite, small bandwidth for the f states changes the
so that any exact results from the Ising model can be easily character of the phase transition from second to first order
transferred to the FK model in the strong interaction liriit. In adsaiie h unu-iud(L tt ihsrn x

particular, one expects the appearance of a spatiai'iy ordered c ioic crel ans.

phase in the GM in two dimensions, similar to results de- citonic correlations.

scribed earlier 4 about the appearance of a chessboard struc- All these effects can be derived analytically using a gen-

ture of f fermions in D;2 in the symmetric case (1i =0). We eralized mean field approximation (GMFA) for bipartite sys-

show below, however, that even with H9/0, there is a region tenis, i,e,, those consisting of two sublattices A and B. Taking

where the chessboard structure is stabile, Higher-order cor- the most general decoupling scheme for Hlubbard operators
rections as in Eq. (5) arc important for their implications in Eq. (3) the Hlamiltonian call be reduced to the two-site
regarding additional spatially ordered phases for t 100. form,

llcf =( -.JIuZ/i 11,-112 )XI - ( -Jjzii 1 f-I/n2)Xii ±( ---JlziirI--4J2)A'1 ( -J~jziif-11I2)X11 +JzA 2 (XI +41)

+j I. zA f,(X t I+4X") + JIIZ(il I~ ff , /It _lTI,,f2 f') -" 2,1_z A I A 2, (6)

where z is the coordination number of' the lattice, and we pholo inlte ract ions.;t The transition, however, becomes

have introduced tihe order paraleters A, X, fill tile continuous at any finite temperature. Thius,, the stabilized ex-

excitonric correlations (orbital mixing) in xy plane and citonic pihase is ruled out in the ground state whenever we
=Xt ,, ,r_X- ,2 (- ,r) for the spatial orbital ordering in z exclude a finite bandwidth for f states, and there is no pos-

plane. The number of particles ifI and 112 oln the A and 13 sites sibility to obtain a first..order transition in the FK model at
is then nal1+hi/-• and 112 = 121'+ýla It'(ad ttie total rnum- finite temperatures. From Eq. (7) one canl easily find tile
ber of particles on the two sublattices, exactly at half-filling, comprev:;a,ility X.-dhfi/dp, which is small in IV contigu-
is 1 A+n2=2. rations and in spatially ordered phases (i f= 1/2), but in the

After diagonalization of Eq. (6) one call find cigenstates QL phase becomes constant X= l/h *. The value increases
1E'1,2 and the partition function Z depending oil A, j,' and with pressure, and reaches a maximum near the transition

n = 2tir- 1 . The analysis of self-consistent equations for into the mixed state. Such behavior has been seen in experi..
these gives the dependence of the valence hif on the poitioni ments in SinS under pressure. St)
of the f level H, The inclusion of local hybridization in the GM

Hr tg ---- t--- . V(c, c'I +-c-I' c I) would be tile same as considering the GMif = 2- 11Z =Ig (7) in presence o1 i transverse magnetic field V(L + I, ). This

Analysis of Eq. (7) reveals many phrases, which are factor is of air excitoiic type and increases tile tendency to-

shown in Fig. 1. In a strong magnetic field we have ferro- ward a first-order transition from a spatially ordered phase

magnetic ordering or integer valence (IV) states ftf=0 or I. into QL state with strong excitonic correlations.

On decreasing the magnitude of h, the system undergoes a If we consider the Ising-type interaction (ti -*0) to all

transition into an excitonic insulator at h *= I + I- g. In this orders in 1/`1, which includes the artiferromagnetic long-

region hf changes linearly with i, tf= hI/h*. This phase range interactions with all neighbors (analogous to a classi-
most closely resembles a uniform QL with strong hole- cal gas with Coulomb repulsion,'t then ain infinite number of

particle correlations, and with (2m111 - 1)/2< At- < I , where incommensurate modulated phases is found between the fer-
mo = J[ (g-- 1 )i(-g+ 1 ). For It between ± /(g- 1 ) h!f is roiiagnetic and the VDW "antiferrornagnetic" ordered
multivalued until some critical field ±•/,h, \,here tile system phrases in the one-dimensional case. This means that the FK
undergoes a first-order transition frotrI a mixe.ýd state with model at U---- call be converted into an Ising model with
V:i(0, A---0, in which valence-density waves (VDW) coexist long-range antiferromagnetic interactions, The crystallization
with the QL, into a pure spatially ordered phase with VDW. of f particles into a periodic structure and dielectric splitting
When the mass of the f ferrnions goes to infinity we obtain at of thie f band has been bound in the 11) case. 12 The similarity
T=( two consecutive jumps from IV states into VDWs wirt between the ground-state energy and the partition itinciions
I.f ti. = 1/2, as shown in Fig. 1. It is also possible to obtain of the FK model and the ,:lassical lattice gas has also been
such a transition iin systems with short-range electron- fonid recently for the I) case.13
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FIG. 1. The occupation number fif as a function of h in a generalized
Hubbard model at 0<l/g<l. -it -heh0  0 h, t¥ 11 h

FIG. 2. The predicted h-T phase diagram for the generalized model for

The thermodynamic behavior of our system can be ana- D1;3.

lyzed easily. From analysis of these equations one can easily model, one can predict an infinite number of phase transi-
find the thermodynamic characteristics, and investigate the tions with charge-density wave states under change of pres-
pfiase diagram at finite temperatures. The schematic phase sure in the FK model. Thus, the thermodynamic behavior as
diagram of critical temperatures versus magnetic field (or well as the value of all critical exponents for FK model can
pressure) of the GM in the strong interaction limit is shown be obtained using analogies with exactly solvable one- and
in Fig. 2. In some cases 14 the transition from the VDW to the two-dimensional Ising or lattice gas models. Even a small
QL state can be realized through an intermediate mixed state bandwidth causes a the appearance of a valence fluctuation
(MS), where the first-order transition line is split into two term (or sl)in-flop terms in the effective lHeisenberg Hamnil-
lines terminating in tetracritical point B1. One first order tonian), and drastically changes the properties of the system.
phase transition from the QL into the VDW state is also In spite of the fact that the exact solution of the 2D
possible by increasing the temperature at constant field (pres- H-leisenberg-lsing model is not known, it is possible to reach
sure) (see Fig, 2), Physically, this result is connected with the some conclusions about the ground-state properties and cor-
fact that excitonic effects, which are absent at high tempera- relation function behavior even in this case.,R For example,
tures, become important at low temperatures. The phase at low temperatures the bounds obtained in Ref. 16 rule out
boundary between the QL and VDW states indicates an in- the possibility of excitonic condensation in 2D lattices, but
crease of entropy for the spatially ordered phase with tem- allow power-law-like decay for excitonic correlations in the
perature. The bicritical point Tile and spinodals, which are GM, which can be of the Kosterlitz-Thouless type, when-
characteristic of the first-order transition, are also seen ii ever it or 12 is different from zero.
Fig. 2. We expect that in the 3D case only a finite number of The participation of ANK was made possible by the
comniensurate crystalline ordered phases exists at finite tern- Union College Fund for Former Soviet/Eastern European
peratures and can survive near the equilibrium line in the Scholars established by an anonymous donor.
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Consequences of competing hybridization for magnetic ordering
in correlated-electron lattices

Carlos Sanchez-Castroa) and Bernard R. Cooper
Iepartmeni oJ I'h.sic., We'st Virginia (Inilersity, AMorgantown, W,.x Virgintia 26506-0315

Kevin S. Bedell
Los Alamnos National l.ahoratoryv, Los Alamnos, New MeXico 87,545

A nmethod is presented for calculating the f-f ion interaction in systems where it d-clcctron species
liso hybridizes with the saime Fermi sea. For the physical systems of interest, typically the f species

is it light rare earth (e.g., Ce or Pr) or a light actinide (U) involving it partially tilled f shell and the
d species is it transition,-mctal ion, and there may be experimental evidence of competition between
magnetic ordering of the f and d electron systems (e.g., when f is U and d is Mn). The method treats
tirst the strong hybridization between the d and the conduction electrons to obtain, a new ground
state with delocalized d electrons. Then it calculates the J-f ion interaction by perturbation theory.
The mechanisms by which the d electrons modify the f-f ion interaction are identified.

In recent years there has been considerable interest nit the itly assume that the d species has no tmoment, the method
behavior of partially delocalized light-rare-earth and actioiide can be generalized to the case where it does by introducing
s v;teMins where cooperative hybrid izalion between a lattice of spiti-polarized bands.
"•,-'iewhat delocalized f-electron ions and the non-f-band We start by writing the Anderson lattice Hlamiltonian for
electrons gives rise !o orbitally driven magnetic ordering it systcm of d and J electrons hybridizing with it common
phenomenology characterized by extremely high anisotropy conduction band as
in the equilibrium, excitation, and critical behavior, and often (1)
by anomalously strong damping of the excitations., The
theor'y of this magnectic ordering and associated behavior is where H,. = k,,kC'k1r,, k is the conduction-band -lamil-
by now well developed' when it lattice of only a single tonian and ctk,, is a creation operator for a conduction iecc-
f-electron species, such as cerium or uraniunm, is present. tron with wave vector k located inl the first Brillouin zone
interest inl generalizing this understanding to the situation and spin o-. iHcre
where there is it d-electron species also present is strongly I
motivated by the competition between magnetic d and j 11,,= /, + .U ,I t
electrons that occurs in compoundsl l of the Th('rS 2-type ,,,,,,
strictrc of the type UMnWX, and RMnX, [where 1? is it
rarc eirth i' Ce, Pr, Nd) and X is Si,(ic . If the Mn is replaced
by another transition iicil , there is no in agn1etic moment on i-l- ( I c.c.), (2)
the transition nietal. For tile light-rare-earthi/Mni compo unds 2  N 'M

there is magnetic ordering of Mn moments, with ordering k,,

temperatures above 300 K, that it ther is ferromagnetic or is where (J,d, Jim / J,, is a creation operator for it local-
antiferronuagnetkc with Mn phanus that are ferrom agnetic in ized f elect ron located in the it ti unit cell with total angular
alternating directions; and the rare-earth sublattices show ii0 rnioiientuni j,, and projection of the latter along the quanti-
ordering. Quite different magnetic ordering behavior occurs zation axis In, ,,t, di,, is a creation operator for a localized

for the corresponding hcavy-rare-carth compounds where the d electron located at the origin of the ith unit cell with spin
more localized f clectrons presumably have negligible tiy- or, and we have neglected the orbital degeneracy for the (I
bridization, and where typically there is evidence of mag- electron system. I lcrc N, is the number of unit cells inl the
ntcic ordering on the rare-c.rtlh site. For the UMn,X, crystal and the d hybridization matrix element for simplicity
compounds.3 the magnetic moment of the uranium sublattice is taken to bl it constant, V,,.
is strongly coupled with that of the Mn sublattices. For it general 1-d electron system, both species canl in-

In this article we present a method for calculating the teract strongly with each other by modifyiing the Fermi band
f-f ion interaction in it system where both magnetic f ce- sea. I l[rc. we consider the case where the ] species is in the,
Irons and d clectrons on it lattice (or different sub latticCs) Rudc rm anii --Kittcl-Kasuyva-Yosh ida (RKKY) interaction
hybridize with i a conmmon band sea. l'i meietlhod treats first dominated regimei with local magnetic it omien ts in contrast
the strong hybridization of the d electrons with the band sea to the heavy fermion regime with quenched niorleits duc to
Ik, cor'truct it new grou mid state and thlen proceeds to treat ttie the forrmation of conduction-f-clectron singlcts. For such a
] hybridization by perturbation thcory. Alt hoLugh we cxplic- systen, the miost significant renornIalization of the Fermi

band sea is due to the hybridization with the d electrons.

1lPresent adldrcss: Los Alianus Natioinial Iaoratoh'. [,V Aliamos, NM Thus, we rt)ptOse a ncttehod where we first approximately

875.15. dimgoanalize the termlls ill the I Hamiltonian involving the con-
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duction electrons and the d electrons to obtain renc;malized 1 f I
bands and then, afterward, treat the hybridization of the f H=H +-- dEEffilfi,,+ 2 Uffi,,,fi,,,fi.j,
species as a perturbation. The d hybridization effect intro- '", -i,,,,
duces the well-known m;xed valence nature of the renormnal-
ized bands and determines the enhancement in the density of I

states (DOS). An enhanced DOS plus various residual inter- + i (-k,-faw L ,....c (5)
actions between the d electrons not considered here could ,,,,k,,

lead to a spontaneous magnetic moment for the d electrons. where OAf) - V~f ) y(k) isa
We consider the Lase where this does not happen; however, t-IIU-- k(t- a r i f

L beloidev thease wherentroducingspin polaze d nhapend, awev tioa matrix element. The renormalized f hybridization matrix
eWe believe that by introducing spin polarized bands, a gen- element takes into account the mixed valence nature of the
eralization of this method can be achieved. renormalized bands, i.e., an electron in a state IIvi(r) and

The d hybridization effect, however, is different than for has a probability Y, 2 (k) 2 of being in ae.:,ergy Ekhsapoablt,,2k2 fbigi
simple metals since electron correlation effects between the conduerion-band state and hopping into the localized f state.
narrow d bands electrons are significant and the intraatomic The calculation of an effective magnetic Hlamiltonian for the
Coulomb interaction must be explicitly taken into account. f ions starting from Eq. (5) is accomplished by a combina-
To take those correlations effects into account, we have as- tion of a Schrieffer- Wolff (SW) transformation and pertur-
sumed that Ud-+o and introduced a slave boson
formalism4- 6 to diagonalize H, + Hd in a meaun field approxi- bation theory. 6 Two distinct physical processes contribute to

1ii TMF is one of hybridi- the two-ion interaction: (1) an induced interaction mediated
dmation. The resulting Hamiltonian H, i f d by the interchange of a particle-hole excitation in the con-

(ng bands and can be diagonalized by a canonical transfor- duction band; (2) a kinetic superexhange contribution dueSmation to yield renormalized bands 5,6 given by dcinbn;()akntcsprxhnecnrbto u
t iigto an effective hopping or banding interaction between the

localized electrons that results after applying the SW trails-
formation to the Anderson Hamiltonian. The resulting ionicOMF

cjMF = ,eruIa~uoakfrlaNsA(r2 -- 1), (3) interaction between two localized f1 electrons located at sites

k, a i and j is given by

I _ ~~~~i = - E ,,l ,,),,,, ( R i - R j ) f ,, f ,f ,, j , . ( 6 ) -
where n =1,2 is a band index, ek, = ½[Ek + Ed + ( - 1)"Ek] h - m-m
are the hybridized band enefgies, Ek=[(ek-_id) 2 +4f,',211/ 2 ,

ed-ed-+A is the renormalized d energy level, and A is the For a matrix element of the form
corresponding energy shift. Here Vd= Vdr is the renormal- W )t _ 74VV//,,.2 (k)Y 3, .. (•k)
ized d hybridization matrix element and r is the hybridiza- -k,--

tion renormalization factor. Both A and r are expectation X(3,1/2,_z- ,(rI3,1/2,j,tn),
values of slave boson fields over the coherent equilibrium
states and are determined by minimizing the mean field free where Y,,(Jk) is a spherical harmonic, (3,1/2,n- rr,urr13,1

energy5'6 with respect to them. The bvbridized band creation 2,j,m) is a Clebsch--Gordon coefficient for a spin-orbit
operators are given by 5

.
6  coupled f state, and a quantization axis along Ri-Rj, it can

bc shown that the asymptotic behavior of the range function
is given b "1,6 Ei, ,,t;.,,, =g(mn,in')E(R). The factor

t ^
-- • u y,,(k)dt,+ y,, 2 (k)cr,, (4)a•,,•- ,.g(In~m, In 6111,,,i.1/2 1i',,, 1/2

remains unchanged from the case where there are no d elec-
where yI ,.M is an orthogonal matrix, dk,• trons and implies a highly anisotropic interaction that favors

-- -id /•.R, 2 and tis the slave fermion creation op- having two ions point their charge along the bonding axis
erator representing the IdY )Ra configuration. The limit of (in= ± 1/2) thereby developing a small covalent bonding en-

U,i=O can be formally obtained from the above equations by ergy and causing the ionic orbital moments to align perpen-
setting r=1 and A=O. The slave boson average r also gives dicular to the bonding axis.' The radial factor E(R) is a
the avenirge electron occupation of a d site n d by hd= 1 -- r2 , complicated function of the renormalized f hybridization and

i.e., r2 is a measure of the degree of delocalization or itin- renormalized bands.6-

eracy of the d elcctrons.5 ' 6 In other words, in the infinite Ud To explore the physics that comes out of this approach,
limit a conduction electron can jump to a d site only if it is we have done a model calculation for a system of f ions with
empty and this results in a factor -- V'(1 - Id) in the j =5/2 and d electrons with s =1/2. The conduction band was
transition probability. assumed to be parabolic with a bandwidth W=5 cV. We took

Now, by replacing H1+H 1 by Wcd in Eq. (1), and ex- Ea arnd E- to be 0.3 and I eV below the conduction Fermi
pressing the f hvbridization term in terms of the renormal- surface, respectively. Before hybridization, the d band holds
ized band operators, we obtain an effective Hamiltonian in 1 electron per site and the conduction band 0.6 electrons per
which the f electrons hybridize with two renormalized bands site, and therefore after hybridization tile lower hybridized
that already contain the effects of the d electron hybridiza- band holds 1.6 electrons per site. The various parameters
tion and ;s given by were chosen as follows: Vd,= I eV, Vf=t0.1414 eV, Uf=3.0
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0.6 E Evu and EV oscillate more rapidly with distance than Eo1 due
to renormalizations in the partial densities of states with a net
effect of electrons spilling from the d band into the conduc-

0.3 tion band.7 The difference between Ev,( and Ev is due to the
correlations between the d electrons which are significant for
the case considered here. A detailed analysis of these results

0.0-,. . . is presented elsewhere,6

"0.0 -In conclusion, we have presented a method to compute
the f-f ion interaction in systems where both d and magnetic
"f electrons hybridize with a conduction band. Our calcula-

tions elucidate sonic of the mechanisms by which two differ-
-0.3 oent transition shell species can interfere with each other

through cooperative hybridization with a common Fermi
-. I I band sea. We found that correlations between the d electrons

-. , in addition to hybridization must be taken into account in the
0.0 0.5 1.0 1.5 2.0 calculation of the f-f interaction.

B. R. Cooper, R. Siemann, D. Yang, P. Thayarnlalli, and A. Banerjea, in
FIG. 1. The range function (intersitc coupling strength) as a function of the Handbook on the P/hysics and Chemistry of the Actinides, edited by A. J.
Idtio of the distance between the two f sites to the unit-cell fee lattice Frceman and G. 11, Lander (North-Holland, Amsterdam, 1985), Chap. 6,
constant a. Here the solid, dashed, and dotted curves correspond to Ev.1, pp. 435-498; B. R. Cooper, Q. G. Sheng, S. P. Lirm, C. Sanchez-Castro,
Ev, and E0 , respectively. The arrows indicate the nearest-neighbor distances N. Kioussis, and J. M. Wills, J. Magn. Maga. Mater. 108, 10 (1992), and
for a fee lattice. references therein.

2 A. Szytula and 1. Szott, Solid State Contiun. 40, 199 (1981); A. Szytula,
in Handbook of Magnetic Materials, edited by K. 1-1. J, I3uschow

eV, and Ud infinite. In Fig. 1 we show the calculated f-f ion (Elsevier, Amsterdam, 1991), Vol. 6, Chap. 2, pp. 139-148.
interaction range function under different circumstances: (1) 3V. Sechovsky and L. Havela, in Handbook of Ferromagnetic Materials,

edited by L. R Wohlfarth and,. K. t1. J. Buschow (Elsevier, Amsterdam,
by taking into account the hybridization and correlations be- 1988), Vol. 4, pp. 309 ff.
tween the d electrons as outlined here, Evu (solid curve); 4

A. J. Millis and I. A. lee, l'hys. Pev. B 35, 3394 (1987).

(2) by treating the hybridization of the d electrons but tie- 5 C. Sanchez-Caslro, K. S. Bedell, and B. R. Cooper, Phys. Rev. B 47, 6879

glcting their correlations, i.e., U,1 =O, EV (dashed curve); (1993).
"C. Sanchez-Castro, B. R. Cooper, and K. S. Bedell (unpublished).

and (3) by neglecting both the hybridization and correlations 7j. M. Zimnan, Electrons and Phonons (Oxford University Press, LA)ndoa,

between the d electrons, E 0 (dotted curve). We note that both 1960), p. 125.
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Antiferromagnetic order in superconducting UPt 3 : An x-ray magnetic
scattering study (invited)

E. D. Isaacs
AMT&Bell Laboratories, 600 Mountain Av'enue, Murray Hill, New JlerseY 07074

P. Zschack
Oak Ridge Institute fbin Science and Education, Birookhaven National l,aboratorv,~ 1ipton, Newv York 11973

A. P. Ramirez, C. S. Oglesby, and E. Bucher')
AT7' Bell Laboratories, 600 Mowitains Avenue, Murray I-lilt, New Jlerseyv 07974

The temperature dependence of thle antifmerroagnctic order inl Superconducting Ul't3 ha-s been
mneasured using x-ray resonance miagnctie scattering. The magnetic Bragg intensity at Q =(1I /
2,0,2) grows linearly from TN= 5 K to T='-0.6 K (T(-.=0.53 K), where it becomies suppiressed
with temperature to a redluction of -6%/ at T= 180 iiiK. These results demonstrate a coupling of the
superconducting and antiferromagnetic order parameters and are consistent Withi a Suppression inl thle
magnitude of thle ordered moments below T,. whlen compared Willh previously obtained
ncutron-scattering data.

UPt 3 has emerged ats at model system in which to study Our- x-ray scattering measurements have been pertormned
unconventional superconductivity.' The unconventional na- at Beanidine Xl 4A at thle National Synchrotron Light Sour-cc
ture canl be seen, for examiple, inl the anisotropic response ot' at Brookhaven National Laboratory." Monochromatic x rays
bu.lk measurements in thle superconducting phase, such as the (3.728 kcV) are horizontally foicused at the sample by at sag-
ultrasound attenuation, 2 miagnetic penetration depth, 3 jx ittally bent, double-crystal Si( Ill1) Ini)nocltromlator collecting
lattice, 4 and( tunneling, 5 which shows indirect evidence that up to .5 mmrd, and vertically focused by an x-ray mirror to a
the superconducting gap) is anisotropic and that the Cooper Spot size otf approximately 1 m1m12. The miirror. Serves the
pairs carry orbital angular miomentumn, e~g., ti-wave pairing, additional function of low-pass filter, helping to suppress the
It has been suggested that thle rich p~hase diagrarn of UI't 3 "(ir higher-order components p~assed by thle mionocrluomator
example, the splitting of the superconducting transition ob (e.g.. X/4 at L' 1 4.9 12 keV). A neoni or argon gas propor-
served by specific becat,(' arises from at breaking of the orbital tional counter is used ats a detector Wilit an energy resolution
degeneracy by at coup~ling of thle superconducting order pti- ot app.-oximiately 750) eV which allows us to separate tile
raineier to another symmnietry-breaking field in thle, systemi.". remaining liigltei-order contamination from X, and gives uis a
Scatt.,ritig studies, which are at direct microscopic probe, direct measure of, the instrumental resolution fuinction.
have pointed to several possible symmnetry-breaking fields, Th'le U Pt3 saUlple is mounlitled' inl vacuum on thle mixing9

Neuton-caterin8'' mesurm ~ns hve howii acoui iJ~g clia in er of, anl Ox ford Inlst 111 mlenlts dilIut ion irefrigerator. Thlie
N:e ujtronducateivity toteaswea ilL hantveshowanetiC ordering temlperatulre of thle samlple is nionitored Wiliith a ( diode sell-
U-J whulerondctivitytottie.iweak sntuileshnavesggesteod teri Sor' mounted onl the inixing chamber next to the samlple. TIhe

possibilteo elctouplimbtweeing supercoductvit Suggeted til rtrigerlltor is fitted into at cryostat Wiit thiree concentric cy-
psiiincmesrte structuraln modee superat onduof ivthe at d n ie.W i ndrical Be wvin dows (two t hermal shields, one at 4 K and a
thomese siffraen rsuts re tanauiin te r nt oten second atl 77 K, and a vacu Lim0 shtrotid at 3(1( K). TheI Icryostil
fors moffren miroscopicarmeasurements. they point wote have- is mounted onl a two-circle diffractomcitc. Wiliith horizontal

I'j mre ilcrocoidiffsraction tosud theree inerplayvo scattering planme, i.e.. thle p)laittle (of thle sy nchtrot ron orbit. WitlIi
used x-ray magnetic difato osuytl nepa f this geometry we canl acc'ss at larger- volumie inl rccilprociil
inagnetismi and superconductivity in Ul~t3 . X-ray scatter'ing Spa1ce than the more conventlional vertical scattering plane,

isthe only microscopic probe, along Withi neutron scatterin~g, wiekeigtl etclai ftl rotlwti 0 f
that is sensitive to the very small orderedl momlent found i hlekein h vertical. axis isreesr nordrto thel cr .twthin '1 le dil~l/of
this heavy fermioin system. We show that there is at large interface inside the mixing chamiber. Because of' thle larger
,-uppression kV the antiferrorniagnetic scattering intensity lbe- beam divergence in thle horizontal phane (thle 5 nirad accep-
low thle superconducting transition temperature T(- , deml- tanice of, thle m1onlochrlomator.) thle miomlenituml resolution is
onstrating, a direct coupling between thle Superconducting and defined by v slits just 1. :fvrc the rioniochromnator and scatter-
antiferr-omagnetic order parameters in UPt3. Applying thie irig slits before tile dcetector to he Aq ý_X 10 It A 1(see Fig.
polarization selection rules unique to x-ray resonance seat- 2). Anl additional advantaige to the horizontal scattering plalne
tering and comparing our results to thle previous neutron- is that for thle maignetic reflection atl Qý (1/2,0,2) there is
scattering measurements of Aeppli ei al.,8 we show thait thle signiticant suppression ot' thle diffuse and higher-order (N/4)
suppression of' tile magnletic scattering ill tile supercomiduct- scattering at Q=(2,0t,8) i hat would othlerwise saturate tile (he-
ing Phaise is Consistent Wilit a1 SUlppression in thle Magnitude tcto0r. ThiS Suppression is due to thle polarizattioin factor,
of the ordered moment below T(.. Which for a Bragg angle of 0---44.0' [Q (I /2,t),2) withI

____________________13,728 keV] is cos2(2Li)ý2x 11)"
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that w sused il n muon spin relaxation measurements.) '1,1C 2

boule wats grown by thle float-zone refining method and anl- a -(0~. U0.- 0
r 9kCVUt 

0nealed at 1230 'C for 40 Ih inl vacuum and slowly cooled to 1 MOknV T02

room temlipcrature. Tilc spccitic heat shows thle nlow well-1
80known splitting of the supcrconlductinig transition with C

T(., -ý0.530 K and Tc- - 0.427 K. The superconducting co- G
herence length is about 120 A as deteimined with muton s-pin 0

0 e--,L - 0 0relaxation b~y l3roholm et al. inl a sample cut from the sanic -02 0 0.2 * -40
boule:, Our sample is a 5-mni-diam xI 1-mmn-thick disk with a tdog)
shiny, polishcd surface whose normal is within 10 of (-* 3000 .420

UPt3 has thle hexagonal closed-pack NijSn structure with the 0

P61;/ninitc space group. Ini this article Bragg reflections are 2000

exp~ressed using Miller indices with reciprocal lattice vectors
a * b* =47TIaV3= 1.204 A-' and c* -27r/c = 1.285 1' 000
The1 anltifrrom-lagne~tic tranlsitionl at T'N=.S- K corresp~onds to a1
doubling of the unit cell along [11 ,0,0(10I, k ,0)1) with thle 0 -

3.70 3.71 3.72 3.73 3.74 3.*/0
moments aligned along [ht,t0,01 (1,0,k,01 ).1(2 Thus, thle tlang- (iNE-1GY (koy)
netic Bragg peaks occur at half-order positions, e~lg., Q =.(ht
+ 1/2,0,1) for integer values of/ an ttd I. The sample is fixed 11.1 -1Yiinlcsalrlrsnic rfla ieXI deilU1.onl the; mixing chamber with the (hi,0,1) pilane normal to the Q-%10(1, 1). X~i ugThle seliWCI- I'VNIOStlnigecsoing rsiticertu 0leAintedensity Ill
horizontal seai ering p~lane such that thle (I1/2,01,2) magnetic Q---(] /2.0t.2) us u fnltiitwi incideint energy Cni T-0.125 K. Thei solid [flue
Bragg reflection is specular [0(.- T/(0 his con figu- is 11 LIc.ieilizikIll fit t tlie dlaiwtu Wic tias bieein correcited fur hickgroiund anid
rationl opt imiz es our sensitivity to a1 rotation of tHie ordered absorption. Tile lilcuipliol pmu iiu~ s Shoiwin ill tile upper Curve. Ilteet: Thle
moments inl the basal planle, giveii thle polarization selection moinuuo widtlis lbr iiicidemi X-ray cuicigies 7.59 key (0) mid 10.001 keV (+)

(.e 1Ti silowii toi lie 1zieil y tile suitile (A k-JN -t(Ai5') deiiuoislritliulg lthu thie
rules associated wvi th resonant magnetic Scat terinhg (se ciystim ud ilaiy near tile sat rtiie (- Is ~tan) is similar ihrto tile 11111k (10 poietu).
below), 1:1

Ini order to nmeasure tile very smallI ordered momniit inl
Ul't3 of (0,02±(l.0t5)AII we use the recently developed techl- surface region are tlte sanic. It is initeresting to no(tec that ;in
ilique of x-ray resonance magnetic scatterinig, n1511 previous as-grown (unannealed) sample cut froni the %L~ittl boule has at
work it wats demonstrated that the weak anttiferromanotgztic coinsiderably broader mosaic width of' 0.33' and a supereon-
ordering could be measured il thie heavy term ion sulperciin- ducting transition which is sulplressed ito 'ý- 0.4 K with lit)
duetor U Ru2Si2 (0.04gj)t6 by tuning the incident x-ray eni- evidence of' a sp~littintg inl thle specific heat.
ergy toi thle peak of the so-cal led ''white l ine"' featu re at thie FigUre 2 sho~ws aI longittudinal (ti-20~) scan through the
uranium Ml a bsorptioni edge ait E=3.728 keV. 'The lower magnetic Bragg reflection at Q (1/2,0,2) for T=~- (1.25 K.
curve inl Fig. I shows the integrated scattering intensity ver-
sus enerIgy inl Ul't3ol' thle magne11tic Bragg reflection ati
Q =( 1/2,(0,2) corrected for hothI backgroun d a nil absorpf inn 300 t-i- - t-~- ~~-~----
(upperCl curIve) ait TI= (0.25 K. This resotiance corresponds to a
dipole trnutsition from the 3(13/2 Core State to atl unoccupied U X4 et/O70be

5fs, or0bittali. Th'le qua itt unt-to cc fainica Icon1tact he (wee a tiftc 1 0.25 K
5f51/2. states anld thle s,p, and di bands is what gives rise to the
interesting low-temiperature properties inl this system, inlclud- 200

ing (lie weak auitiferromlagtictisnti that we are probing, The
measurements described inl this article attc carried (out at thle
peak of the profile where (lie magnetic sigiial is a miaximium.
Since thle peneutration depth is a mlinlimum,11 at (lie sanme energy 100
(--1/2 atil), atid since the Crystal quLality Could have anl effect
onl both the supercotiductinig and, anti ferromagnetic colier-Go
etiec lengths, we determine whether thle crystal quality (ifthe

bulk is tlie samec as near the surface by measuring tlte sample 0 (4XAk X(ixxjDXCXC)(
mosaic. Trhis is shiown in, thle iiiset in, iFig. i whiere we plot
miosaic scaisi (intensity versus sample angle 0) att. I ... u .I.1 1-

Q=(0,0,2) for h'=7.59 keV with at penetriation depth of' 0.04 -0.02 D 002 0.04

-I Arm and for E = 1 6 .0 ke V with Ii p lenetrat ion de pthI of'A A'

-- 10 j.nm. Similar scanls are also sceei forh'"3.728 keV at
the peak of the whIiite li ne. Th'fese scans werie takena wit h FR( i. 2. 1 AnlIgituduim) sclecrs 1 0.211)) hmoogli tlie mitigitelic ((/12,11,2) anid charge

higher angular resolution thiant (le magnetic scans, i.e., AO( (2,01.8) (coltected at X/4) Ilirluil reflectioiis at TI - ((. 25 K. Tile whttli ()['ilte
=0.2mmd.The osai widhs dfferby lss Iiati5% lad- (2,01.8) charge peak is adirect iiemiiie of time iisoutiotni (Imiicjlio of' our
=0. mrd.Thenisai with dife byles tan IX le d- sliCiotiletei. 11111 a lii tilt'; ,iiienizianet to tile date we dleteimiiie tile iiiet-

zig us to believe that (lie c rystalI quality o ti(lie bulk antd iel ic cin-laire (10(ivliii liii li e 4- 185 A
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1.2 magnetic Scattering intensity increases linearly until it satu-
UPt 3  rates niear 7TN/'10 (7TN=17 K) with at small ordered momcnt

1,0 -0 0 (12.0. 2) (A=()()41,~). 15.17 The reason for this unusual behavior is not
well understood. Below T (1. 6 K there is it kink and at sub-

I 08Sequent suppression with tempecrature to a reduction of ap-
T6 pr-mtly i/ t T'= 180 niK, tile base tempecrature of this

~ 06- measuirement. The dip inl tile order parmmeter just above T,>.

0.4 ~at 'T= 0.45 K is about twice the size of the estimated error
0.4 bars and, as such, will require furthecr study.

0.2 The reduction of tile niagnotic Bragg intensity at Q I (/
2,0,2) below T(.,. canl arise froml nile of the following pos-

Tý sibilities: M(i) rotation of' thle ordered momecnt, or (ii) a sup-
0 2 4 ) ression ill the magnitude of the ordered m~omient. First we

TEMERAURE(K)examnlle ease (i). Our sensitivity to the orientation of the
ordered moment arises fronit the resonant nilagnetic scatterinig

FIG. 3. haivgnated scattering mInenlsi of'(1 tile tialgnetic reflection iat Q =(I I t~lirization Selection rules. With t he i ncidenlt x-ray ettergy
2 ,t02) iis u function of temperature correcled for backgrokind and normal-
ized( to tluorescencee. Tite solid circles retleet tenilperattuzes Ior which intett. tunled to the peak of the uranium Al iv edge (see Fig. 1) the
sitdes were nictasttred repeated linies for b)0(1 cooling and warming. The pol arizat iona dependence of' tile reso na nce magnetic scatter-
arrow Indicates the position of IteItI(: tippe stiper-Cttliittittily I'11511111s1ol ill i ng cross section is given 1)y 1-( * XL ) zl 2, where ej and
T,' -,l.-53 K. 6

cfare tile polarization oft he electrtic fielId of the incident and
scattered phlotonts, respectively, and z is a unit vector along

The peak inltensity of the Scan is at remarkable 10 counts/s. A the direction oft te ordered momentt u.'- For the geomletry of
tc nil~ipeature-inldlepiendet (0.,2 K<7T<10t K) diffuse back. our- experiment ( * Xei)==-k1I1k 1, whlere k, is tile wave
ground, due primarily to unresolved fluorescence, of about vector ot the incident phiotonl, and we recall thlta 1A lies !in thle
30 counts/s hias been subtracted from thle scall. The line hexagontal basal pllane. Because of our- choice or scattering
shape of~ tile longitudinal sean (solid line) is at Lorwiltzian geometry we aire particularly Sensitive to a rotationt of tlte
Cotvoluted w ill) thle nearly tria ngu 1w' resol ution function, momlents, i.e., kz is e~arly li near ill t(lie orienltat ion of/A. A
The resolution function, which we recall is determined by 6% suppressint would imply a spin rotation of only 2', as-
slits, is mteasured simultaneously by collectitng tile hligher- suining that the rotatiotn is piurely in jihijie, which is justified
order scattering (X/4) at Q"-(2,0,8) shown Ily the open because tile ill-plane nmagnetic susceptibility is larger than
circles inl Fig. 2. A fit to the data gives a full width at half allong C,18 We recall that the size oi'fithe suppression observed
liaxinlum of 4`'=0.0()13 A_ 1, corresponlding to a magnetic witht ilagnectic neutron scattering was -5%, which is very
correlation length of' approximately 18.5 A, This is lnot much Similar ill mlagnitude to our results,8 H owever, because tihe
l arger thait thle Superconducti ng cohleretnce l ength as deter- geometry an d polar'izat ion Select ion rtules ftor I ilat mleasure-
mined by muon spiit rotation (see Ref. 3). There is no Inca- tuent were liff'erenlt IIIQ X (jzx Q)12', where Q (1, 1/2,1)) is tile
surable change ill thle magnetic coirrelttion length above T(., total neuitron nlomleltuill transierj, a larger' rotattionl Would be
at 1T-2.3 K. Tihis lack of' long-range ordler withl a similar required to p~roduce tile saiie suppr)iessionl. TIhus, we CoitciudeC
correlation Ilen gth hais beenl oblserved with neut rotn thtat, wit Ilill tile error. bars of' out. experiment, tile reductionm of'
scatterin1 g~lt '1'This is additional ev idencee thait tilie near-suit ace t ite nagnetic Seat ter'inlg inItens it y helow 7I>, is m'iost likely
m agnletization ats measu red by x-ray resonaince mlagnletic due to at reduct io ill inthe ataginitutde ofd the oride red t iolliclit
scattering is Similairto to thtat of thle bult k as meastured by ne u- anld not a rotationl. Thiiis concluts ion is rin llforced wheun we
trolls. c.ons~ider' that thle otbse rva tion of' a reduction iii thle mnagnetic

The prinIci pie result of'our experimnlelt is sho1wnI ill IFig. 3. intensity due to rot at ion woouId 'equairie domli nan t chit iinit y inl
H ere we plot the background corrected integrated inttenlsity tile basal plaine, which is not known to exist inl thle abseltce of'
of thle magnetic Bragg pecak at Q =( 1/2,0),2) ats at functionl of a mlagnetic field. It Woulid be more likely that 1(11 equal dis-
temllperature, niormalized to (lie value at T=0.6 K, nlear P(- . tribatiott of" dontains with clockwise anld counterclockwise
The solid lines are least-squares litnear fits to thle data above rotationts Should exist, Which Would alverage OutI tild produce
and below To r iespectively, anld cross at T;;5i 0.6 1 K. The no tiet change inl tile scattering inltensity,
data have; been normalized to the fluotescencle to cttrtrect tfor Ill conlclusion, we have measuredl tile antiterromagnetic
s;cattering vtolume etfects due to var'iationts ill x-ray beami Bragg reflection at Q (1/2,0,2) to TI' I8 01 ill K using0 x-raity
posit ion till tile sam ipie. Tile remlainlin~g Systematic errors are rStesoalice IlMagitetic Scat terinlg. ''The kink ill tile scatte ringt ill-
shown by tile error bars whtich itre estimated frotm repeatted tenlsity, which olccurs very nlear' the upper Supecronductiitg
%calls at several temperatures (solid circles) taken for both1 tranlsitionl at TI' 1 =0.53 K, is evidence that supercoitductiVity
warminuig and coolin~g. Tile scatternilg intensity shlows a rela- intfluecels llntiicrrtniiagiltisili ill UiJt3 . The 6% reduchionl ill
tively abr'up~t olSet 'i "'N = 5 K anld grows as, (TN-' '/') tot SCattering9 iiteilsity thait we tobsei've is very Similar ill nmagiti-
T'-=).6 K. While tilis li neari ty is conisi steitt with mea fi~l ield I ude to w hat was previously observed withI neut roil Seatter'-
behlav ior, it exteilds over alun i Iusually la rge tcm perau tre i ng, but w itht quite diflierenit scat tertinIg geoiii t ry atnd pltr-
range ito approximlately T'N! I). S'imilar. behlavior is tobsei'ved ization selectionl rules%. ''This leads US- to coniclude thtat the
ill tile lteav y fe rnlloll super-condutctor R LI1 2'Si2, WIler tite redluctioi a rises front a Sutpt'essit)) of' tile ti'dered lilt) li ilt
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Non-Fermi liquid ground states in strongly correlated f-electron
materials (invited) (abstract)

M. B. Maple
D~epartment of Phys ics and lnsfilutc' for Pure andc Anppied Physical Sc iences, V'c, .,ity oj (alifornia.
.San Diego, La Jolla, Califori a 92093-0319

Strongly correlated electron materials, especially thle high transition temperature (7'(.) cuprate
superconductors and heavy fcrmnion rare earth and actinide Compounds, have bceen the focus of
intense investigation inl recent years. I'l(, unusual normal state properties otf the high T, cujprates
have been ascribed by somic researchers to at non-Fermi liquid (NFL) metalick state, while the
ainomalous properties of certain heavy fermiion U-based superconductors such as U Be, 3 have been
attributed to NFL behavior due to a two-channel quadrupolar Kondo effect.' Although NFL behavior
has not been established inl any of' the U-based hecavy fermion superconductors, cvidence for its
occurrence inl an f-electron material has been found iil the U alloy SYStem Y U, 'j.tl' *2
Subsequently, NFL behavior was observed inl a number of other f-electron alloy systems, including
Sc, ..,UXP&I , UCu1 ..5Pd,~j, Tb,, ,Uie)Bej, I'l, AURuSi, (x* 0.07), ""hI XUl11 2Al3j,

La0YC0A'l282,and CeCu5 vAn,,, . Lvidenee for NFL. behavo in YoUP and related systemns
is reviewed and discussed within the context of' possible microscopic mlechanismis. Some
systenmatics of the N Il. low temperature behavior observed inl Several f-electron materials include at
linear temperature dependence of' thle electrical resistivity p- I - (17' With thle Coefficient (I either >0
or <0, a loga rithmoicallIy diverging specitfic heat ( 'I'! - In 'T' and 7,11/2 ,tSylllplt it I)C h hayr o) I'tlie
magnetic suscep~tibility X- I *.-,12

Supported by the U.S. NSF under (irwio No. DIVMR-9) i7091 anid [lie U.S.
D)OE uider (hanl No. tDh-R103-8011R45230.

11). L. (ox. t'tys. Rev, Lotn. 59, 1.240 (1 997).
2 C. L. Seliliaii, AI 1). Milple, Itt W. L~ee, S. (flmituiiey, NI. S. Torikactiviti,
1,-S. Kiinp, L. Z/. .li, 3. W9. Alltn, and 1). tL (ox, t'hys. Rev. t1.01. 67,
2882 (1991).

Magneto-oscillatory phenomena in highly correlated metals (invited)
(abstract)

S. R. Julian, G. J. McMullan, C, Pflelderet, F. S. rautz, and G. G. Lonzarlch
CaJvendishI Labo)ratory, (.'njbridi~q (113 OHll' Un'ite'd Kingdom

A central question inl the physics of interacting electron systemts is whether conditions exist under
whIiich the convent ionalI Landau descript)1ion failIs to describe the low energy exci tat ions of thle
"tiotnial'' metallic state. Measurenlients of' thle temperature and magnetic l0eld dependences (of' thle
mnagnet izat ion and resis Liv ity---ini particular of' the (de II aas~-vain Alp1 heni anmd Slllubn ikov cefleets
which provide sensitive probes of microscopic processes in mentals--are currently being used to
exam inle this 'I uest ion, Advances in mnaterial preparation and (detect ion techln iqutes hiave mllade it
possible to coinduct exhlaustive studies inl selected examp~les of'system1S of hlighly OoI relate d and f
electrons. Most of, ourl results will be shown to be conlsistenit with thle broad predC(ictions% of tile
Landau miodel. Inl somec ext re me C ircu ms'tat teies, however, necar low te mpe Crat tire trail sit iCI S as a
function of hydrostatic pressure or applIiedl magnetic field, evidence hlas been collected which
alppearst difficult to reco nciIe with tile s a llda rd n tode of otilie m et all ic state,
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Nov'el Hard Magnets J. F. Herbst, Chairman

New rare-earth intermetallic phases R3(Fe,M) 29Xn: (R=Ce, Pr, Nd, Sm, Gd;
M=Ti, V, Cr, Mn; and X=H, N, C) (invited)

J. M. Cadogan and Hong-Shuo LU
School of Physics, 7the Unil'er~itv of New South Wak'sv, SWdflLy NSWV 2052, Australia

A, Margarlan
IDepartmn'nt of Applied Phys'iC's, UnlilOrSity of Vq hchnology, Sydney NSW 2007 and CSIIU) 1):viyon of
Applied PhysicsY, L~indlield NS W 2070, Ausiralia

J. B, Dunlop
CSJl?() Division of Applied Physvics, Lindfield NSW 2070, Australia

D. H, Ryan
1) c'lnu'nent of Physicsv, M'c(,ill Unil'ersitg Afont,'(c11, Qu~elc /13A 2718, Canadaul

CSIR() Divisvion ol'Applied Plhysicsv, Lindlield NS W 2070, Australia

R. LDavis
Australian Nuclear Science and Thchnology Organidsation, li. cas Hecights NSIV 2234, Australia

New tine-earth ( R), iron-rich ternlary i literm,11etali ic compounds of' thle forml R.;( e,1M )2, with) thle
monolcljinic Nd7 ( l',1i) 2 1 ýstrutCure (spaIce gioup11 1121/e, #114, 'Z=2) have recently been shown to f'ornll
with W-Ce, Nd, Pr, Sli, anld Gd, and M Ti, V, Cr, and Min. 1This nlovel structuwe is deri ved fi'oml
thle alternate stacking of'l1iŽZii17 anld ThlM a 2 -_typC S0egn1icts and contlailn two P~ sites and fil'teenl
Fe(M) sitos, Reported Curie temperatures of' the 3:29 conipounlds range f'rom 296 K (W=Ce, M-Cr)
to 524 K (R =Sin, NI. V)I'llw 3:29) compolunds aill show implroved miagnectic properties ulter
interstitial modification with 11 or N; inl particu lar', room-temiperature coercivity has been reported inl

Sin(l,1 )2 N~ ma1k ing this compilounid ai Caindidalte for' possible periiiai eilti iagllet apl~liications. Inl
this article we will review thle work carried out to date onl thle 3:29 compounds.

Tile past tenl years have witniessed a renewed interest inl dexed onl tile basis of a (2a,40) superstructure of the hexago-
thle structural a lld mlagnietic properities of rare -ca rth 1(R). iron - 1al11 'hC'lti'7 Structue "ic.Te Nl d,(Pc,Ti ) C(liiO~ l copud hlad a iathler
relh in termietalIIic comnpounlds. These in tern iieallies of teni low C'uric teli pe~rat u i of' 4 11 K hot a bsorp t ion of' 0nitrogenI

sh~ow potential lii or application ats l)Crniallen t- ill ugne t I1111ten - gave a1 roughlIy 5t0% increase ill ('uic n te mlpe ralt ui. II oweve I,

a Is, its in tile case of' Nd2 lIc Ill, anld inuch I efort h as b~eenI t IeI easy di recftio of'ia'magine tiza tion is ill thle basal p1 a ne ( r-c
dec oted to thle search 1 loriiterme 11111ic systenins whIose ni ag- fe lied to tilie to ~(Idel y i og fIX(lex gon 'I'Tb(' u " cll) f'or )o Ititl
neCtic p roperities inighlt suIrp ass those If Nd2 I el,111, whli ch is pa~renlt anld ni~tride compo10ulds, preeluLd ing~ its use as i1 p roina-

* liimited inl app~licat ion by its C omlparatively low Cur'ie nient illagilet.
tell] periltur ie . I Ivo faini lies of' ii It eriliietii Iics, thle i'oliinbolle. T here a re 1111 numlier of' reporlits of'Siin- Ic -'i a nd Nd -Fe-Ti

* dil R(FeM) 7aii teragoal ~ieM) iconpotiitf, fave phases at around the samec compositionl as the Nd,(Fc, 1i)
received special at teint ion since tIeIy aire bothI able to absorb cmon lCloote l3 eal1lSio (1. n
N and C as inlterstitial atomis, with remarkable improvemenets ()hashli et a'.() both observed a tr'1nslol'nlation from' a Wtetag-
inl thcir mallgnet ic properities resu0ltin g. Inl f'act, Sm 2 Felj~ Is 7N o~ ~ ll l I' M 1112 structure to at disordered hexagona 111 b( '07
anid >Jd(Eei) 1 2N 1~ Isothl have ulliaxial alnisotropy andt 0I- tru~t tre in riapidl y q tenched Sm ic li'i as tilhe quenlch ing rate
lic. templeratures Lover 700 K. st7 olSre Kata el11So 1. ai

As early its 1991), Jung aind Stadelmiaier-2 denionstrated flcrtaled Sfimilaheruly Ktll2 Z 17 attctr It) t(l Ibt.,Sr

that thle tetriago)nitl Nd Fe ,Ti phase is tunrst able at ten Ipe ra 1mte 'oillel-ý'Ii2l7Srull oteTbu- ric

lures~~~~~~~~~~~ beo aot1)) CdeopsniltiN(Fe)j tlure ill Smi-Fc alloys around the 1:9 coniposition, and Neiva

F'ei, and a-Fe('ll), at filt missed by many workers, 11I L'2 eotdtl omtoio 1;a ihciioi
1992., whilst studying the conditions of' lormlltioil ol' lion Sin(Fe,1i'), . J ang and Stadeiwaier2 reported a Ti-

NdiFe11 ii, with it view tc prepaiiring single-phase inateria 11 or stabil ltized NdFfe 7 PllilSe ill as-cast atllIoys. At thle samie eon fe r--

subsecluLie it nit logenlit ioi an ld ul ti millely Nd icl'iiNl Ir enc aiC t whIIichi ('ol (lol t el al. repo)rtecd tilie format ion of' the
Nd'W"F~l) J~ascI li aw

S)asec pernmanentl magnets, Collocott et al.- r ieported t(lie 101'- 3d(ei I' hse os, wit et al. 9 reported thle tornia~tioni

miat iou ofit iinew hiiglI- teiliperaI o ie phase ill t he Fe-i'icl conlnen o' at Nd CFe ,'ii),, phase withI the TIC17'(~. St rUtlc re du tring at

Af thle Nd- Fe-'li te rnar'y phause di agrami (see also NIargiiri an stuLdy aft he la rmat ioi ol'thc lie I'inl 01-type N di e 'i p)1lSt'. A
el al. 4),' ylie inew st rutue re was giveni as N d,( Ie,'Ti )lI by Col - cc) 0)1)1(111 featlr LiI, m i nany of' lbos rest ports is tilie translform a-
lol ttc al.3 '1iid its x-ray cli ffract ioni (X iM) putt er IlWas ill- I ioi ira ni t I I 2:1I7 or 1 :1 2 structuretIIs to ( 1lie d iso Irde red 1 :7
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structure by ralpid solidification with increasing quenching-------- *2t-T

rate. N d. Fe, '1 0 2 9

At thle 38th Annual MMM Conference inl Minnleapolis inl
November 1993, Cadogan el al. I') reported that the new
Nd2(Fc,Ti) ,) structure is monoclinic with a cell derived from
that of Tb)Cu.,. At the same conference, Li et al. I' reported
the observation of a Pr2(Fc,T1i) ,) phase inl a study of tile

(Pr, ~i)Fe.ý compounds. During discussions ait the MMM *- -- I
Conference we learned that the General Motors group ,N 2 (JI17

(Fuerst et at.) had also ob)served the formtation of aI new
.structure inl samp~les of the form NdFe2 .., .,M (x=0.5 for
M=Ti, 1.5 for M=Cr anidx>3.5 for M'=Mt) with virtually
identical XRI) patterns to that of our Nddl(Fei) ,) sample. 3 ,1(

lFuerst et al. 12 Were thle first to suggest thlat thle eCw f)lhaSe
belongs to the l'21Ic space group), which was later confirmedjk.
by X-ray 13 and neutroni' powder diffraction work. The st ruc- 1Nl f

tural determinations' 131 also showed that the stoichiometry Ni

previously referred to as NdJ2(FeTi) V) is inl faict Nd3 (Fe,Ti)2,).
'"le R)(Pe,'01'il) lPllaSe is n~ow known to formn with R Sn,1
Pr,1 'C, ( and( ()d,17 inl addition to W-Nd, [

In this article we shiall review the structural and mag-

netic properties of the new 1R3(1e,M)20 phases. .b.)
Ini the original paper~ by ('ollocolt e Lk'i the new

Nd- le-T1i phfase was denoted N d2(l 'e,Ti ) 9 anld foun d to form nI( T) 40~ '45 50 !, 0 W

with high-temiperature anneialing (1100)TC). This structure 20 (degrees)

only forms for a TIi content inl thle range 3.8-5.1 tiat, (Ye and FRI. I. X-rui1Y Joowdei dlttnwlluuiio pollcmn IC1'1K(0 of 221 oIlo~etlfic

was indexed as at (2a,4c) superi att ice of thle hexagonal TbCu7  NdIt 1c.11),,, rhomibohedruul11 Ndd 'CI c'tI) 1111d(1 tI1g2211u Wdt Pc 'II)

strudture. Fi ~rl ier work by Ivanova, Sheherbakova, and
co-workers 1 H.

1 also showed evidence of a new structure iii they aire formed by the replacemniit of R atomis by '1-T
thle R(fe,,,'), V0,109) 1.; W(R Y, Nd, Sni, and (Ad) compounds and 'ldumll-lells' ill thle hexagonal Kl\S structure. This process
these workers deSCribedI thle crystal cell ats being a (5a,5c) may be described by thle equation
sulperlattice of thle hexagonal CaCu~s structure for R V and a
distorted orthorhionibic variant of the hexagonal CaCu.S struc- It, .,( 2T'l}J 5 -* RFY
ture for R=Nd, Sml, and (3d. TFhe similarities between thle wVith thle 2:17 structulre corresponding to a relcmnad
XRI) patterns of the Sm2,(Ven). I Vo0o)l Sanllple of' Sheherba- tile 1: 12 structure COrre-SI)Onldilig to Ha1 replacement. Thenew

kova et at."' and the Nd2 (Fo;,Ti)p) sample of Collocott ei al.' 3:29 structure corresponds to a ý replacement and isfored

stronlgly suggest t hat these samlples5 ill fact hiave thle sameII by the a~ltern ate stack inig of' 2:1I7 and 1: 12 segnientls, in the
crystal structure.

The structure If Nd-)(Fe,'i),,) was reported as miojioclillic
by Cadogan et at.'1() and'Fuerst ej at. ,12 til little, groupl sug-
gesting the P121/c space group and also that the crystal cell
contained six Nle ..,M, unlits, Onl tile basis (Of denIsity
measurements.

Thie final structural refinement was obtaine-d from x-ray
powder diffraction work by Li ei al. 13 whIo confirm11ed thle
mionoclinic lP21/c space group and showed that tlte correct
stoicllionietry of the new phfase is Nd3j(Feii) 29 Withi two for-
mula units per cell. The 3:29 stoichiometry replresents at dif-
ference of I .7%/ from the original 2:19 stoichiometry. At the
same tfime, Yelonl anld co-workers 1 4 refined the 3:29 structure
by neutron powder diffraction1, and there is excellent agree- I O A - - - - -

nient between these two structural refinemlents. InI Fig. I we
show the p~owder XRI) patterns (CuK a radiation) (of'

Ndj(Fe,"'3i) 2,,, together with tllose of' Nd (Fc ,i)p. and
Nd(FeTi) 12 for comparison, and in Fig. 2 we show thle crys- (b Nd

tal structure of Nd-1(Fe,"'0i29 (Courtesy of' I ILI and Yelon 14).2
Thle structure of Nd (Fe,Ti) 2 ) is intermediate between the ~~.

well-known rhombohiedral Th.1Znp and11( tetragonal Th1Mn 12

structures. Thic common featunre of alIf these struLctures is that FIGl 2. Monocl inicuitCLI cel of(2 Nd j(FeTil ,, Met. 141).
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lABLE 1. Loitticc p~arameters and indexation cells used inl the ainalysis of x-ray and neutron diffraction data onl
tile Rj(F'c,M)29 compounds. The atomic content of the M atom is atl. T.I he intdexsation of Y,( Fc,V)l by
Shiclcrbaikova et a!.19 was given inl both hexagonal and orthorhtombic forms for comparison with their other
Rý21 FCM 17 compounds. The hlatice parameter a is therefore determined by a -- bv since Shicherbakovale cill.
indexed Y2(1"e,V)1 7 as% a truc hexugonul structure.]

R M at. % M a (A) b(A) c(A) [3(*) Cell Ref.

Y V 8.1 24.3 .. 20.9 hlexa~g. 18
Y V 8.1 42.09 24.30) 2(0.90).) ortlto-hex 19

Nd V 8.1 42.80) 24.31 21.t04 orilho, 19
Sitl V 8.1 42.60) 24.27 2(0.99 .. ortho. 1()
QJlI V 8.1 42.45 24.30) 20.806. ortho, 19
Nd Ti 4.1 9.88 10.96 h. lexg. 3
Nd Ti 4. 1 1(1.644 8.585 9.755 96.92 mot0to, Il0
Nd Ti 4.8 10.65 8.59 9.75 96.9 tt10110. 12,30
Nd TI 4.1 10.641 8.59131 9.748 96,928 mono11. 13
Nd Ti 3.9 10.0628 8.6056 9.7610) 96.996 mono.10 14
Nd 1i 3.6 10.02 8.58 9.73 96,.)12 mono11. 22
Smill 6.1 1(1.65 8.58 9.72 96,98 ni101o0 15
.Sitl 11 6.3 10.62 8.56 9.72 90.972 11ono1. 22
Smn TI 3.8 10.0.3 8.57 9.72 97j11 mono1. 301
Ce Ti 5( (1.50 8.49 9.08 90.7 mono11. 3(0
I'r Ti '4,5 1(1.63 8.59 9.74 96.892 mono,)) 22
Pr Ii 4.7 101.04 8.63 9.76 97.1 Motto. 3(0
Ce Cr 12.8 1(0.53 8.4,S 9.03 90.8 mono11. 3(0

Nd 0 ' 14.3 111.61) 8.55 9.71 96.8 11Motto 12
Ndl (r 13,8 101.59 8.50 03.1 90.9 mono,10 3(0
Still C, 'r 14.1 1(0.56 8.,51 9.68 96.9 m)ollo. 301
Nd mtl 33.3 1t).0 ~ 8.01 9.75 90.9 mono11. 12

ratio 1:1. Such structurfal re'lationships were considered by Thle IllolloClilliC R3FCM)20 Structure conltainls two R
Stadelmaier inl 1984 '20 who( indeed predicted tile occurrence sites (2a and 4c) and fifteen le(M) sites (2d and fourteen 4e
of a1 number of' novel structurles including the 3:29 structure, sites), and inl Mable 11 we give the atomlic positions of these
Stadeitnajer showed that such 1)cw structufes nIust bs1ve one sites, deduced by Li el al, I-' from x-ray powder diffraction.
edge length equal to at1V3 where a0 is thle relevant lattice The relationships betweenl thle lattie paramneters of' the 3:29
paramietof of the 1:5 cell. Ilota structural refitnements of and 1:5 structures are
Nd1j(PeTi), (ltefs. 13,14) have I) aO4v, inl agrenClieit withJ_ 2-_-
Studelmajier's criterion. Ini Table 1 we give the lattice paIraml- a 2o c)
clefs antd indexation cells of tile various R((le C,N) 29 CO11l-
pounids stuldied to date.

TABlLE~ 11. Atomic potsit ions and hInllIce parakmeters oif'N 7 e1  2- '' 11oa~
oblained front thle. x-ray powder di ffrac( bt lolpmLteri rethiinenme accordintg to /3arcta ld. I -(arctanj 2cj
(ilie spaice giu 01121) / c. 13 \ Co I\~n

Atom Site X Z and1( inl Fig. 3 we show thle relationsh~ip betwee-n lthe 3:29 and
- 1:7 crystal cells.") Ii Fig. 4 we sho(w a schemaitic represen-

Ndl 2a' 015254 0I )115 tlttion of' the dunih-bell substitution sequenlce, projected onito
Fe 2d 1/2 1/2 0the (110) planle of the CaCu.5 structure, for tile 2:17, 3:29, and
Fe 4e, (1.857(1(5) 1/2 0,.214](1) 1:12 structures, 1
Fe 4c2 (1,257(0(5) 1/2 (1.0141(1)
Fe 4 el 4/5 01.785(l) 1/101
Fe 4e4  4/5 0.,2150l) 1/101
Fe 4 e., 0.6281(l) 0.638(2) 01.185801)
Fe 4e', (1.628(I) (0.362(2) 0. 1 85F( 1) C :
Fe 4e7  01 (.853(2) 1/2
Fe 4e'm 0.892(I) 01 0.284(t2)
Fe 4e,, 4/5 1/4 7/201C 3 2
Fec 4(,,(, '4/5 3/4 7/2(0
Fe 4el 01.706(l) 1/2 (0.411(2) a 3 :2 9
Fe 4t, 17 (0.41(0(2) 3/4 01.072(4)
Fe 4e0 13 .59)7(2) 3/4 0.444(4)
Fe 41,14  01 3/4) 1/4 C1 .111.

pP.. 1.9% 6 8.59I3(8) A Kit.,l
R~hpt 5.9% -9.748(l ) A

Z 2 FlU. 3. Crysftllograplic re(at iolnship ill thle a -c pklane hetweet' tile 1110110-

-- ~~clinic Itoil cell of' md(F, iad thle hexagonal I11)0i, cell (Rel. 10l).
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9 Q likely that a different structure dcrived front the stacking of
I hexagonal 2:17 and tetragonal 1:12 segments will exist foi-

1, j .m3:29 compounds with heavy R atoms. It is also likely that
ollher intermediate phases based on the stacking of the rhom-4 ~ 4)bohiedral 2:17 and tetr~agonal 1:12 segments will exist, be-

I sides 3:29. For example, a 2:1 stacking (~dumb-hell replace-
0 mient) would corresp~ond to a 5:46 pliase, whereas a 1:2

(a) I Ii~~~tii 17  stacking (-- dumb-bell replacemlent) ol orsodt

d b.it itit hc1 4:41 phase.
IHu and Yelon 14 drew attention inl their paper to the fact

-0 i that the crystal structure of 3:29 shows a distinct slacking
0 Y along thle bt direction which is reminiscent of the NdIFel 4L

structure, inl that there is anl alte~niating stacking of'

0 __. It-containing and R-free layers. Furthermore, they pointied4 _ (1)out that the distinction between the dumb-bell and non-
0 i ~ ~dumb-bell Fe sites is not as clear-cut a~s inl the 2:17 and 1:120 )1/2 structures, since the 3:29 Structure '2XhlibitS at num11ber of'

(b) Nd1j t"e 1'1)29 rather short Ie-l'e bonds (<2.45 A). Taking advantage of the
fact that Ti has at negative neutron scattering length, Hlu and

) ~()Yelon demonstrated that the Ti atomns inl Nd~j(Ve',1i),, OCCUPY
Y i~i ~*'jsites with a low Nd coordination. Ini a subsequent paper, I lu

and Yelon 21 presented a comlprehiensive summary of the bond
T~ ~f) _ _ lengths in d1 PT) and showed that the distribution inl

_ ~bond length is virtually continuous over the range 2.36 -3.014V .). .,. .A inl conltrast to the Nd2(le,Ti")l and Nd(F-e,lTi)1 2oll
C) C) 0 0pounds. Ini their p~aper, INI and Yelon also reported the for-

(c) I'li niation of Nd7j(Fe,V),q and Nd.,(Fe',AI) 29 , but no0 structural
12 details were presentedl.

Fl0. 4. Scelikinlle represenaiona of' t lie gemmlicterleal lelimudoullilp and iml e. The R1( Fe, M)p9 comp1Iounds ar, ferromiagnetic with Cu -
dundih-bll substit Iution sq~~Luence, Ilii a projeel kin onto tilie (110)) plane or til Hc ie temperatures inl the range 290 K R -zCe, M (Jr (Rtef.
haexagmmiimd 010('.j Structurie for tile 3:29), 2:17, amid 1: 12 structumres (Ref. 13). 30)] to 524 K I.R= d, M -- V (Ref. 19)]. XRI) exp~erinments

onl magnetically aligned powder sampn1les of' Nd3(l1e,'1'i) 2 Q
The rhombohiedral 2:17 structure formis with light It at- (Rtef. 22) and Snih(Fe,Ti) 2 q (Ref. 15) indicate that the easy

omis by at regular dumib-bell replacement inl the 1:5 structure, direction of magnetization is iln the, a -b basal plane (hlexago-
and we therefore suggest that the new mionoclinic 3:21) struc- nal description), along 1.201 ], whiereas the powder nieutronl
tore will also form only for light It (including Gd). It is quite diffraction results of IHu and Yelon 14.21 were interpreted inl

'tABLE 111, hiilrlinilc milmiletic pmiramielers (Curit; teiilipauiluic, saituratlion umagneie zationu and uinimmotiopy fleld)o(i
tile R1A(Fi,M )2 compunl(mids (*1 2 K mleasurenment and X -~77 K mieasurenmentL).

R NI tit. %/ M (K) (Aill/a.) ,ei/u. (I ') Ref.

Y V 8.1 439 41 .. 3,8 .. 18
Y V 8.1 439 41 .. 19

Nd V 8.1 480 50)....1. 19
Sit V 8.1 491) 41 .. 23.9 17.3 19
(;d V 8.1 524 24 *... ... ... p)
C'e Ti 5.0) 322 47.)) 31.').. 3))
Pr Ti 4.5 373 56.4* 46.2 (u.3 4.0 22
pr, Ti 4.7 393 60.7 45.4 30

Ndl .1 4.1 480) 46.3 42.1 3
Nd 'i 4.1 411 57.3 48.6 .. I)0
Ndl Ti 4.8 424 58.9 44.5 ..... 12
Ndl 1i 3.9 361 .. 21
Nd Ti 3.6 39o 58.2' 47.6 9,8* 7.7 22
Nd T 4.1 426 . . ... ... 20
Nd Ti 5.0 419 58.5 44.8 ..... 30
Sill T 6.1 486 46.))X 43.8 .. 1
Sill Ti 0.3 452 5)0.8' 43.6 7.8' 5.8 22
Sil 'I i 3.8 409 51.0 45.2 .. 3))
Ce Cr 12.8 296 3.5.4 ...... 3))
Nd (Cr 14.3 417 45.)) 33.4 ... 12
Nd Cr (3.8 410) 45.3 34.5 . .. ... 0
Sil Cr 14.1 423 38.6 31.1 ... ... 3))
Nd miu 33.3 < 295 17.1 ... 12
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Itom (T) Shicherbakova el al. "' demonstrated that their

1.6 1R 2,(Fe(j) 1OV()~,))17 (R=-Y, Nd, Sil, and Gd) phases all absorb
1.4 -Nd 3 (Fe.I11 2 9 nitrogen with substantial increases in Curie temiperature eni-
1.2 -0 .11 suing (see Table IV). Significantly, they also found an easy

1.-0 [11001] direction of magnetization (hexagonal dlescriptionl) in)

0.0- ~Sll 2(Fe 11) I VO.(ý) -N12.5 and measured anisotropy fields B, o
0.6 023.9 T at 4 K and 17.3 T at 260) K. TIhe formation of a

0. 4 -carbide Y,(FeO,)( V11 q) 17CI u, which had at modest 30 K ini-
0.2 -Zlki(? Crease inlCurie temperature over the parent phiase, was also
0.0 ____________ ~reported b~y these authors.

0 100 200 30 -10 50 600 700olootcia. showed that Nd3(FeC,'1'i) 2() absorbs nlitro-
I timpora(Iurn (K) ge n, with a .5.4% increase in vol time and a 45% increase inl

FIG,. 5. Magnetizution curves for Nd1j(Ik,TIi)29 int applie'd fiel'ds.r lO.i I and 5 Curie temp~erature resulting. I lowever, their XlI) patterns onl
TV (Re~f. It0). magnetically aligned powder samples Showed that both the

p~arent and nitride compoun111dS had a -b planar anisotropy.

ters o, te mgneicaly asydirctin bingthecrytal Yang el al. 21 reported the formation of SnIt3( e,T1i)2qNj
termis of t 9 Khe Sgeial asyudrection bage ting atioe cry ta With at 7.194 volume increase relative to the pareint phase.

a-ax"C'is 2 s5 il~.a n 7Alfu at 295 K, ah auain mgeiaind of' Curie temlperature of the nitride was 750 K compared to
it nd3 Fisotop fis l 58 : 7. Tt1 u at 49 K and 49 .t . 8 a T 2.9 Kan 480 K filr tihe parent p~hase aind, importanlly, S m3(P0eTi) 29N5

it ni0 tr2 p 1 fiab e l 11, 7.7 S T11l r~ a t il 295 r i K n . 1 a 2 Shows c-axis anlisotr-opy. Tfhe anlisotropy field of'
K. (122 n Fabe llwe unmorzetil itrIisi iagiletic Sil.3(I'C,1'i)2qN~j is 18.1 'T at 4 K, and Yan~g (a. q(124 were able

properties of' the various R3(Pe',M) 20 compounds,. .t eeo tcecvt fq ,=1. a .Sbeun
Nd he temperature dependence of tile magnetization of tor dev uelo a corciit o fl ba -ii I, le .3 '1 at 4 .y j S roubs equ n
Nd(Pi))presented by Cadogin eIf al.* It (Fig. 5) Shtows wokb t ia, 5 o bl-ild5 1  ,i 2 1N5 poue

clear evidence of a magnetizationl reorientation around 22(0 K a nmaximlum energy product (1111) ~of' 10)5 kW In after ball

(11p)l. T), and receint low-tenllerature ineutronl work by milling for 4.5 h.
Hua and Yelon 2 1 collirll-ls a Shift ill thle easy direction of OllOg- Ry'an el at. 2tc iive studied the absorption of' hydrogen
iletizatioll away from tile crystal a axis (tit 295 K) to the a -b and nitrogen by Nd.A(l'C,'i)2 9) usin~g tllermopieziL analysis,
plane (at 12.S K). Our. ana~lysis of .571c average hyperfine therniogravinletric anatlysis ('l'A), anld 5

7'Pe MjssbUUer.

fields, deduced from Missbaueri' measuremlents, also Supplorts sp~ectrosxcopy, and found that tile addition of hlydrogeni leads
the occurrence. of a sp~in reorienltation tat low tempcrattares. 23 to a significant increase inl Curie temperature bat very little
Other evidenIce Of 1nlagilei~ZatiOil reor'ienltilt ioS IIl tile tOrml chlange in Fe miotmient, whereas the addition of ilitrogell ill-
of POMPs (first-order miagnletization processes) has1 beenI re- Creases both paramneters. Attempts to form at Nd:i(VeCl'i) 2 9

ported by Faerst eI al."1 wiho observed it lOMP in the mnag- carbide were unsuccessful due to disproportionation of tile
nietization of'Nd~e).11Ti).*5 measured onl fixed powders at 5 K;~ imaterial, although at "magnetic event"' was observed by TGA
tile oblserved POMP field is 2,0'1'. Yang el a1.1 -5 also observed at 0001 K whlich was teintatively atssignled to at Nd3(PCTi) 2 Q)Cr

a lO(M P inl Sm1 ( I e ,'t'02c) by sinuIa-oiitdetect on Incea- phase.L
sareirleilts; theIir FOM P fields are 2.2T 't'it 77! K and1L 3.0 T1'at As mentioned earlier, the 3:29) structure is formed by the
4 K. The exact natuare of' tite rin anetiizat ioni reorientatitions in 1: 1 al terntate stacking of,2:1I7 anid I1: 1 2 segments anld I127 hals
Ndf( I e,1i029 are- aS yet a ec .identiflied thIe in te rst itial sites available to N or C atomis int tile

Finally, 1"uerst et al. 12 reported that their Ndl~e6,1tMll3 3: 29 structure lby considering the interstitial sites in thle 1: 12
sample had at coercive field of' 3.8 kOe at 5 K, whereas their aind 2:17 structures. 'There are two 4e interstitial sites with
Ndl~eq,1 TiO15 anld Nd~eii.1Ci1 ., Sanllples had coercivities- less thle Special atonilic positions W:-1) and ( giving a nllaXi-
than 1.2 kOe. miumi N conteint of Nd1( IeX~'i) 2 ,)N 4 according to tile relation

IABit .LIV. Ihincsic imignetic prop'Iil'cs muid volume extulitons ol'the RkjtFe,M ),,N, compounds IX -12 K
111eStiremet ue id * i'fes it) Nd.,( Fel(cipi1,

T,. A1,(4 K) Af ,( Ri) B1,(4 K) '11,MT)
RL M it. L h M X a V(%) (W 1 1I~,) (~/~. (T) (TI) iCLc

Y V 8.1 4 .. 706 '.. .. I'
Nd V 8.1 4I 70(0 ...... ')
Sill V 8.1 4 0 7413 ....... .. IU
(hI V 8.1 4 ... 728 .. .'. I'
Nd Ti 4.1 1 5A' 09)5 ... 57.6 .. ... 3
Nd Ti '4.1 4.,5 0.5 721 ... ... . 0
Sil Ti 0.1 5 7.1 75(0 60~.9 53.3 (8.1 12.8 _),I

Nd Tii 4.1 o.1 2.2 -548 *. 20
P'r Ti '4.5 5.4 6.') 700( (,8.8) 03.0 I 3.t'),~ 7.5 22
Nd Ti 3.0 4.7 5.4 725 0 1.3X (01.7 19t4 8.1 22

Sil Tii 6.,3 3.8 5.3 7101 59.4 x 52.3 14. 3x 10(.7 22
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X10 6  Nd3j(UF,Ti) 29 structure (15 sites) and the effects of site occu-
pation by Ti in Nd3(IFe,Ti) 2(), one canl only deduce the aver-

2.00 3:9age hyperfine parameters from the Mossbauer spectra, with
4 ~any certainty. In Fig. 6 we show the 57Fe Missbauer spectra

1.96 of Nd,(Fe,Ti) 2() and Nd3 (Fe,Ti) 2 ,,N4 9. oltnjne(1 at 12 K with a
57 Co Rh source.

1,92 -Interestingly, a comparison of (Bl~) of Nd 3(F~e,Ti)2,~ at 12
and 295 K (Ref. 26) with saturation magnetizatio~i results 22

X16 .5 0 5 suggests that the low-temiperature magnetic structuro of
~t6Nd(fle,Ti), 9 is noncollinear (Cadogan el a1/. 23),

3:29: N
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SIts with N -.4 ma:1Y be dute to par t ial decomposi!ion of t he and Y. I. Ieytel, Pltys~ Met. Metallogr. 74), 63 (1990).)
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sponds to an average Fe moment of 1.33 All , assurn intg a 2 iM. Cadogan, 1). If. Rtyan, A. Margrian, and J. 13. Dunilop (to be put.
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11.-S. Li1, and J. M. (adaginm, J. Pltys. ('andens. Matter 6, 1.197 (1l994).

increase in Curie templerature of about 200 K. Subsequent 2"D. If. Ryan, J. M. (aidagan, A. Ma-rgaian, mid J. B3. Dtinlop (tltese pro-
low-temperatuLre (12 K) -'.Fe Mlssbauer st'idies by Ryani ceedings).

1 6 gae(3I)vle f2,)" 34' o d(Fi 2  ~ ll-S. L~i (private cottunticication).
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'EStructurai and magnetic properties of R;3(Fe,T) 29 compoujnds
C. D. Fuerst, F. E. Pinkerton, and J. F. Herbst
P'hysics Department, Genet-al A'oto 's NA() Research and Deivelopment ('enu',; 30500 Mound ol?',.
Warren, Michigan 48090-9055

We report the formation of several members of the recently discovered class of R3(Fe,T) 2,1
compounds and sonie of their intrinsic properties. Focusing onl materials with T=Ti and Cr, we
have prepared R3(Fc,Ti) 2Q) (R=Ce, Pr, Ndl Sil) and 1R3(Fe,Cr) 21, (R.ýCe, Nd, Smi) conipo':itds which
all feature thle novel mionoclinic crystal structure first established for Nd3(Fe,Ti),,1 . Iin each of the Ti-
and Cr-conitaining groups the Cc miember has thle smallest magnetization, Curie temperature, and
unit cell, suggesting that thle Cc ion is tetravalcnt, or nearly so, in this family of materials, We
observed no evidence of R3(Fe,Ti) 29 phase formation for R=Y, Gd, Dy, and Er. Our magnetization
mecasuremients indicate that only Nd 3(Fe,Ti)2 1 and Nd 3(Fe,Cr.),, exhibit spin reorientations, at
temiperamres of 235 and 145 K, respectively,

1. INTRODUCTION tected by the electron mlicroprobe analyses included

A new class of rare earth-iron (R-Fe) comipounds stabi- R(FcJ,T) 1 , R.(Fe,T)1 ,, R(Fe,'f>, and ax-Fe admixed with thle

lized by a third elemnitt (T) has recently been discovered it. elemient T. Figure 2 comlpares thie observed Cu-K,, x-ray
form. Thle class was recognized initially as having thle spectra of the annealed Ce-Fe-Ti and Ce-Fe-Cr ingots. The

R2(Fe,T)1,1 stoichiomietry, with Nd,(Fe,Ti) 1, (Refs. 1-3), and former [Fig. 2(a)] is essentially single-phase CeIFe2 7 .4T'I.(,,
Nd2(eC) ~Nd2 FeM) ~(Re. 3 asreprsenaties:'tI while the analvtical results indicate that thle latter [Fig. 2(b)]

loys of nominal composition R.2(Fc~, ¾,VO()) 7 are also likely Contains, in addition to thle flriiicipal Ce 3F'e14.Cr 4 . phase,
mlembers 4 1ts potyillattice symmetry was identified as minitor amiounts of CeFe,,(?r2)., Fe 08 Cr102, and C!,elet9 Crni.,

mionoclinic and was found to correspond to thle P2 1 /c space I u pno h 3 F,) hssae"ihtmea
group (No. 14 of Ref. 5).3 Structural investigations of tile ture"' materials in thle sense ihat they are not thermiodynarni-
Nd-Fe-Ti phase by nleutron"6 as well as x-.ray 7 powder ditfi'rc- cally stable at roomi temperature. Put another way, they crys-

tinhave since established that the precise stoichionietry is tallize ol ttmeaue bv oeiiiin au.T

R3I(Fe,T) 2,9. H-ere we report thle preparation~ and chaiacteriza- test this Qonjecture we heat treated all as-cast Sh13.3e'27 .5 Ti 1.S

tion of' several other miembers of this fascinating class o~f ingot for live days at 900) 'C [well belo)w 7'A 1 10 '(( C found
compounds, including two Ce-based representatives: to yield material chielly composed of' monoclinic

Ri;(FeTi)2 9 (RZ=Cc, Pr, Nd, Sml) and RZ3(Fc,Cr)29 (.,I Ce,
Nd, 011k).

]ABLE 1i . ('rystal Iograiph j aiici magnetic propertie I5of R31 'ep, T, comU-
II. SAMPLE PREPARATION A1ND PHASE FORMA~TION pounds. lThe monociniuc lattice paIrameters are a, 1, c, iaid [3: tile un~it cell

voltimi is V abc sill 13; i is thle dlensity dlerived front the lattice constanits;
I ngots for this inquiry were prepared by intduct ion meIct - T, is tile (Curie temlperature; and 4-irA! , is tile saturation magnetization.

ing high-purity elemental constituents in boron nlitride cr0- R .e Pr Nd Sml
cibles. Our starting comipositions contained 2%- 10%/( excess T. i Ti TIiT
rare earth relative to the R3(Fe-,T) 219 stoichionietry. The ingots ,r1.6 1.5 1.0 L.2
were hecat treated in vacuum for periods between five days a A) 1t.56 1t0.04 101.65 10.63
and three weeks at various temperatures "'A to maximize the 1,IA) 8.49 8.63 8.59) 8.57

amiount of' R3(Fe,T') 2Q1 comp~onent. For the TýTi (Cr) mlate- (A)96.7' 9.710 96.75 9.72y

rials anl anneal temperature T,4 = 1 100 ')C (l10t) VC was mlost V (A,) 8612 890) 886r 878
appropriate, with the exception of Ce ' (Fe,T1i)11) and 1) )g/cm ) 7.81 7.58 7.65 7.79
Ce 3(Fe,Clr) 21 1 , both o)f Which required a miuch lower "'A of' TI, (K) 322 393 419 469
9001 'C. Phase occurrences were mionitored by x-ray diffrac- 41rAQ)5 K) (W)l 12.7 15.9 15.4 13.7

tion and electron beamn microprobe analyses. Thle latter iIldi- 4 7T1,t (295 K) (k () 8).5 11.9 11.8 12.10

cated (i) a rare earth concentration of 9.4±~0.1I at. % for the R Cce Nd Sil
principal phase, in excellent agreement with the RZ3(Fe,T)2,, 1 1[ Cr ('r ('r

stoichionietry, and (ii) the values of x given in Thablc I for thle X .N. .
spcfc,,ci)jcmostos A) 110.53 101.59) 10.56
speifc 3F2, 1~., omosiios.~, 1)~ 8.45 8.56 8.51I

The ben~t-treatcd (R-ý(.e, Pr. Nd: T=T1i) materials were cA 9.03 9.71 '1018

essenltially Single-phase Rý3( Fei),,, T lo illustrate this point 13 9%.80 96.90 961,0'

with a representative example, Fig. I compares thle Cii-K, V A) 851 873 804
x-ray powder diffraction paittern of l~r. 1Fe17.5l'i .5 With a Pat- i( )/cill1 7.90) -174 7.901

T(I* K) 290 4101 423
tern calculated for lthat compound using thle sites and nuclear 4 TIr!,)5 K) (WG) 9.7 12.1 1.
position paramecters obtained by Hoti and Yelon"' tom 4 rMI ,)2()S K) (WG) ... 9.2 BA.
Nd-i(Fc,Ti) 1 , . InI the other samples contaminant pht~e de-
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FIG. 1. (a) Cu-K,, x-ray powder diffraction pattern observed for FIG. 2. Observed Cu-K,, x-ray powder diagrams for (a) Cc3Fe 27.4Ti1., and
Pr,1Fe27.5Ti, 5. (b) Pattern calculated for Pr 3Fc27.IiL.5 using crystallographic (b) Ce3Fe2 4 9.Cr 4 ..
information from Ref. 0 and lattice constants (see Table I) inferred from (a).

Sm 3(Fe,Ti) 29]. The x-ray pattern of the TA=900 'C sample rare earth constituent increases from Pr to Sm. The largest
closely resembles a pattern calculated for SmFe 7 having the decline with R atomic number is shown by b, analogous to
rhombohedral ThFe4Co4-type defect structure, 8,9 which, the larger decline of c in the tetragonal R2Fet 4B series (cf.
judging from the similarity of their x-ray signatures, is re- Ref. 12). The common behavior likely reflects the fact that
lated to the rhombohedral Th2Zn1 7-type structure character- the R ions in R3(Fe,T) 29 [R 2Fe14B] reside in planes normal to
izing Sm 2Fet 7. the b direction6'67 [c direction]. Through the R2Fel 4B series

Using compositions and anneal schedules similar to the basal plane cell constant a is confined to a narrow range
those employed for the materials of Table I we attempted to y the particularly stable trigonal pr;sms of the
form R3(FeTi)29 compounds with R=Y, Gd, Dy, and Er. All Nd 2Fe14B-type structure,12 and we speculate that local
these samples, however, consisted primarily of material hav- atomic coordination effects restrict, in a similar way, the
ing the hexagonal Th 2Ni1 g-type structure.","t We surmise variation of a and c with R in the R3(FeT)2 9 series.
that monoclinic R3(Fe,Ti) 29 does not form for Y and the We determined Curie temperatures (To) by differential
heavy rare earths, for which a hexagonal Th2Nii 9 type [or scanning calorimetry, and magnetization measurements were
hexagonal Th,.Ni1 7 type for slightly lower (Fe+Ti):R ratios] performed from 5 to 295 K with a vibrating sample mag:,c-
is the stable low temperature phase. Apparently monoclinic tometer using a maximum applied field of 9 T. Values of T(.
R 3(Fe,Ti)- 9 can be formed only when the equilibrium room and the saturatior. magnetization (4-TM,) at 5 and 295 K are
temperature phase has a rhombohedral structure of the included in Table 1.t3 For both the T=Ti and T=Cr groups
ThFe4Co4 or Th2Zn17 variety. Tc and 4trM,(5 K) are lowest for the Ce member, as is the

It is doubtfui that R 3(Co,Ti)2, compounds occur, at least (room temperature) unit cell volume V. Together these facts
for the light rare. arths. A Nd-Co-Ti ingot annealed at strongly 5uggest that the Ce ion is essentially tetravalent (i.e.,
1000 'C principally contained Th2ZnJ7-type material, has no 4f-derived magnetic moment) in the PR.(Fe,T)2,9 class

of compounds.

Ill. RESULTS AND DISCUSSION If we assume that the Ce moment is zero, the 47rM.(5
K) values for Ce3Fe27.4*i.(, and Ce 3Fe 24.,Cr4.1 imply average

Crystallographic and magnetic information on the Fe moments of - 1.7 and -- 1.4 ,IL for the Ti and Cr maleri-
R 3(Fe,T) 29 compounds investigated here is summarized in als, respectively. These average Fe moments together with
Table I. The lattice parameters a, b, c, and 8 (corresponding the 4it-uM(5 K) results for the other compounds indicate that
to the second monoclinic setting, 3:/90') were inferred from the R n-oments; are near their free ion values. Magnetization
the x-ray diagrams. The lanthanide contraction is evident versus temperature measurements in a small applied field, I
from the decrease of a, b, and c as the atomic number of tl. kOe, revealed spin reorientations of the easy magnetization
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600 -2magnetic coupling of heavy R and Fc inomcnens. Front the
FitFeTI) I2 Iwork of I-lu arid Yelon" we estinmatc Zl+= IC, Zqtk= 2 , and

Zlzl.= 18, and we take Sl:= Isince the average Fe moment is
SillS -2 ul anid the corresponding g factor can be expected to be

500 -Ce near 2. A least-squares fit of' Eqs. (I )-(3) to thle Curie tern-
__ Pr peratures ofte(R= Pr, Nd, SrýT=Ti) coi1polundS,il

4which the R ion is presumably trivalent, yields j 1:1.-2.4 mceV
and - 1.5 meV. Tile fit generates thle lower curve in Fig.

400 -3 anid provides excellent accommodation of thle experimental
R3(FeTil2 , results; the departure of T(.(Ce~jFe7_l.6i,)ý_322 K from the

trend underscores thle likelihood that Cc is tetravalenit. For1
300 e comparison purposes Fig. .3 also displays T(~. values (dia.-

0 12 monds) for the cognate R(Fc,.Ti1 12 compounds. '('1 A corre-
G10: spoading fit to them (the same estimates for ZAit and Sl. Canl

he used)'-' yields jjý. mieY and j -~ 1.4 nieV and is
shown by thle upper curve in Fig. 3. The stronger Fe-Fe ex-

FIG. 3. Curic ttniperaturcs T(- of R1j(FejTi) 2, (* and R(Fc,Ti) 12 I* Coln- change is responsible for thle fact that thle R(FeJTi) Curie
pounds vs G 112. The curves are specified lby Eqs. (1)(-(3) for [fe Rl.'I~r, Nd, tepruesae10 70Khg rtantoeo tei
and Sli comnpounds of each series with thie parailneters given ill the tex. temperati2 Cures a ~rc 12-171Khge hntoeo h

direction at T,-235 K in Nd 3Fe27.4Til,() and T,- 145 K in ACKNOWLEDGMENTS
Nd3FeN.6 r4.4, but in none of the other compounds in Table It is a pleasure to thank M, P. Balogh, C. 13, Murphy, G.
I. Our T'.(Nd3Fe27.4Ti I ) agrees well with thle measurements W. Smith, R. A. Waldo, and A. M. Wimis f~or their confribu-
of Cadogan et al. 14 The slightly larger low-temperature mag- tions to this work. We are also grateful to J. M. Cadogan and
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Nd3Fe27.4Ti1 .6 may reflect a noncollinear mromlent arrange-
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T='ri compounds by the filled circles of Fig. 3, which dis- 1G. V. lvanova, Et. I. 1Ieitet', and E3. V. Slictteibakova, Ptiys. Met. Metaltogr.
plays Te. vs. G112. Ascribing the magnetisnm to Fe-Fe and 75, 274 (1993).
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where Pc terence 8. Vol. 4.1p..t7 13.
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Magne~tic and crystal structure of the novel compound Nd3Fe29.... Tix
Z. HLI and W. B. Yelon
Uncriait .11 ol Mssoiiii Research( I Reatt C1 oI~lubia Missouri 65211

The structal 01of thle eOntfI)OuIid p1CViOuLSy irepor ted its NdF'l Ti, *'1'i h'been solved by powder
neutron diffraiction. which reveals a moicloclinic cell and at stoichiomletry (if Nd7Fe"I JTi,
(.v= 1.24 ) and two forma11l a an i Is per. an it Cell. 1This low Symminet ry, and tibe Ilarge na in 1be r of,
crystal logiaph ica IIy a it iq Ic sites ( 1 7), lead to a Wide ranlge Of Fe-Fe hilatd lenigths (fromi 2.3(1 to
3.0 1 A) inl a ne'a rly coitit ilious hailL1 . Tbe ph ase formils thIirough I le repl acemniat of' two-tilft I s ofI the
rarec earths inl t It.' R Fec phtase by [c-Ic dumbhbells. T he miagnietic nionmeaIs at roomi temperiatare lie
a long I le nionoi:l in e i axis withI an ave rage ho i toateat of' 1.0f 5 /ti, whilie thle niagnietic mionlie its
at 12,5 K lie iii the a-h plnatc with anl average iron nmomenit (It aboat I1.30 M.,,

1. INTRODUCTION at ii t oftilie Ic/1 'i a toiiis ill thiis layer loriiis a iteari y pefc teI

Biiia ry rarce-arthI I( ) Iion WOe cornpowi fLIs air Lins ii- liexagonalI grid. As pre viou sly discussed, hoth titlie stackoing of'
able' fi'O piCitane 11it t a1,gnet app1 lienti on LI1 tie toIheir I ow Curie Iayer'cs WithI a iid xvitOll ot rare carth Iiad t ielie IIXag at l ar
poin:ts. NdFe l 3j, niitrides anid carbides of' R ,Fe 1 arild r irgena ii t, tire also seen inl Rd "e .113. iS Otlier pt j eel tios of'
R Fe 2 T- wherie 1' is a tinns it ionl ce I mi it, anid psetido-l tilie R7( RIC Ii)l-s rta cSh ow pl anles of' a oillns, aflthough
Wittily compounds such as WRe1"1 ,whe~re '1' is Si, Al, or it0one so1 clearly as seen iii this direction, This is a reflection
(hi, hlave significanltIy en h1alned(' n Ciri IOlits en 1iii a d to of' th rlicIat ivelIy close-p1acked n iiatre of' thle s tractuare.
thle paren t bi itary phlase. ;i- Studies o(IthIlese mtaterialIs have 'I 'ih Ic I also gives tilie coord iniates used iii thle x-rily
ieeiintly led to the discovery (If' at niew f)SetidObiiitiry I)Iise, stUdy. 2 Relatively few of' these were refilted, but thle genler-
first ideiitiflied as R 2 F ", 1 with Ii st rucuet a ic Ii ere at 1'roma ally good agreemaeiit betwveen iithse twoi sets o I cm rd i ates is
lie well knowil TI i 2 ii 7 wid TIt Ni17 t y pC,7,1 thle,, ide liii fed anl inadica tion of,1 til lie al deo L v iation (if t Iiis structurie Frain tilie

-is R1 J .1"( and whIiich Ihfis 11(1w beeni shiwnvi to1 havye pan IC t St rucue Ia oic rn whtichi it is deriived. It is easy to1 see that
StoiCh i01'"etrY lZ1") I " '1, 1'2,i '" 'Ii is en at point~ a I vas (Ir igi - tile RI i st ructuate is deriiv ed 'onin t[lie 1(~structaure
ital ly formecd with I Ti '1 tiat a boat 6%v 1 c/i 'i replal iiCCiei 2it andi~ ( CaCa5 ) by replaCC1c 1 it0et ' oIIe-tlhilL I'd (tilie ratre en ithIs by
has also been itShowna to Ifoliti at ftIlt i iel rp lace m-e at levelIs Fe- I.ePairis. It hlas f)ele iPo iiited o~tit Ili-it tilie 1(1 "CI2 st tacta re
withf Cr alad MIt)Ilii atte at f)tilng to l'form LfoubhIy-sublst it Ited cal hie fonti led finlin tilie santec patenit fby reflaiecmenat of' oiie**
RFelI2 J'X 1 this phase was ailso fornticd with Iii V+'Al 11i11i If' ofilie rare ear ths bly tilie Fe- 1 e dtJi zobe IIs. 1The I iew
rephicemeiitt . Th fle niontl~tIin ic cell of' t Iis new plit se is Ire- CehI ittlIlO id, RdIc/Ief').N, is p roduaced iii tile satiie l'as liion biy
fated to thle (aCU5 str tacta i, atl( ani l PPriOX I mate X-ray stre- ieplaceiene t (of'tofWl- 1 thIs of' tile rare enaithIs. 1IThis appeairs to
Itire dute rat iiiat ion, baSed Ol Ittite ideili '-t sit i~litS 0't ilie hie ciit i iCy I- y l le ahiruiiLI leads t0 tilie St~iCicli i~ltiet n ciC pa 1)(iid
CaC1a5 structure,0 was recently r(T r' ~.Same tullie, (isreleeitNIF7'ted ibelsceayvsbe
po~wdfer nleatroit difftract i oi wa'i,, So 5 lutiont il it evdhr.ltNe7 ieLIII))I sceryV~lI

wvhiiclh the atagnct IC11(1iten Isatm lit po1 .ie weric alIso and filie F e-F.~ e hoitd leingthI is Lltin usa lly sin a 1-2.36 A. lit
ýIore.3 1i, tltiS irtiCle tll, ý0(11k a e~silts are) 10%1 . teLLin he (11IlIMs are less app~arienit, ti it it is iatlliprlla at tol

ex teitded to lo1w teiriperat arc. . r...sit * .11 Ldetails inc iiolte thfiat tliis cOitomipitnd en atains ait Ieasf one TI atol i per uniii

reported, anrd thew res~t Its for Ri!, T, .,~ coitmpalred toi cell aniid is tftus expanidedl with respect to tile idealized, hut
.howe (flii substituted~ Nd"Fe17 anld'lFe Thtese three (Ii f Iiel'Lit ueF piie
1 ererlt pltiases canl he colilsi de red tis mod ifieatin of tl'le B~eca use of' (lie Ilow sy atte try aitd t ite lairge a ain her oif

CaCIo9 sf utareC- wvi th ItLIiftcrinug degrees of' Fe -Fe dLI aa bel II c sites, thle re are 111a a1y a (lioe LIis tii IInit blildinig pathItways ill
replacemenit of' some oif the irarr earths. this comtlpounid thait inl either the R2FIe7- 01(i R~cl2-typc strac-

tilireS. The Illtiiiitttant hoiLId fcitgtlt is 2.36 A, as is seenitlt
NdLII I,, bat it is less separated tiltn atle CoLthe be ond~s, whiicht

11. RESULTS formn a coat itt itlis b and a Il)1 ato least 3 A. T he Ilonigest hoilLIs

Therooi-inipraurcand1 25- reult ot tle eut-,, arc assLociatedl withi t ite 14 coriniliated Fe atomis showii ill

oLII[tract iou aitalYSis of' NdLI7 c 27. 16'',.i are giveni iil 1 lihe I1. TaobIc 1, b71t ill Similar I 4-fluId enordiiiat it is al1so seenI ilt thle

Tite structure adapted trjoiit Relf. 1 3 is shown it Fin ig. 1 . TI he 1(21 ci 7 a tiol R Ic 2 strutroetis. The FtcIe atoat s Ittv e fr-ont ilit to

laye red stractauie is a ppa'renit 'roli tile f igur ic it whtichI onl I dItree NdI ite i gli 1s, 17hitl tilie Ti atotits ar icI iii tilLInly at title

tlte Shortest bondls ( <2.4 Al atire showni. Althtough to0t C:lii - fthree sites w ith Ita single Nd LI eighlboi. Nc Litrl mu L [rae ti1(11

St ratined fly Symamaet ry, all lot' thIe Fe/I 'i anad NdL atoi as iii tilie datiat tffO Nd&-107,0 LI IL~l(,i I~ weeaoillce
first layer lie withtin (1.01 A Of thle , V-0 1)1a1itC. Ilt tilie SCClld ait LI ailyeLIntLItiestc nx'iritttatvas (lseyl itt
layer, whitcht contIailts (oily I 2 fl'i ator(lis, Ittlst arc to ~undL vciy these coiimiponaids.
close toi J- .!. 'Fitc atoniils that devi ate f'romi Ithis arc c lea rly 'I 'ftlaite lt1,1 01' bott Icit giIt.s a ionuild echCI Site a IIILI [ltic iv-
v isibleI il titlie figure anid tire LIispl aced LI ic to the plmie s oiec(f 1:ruie~e boanL lengths arc Liveiin 'itll 7cl I I for Ndl'e- ,T;i .

Ndl atoit s nearly LiIreectly above Or he lox iciii. TIhle a rra iige - Nd121 e J7I'~.90 anad N dl eji,' il 1. ITIiis t able cxcl LiLIs
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TABLE 1, Refinement results for NdFr 2, 7(,'l1"i.24 ; space group: 1'21/C; cell volumv-889,00 (ki.

Neutron X ray", Neutrom Netilron
- Neutron Neutron 295 K 12.5 K

Atom, site x y z x y z Ti conord. (ni#) (QiT)

Nd, 2a 0 0 0 0 0 1 2(0Fe 1.8(1) 2.2(2)
Nd, 4e 0.402(I) 0,007(2) 0.815(6) 0(.408 0 (0.81 191;e 1.0(I) 1.4(I)
Fe, 2d 0.5 0I 0,5 0,5 0 0-.5 lOFe I 2Nd L.1(I) 1.2(2)
Fe, 4(,l (I. (0(l) R.OOM1I) 0,722(I) 01.1063 1 0,7127 1(Fe I-2Nd 1,5(l) 1.5(2)
Fe, 4e2 0(.291(t) 0.602(2) 0,109401) 0.2937 0 ((.0875 9Fe 1 3Nd 1.201) 1.4(2)
(FIe/ri), 4e3 0.257(I) -01.002(2) 0,52o(l) 0.2552 0 ((.51(14 30.5(1 13Fe 1- Nd 1.5(2) 1.9(2)
(Fe/l'i), 4e4 00M37(I) 0.13) 0.292(I) 0,(1448 0 0.28'4( 21.401 131-Fc I Nd 1.30() 1.8(2)
Fe, 4e5 0.632(1) 0.143(1) 0.6811(1) 0.6376 (.14011 0.6812 10VFe I 2Nd (1,8 1.21(2)
Fe, 4e6 0.806(l) 0.225(1) (0(,88I) 0,8 0.2147 0.1 IlOFe I 2Nd 1,20I) 1,5(1)
Fe. 4e7 0.597(I) (0.243(1) 0.433(l) 0,6(134 (0,25 01.4535 QWe I-3Nd W,'.' 1.1(2)
Ve, 4e8 --0.004(I) 0.247(2) 0(.257(I) (I1 0.25 0.25 1 OFe I- 2Nd RO,6MI) 1,13)
Fe, 4e0 0.406(1) (0.247)0) 0.0(02(1) 0.4195 0.25 0.0)891 (}Felt. 3Nd 0.7' 1.2(3)
Fe, 4el0 0.802( 1) 0.248(1) 0.847(I) ((.8 0.25 0.85 (OFe I 2Nd 0.2)2) 0,8)3)
Fe, 4el 1 0.197(1) 0.257(I) 0.161(1) ((.2 0,25 0.15 1(((e I.2Nd 1.201) 1.6(2)
Fe, 4e 12 0.204(l) (.293(1) 0.41011) ((.2 0.2853 0.4 I(Fe -1-2Nd ().'() I) 101(1)
Fe, 4vl3 0.370(I) 0,355(1) 0.812(0) 0.3624 0..3.59 0(.8188 IOFe I 2Nd 1,011) 1(A(2)
(Fe/li), ,1Il4 0,005I) 0.35(i(I) 0.004(2) ((.0067 0(.3542 0.00(34 10(.3(1 13Fc -lNd 1.1(1) (.4(2)

Cel) lrlllel l aula t und agrlellt frilors of iueulroll md x-raty diffract 1)ion results

u, A I,, A -, A 13 /?,, /*p

Neuron 295 K 10(.0028(2) 8..9156(2) 9.70(10(2) 90.996(I) 3.01 % 4.74% 5.(451, I.60
Neutron (2.5 K 10.6486(2) 8.0(150(2) (,)7600(2) 96.833(I) 3.92% 5.23% .05% 2.01
X-11y" 10.625(1 8.5814 9.7282 90.89) 13.20% 1(1. 1(%

'Momucn(t unsllale when rclhed--ostrained Io Ithc average,
" X-ray datu cited from Ref. 10 and t(1nsliled to I(le comparlable coordilnaes.

lc-Fe bonds over 2,8 A thut are assumed to contribute little gives the overall average bond lengths for these three
or nto mugietic energy. As already discussed, the Nd 2leCl? samples (and Nd2 PetT,) its well as their ('Urie poilitS. I"o(r
parenlt has a short 2,36-A bond. In the Ti-suhsliluted corn- Nd 1 e-C2777),T'il.24, two vItlues arc giveM, includinlg bond
pound, however, this bond has expanded to 2.47 A due to the lengths to 2.8 and 2.99 A. The dependence oft he Curie point
strong preference for the dumbbell Fe site by the larger Ti ,), bolnd length in other Ndl c com)npounds,(6 has previously
atoli. The high symmetry of the Rie (2 phase prodtuces two been noted und a similhr relationship is observed here if one
groups of Io'ds, long (lld short, with a gap between. The does not include the very long lc---ie bonds, which obvl-
other two compounds have a broader distribution. Tablc Ill ously contribute little to the magnelic exciutlnge energy.

a,• .'�J T ; ABILtE II. 8iie lhnd length iange and average hond length.

.;je. ,: 'l . ,,t

Site IILR AIli., Site ltIL AUL

IFe, 6c 2.4748-2.7998 2.7001 Fe, 2d 2.4443-2.6272 2,5(,'(I
I- ) VC, 9Id 2.4568--2.6278 2.499,4 Fe. 4le I 2.4010-.-2.7278 2.5694F •)Ie, I 8f 2.4509-2.799)8 2,5991H Fe, li-2 2.4507--2.70198 2,5507

fi Fe, I Kh 2.,4778- 2.6628 2.503. Fe, l'i3 2.4629- 2,7087 2.6198
.-) ,, ' •Q 'e, 41'4 2.4629-2,7779 2.6624

S ;' a") Iq .Fe, 4e5 2.3795--2.7705 2.594740+ c) "' Site Nd(,I,.,Ili FeI, 4(-6 2.3575 -2.t)945 2.5551)
. "•t•• •- "0• it111A, AM ,l IFe, 4v 7 2.,O59---2.7,100 2.5527

0 .Fe, 81 2.4723 -2.7464 2.60114 Fe, 4't8 2.38018-2.6526 2.5222
Fe, 9j 2.4935- 2.6692 2,6247 Fe, 4"e( 2.4654 -2.7705 2.5791)

\, i 4) FL,4ei0 (0 F.,, 4011 o) 1 Fe, 8k 2.41011 2.6242 2.5188 Fc, ,it'lII 2.3575--2.777() 2.51105
Fe, ,' I1 2.4045- 2.08(78 2.5250

IlR bleod length range Fe, 4he12 2,467').-2.7850 2.5907
FU. I. Monocljit.i ulii cell of NdlFc+,. •'i, with the I axis up. The hCyers ABL.- avermgc nud Icngth Fe, ',c 13 2.4586 2.J747 2.5461
willt y 1 /4. 1/2, and 3/4 are drawni as well as the Fe -Fe bonds nudet Fe, '1',4 ,..l8(, 2.7957 2.6271
2.4 A. _
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TABLE i11, 'The overull aveyrage bmid length (OA 131.) miid (nrit tecm- [HeC structures Ofall t hose thre-e C01IOmpoo oS are related to the
pertiture. structure of R'~ Withi diffecring degrees of' F-e-Fe- dumbbell

Comipound OABI3 T,. (K) Comments replacemient of' the rare earth, The Ti atoms wvere fouind to
occu:py those sites Withi a single Nd neighbhor inl all three

Nd2Fe 161)0, .- 2-581 I 3813 compounds. A dependence of* the Curie poi nts on i bnid
Nd2Fce11 l. 2.58(14 530 legt simuilar' to other NdFc comfpounds wits observed. Thei
Nd21C1Pe77~'' 2.5801 330 o(ud>. Nd so hiatt ice cou ples ferrom agneti call y to the F e su blat lice

NjC2.hl1.4 2.5901 6 11o houid -2.11 A8 all thri ee componoa ds wvith di ftcrenit easy direct iotis, that is,
a ax is lo'm Nd3 I "e 7711'i 1.24' baIsalI p1)al t' or Nd-2 I ..e Fiom71
and c ax is for Nd Fe (),,T i.I respectivelIy, Ani easy direction

The agnticmomnts ileals giell ll abl 1,For chlange, f'rom the a a xis to a -1) plati , for Nd~t"1 c 7 (,l'I' 1., Was
Themagte ic omets ica o gvenin I ~bleI 11' observed whu lie ilie tenipe rat ure wvas I oxvered f'roma 295 to

Nd3I"C27.7fi' -, at Itootti tempeL~rautLre, the. Fe m otenit ric itle- 1 2.5 K.
mlen ts were Unstable oil it fe x sites, osc'iflfat ing abouL ref a -
lively small values. Thlese wvere contstr'ained to thteitr average. ACKNOWLEDGMENTS
w hilIc thle otheris were aIlowved to refine f'reely. 'fThe over'all 'iawos oudlktohnkD.JM.C ognad
average site moments of'Nd1e. ,T 21 df~ ,'iuul 'wt hr ol iet ot )' aoa n
and Nd Fe 10.q11~ litat roomt teti 1)Ilp tttre title IH;5,15, a 11LfIi his collaborators fom pro vid in g the samoplIe d f * 'I.2
2.36 Alt, respect iv ely, Th'le m totmen ts of' Nd~~ .j .7.(''1- tire u ~ tsed ilt Ilbis study, Imforile early iefport itf I tie X -ray study, tnd
founld to lie Itfoti, filie a axis, "I'lie liolil iot for hclpfolI discussiotns. We would ailso like to thiank Di. C'.
Nd2Fe' t..,'I)A. tire f'ound to lie perfeetfy itt tlhe basal hihtte. lFtCt'St atid tile (k tetiti Mototrs gLl' or fitOvidill tt 1 ottples
xvhile the momenlts of NdFe11 1'I'Fi1 . aire found to lie f)Imlctly Nd[e1 0 'ii i. n NdcI'e1111 '111  aiid ;Ipreprinit of' their
a long tilie v' atxis. 17 'thle F e and Nd atOtS coo pa fe r n tIgOIIIý- Work. Use to I di scuissiotns with Dr. F :.I K. Ross are also greatly
e~t iitflly ill till 1I ftre Ct0i1i1101111ds,18 suggestiliig tIllait tifle iT It)Oifed atpprlec iated.

ctlianrieentettt ill tfile (uric pointf through intterstitial subsl ito-
tionl could fetid to ft10 iftly des iriablI properte c'lueL ifcto theiri
high Nd: Fe ratio, For Nt 1 e.. 1  i at 12.5 K, thle easy .1.) 1. Crm ' Jtl . F, I IcthhtIt. W. tee. midO F. Fi. Plitkikeoti, Aphpl. th L.teii.

44, 1i18 984).direction is f'ound to be cfangcd f rota the a axis tl ro m 1011 *J,. Ic ). 'ooy uItad I L Sutiil, J. Miigti. Muittut. Matter. 87, 1,251 (t1990().
tern peruIAlreN ti thle a -b planite itt 1 2.5 K. It wits lout d thatI tile *t1). Ii. de Mmoij told K. 11. J. tIluschuw. J . Lemu, Com'ont NiMet. 1 42, 3)49
comnponient ratio, /¾~~oil till sites is close fo 0 .0t x lie i (199181.
every comipontent wats i efinled indepettdenttty. 'Then it cool.- I . J, I .s'lot, (1). 1K. Mutsidiletii', W. Biin. Yc0.l A. Plilt-ilel ItU .(Isilutttjn, K
strahit xvits, matde ito keep) till site mniontnts lin the sattme direcc- Solid Sail CmumO. 88 701 (I1119).)
tioat and Witli a cotoipolelit rattiot of' (1., "'11w tamtplitudes of' thle WV. It VebI. 1t. Xte, 0I. J. lo). D). A. Pri~ngle, V' (iuiudjeuii. miid K. 11. J.
sit( miomnetts atl 12.5 K given in tlile last colum n of-'Fable 1, as Ihiusciow, ., Appl. Phtys 7.3, 002t9] (19913),

exe te ttre ltarget tftttl ftiat ait roomt temperature. 'Iflie over- `I. I Iv. W. It. Ycltuit, S. MIsliIrum, (i .J, I nap, I.A. lIttgle, 1).1 E Mtitulfelni,
expected, ~K. 1 I ..1 umwilow, mitd 1% (liandu~jemiui J. Apjil. Iltys. 76, 441.1 (11104),

till tiverage iron site tmtomtent of N~' e.'li alit 11,5 K is ](I . tVuuiuiiva, F. 1'IVie. tett itid F). V Sticttei;kiuvt, PhtYs. Met, Metnillugi.
T.0IIhis low vtilue may lie dote to the f'ad fltint neatly itill t5. 2174isia

sites hatve ait leatts somte very shotrt (<-2.45 A), l)-2UIeltnitily 4Y V. Sttchitu;ukovii. (U. V. tvttntvuu. A. S. Yeiiuolettkn, Y. V. IBelozeuov,

bontds. Iti a-iuml lirsigto note iuiu V. S. (htvikuu. J. Atloys Compoidt~uuius 1112, IQ9)1)09212,
ztntiferrmagnetic, It is flttI icolafy itttcrst itigS. .1 ( ul~lkoll, Rl. K. I hhV, .. It. D~iuntlop. nil) It, L.. Davisk ill'weutit

thait tote Fe site, 4v' I0, htas Ilitee short bonds atnd re fitwcs witll) ot tlie Sevel Itutti iitiilioliutt syitipiisuimi ttil Mink-;iii Aitisoti fly umit Co-
the smiallest mtomiettt at both tctiupcrattires. A secontd site, ceruvity iu lul ehrt iitjji Metut Alfuivt, ( 'mbcmoi, 19912, p.,07,
4e8 , hats two such iottds tand has tile second smallest too- "'J. M. C itituipii. I15 I .t. It. . I.. Dik)vts, A. Marpuirmii, S. .1. Colllocolli, J. It.

mentat rom etlleriiilte, wichtetiaiti soal Iit 1,5 . In Iniluup. andi R It, (wit, LAtupl, Ptuys 75, 7114)1 1994). 9Ililitat oomlelipeatue, hic reain siallat 2.5K. it It1). Uticist, F F, Vin.Itkerlo t and111 J, . t, Iettlt, J. Mapgi. Magn. Millt.ii,
conitrast , I e4 atnd I e5 htave tile liarge st I12.5-K tomnatItits, av- I ItS Io99 0.
erage blond lentgthis ovet' 2.6 A, anid nio slotI b'ottds. ''11. S. it, 1. M. ( nuogtiiu II. I., t lumyt, A. Murgmiurin, umid 1.It. tDouuuop,

Soilid State ( 'iiiuniui. 90. 4817 (N(M)0.1
"Z.. inl andi W., tB. Y'elon, Soiidu Smite Co'mmuuiiui 911 2.133 (19914),

Ill. CONCLUSIONS "Z7. tilI al v11(W.I. Yeluuui lt11liutuiittitcutt.
ifte ew nr ett t t* 'iii 05C ".t. 1". 1IClerlSI, J. I. C miii, F. 1;. IPilikmutia, nd W'. It. Y'elot, PuINv. Ie'. It 29,

Te nw psetudollintary rae crh-rn phae 4it110 (19841).
Ndjl~e27.-11,TIi .24' wats Ldied b)Y tneutrttott di f''t'ractitin atnd cornl- "'W. It. Ve'ict mid 6 . C .1 imatjipuinnyis. ll]ITia~nis. Magal. 28, 231o it1992).
Iated With l'i-su~bstitu~ted Nd dci, atnd NdFc 2 comupound(s. 'W. it. Y.-.1411, Z.. I In mill U'. 1). I'lerut titltlluu~ilicutt.
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Magnetic pi~operties of interstitially modified Nd3(Fe,Ti)29XY compounds
(X=H, C, and N)

D. H. Ryan and J. Mvi Cadoganal
C entre for theL Ph'li ox 4aitcrials antd DeLpartmenta of l'/:ysis McGill University, 360(1 University Strec'
Monti cal, QnL'bL' I 13A 217N, Canadr

A. Margarlan
IDeparlinent of Applied I'hYsirs, University of 'li'clnology, SYdney NSW 2007 and COO?( D~ivisvion of
Applied Phlysics, Lindfield NSWV 2070, Australia

J. B, Dunlop
CWIR() Divisioni of Applied Phlysics, lbindfield NSW 2070, Australia

Tlhe effects of light atoml i lite rentala ion onl the imagnet ic properties of' the nioiiocl inaic compound
Ndfl(CePi1 )llhve been studied by MWssbauer spectroscopy and thermiogravinletric anallysis.
Maxim umn conte nts of 4 nit rogeni atomis and 6 hiydrogena atomis per form ulIa uniiit have b)een achieved,
consistent with st ructurial caleulatitions. The associ ated lattice e xpans ion ranIges frm in2% inl thle
hydride to 0,5% inl the niitride. Attempts to initroduce carbomn were unlsuccessful ats thle mnateriial
deconmposed rai II idy d11ii rin the reaction. Both h ydroge ii and n itrlogenI additions lead to substanutialI
iiierease5 inl thle mlagnetic ordering telauperatltre. but only thle nlitrogenl leads to anl increase inl thle ironl
mlomlent,

1. INTRODUCT'ION naca inig ait 1 373 K for 72 It u nder argon ii i seatled qu artz

T1he search for 11 igli-pe im.f.11 raince malgnictin materiialIs, tuibes, followed by water quen c hi og St ructurail measutre-
Which Was reCvived by thle discovery Of thle RV1e 11.1 Systenli, OIL Hts were made using ( u-K,, radliat ion oni aill automated
lias' beenl expatnded greattly by theC observation that sign ificleai Nico let("Stoc di ffractom ete r. Ordering tenin ea tutres were de-
l niprov cm; tts, canl be obt a ined through thle in te rctiatIol oI tenihiamed on at Perk in. El mner iC iA-7 I y recording thle a ppa r-
ailloys by a variety of. light1 atomls. Ofte a thIiis in tercalIation ellt liass ats at finlid iou of, te ipel)C rt ore ill i suilall lielId grad i-

process caii be used toi tralsf loon othle rw ise useless linate r Ials. ci.i PMiballet. sectral Weeotine nacnetoa
into highily promising, permianent magnet candidates, "I'he conlstant acceleration spectrometer using it 25-iln(, S7(-,0It
mlost strkij i xmpe of this are tile IUeyalywhich NONC Lo)w-temperCature spectra were obtaiined using a1

ri k g exnipls R~ ally'svl1,rat ion-isolated closed-cycle lie fridge. Caldibration aiid
have ordering telilperat ores (lilly slightly aibove roo an te inl ismrsit-r eerdt t-eftr itmeaue h
pe ratutre, bot thle add it ion of cit her carhoni oir ait r ge aby ioe l t erfre oc-ca omtnivr oi.' i
giis-lplase; reaction leads to a1 greatly eoln li ced 71,. and, in: the Nu3 ei4 n it cell conlita ins 0 Nd attonlS Oiso two sites, a iid

clie o te Sllallysubstilntial I 1 iax ina ii isoti-p' 58 Fec atonis distributed anmiii g IF, d ist inet sites, one beinig a
caslo he2, Sn iilcotw(. reyte tile ixsee rofy 2t lw 2di and th liemclainin g 14 being 4ve sites. It is c lear fromn thle

ril- rid ih, Iphamsc inl tile Nd-I e-Tli phase d Iiaglam .ý So hse qticii spictra !in F igs. I and 2 thati few of tlife subspect ia arising
x-ray-1 and zieu tro a'i (IifIrcflil iii~lcat relei Showed that troill ti lie I 5 Fe sites are resolved, epc5)Cinally at roomi temii-

the iailoy structur the tclonged to thle itamonocIinic 1121/c Space pe rato ic We hiave t hcr-c flre fitted tIile Spectra uisinmg thle mli ii -
gopanthat tile correct stoi cliion let ry wvas Nd1101ill numbe r of' 5(1bsph ictra needed tn r'eproduce tilie Iliost

Thie comp~ osit ion lies between thle let raityinal N tI(I c,1 ~ a? nid 3 ~inI ~tliecase oftill SIi OI-1 Ths*a ie ed in ateri a use rooni(! tel-peii
i-101homhtedral Nd2( Fe,Ti)j7 phases, and Ilife 3-29 structure 3iltl ls f1I:a.allae laeila olitlie~.
call lie viewed ats ailtalterlnaftinig stack of' these I1-12 aild( 2-1I7 to ic ,to 0 inl tile case of (ifte niit ride amnd hydride ait 1 2 K.
unlits, 3 ThIe mnagnetic ordering temiperatures of thle 3-29 coin-
pounlds arc ill thle range 411 -480 K., lPrtwiousý work has.,
shown that tI Iis phase absorbs nIit rogeni readily, exhibiting 1II I

large increases inl otit T,'I anid magnet izat ionI.0 V Ai
Ill this paper we report a mlore extensive Study of thie 77 piK i deO

effects of I1, C, and N interstitial mo1d ifiltintoil onl tile hlag- i
lIetit pr-operties oft Ndfl( P,"'0I 21 .

11. E~XPERIMENTAL METHODS

Nd.1( Pe,"'t'i 21 sample(,s were preare by1- are elting& Ilp-
l)rPt iai~ lle l niout s of 99.9% purity Ndt, Ti, and IC Ue i de r Tli - aa--

gem Icred argoni, Si igle-pliased allo1ys wer'e Obtainied b~y ill - Veloeity 0 1111111

"'Oil leaive humll School ofi Phtysics. tiniveisily of New sommlii Wiltes, sydilcy Ulit, 1. itoommm-lipcmimpe inre m~isSbalcmmm ec l mdNul I li)2  aiis.imgcihi'lle,
NSW 20)52, Aucstrliamj. anid Willi tiydrmmgeim l midlltoigell addedt~..
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-- ,--r--1---r---1• 'I'AI IL.T 11. The loutr lrgesi voids ill ihe Nd dl e'li),k, allt y systei, derived
7KV VV front nit anlysis of the crystal stlructuire,. 'The 4e,, is isstumied to be tollocell-

tr pied as it is ioo usuinl for nilrogenl aind only Coirdinatcd by I-c itllis.

0 .Loct)aionl

* ~/Rdiu+11 Occ is .)ciupied

tite .v S X t/t C oordilltiot hby

4 eI 0t.49 (0.75 0t.23 0.o4 2-Nd 4-P1c I('N
4(1 (.2(0 0.,50 (.41) 0)59) 2-Nd 4-Fc I ICN
4 e t0. IMt tt.5 I ().95 0,.45 4-12c eniplyt?)

_ J -j -. '4 0.44 0.23 (.92 0).42 I-Nd 3-cF II
-It -4 o 4 3

Volocity (1i ui/9)

volume ex!pansiton correspoltds to i vol time change l I' -7
FRI. 2. M6sssbilerl spectra ol Nd 1(Fi.'l'),5 us--lilhiuled. adt with hydhogen A3'/N atomll, ais f'ound ill the RI" 7 litrides,I The Mossbatllr
.Aid nitrogen added miesured lit 12 K. ,pedtri show a su bstanlIta increase in the hyperine field hoth

al room temilertature and 12 K. Values listed ill Tablc I are in

Ithe intercialation reactlions werI. catried out lit VIIHOu. ti l clos, agree mi•ncnt with those repotmed carli ',i As in the 2-17
temperature% li lit thermlizic analyzer (TIPIA) using hydro- and 1-12 alloys nitlridilng lead,, to fill i.rCeisC bolh in T,. and

gen, nlitrogein, and acetylene ats sources of 1I, N, and (", re-

spectively, 1he Carbide does nilot tonll leasily. ('onIditioin ap p(r1 r!ilitC
for 1-12 otr 2-17 alloys lead to leld to ai disproportritlotion

Ili. RESULTS AND DISCUSSION reitioll, Witli the princplt Il iagetie plllases he in ig lu.1(,
(possibly Containing some of h(le Ti) all tl a-I. lvun shorl

Substantial mliounts it IihydrogeLi I ae absorlbed readily by duratioll (-30 mini) ani lIs ill I1'mpCi-alures between 35(0 and
Nd(Fle,Ti),•, H[eating to 300 °(" ' at 4(0 (/minlit n i - .(1 bar o1' 5001 (' led to paialilly de.onmposed SalmlpIles. It thcretort le p-
112 leads to ai hydrogenl upitiake l' over 0 ilt 111'1r1mh un1it pears that ill Ihis I)lIIIsc, the coilipetitioll rotm tlhe disprpilor-
(,u,), wi lli cv iden11ce of deco: o)0s5tit io, While the hydride tiionat ion ractioil is t(o sitrot lg, anl1d the carlbidC telnds lot to
appeta rs stable fit romi telmperatIurt (nio evolutionl of title i,.- torl lt iS ignifilcaIt Intl ,.1 A io itg,,e tic even lIt at -- 000 K is
terMil wits lappalet oil the I --day t im .iescale needed ito record tenlltatively aiated Wic illi it Nd •( Fe,TM)•,•'q ) phsusc; how ever,
i Mossbatuer spctlrum), it decomlposed rapidly (ii heating, Ite alctual CIrhut I teCnit t is unIlkno1(wn., (:iven the miixturc lt"
miiakitig t1 ilccullrate dlterntI ititni ol' T', prole• atlic. The IlllillC tiC phises prmCetllt, no attlemIipt wiis utide to ext rtial
value of' 548 K gIve i ili TabllIc I replrscnts ia lowe I lilit, Ile M68ssbaiuer p)iiraumIet ris
value oibtained oil re-coolilg wits typically 1ItIt K lower, IC- All anlailysis oIt the 3-29 str•cture yields oIlly a1 v.,nry !ilti-
fleetil la sia Siiniftilat lhss of hydioge ll, The toot mtll el)tr Ill it Ir.ie d 1 tLI l11111CI rgC Cllol 10 ItCot t I ot ti Iill hCrsli-
M'sbiaur Sp•c'trum (Fig. 1) Cxlts a subsillitinlhly ill- titl atoms (see T[able II), ad afll o tllihni ile 4e siles (thie 2"1
creased average hyperlitic ieldL; however, ti't Illteic isul'ei• i Miid 2d Sites II-IC (ICCIIp)ied by Nd aIlld Ic, respectively, ainid
ait 12 K (Fig. 2) slows Ihis Ito libe iiost entirely due t1 thile oth thll! 21 iund 2c sites lie illsidC o0rI itltiii,,1N), iThe two
hi.ighe r irdering teilpertarii IC 'Ule nliCiesillred liatlice expa)nslsiillalit higest vtilds hiive radiii of' (0.,04 afiilld 0I)5) A, 111)(I Could hold
is -2%, givinig till effiective volumiec chaniget per hydirogen CitfI i itOrl 01' iiitlrOgll11n ti1S tills Ftill OCCLIllicy (if llisC
a1t)o ' f --2.0 A3, close Ito values typiectl of' intellitlllic sites by ilillttelin would yield ia Colllptlsititln il'
hydritles. Nd.t(lc,T'i)2,1 NN,i, This coimlpisiliIn is also consislilt Witli tile

Nitrogen aln:o rIeacts easily with itiis alloy, Atneali ng ftor 3-2)J st raCIlu C t lie , ing; irved fi oIi f ti t ltlnaItC slincking., ti' 1-12
71 Ii hin 1,6 blar of N2 at 400 `(' takes Ilile reactiion Close to anuid 2-17 units, which ctit Iltl I lti ll d3 nitrogen iL)illS, Ie-
compiilet iin ald yields Initrot ge iollcntens of' -. 4,.S N/f.tl spectively, Ottr iietisuired nitritogeni coIl c1f 4,5 N/'.u, ip tob-
H1igheir a)pparenit CliCCeintra tiosis (---5.8 N/f'.u.) cant be ably resulIts 'lroili a11 paitiatl LeCtill dec ),mioition of (le nai Iterial,
achieved b5 iillilealig ati higher tenmplieratures (e.g., 50 (*)5  Willi Lib e the excess illt t•ica i ill ieh folrall of* ieody inlitoin iiitride.
however, the observed ordering teltrpear~tuml does n1ot ill- Thleh IlXt Ithole is lllly (1.45 A iii radtlills, Fair Itoo) s1i'tll to atcecpt
crease, and there is cvidenice of a-•-Ie (ice ipit ationt. 'h'e (i.5% either niiirogwli or 0 eillrt ii. While this siIC is lIarge elioilugh Itl

take a lydilogeili aut, Ilie Cotlrdlitllittilii Solely lIy IC allS
ie may i1iake tile citvirto)lellit cinergticiilly uLnilattractive, ieThe

I'AIILIS I. wUiiry ol niilguijeli¢ ltid slUcirutil ¢liuuige. rc'iiulhigl I'iroiiu Iihe 1 ii~ext l site with ll one Nd neighbihol los iI rtdiuLIs of (1.42 A
addil oit of it. C, mt N io Nd.1 -li)p12, a nad is ilore I k ly i t) i)¢e thle hydroge n a ltelio n, (O)cc ut pal tition of *

(ie tie c Ilarge"i rare-crlh coordillated hol es by hydrogenIt

A V/ gives tlte c(/Vpositi as thservel,

Sample (K) 12 K ICl (% hi llconcluIsiol, addilng Ihydtigcin leads to It sipnificauil ill-
- - i-c e inC 7, , but esse•tlially no1 chanige ill thle ron iltontiell,

Nd,(Fc''i), 420 29.(0 1,0 , whteteas ttillOgCn ilatds 1to an ibltIi. ill bth piliaiialetrs.
Nd 3( eli)2 jI ,, >54 8 30.2 2(,A ..2 (10.5 'lThese results .arc sinmilaur to those LOuiid ill the 1-12 a ntd 2-17
Nd. ( lFcTi)2'l('. " iut(I ...6.0.
Nd.(ieli)),.N4 S723 33.I 31.11 .5 '1.7 rare-carilh iiro atllotys. Attellipts o m eiliik tie carbide were

titslucCS sf il (file to at rapid dis.loptlniioiialiotn of IhI nilate-
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rial, An examination of the crystal structure shows that the IZ, Altounian, X. Clien, L. X. Liao, 1. 11. Iyan, and J. 0. Strom-)lseii, J.
hydrogen and nitrogen concentrations achieved are the maxi- Appl. l'hys. 73, 6017 (1993).

muml values allowcd. 2s. J. Collocolt, It. K. Dtay, J. B3. Dutlop, and R. L Davis, I'rocCCdilgs of
the Seventh Ititernatioial Symposium on Magnetic Anisotropy at1d Cocr-
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Phase equilibria in the Fe-rich corner of the Nd-Fe-Ti ternary alloy system
at 1100 0C

A. Margarian
De'partment' of Applied Phki'c, suUVniu'utrs of lecluology, Sydne il Broadway~ 2007
and CVRIO Division of Applied J'iiysics, Lindfield 2070, Australia

J. B. Dunlop and R, K. Day
CSIIW)0 Division o/'ApJ)Jiud 1Physics, Lindfield 2070, Australia

W. Kalceff
D~epartmnent of Applied 1'liysics, U,:iv'crsityv of 'hchnolo'y, Spbdm"1 i Bi-oadwva) 2007, Australia

1-Iigh-te mperatu ic phiase retlati ons ila the Fe-rich corner of' the Ndl-Fe-Ti ternary atlloy systeml have
been investigated and ani equilibrium p)hase diagramn has been constructed ait 11001 'C'. Arc-meclted
andt annealed alloys of' systematically varying comipositions were characterized utilizing scanning
electronl mlicroscopy, ant energy disper~sive x-ray mlicroanalysis systemn (131)), x-ray diffraction, and
Oplticat mietal lograpt iy. Three majo)r phases have been identified, the well known Nd ( Fe,'li) ii," 1: 12'
(1'hN~n1 2-type structure) and Nd,(1e,'01i) " 2:17"('' l ( 2ZI 17-t ypQ structure) compounId-s, and a phalse
Withi approximate colilnos itionl N df( P,1 'i1 0 '2: 19.'' T1he crystal struct ure of, the lattIe r p11 ase has
very recently been solved, and the "ideal"' composition shown to be Ndfl(Ee,'1i )29 '3:29)."'
Quantitative EDS) data has 1)eoni used to identitiy thle comnposi t ional liminits for thle thIiree maj~or phases.
An neal ing tile 11 1: 12' anid ''3:29'' terinary phlases atitt 90 O(C results ill a slow decomposition into

1. INTRODUCTION nling electron microscopy (SI3M) uIsing a JE[OL 35( F

Intdensive rese arch duriing tife lIast 2!' years has seenl th IQl eu il~ed Wilit a Robinson backscatter c lect ron detector and a1
emiergence ofIin an y ra re-earthi iron transi ion metal i atermie- LI NK uenergy dispersive x-ray a icroa nalys is sy ste n (H i)S),
tat tic Comipounads Withi technologically ivi wc-sti og magnetic
p)roperties. NdFl~le ~lias many of' the propeities of' anl ideal Ill. RESULTS AND DISCUSSION
permianeilt niagi ict, such as a high-remnanence, large uniax ial Iirsrcua netgto f iealy a are
a iagnetocrystalIIine an isotropy and low cost, yet its low Curie ou uizingstwe iackI ine v lest igaon oIf t lie at i lywasd ca-riay
ternipurat ure (31I)0'(') restricts its app1 icatloois to te iii Iera- out icutill yizing llral backscattte r elect ron(HSIi nsii proavade ex-ra
tures below 15t0 'C' incona ss i ea ,bcsetI e lcrn r dNd-I e-Ti alloys Wiltli the tetIragonal Th~IiMi -typ l) RC s - celcl t cont rast between ptiases of' diftfe rent meucli a at i nic
tare, and especi atlly Ifheir nitrides, have niagneti prjiopertie 11no inber inl a pol ish ed Section of' sam 1)1 e Inl our. samlples,
comiparable tot oseo N12ýe,3 and are thrfore 1osbe w here there arc two or i nore phlases Witllii Sinl iIa r corn ~oi.

candidatefor thosaen magnets 13 i aiid theemtn tossible t ions, BSEI ito aging a lone does ant provide s ultei cii t contatist
canidtesfo peniin a manes.In attrItagt npr and etching with a 2%Y soloutioni of nitiic acid inl altentin I

sinigle-phase samiples of' Nd(Fe,Tli)l2 Collocott ef ali. faund Ntlwanesartogeietpogclcnns.
a1 seeoiid ternailry c o pllounld, Wilih nmiin alI corni poition Nia a iees yt elert oooia (IIrs
Nd2(PCJ'i)9 I'The struLcture ohl the ''2:19'' phaise has been
sotlved fromi powder x -ray di ft iact ion02 and ne utron _____

diffract ion., data, and thle ideal compllositionl showni to tbe
Nd3(F'e,T1i) 2 i9 1'lo turthier understand the formation arid inter'- ' 1 .

relationships otf phases inl thle Pc-rich section of the Nd-FeC-Ti 12
ternary alloy system, we have carried out a systemratic inves- 1: 12 IkYIl Ndl

ligation of a raiige of alloy eonipositioiis and conlstructed ail 1. 12 + e-IV
equilibriumi-phaise diagramn at a temiperature of 11 t)007 :2 c 'C 1c :12

11. EXPERIMENTAL PROCEDURE6-32
0a') +Vp 1: 2 +3:21) iNd

Alloys weighing 2 g were prel~ared fromt Nd, Fe, and Tii-. 'I
of' -99.9% purity by ar1gonl-arc inelting oii a water-cooled 2 71 ;2;i '
copp)er hearth. The samples were then wrap~ped in tantalum 2:1

foil, encapsulated ill seatted quartz tulbes under ani atmiosphecre A732)
of argon gas, and annealed for 3 dlays at 110 t))C(, followed Fe 2 4-'-0'12 'H-16-1H

by a water quenchi. Selected samiples were also given a see- atI.% Nit
ond anneailing I icatien t at 90t)0( CFor peCriodIs of' 7 anrd 2 1
days. Samples were characterized by powder x -ray di f'trac- 110 1. Fc-i h cotlnet of' tih Nd- 1k' 'i phase d iagiam ill It WOiiVi
tion using Cu K a ritdiat ion, optical mectal lograp by, a ad scan - represents antwit'led clomposil sils aal yzesl .
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. 4  - -~-\402 33 Nd3 ~I 29

50

uxistelice ~~~~ ~ ~ ~ 32 ottw eray hse, diT'i 2'Nd(Fe''i

te6 red. lbkucterot iluagu ol a Nd11e fu 8i elched oNIFg positon (ii~o t2u 30 35e~ 40 4a 5d exssw55 pt . t o cI~ btt
pht 1: 12,(-3:29 essionp-a:29fmid) annealedio ate) 20 (degrees)n tc ed hy'

wthe Nd-T iterar alo 1siy32 phstem (dprsion I O Old T o reeaed tile N d(Lu,'i'i ).(h midg 3(c)] Ii 115 Tit IU, p 'IiK m t iIt Itht wa

[evdpreiousl reotoet ;Ig. NdAic coi~posI i an tile fliseuo al ile g llI dxdona2Xaad4 eSpfl t c ihx

IN19orf"'0- P1C 'ae eic dten aloed us to constriuativ [ lile terar t gn 1'('7.he aray od IIC2tin Ifrctiondt s prpaed byspteroeinIg1

phoa se diagramlthouwh ill Fig. was Figp ure u by thow t baklon lice ,u Id Fig. oil iihas [Il r hanomnold I'llc II It ie' 8 and--1p

overeelel hctrexistsaeteeen th Nd, 1. and Pu copsities (lins Layicn the 8,1M- alexsts ilioc)tor was st volved i Fnepesubstiytfrom

1:he--Nd24compoastonwe fiud anormoaled biy100' and ler thed by TIpwux-ryd l.tin2aI n I ~ld ~oci(n aa h

wit Nital, Thes 3sa 9 pias ICofNde p rusio) coud Wihinoiltan cryta os) rou(Cti ru I is 30n 1oha inc Cope s2/c)wtruc1 turie plthat w

wereightrloss (to1% duringg ahe ompostiongl aindi forallg tite otrsgiall indxe I i II am, j and -1)85 aim, atic o0,97 11 a

waso phaservu that dtherNmi tua enaned coys qataivx-ayt (to. 'Wola 9 l('u 928 anhe " Il dul~al o o t ion s data has sbo. 11)l

± 0,2%) Wit i ealth oug the is l was co pia ter d blwt i(11y the sitrong 4eI I' ill st totis tilie elily i a 01gap it II Clat ilmsh lalt ill thean

ov~er:la ratiochi eging. betweeCothe i iii 1,i an Fe lKi tsehrties lilles. Veryc lane betl weCi StheCI Woitu Sl C a itcll( o)IIlil Nd1 (Fll)

Thej N phasesiation were nordmin lizb by re c and the liwer x-ayo dFa ioII2 1 n neu otiC. ryon diI ora IIIic. datal for

Junigl land stadpe olan ic ,Fl. prep ared ted wxith Iliof tO tl criea strue ture iij(I11 xs mnCIIbelonid (2/cwintho cI latice para:29'

might phosus in0% Ndurin-g, alcmloy:ting and I ,' im id )lng. It etis aýI.0 lot , b:4.tt medt ieN-F- il syt-0.9n, hit, a anoCdi

w's'bservtyp t17 has te wicothahgeri reaNdo constent (t /312il-90.928' aR>Snd ti ii Cu.1 an (11112)it~l nis l Nd-lu-I"029

±t.2%) wtht in eaho*the sbtuthred biajry Nphases', wiholtheea (tF'iir an Mlustae h cy).orphcrltoshpiltl

the :29' rat po td ChnigherechmsositNdnconlintto 9.4tat.till-ic- a Ic VL'rti between tile ntheothirtclunit celliofty of Nd(Iei)i)

mi hajor yp oe haie r i a clthe ill 7.N i'a l e ! ae ro.e manId Nthe heuaona Ii) u lat1 e hwticet CytaIlicy rapi I da11 talt Ic 1
l~~~~~~~~~~~~~~~e~~~~~o fklnItoio i F i)fh~Cwt IleNaonl e vae liphases I CS.an ben'uai gtlie illi pabl 11 Ths "3ta:29"

1'bnu7 -tyd srutoaclate Iepotrted tC e existeuce of, ttw) te( tic thILe ill lwdc l p tiit

X-ray diffrastin Nspc-trallofs the major 12,"e and showeinotrsrce t h L-e-issebu loeit

ill g. 3. thnilthe sust'ue 1:2' ig.r 3(u)] hasthe- tugllcral TCadMl )

1hln 12-tYPC structure. whic is0 a-Clo ivelyur commo in CrsbilasowLColps lt

R - e-i' systems ( R - a rare-carthi i and T1' a t rainsit ion ci u-

Itncnt), b)ut dous nlot exiSt a's a inaryRu2 Ph1e eXCep to) ------------------ 320)

'IAB F 1.t C) . 'mpuisil iomil ii uges ol til flure' miljhr phl~sCs

Compos5)itioni (111. Ir')(- ~ --- -

Ndi:c.'Tii , I1.H) (sulinuci 0I 3.8

Ndi te.Ii), 7.9 bithin11c' 6.5 8-.1 FMl. 4. (' VsNikligraplhic rc(:uioinisip ill ilie tl-c phtnti Ii'Iemcuiit Il illil cell

_________________________________________ __________________________ - l monouclinic N ((c i, mid tlic 3'- a and .3ý, suuperhluiice ii I'( iit.
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TABLE 11. CrystallIographiic daut bi tlie three major phias-es

I AlfitCC paran1tcte rs

Phulac Structure Crystal type a (111 bt Oli n) c 01111) 13r(0

2:17 r.101honihoedral 'I li2Zlr1., 0.860 .. 1.251..
3:29 monloelllaic Nd~(eI), 1.OW 0.859 0.97.5 90.92
i: 12 tetragonal ThlMal 01.859 .. 0479

Nd2(Fc,i'i)l 7, Fe'',and~ a-Fe(Ti), and this observation I isi ACKNOWLEg MEiN TSdJ .Dnlpws othn ) un
agreement with the findings of Jang and Stadelmnaier,'t that an G. Margamria (nDep.I armnt of'J waeiahlt thnkg1)eering,
Nd( l~l;i) 12 is unstable at low tentperaturos, 1 tsukaiclti andversity hunore(logn) forthelpfu dIMaiscusio~ns.teeig
ea a," also showed that mechanically alloyed Nd-Fc-Ti Uiest lWlogn)trhllldsusos
powder with the 1: 12 composition does not crystallize in thle S. J1. Collocott, Rt. K. D)ay, J. 11. Duntlop, jtid R. L.. D avis, in I'oeeerings

1l~ 2 structure after a heat tr% atmettt at 80t) 'C. of the Seventh Internatlomiil Symposium on Magnetic Antisotropy 1111d C o-
cervity inl Itare-Fattlh Trimslion Meliil Alloys, (anbeimt, I992, p). 417.

I 11.-S. 1u., J . m. C : alogan, R. I., I )vis, A, Margarita, and J. It. DI~lop,
Solid Slate C ommotn. 90, 487 HI 994).
-'Z. I lu and W. it. Yeloti Solid State Cilttaut, 91, 223 (19Y4).

IV. CONCUSION4T. S. Jang tund 11. 11. Stadchittoer, J. Appl. Phys. 67, '4957 (1990t).
IV.CO CLSIN A. C'. Neiva, F. 11, Missel, it. C igiet, il-I. I leltig and Gi. l'etzow, J, Less

Comm on Met. 170, 293 (199)1).
We have conishtitcted anl eq il ib riam -phase d iagramn for ('F. J1. Cutdi'u, 11 1I ledge, A. Naviuratlt an. It., Ranti. und K. Owln i, AppI. lili.

I ett. 59, 875 0 991).the Pc-richl cornter of the Nd-I r-Ti alloy system at 110 tR) 1). wl),Wag, S.1. ,11, I ii, 1. le Ic). J. SCilIv11er, 0i. C. I ladjipartlayis. 111d Y.
and dctetnnined the comtposi tion ranges for the major phases: /.hatgj" J. Magit. M111it. Miller. 124, 02 (1()91).
tetragotnk! Nd (Pc ,Tli)12, mnotocl in ic Nd(Ieli)2)and rhont - 8C. 1). k-uista, F. li . Plutkc non attd J. F. Ilichat, J . Magnt. Miawl. Matn 129,
bohedt.ral Nd(e''),.Nd(Fe,T1i) 12 tand Nd.1(Fe,Ti).2 ,, becomei 1,115 I (1994),

A. Marlgarlan,11 J I. l1, Dutlop, niid S. J. Collocoti (ttitpuhlished results).thermodynamically unstable onl cooling below some tern- l'. -M. Yang, Il. Nasmijilegal, 1Il-V.lYi, .. Wang, R.-W. /.illo. 13.-I'. I lu,
lperature between 90t0( and 100 'C'. O Nd(Fe,1i) 12', and espe- V-..Z Wilng, 11.-S. .I. a111d J. M., (t1dupigattilttile)
cially its nitride Nd(Fe.1i) 2N, , mre being examined as call- "I I. A ., sizltalryluita J. M. C a1dogait. 0 . J. I owdenl, J .M.M Xn,. S. X. Don,

didtesfornew peranet agntsand thi lo- nid 11. K. H~u, J. AppI. Phys. 75, 7120(1 l)904).
didates ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~* fI e eiact tttes hs lw I)1.8S. 1.1 and J. MI. C ad(ogait anllitd results),tenipetature instability will have profound implications oit :"I'. Itsukalchl, M. Untentoto, 1. okatec, andl S. I listmiaw, J. Alloys Coolt-

mraterial proccssing. potutnds 193, 202 (1993),
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Magnetic properties of SM2Fe14 xCoxS"-based quasiternary compounds
F.-M. Yang
lnfi.,t. a' of Ph/ysics., ChJinese Ac'a leonl of'sclev,u P''. B') ox 003) Beijing 10080, China

W, Gong and G. C. Hadjiparnayis
Depart meunt of l'lsirs . and Astrnom,wi, Universto o/clJlvao , Newmar, Dl) aware 1971 6 2570)

Tihe striu ct ural and id l igliit ic prope iii s 0l tile off-st 0ich i nllictr.Ic It , 4 1211-y Smille I, 'CoI
comoun pUds Wilit 0) 'ýx 7 hiave. beell inve-stigated by X -ray dIi ~raet ionl, it jerilin iagne tic a i inlysi s, anid
ma11gnetic nIclasa rcnie lits. S ii hst litation of' Co tn:- Fe le cads to al ii ticru'ase ill C uric ten iper a tiare.
Al (.303 K t'or :ianiptes Withi x h'orn I to 7. 'The saturatinii iita1gnei-ttinnlil M4 increased Willi
increasi ng Co en:: te it at first and then decreaused. A maximnsin sal 5 turaion ii:agnie iz'atit 0M, tvl 124
e mu/g wats obta ined at x about 4. T he aniisot rop y changes li on: plaintar x -4 to uniainxi a x :! 4 Witlli
I/,, ý-23 kOe for x 7, Introductioni of' N leads to ani ilIci-ease inl hlttice Cons'tanlts callsilig it ItirtIlier
etihiliiceiiteit ill tlie Curie toiitlpertlttuC aiild ilitisotrnpy field, Tlie biest properties were obtinedlm for
thle Snv,Fe 0('n,lSiNý_% compound W itli '1'(. 742 K. /1I, (300 K). 17S ke.

1. INTRODUCTION (Curie temperature T, was derived f'ront Al" vs I' plots. TIhe

Researich ill the field ot' perintailetit iiia1glILS illtenlsitICL no1gigetizattion curves Were nIclasuredv( by mleanls of at siuper-
aiilte theC dlisNCOVery 01 ieR-iFe-11C0I)OII1 whose etpo onductintg qullilttntu itlite -in-riie device mailttctnlitetei wiil)

H rm gitc p opertites t o (ie hihp eriiids' nc Nd appliedl fields upl to 05 k(e ic tte praue between 41.2 K
Fvor tyem r u e tiagnetic w hiholierte lb o t e i h jet ring ius di ll a nlid r-ooml te itpei-alki-e. 'The saitura-tionl nia1gitetizat ion A4, W ats
W ide tifeype 4 e a ppien t iongies. which atel bi ng ti le d C 1 )in a durivvii' by mlea nls of' A/ vs I /lI'ý pl ts, ulsingp tile highl firld
wild e v a ri ety 01 a p p li cati l o n s C 1 o s-t! ntQ1 1 b.- l yi l i n d tlt 1e o lp a t r 1111 -it o t l die it u n hi t ot lC u v e s .

Iad ast ry I o eve r, t i l ie 01 11w ('uric te, i f t pe t inc a dl are I II) 11tue inhle aiiisoltiop y field"; I/, W ei,, derived lroiii tile extrilpo-

ranlge of' applications oft Nd-Fe-11 magnets, Recently tite withd nther fie prlleol (l. two 1peli1lizaicll kl to thealinutent
R(le'l') 12 comipounids (TI - Al, U r, Mo, Si 'Ii, V. and W) witli direction.edprile idplpldiuil otleIlpilcl
thle I'hlMni a'-type Structure have beenl investigated ivtl.
extenlsively t '~ Recently, it has been f'otnd thntt 2: 17-type Ill. RlESULTS AND DISCUSSION
rare-elarth ir-onl Carbides and nli lrides4l Show excel lent nt rhisini A. Sm2IFo,4 )1COIS312 comnpounds
illiligietie properties Imt pernlimtiet inaglet app dications." A
iiew type of' ternlary Compounds Wilit ttoniiiial Comtpositioin x-ray ditlrIlactioil and tll~er'aoiliugiietic- 1111;11 de. sho0w ton
R2 I e ,( oSWhtichi Crystallize inl thle oft stoichlinatetr-ic all tile inivestigatled as-east Stit leSl( SiflY 3thL, 01 o
2:1 7-type structure has becii studied"X Willi R- Y or at heavy
rarec-art -Ii element.

lit this work, a detailed study o' thie structural and mag-
netic properties ol' the Sill,e &~ , 1('O,Si, nitrides wats per I
t~orinld anld Sonme of, the results ar-c tirseiited atlt dtliSls5c(L, .1-i

1I. EXPERIMENT0- -

Pared by ar-c- melting thle coltstitnicil elemenits Which laid atl~ -

least 99,9%/ puiri ty. 1 The i ng its Were Ielted several Lii ~es to ~
0181u1re hilomogeli iity. 'The as-east intgo is. Willhout anly aiitilnmiI- ,h.

ing, were then puilyerized to ant averiige particle s ize oft IW1

2(0-3(0 unii and the powder sitmpiles oh lai:ined were heated inl
puiriflied N 2 Lltide:- IiFC5I -CS1e- of' about11 1.7 atl in t 52(0 'V l' f I l
4-16 It to formn tilte SnhiFe1 ,l ~('o,Si,N ,. nitrides . TIhe valule
oil , wits determinied to he 2 -. Y'' 3 hy weighiing tile samples
beftore anad after nlit rngcnattin a. ......i*

X -1Fity diffract iOn wals en: ployCed to (10ltermi 1WIt (ic stoile- hon' I
LI re itand the l attice parameter-s. 1'heli x-ray diffract ii n patters 'L;

of' thle maigneticatlly ailigned powder Saitples ohlitilled at..................... I -

roonli tenipeaIt a ic wee iu Lsed to de termniite the easy ii inguici - .........-
Ziltion direliioti (FMIl)) o(' thle Comipounids. 'Therailoitagtletic
curves wet-c Measuiredh by mleanls of' a vibr-ating Sample limp'. I-iH I X x, dIill .i11N (ii i'11 Ai 1-n l-l I,.,,(I. 1
nietomelter WVSMW With anl applied fietd oft 500l Oc, land ifw i .1h_ , 1 mpittid-- i I 1P'I \1
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1ABLE 1. The lattice pharantetei a and e, unit cell volumec V, roomi terni- g0oo: ______-_______ ____- _ _ _ -

perature saturation magnetization M, , anisoitrop field 11,, , and easy llagne-
___________________ ___________________________Disordorod

a cV A4, ll,, (D

A (A) (A) (Al) (cmuit/g) (kOc) EMI) 600:

01 8,484 12.34(0 772.78 118pln
1 8,477 12,388 770.87 120 plane E laa
2 8.d87 12.613 774.33 123 plaine 400-Uaxl
3 HA.4Sc 12.338 764.0X) 124 plane
4 8.459 12.379 764.62 124 8 c axis ~ 30

6 8.414 12.301 7,53.96 12(0 21 C axis ,

temperaturepsilo X( (Wa %)-- -

sigl pasThex-ay difrion patens havebenil

de e o lth a is o , h ,12 11 .- li, tu ture. iiS gur 1, F[ .3 pnp aeda i m l~ m 1e . ti..c nl ids

Curve~~~~~~~ ~ ~ ~ ~ (i)shw lleapl ortl-,-11,Mi2clPold
Susi0to 10, 20 for FeO doe not ledt aycagei)

crystal________ structure_______ eve Anx=1(Telttc osat nd C()el)cinraeoteSauail lanliail lroi

c xhbt t m lldcras it nceaig 10 onetrton tnpeaui Im sm lerCocl1504 rsi -Frm i C1

Experimental ~ ~ (B dat (l al hwth atc osa)t ld hne iilCretmeaue

(A)ur Sm, cuv AFhostCre tempeatur TMsaIB

nerylieryo ihC (13)tf'o SmF 14 K forS x 2N o87 2

1h 2ui te prtr o 4 t5 6mFl~ 2 is aot10 0 10l 20 e3 40 0 60 /0 i

~~teuprtieIasafunction of C co tn is um arie ill TablPe I ,(,It callte)0N-I
Sotk ttilei saturaidon A m geiaisn Mme increa2 smpes anwith is-4 and.aiacre ftt lge u'ersml~.mau

Cre sin CA cn t.wen x t, at firs 2.oin d thr ug a 2.3. mu o arlle 26I aAd lrtnioa :40 I t h str anei it

Vol.nu/ a 76,3 ano. 10,n 15 Ndecrnease 1994 Yangsi Goog In 1 aais 615



TABLEL II. The lattice parameters, a, c, unit cell volume expansion, AVIV, Curie temperature T,. , saturation
magnctization M, , anisotropy field mid easy magnetization direction for Sni2,Fc4 . Co.Si7 Ny , and the parent

CornpOuttdss.

M, (einu/g) H0 (kOc)a A VIV T,.

Compound (A) (A• (%) (K) 1.5 K 300 K 1.5 K 300 K EDM

SnFel'ISi. 8.484 12.340 514 134 118 plane

S1.'Si.N,,, 8.633 I ?.478 4.2 6012 133 117 227 157 c axis
snm.,Ite... o,,S.: h.459 12.379 698 136 124 8 c axi-

Sm.Fe1 1('oSi2N2.1  8.633 12.460 5.0 742 128 113 276 175 c axis

Figures I(b) and 1 (0i shows. ilke x-ray diffraction patterns on for the parent compound to 175 kOe for the nitride. A very
the magnetically aligned powder samples of the x= 3 and 4 large anisotropy field was observed at low temperature,
compounds, respectively. For comlpounds with x--3, a sub- T= 1.5 K, H,,=227 kOC for Sm 2Fe 4lSi2N-.6 and H,=276
stantial increase in the (hk,t)) reflection intensities and dis- kOc foi 'ým2F17elCo4Si 2N2.3. respectively. The detailed ex-
appearance o' (t),0./) lines show thut the samples have easy perimemdl data are summarized in Table II and Fig. 4[(A)
plane nagneilocryitallini- anisotropy, in contrast with the and (B)].
compou nds with x - 4; iti the latter only the (0,0,1) reflection
intensity sub.tantially increased, which shows a uniaxial IV. CONCLUSIONS

illagtntocrystallinc anisotropy at room temperature. It can be The off-stoichiometric R2Fe, 7-type Sm 2Fe, 4 .,.CoxSi 2

seen that for thew compountds with x-3, H,, is very small due compounds with x=O to 7 crystallize in the Th2Zn17-type
to the planar anisotliopy, whereas for the compounds with structure. Substitution of Co for Fe leads to an increase in

x>-ý4, I,, iltcieasc; with increasing Co content, changing Curie temperature T, from 514 K for x=0 to 817 K for

from IH :8 kOc ttr .v 4 to I, =23 kOe for x= 7. x = 7. The room-temperature saturation magnetization in-
A spin phase diagriam is shown in Fig. 3. It is clear that creases from 118 emu/g for x = 0 to 124 emu/g for x = 4 and

the spin retorielntatiotl tempterature 7T,, increases monoto- then it decreases slightly with increasing Co content. Co sub-
niously with inccrcasing Co conltent. This suggests that substi- stitution enhances the uniaxial anisotropy and the spin re-
tutiot of (Co for Fc leads to ;t increase in the contribution to orientation temperature Tl., The anisotropy changes from
the tiniaxial anisotropy restlting from the Sm and C-) sublat- planar in SmzFCe 4 .-CoxSi 2 to uniaxial for x>4. The anisot-
tices. ropy field is 23 kOe for x = 7.

Introduction of N leads to an increase in lattice constant
B. SMIFeO-,CoSi. nltrides and unit cell volume, causing a further enhancement in Curie

temperature. Furthermore, introduction of N results in a fur-
Sin.l'Ft.i. ( o,Si., Iitrid's with x=0 and 4 have been tiher increase in the contribution to uniaxial anisotropy from

prepared with the value,: !ify determined to be 2<y<3. The the Sm sublattice. It has been found that for the
ttittldes 1alaijitl tltl tIi 2Zn 17-.type structure, but with re- Sm7Fc1 •Co 4Si2 N,.3 compound, T,-=742 K, M, (300 K)
inarkablC 11111 -ccli volume expansions compared with the 113 cmu/g and H, (300 K) = 175 kOc.
1:,ists. The )ý r:wi difbi action patterns of S1n 2Fel 0Co 4Si2NY (a),
cotilpaled v with i',- of tile parent compound (B), The unit- G. C. liadjipanayis, R. C. I lazdlon, atid K. R. Lawless, Appl. I'hys. Lett.

c, I! volunlc expansion is 4.2% for x=0 (y=2.6) and 5% 43, 797 (1983).
2 J. J. Croat, J. G. Herbst, R. W. Lee, and F. E. Pinlkeiton, J. Appl. Phys. 55,

for x 4 (v -2.3) The introduction of nitrogen leads to an 2(178 (1984).
itercase in ( 'urie temperature from 514 to 602 K for x 0 3 M. Sagawa, S. Fujihnura, N. Togawa, H. Yaniamot, and Y. Matsuura, J.

mtu 1,'oln (09J8 to 742 K for x = 4, respectively. The increase Appl. Phys. 55, 20183 (1984).

T, 1;;, b., partly associated with tile unit cell volume 4 y. Z. Wang and 6. C. lladjipanayis, J. Magn. Magn. Mater. 87, 375
Tfor Sm 2Fe 14 xCOSi2N com- (1990).

axpan,;itl. Ihe values of Ts f . W. Gong and G. C. Iladiipanayis, 1EtI- Trans. Magn. MAG-28, 2563

poititdJ arc also shown in Fig. 2 [curve (13)]. Introduction of (1992).
nilrog,,i also changed the anisotropy in Sm 2 Fel4 Si 2 fromn pla- "J. M. D. Coey and H. Sut, J. Magn. Magn. Mater. 87, 1.251 (199(0).

nor to oiaxial at room temperature with anl anisotropy field 7 F. Pourarian, R. T. Obcrmycr, and S. (G. Sankal, J. Appl. Phys. 75, 6262
(1994).

i., - 57 kOe and led to all increase in the room- 8F. 'ourarian, R. Obcrmycr, Y. Zhieng, S. G. Sankar, and W. E. Wallace. J.

tcr.tptrature anisotropy field of Sm 2FcI0C04 Si2 from 8 kOe Appl. Pftys. 73, 6272 (1993).
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Mossbauer study of permanent-magnet materials: Sm 2Fe 7 _xAIx-
compounds

I. A. Al-Omari, S. S. Jaswal, A. S. Fernando, and D. J. Sellmyer
Behlen I aboratory of Physics and Center Jor Materials Research and Analysis. University o] Nebraska,
Lincoln, Nebraska 68588-0111

TThe Fe57 M6ssbauer spectra of SmFe1 , Al., where x=0, 1.0, 2.0, 3.0, and 4.0, have been
measured at room temperature and analyzed. The ternary compounds Sm-,Fe1 7 ,A,. have thce
rhombohedral Th 2Zn17 structure. M6ssbauer measurements showed that all the compounds studied
were ferromagnetic. The average hyperfine field was found to decrease with the increasing
aluminum concentration, which is in qualitative agreement with magnetic measurements. The
decrease in the average hyperfine field was from 224 kOe at x = 0 to 174 kOe at x = 4. By fitting the
spectra we found that the hyperfine fields for the iron sites decrease in the order 6c, 9d, I 8f, and
1I8h. The measured average isomer shift relative to a-iron was found tc increase linearly with x.
Analysis of the spectra showed that Al atoms occupy the 6c, 1 8h, and 1 8f, but not 9d, Fe sites and
the fraction of occupancy of Al was found to depend on x.

I. INTRODUCTION The alloys were melted several times to insure homogeneity.
It a n v cThe samples were wrapped separately in tantalum foils andIt has been discovered recently that the hard-magnet heat-treated below 3X 0'•' Torr vacuum at l1t00°C for -

properties of Fe-rich intermetallic compounds improve coJ- about 72 h, and subsequently quenched in vcater.

siderably upon nitrogenation.- 3 Efforts are underway to see a o mt7 inpcaureqx-ray duffractin mere

-- substitutional impurities can accomplish the same goal. Room-temperature x-ray diffraction measurements on
S Compounds of tile type R2Fel7 .,Mx, (R=Iio, Y, Sm, Cc, Pr, powder samples using CuKoa radiation showed only the

Co e rhombohedral Th2Zn1 7 structure with a small amount of
and Nd; M=Al, Ga, V, Co, and Ni) have been studied>- and a-Fe. The rnagnetization of the compounds was measured at
their magnetic ordering temperatures were found to increase 5 and 300 K with a superconducting quantum interference
by substituting other &cements for iron. Wcitzer et al.7 found device (SQUID) and alternating force gradient magnetometer

that the Curie temperature (T,.) changed from 265 K for (AF UM ) respe ltely.
S~ Ce2Fel7 to 385 K for CeFeisAl2, and from 335 K for (AFGM), respectively._---

Nd2Fe1 7 to 440 K for NdCFesAl2, and to 520 K for The samples for Mossbauerspectroscopy were prepared-
by sprinkling a thin laver of the powder of Sm Cl 7 .-.,A1, on

Nd7,Pel 5Ga 2 . Effects of Al substitution on the magnetic an-
"isotropy and Curie temperature of Sm 2Fe17 -. Al. compounds a piece of tape. The samples were studied by using a Ranger

Mfissbauer spectrometer, model MS1200. The velocity drivehave been studied by Wang and Dunlap. They found that T, of this spectrometer operates in the constant acceleration
for these compounds depends on the Al concentration (x) mode. Co57 il Pd was used as the y-ray source in this ex-
and] it reaches a maximum of 471 K for SnFe4AI3, C01rn- periment. All the isomer shifts were measured relative to
pared to 391 K for the parent compound SnmFe1 7 . They
found also that the anisotropy changed fr nand -iron was also used for
to uniaxial for x- 3. These changes in T,. and the anisotropy calibration.
are promising improvements to the permanent-magnet prop-.
erties of the parent compound';. Low-temperature measure- Ill. RESULTS AND DISCUSSION
mctnts for SmFeIT_..,.Al by McNeely and Oesterreicher Figure I shows the room-temperature Mdssbauer spectra
showed that the magnetization of these compounds decreases and the fitting (dhe solXl curves) for SrniFe1 7 ,AI, with
by 83% as x increases from 0 to 9.5. The coercive toree (11,.) x = 0, 1, 2, 3, and 4. The spectra show that all the samples
increases by increasing x and it reaches a value of 15 kOe are magnetically ordered for all values of x and all of them
with x=9.5 at T=-4.2 K. In this article we report on M6ss- have different suhspectra with different magnetic hyperfine
bauer studies for Sm 2 Fe17 .At, to understand the effect of tields. A standard program was used to fit the spectra, Where
Al on their magnetic propertie3. and the site occupation of the each spectrum was fitted with a set of seven :21)spectra,
different Fe sites. Also; we use Mtkssbauer spectroscopy to which is similar to the previous models used by Ping etl ,

look for smai! amounts of a-Fe in these compounds. Long vi al., 1 and Yelon et al. 12 for 2:17 compounds. The
weak features indicated by arrows in Fig. I arc the first and

II. EXPERIMENTAL PROCEDURE sixth lines due to (1-Fe in samples with x = I and 2. From the
relative intensity of the subspcctruni the atomic percentage

Bulk samples of SrllFc 7 ,A•, with x -t0, 1, 2, , and 4 of cr-Fc was estimated to te less than 2%. For the rhornbo-
werc pre-parcd by arc melting fhe elemental constituents in a hedral ThliZn-17 structure there are four different iron sites,
water-cooled copiJci boat in a flowing-argon gas atmosphere. 0c, 9)d, 1 8J, and 18h1, with different environments. Previous
All the starting elemcnts used werc at feast of 9).90() purity. Mssbauci measurements by Long el al. 11.13 for Nd2,Fet- and

J. Appl. Phys. 76 (10), 15 November 199' 0021-8979/94/76(10)/6159132$6.00 0 1994 American Institute of Physics 6159__ -_ _
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FIG. 3. Dependence of the percentage fraction of aluminum occupancy for
different sites on the Al concentration x.

-10 -5 0 5 1o and 216 kOe by Long et al.' t for related compounds. The

VelociLy (mm/sec) Curie temperature for these compounds increases with x and
reaches a maximum at x=3: T, changes from 391 K for

FIG. 1, Room-temperature M6ssbauer spectra of Sm 2F1l 7 ýAl, corn- Sm 2 FetI to 471 K for Sm 2Fe 14 AI 3 ,
8 This increase of 20% in

pounds. The solid curves represent the fitting. Arrows indicate tile lhist and T, in spite of the decrease in the average hyperfine field by
sixth lines due to a-Fe. 12% must he due to the increase in the interatomic exchange

interactions upon volume expansion.
The intensity of each subspectrum is proportional to the

Nd2FeN2.6 M ssbauer and neutron diffraction by Yelon Fe-site occupation, Using the fitted intensities we calculated
et al.12 for Nd 2Fel 7 .-Al.,, and M6ssbauer measurements by the percentage of iron and aluminum at each site. Figure 3
Hu et al.'() for R2Fe 7N3_A showed that the hyperfine fields shows the percentage fraction of Al occupancy of each site
decrease in the order 6c, 9d, 1 8f, and 18h. The 6c site has for the different sites and for different concentrations. From
the largest hyperfine field since it has the largest number of this figure we see that Al prefers to go to the different sites in
iron n est neighbors. In our fitting and analysis of the data the order 6c, 181t, and 18f, but not 9d, which has the small-
we kept the same order. The seven subspectra used in fitting. est Wigner-Seitz cell volume. This is in agreement with pre-

correspond to one spectrum for 6c and two subspectra for vious observations on Nd 2Fe 17 -TAl. by Yelon et al.12
each of the other three sites with the relative intensity 2:1.
The parent compound Sm 2Fej 7 was studied for comparison The average isomer shift (IS) relative to a-iron was
with other compounds and other data. The average hyperfine found to increase linearly by increasing the Al concentration
field for different sites and for different Al concentrations as shown in Fig. 4, where the circles are the experimental

was found to decrease with increasing concentration of the IS and the solid line is the linear fit. The parameters for the

nonmagnetic element, Al, as seen in Fig. 2. This decrease is linear fitting are given by the equation

in qualitative agreement with the magnetization measure- IS(am/s)= -0.12 + 0.03x.
ments by McNeely and Oesterreicher. 9 The average hyper-
fine field for the parent compound was 224 kOe which is in Figure 4 shows that IS is negative and the magnitude of IS

good agreement with other values of 221 kOc by Hu et al.") decreases with increasing Al concentration. This decrease

0.05 r
300 'I05

- EXp.
0.00 ---- FIt.

250

200

0 6c 01
150 9~ d

181, -0.15 '---- * --

100 --- --- 1--. 0 1 2 3 ,t 5
0 1 2 3 4 5 A' concentration (x)

Al concenLtation (x)

FIG. 2. I)ependence of the average hyperline field for the different Fe sites FIG. 4. Dependence of the aveiage isomer shilt (IS) relative to a-iron for
of SniFc .,AI, on the Al concentration x, at T7 295 K. Snv.Fe,: Al, compounds oil the Al concentration .

6160 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Al-Omari et al.



means a decrease in hie probability of finding tile s electrons ACKNOWLEDGMENT
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K given by Hu et al.lo Tile present value is higher than the
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with less than 2% a-Fe impurity. All the samples studied are "T. H. Jacobs, K. H. J. Buschow, G. F. Zhou, X. t.i, and F. I. de Boer, J.

feroniagnetic and tile average hyperfine fields, and hence the Magn. Magn. Mater. 116, 22(1 ((992).
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Neutron diffraction and magnetic studies of Nd2Fe 17 _x-zAlxSi,
Z. Hu and W. B. Yelon
University oj Misouwri Research, Reacoto; Columbia, Missouri 05211

The Al and Si double-substituted 2:17 phasec, Nd,l cl , :AISi,. was piepared and analyzed using
neutron powder diffraction and SQUID magnetization measurements. Rietveld analysis of the
neutron diffraction data indicates that the lattice parameters are close to a linear combination of the
corresponding single-substitution compounds. The unit cell could be expanded or contracted,
depending on the Al/Si ratio, The aluminum and silicon fractional occupancy on the different
crystallographic sites in the double-substitution compounds are related to those of
single-substitution compounds. The SQUID measurements show that all samples in this study have
Curie points higher than that of the unsubstituted compound. For a Si/Al ratio of 2:1, the Curie
point, 492 K, was found at a total substituent content less than in the singly substituted Si compound
with the same T,..

1. INTRODUCTION Ill. RESULTS AND DISCUSSIONS

The substitution of aluminum for iron in Nd2Fe17 raises The refinement results are given in "Table I. Since each
the Curie temperature and leads to an expansion in tile unit samlple has some aY-Fe (5-8% in volume) as tile second
cell volumie.I In this kind of compound, it is believed that the phase, the stoichiometry of the compounds differs from the
lattice expansion is sufficient to decrease antiferromiagnetic nominal composition. Hlowever, by using the site-effective
exchange and enhance the ferromiagnetic exchange.2 When scattering length and assuming the nominal Si/Al ratio, the
silicon is used as the substituent for iron in Nd2 1Fe17, the stoichionietry of the compounds cari be determined (see Ap-
lattice contracts upon substitution, which would normally be pendix). The results are given in Table I. In a previous
expected to lower the Curie temperature. However, the Curie study,2 the unit cell volume increased in the Al-only substi-
temperatures of the compounds are strongly increased." The tutcd comipound, Nd2Fci7 .Al, , at a rate of 9 A3/AI, while
enuhancement of magnetic properties with Si substitution is the unit cell volume decreased in the Si-only substituted
apparently related to the expansion of the lattice in the 9d- conmpouid, Nd1;'c,7 ,.Si, at a rate o' 3,4 A-3/S. 4 It is found
18h iplane." It may be expected that a combined substitution that the unit cell volume, as well as the cell parameters, a
of Fe by Si and Al at the approT.-iate level could lead to and c, are close to a linear comnbination of that of thie cole-
further enhancement of the magnetic properties. In this pit- sponding singlc-substitution compounds. The deviations are
per, neutron diffraction and magnetic studies of the Al and Si in the range of ±+0.11%. The unit cell could, thus, he ex-
double-substituted 2:17 phase, NdFe1 7 ..,. .Al.,Si-, are pre- panded or contracted, depending on the Al/Si ratio, All
sultied. double-substitution compoundds were found to have a higher

c/a ratio than the pure Nd2Fe 7 phase. The site occupancies
of the substituents in double-substitution compounds are not
a simple addition of the Al occupatncies and the Si occupan-

II. EXPERIMENT cies of cori-csponding single-substitution compounds. Unfor-
tunately, the substituent occupancies cannot be determined

Samples of NdFc, x .Al.,Si,. used in this study were directly from the neutron refinements. However, they can be
prepared by rf induction melting of the constituent elements determined using a few reasonable assumptions. Previous
cf prity 99.9-99.995% in a water-cooled copper boat under studies show that no Al occupics the 9d site in the
flowing argon at the Graduate Center for Materials Research, Nd-Fe[7T.,Al compounds up to x = 8, since the 9d is the
University of Missouri-Rolla. The inigots were annealed at smallest site,' 2 and no Si occupies the 6c sites in
9t6t0 'C for one week. mhe ingots were then crutshed and Nd2 Fe 7 .t.Si,, compounds up to at least y = 4.2, since the 6c
ground in an acetone bath for neutron diffraction studies or is the largest site. 4 In Nd2 Fei7 ., yAISi,., it is assumed that
SQUID mcasumrLlents. Neutron diffraction data were col- (a) no Al atoms occupy thle 9d sites, (b) no Si atomis occupy
lected at the University of Missouri Rc: r'ch Reactl'r using the 6c sites, and (c) the average bond length of the I 8h sites
the linear position-sensitive detector difhractometec at room depends only on the occupancies of Al and Si on this site.
temnperature on approximately 2 g samples in 24 Ih. The neu- The dependence functions of the I 8h site average bond
tron wavelength was 1.4783 A. The data were measured length of single-substitution compounds are applied to
fr 5°05° in 20. The Curie temperatures, T,., were mca- duuble-substitution compounds. The results for the separate

sured by SQUID usinlg a Quantum Design MtPMS System. Al and Si site occupancies (see Appenmdix) arc given in Table
The neutron diffraction powder patterns were analyzed II. These appear reasonable inl comparison to the singly sub-

by the Rietvcld method usingl th' FULI:tROF programl-5 for stiluted results, but an anomalous x-ray scattering study,
multiph:isc refinement including magnetic structiure reline- combined with thle neutron data, would be useful to uniquely
men. (f-Ic (5.62-8.57% in volume) was observed in all fix tile oCCUpancies. Figure I shows the dependence of site
samples. occutpancies upon tile substituen f coiteits for those sampl es
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TABLE 1. Relihe alnt results of Nd 2Fel) , .AI,Si,. solid solution.

x,y x=0( x= 0.92 .v 1.82 A 0.1)) .v 1.57 x- 2.83 x -2.1. .4 - 2.68
parameter ),=0 Y--).93 Y -0.8 7  

Y 1.79 Y - 1.58 Y1 1.02 Y 2.01') y 2.01)

8.6002( 11) 8.5925(3) 8.6288(3) 8.5785(3) 8.0043(2) 8.0413(2) 8.0•()• 4)1 8.627,101
c 12.4835(2) 12.5156(5) 12.5572(6) 12.511)4(5) 12.5441)4) 12.5878(3) 12.5473(7) 12.550t)151
c/la 1.4515 1.4500 1.4552 1.4594 1.4579 1.4507 1.458 1.4548
V 799.631 800.233 810.414 797.87') 804.352 814.101 8014.97n6 809.074
A, Nil, 6c 2.1(2) 2.2(3) 2.8(3) 2.8(2) 2.203) 2.1(2) 2.1)3) 1.703)

I.t, Fe, 6c 2.5(2) 2.8(5) 2.504) 2.7(2) 2.4(4) 1.9031 2.204) 1.013)
e, c, M1 0.7(2) 1.8(0) 1.8M .R( I ) 1.8(1) 1.2(l) 1,8(1) 2.1(4)

t, Fe, 18f 2.4(2) 1.7(2) 2.03) 2.4(2) 2.2(2) 2.5(3) 2.1)(4)
A. eF 18h 1.7(2) 1.8(3) 2.303) 2.2(3) 11.34 ) 1.,(2) 2.104) 1.6(4)
i(z)llpt(.x) 0 0 0 0 0.33 0.5 1.2 1.7
R 5.48 4.(08 5.00 5.2$) 5.00 4.68 6,104 (.72
/,, 7.09 6.31) 7.71 7.12 6.03 0.-3,0) 8.6)) 9.31
R 6.22 10.20 14.1)) 1((41 1I0.60 ll0.7) 11.90 8.97

A, 3.11 1.93 3.47 2.99 2.54 2.33 4.41 5.)1)
T,. K 33)) 455 4701 492 48)) 462 4711 3,9o
it-Irc 6.9 5 5.02 11.57 7.74 7.43 5.98 7,1 (0.40
0ic, AS:I ," 2.675 2.070 2.080 2.(08(0 2.684 2.085 2,681 2.0181)
9d, ASIII. 2.49,4 2.494 2.503 2.4195 2.499i) 2.5015 2.497 2.514
1 f, ASI1, 2.579 2.582 2.592 2.580 2,50)0 2.595 2.59)0 2.5'91
181h, ASIRl. 2.5.6 2.564 2.576 2.500 2.508 2.58)0 2.508 2.5 "1

'ASIII.= average site Wonild logth.

with an approximate AI/Si ratio of one. In the singly substi- sample of hiighest contlelt 1111d the mininuni was fotund by

tuied compounds, either the 9d or 6c sites remain full of Fe iteratioli of the ,.(z)Ipu(x) ratio. All easy direction change
and, therefore, the remaining sites must, Oi avCrage, have a was found in Nd 2Fcl7 o only with y>3 (Ref. 4) but not
higher than randomn substituent occupancy. In the present found in Nd 2,Fet7 .,AI1 ' olp to x-9.2 It is possible that Ill
case, both sites arc occupied and therefore there is a lower easy axis system could be produced at a lower substittent
tota! occupancy of the remaining 18f and 18h sites. It is content than is found in aiiy singly substituted compound.
fo'.nd that the 1 8f site takes up less substituent, while the Tile Curie temperatures, measured by SQUID, are also givell
1 8h; site fills at roughly tile same rate as in the singly sub- ill Table I. All compounds have a Curie point higle r han that
stituted compounds. Table I also gives the bond lengths anid of tile pure NdlMe 1 7 p1111se, which is 330 K. The Curie tell-
the average bond length of each site. It was found that the perature wits found to depend on both the total substituent
average bond length increases in 0c, 91, and 1 8f sites in all content and tile Al/Si ratio, aid tlose compounds with a
sampls in this study. On tile 1 8h site, the average bond higher Si/Al ratio have higher Curie points, indicating that Si
lei.th increases in some samples aild decreases iii other has a stronger effect on the ferromagnetic exchange than Al.
samples, depending o01 the Al/Si ratio and the total substitu- In tie NdFe17 .A1I, the maximum ('uric temperature,
ent conteit, aboul 460 K, is found for x of approxinlatcly three. In

Tile site magnetic mnoment of these cotnpouids are also Nd 1Fe .Si.,. the IllaXillum (Curic temperature, about 495
given in Table I. It was found that the Nd sublattice couples K, is at y of about 3.7. The maximum Curie point of tile
terromagnetically to the Fe sublattice ill all comtpounds. For double-substitution compounds (with the limited Al and Si
tho,,:e samples of low total substituent conitent, the nmagnetic conteits anid their ratio in this study) was fou, nd to bc 492 K,
moments lie in the basal plane. For those samnples (if Iligh similar to thalt of Si-only substitutioui compounds. The total
total substituent content, canted magnetic structures were o0)- substittent content is sigifilicantly lower than in the singly
served. Htowever, tile refinement was not stable for the substituted compound (2.7 compared to 3.7, about 27% less),

TABLE II. Site occupincies of Al and Si in Nd,1c ,1,A, Si,..

X,y x 0 x. 10.92 x= 1.82 .X=-(0.91 .X_- 1.57 .k -2.83 .i 2.1.1 1 2.68
paranieler y O) Y= 10. 93 Y:-0.87 1.7) Y z1.58 vY 1..)2 y.-2.0)9 Y' 2.(1'

AI%, 6c 0.001 4.35 5.87 5.60 7.87 7.01 14.21 24.441
SiOX, 6c 0}.o(0 0.00 0.00o 0t0 0)1.00 0.00 0.00o 0.00
AI%/,, 9 d/ o.00 0.00l 0.00I 0.00l 0.00l 0I.00( 0.00) OA.M1

Si%, 9d 0.110 5.84 0.95 7.42 10.36 7.88 14.87 1l0.32
AI%. 18f 0.(10 3.78 5.78 3.16 5..4) 15.25 101.88 1.9)4
SM%. 18f 0.00 0.1)0 (0.00 4.31) 2.31) 0.010 0.33 17.83
AI%, I/, 18h 0).00 10.13 22.24 10.10) 18.02 29.57 19.90 24.8(

Si%, 18/1 0.00 12.47 11.13 21.79 18.81) 13.18 21.11 18.97
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25 6c. Al% 18f, S, where c, d, Jf and It arc rcfined Fe site occupanlcics. ba , b.i,
S -gd S% -- . aI, and br, are the scattering lengths of Al, Si, and Fe, rcspec-

. AM I H S tively. x, (i - 1, 2, 3, and 4) are Al site occupancies and Yi
(i = 1, 2, 3, and 4) are Si site occupancies.

15 To solve for the eight unknowns, xi and yj , four more
independent equations are needed:

S., - , ".. (a) No Al or Si out of the 2:17 phase, then
<• .1i i j1i1.yj= ( Wal/AMaI)I( Wsi/Ms.i), (A5)

z _,,where WilI and Wai ire the stairting weights of Al anld Si, and
-. Ala, and Mli are the atonlic weights of Al and Si, respec-

tively.
.. ......................... ... . .. (b) No Al atonms occupy the 9d sitis,

-o.5 0 0_5 i 1i. 2 7.5 3 x t' . W )

Content (x 4- y)/2 (c) No Si atomis occupy the 6c sites,

Y 1 0. (AW)
FIG. 1. The pclcrc hagge sutbstituents found oil the four iron sitns as a func-
lion of (x +iY)/2 for saimples withi an approximate At/,i ratio of one, (d) The averrage bond length of the I Sit sites depends

only on the occupancies o l Al and Si on this site. The depen-
dence functions of the 18h site average bond length of

which is important because the lower substituent conteilt single-substitution compounds can be applied to double-
means less reduction in the magnetization of the eompounid, substitution compounds, The site average bond length for the
It is possible that the higher Fe content on the I H. site plhys 1 8h sites depelids only on the substituent occupancies.
a role in the observed enhancement in the magnetic proper- =,

ties. Note that the magnietic muoment oil this site is relatively ABL =fh(. 4 )i f,(y - AliLi, (A8)
large in most of the specimlens. where ABL, is the refined h site average bond length of

Nd 2 ;e 17 ,., .Al.,.Si),- ABLII 1 is the relined lI-site average bond
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New magnetic material based on SMC0 4B
Hideaki Ido, Osamu Nashima, and Takehiro Takahashi
Departmntm of AppieLd P/zvswcs, Mholku (,akum in, Un aai, 7iia.L'j( 985-Iapan

Klwamu Oda and Kiyohiro Slialyama
The Research ('enter- for P.xir-enu MOIl'ilals, Osaka Un 7es blVoinaka, Osaka 5',O, Japan

The compound SilCo,, B is a hard mnagnet Cic materialI; however, thle satuorat ion iiiomc itt and the Curie
temlperature need to he increased for the complo~nld to lbe a candidate for a permianent magnetic
mnaterial. For this purpose, Fec substitution for the Co and Pr subStitutionl tar the Sml ol SmCo 4BI have
been attemipted. In addition, thc nitrogcnlationl of SllC'o~l-., is also attemlpted. T'he miagnet ic
characteristics (if SinCoFecl3 have been investigated in a polsed high magnetic field up to 3501 kOe,
and the data are compared withI those of' other re lated COMIpo a ndS n lvet iga ted in this work. Thei
compound with more Fe content, mo le3,has been successfully made, and TF,-794 K and
,saturation miomntci M,=8 1.4 emiu/g at 300 K have been obtained, It is found that the Fe
suisti tution does not decrease the on iax ial Ilinagne tic. aniiisotrop~y. I leat treatments iii niit rogen gas at
500( 'C Of SnICo2Fe'2I3 have brought about signiticat.:1 increases ot magnetization; however, the
increase of' IT is only about 20) K and the crystal vol ume is uInchanoged to withbin ex pe rime ntalI
uncertainty.

It has been know ii 12 that boron substitution for thle Co of i 00n1i nal compilosition of' Sill anid BI will be needed to ob ta in at
R(:o~ (R rare earth) leads to at formation of comipound sys- Single pha1se of Snl1l~.71'r0.3('0o)FC, 13, The Crystal structures of
tenis with discrete B content expressed by the general for- (aCIiS typeC for SHICo5 and CX(14 13 type I'r' S11iCo 4l, ec.,"
in ula R1 ± i Co~n.,3, l, a0,,2 in nou pr ie vious tire illustrated inl Fi g. I . Th'le lattice paramleters of'
papers,' wc focused oin thle. Sml system of' hard magnetic 5iil('o 17 e1-,3i have been determined lby x-ray diffraction to
III aterials.- The1 com"pound S11(' 4 13 is especially interesting be ta 5.1t38 A and c-0.948 A, which arc larger than
because it has a huge uniaxial magnetic anisotrop~y at i'ý 4,2 a-5.0187 A and c-6.89 A for Smll'( 4l3, irespectively,
K. However, both the saturation mioment and the Curie tem- About 3% volumle expansion occurs by the Fel substitution.
1,crature ar4 about half of those of SmiCo% . It is also known"l Magnetization cuives, have beeni measured in a pulsed
that Fe an-d PrI substitutions increase thle magnetization as high magnetic field upl to 35 11=350 kOe) log' tield-oriented
wetl as the Curie temperClatureC Of SllC04l. Inl order to ini samples of SniCo5 , SmCo,, 13, aind Sin('oFe13. P'article size
prove the magnetic, characteristics o1r S11Co4 11 For a hard of' powdered samples is generally less than 32 Anli inl diaml-
magnetic material, three kinds otf trials have been made in eter. The nmagnietizationl curves of' SmCo5s and SlC0413 are
this %work: thle first is to re-examnine the magnetic character- similar to our. previous data) Trhe anomalous behavior of'the
istics Of SmlCo 4 _ t_`eB in a high magnetic field; the second magnetization curve withl IlI1 c at around U1)= foir SmlCo,113
is to make samples with greater Fe content than .%. 2 in is considered to be caused by the experimenrtal mnethod: the
S1m10 4 -- XFe,.B aid also to create Pr suhst itution foir thle Smi; mnagnetizationl in the process of' decreasing external field is
the last is to make nitrogen-absorbed samples ol' first measured in the region from /1 3 5 T to /1 (10 and then
Sn;-,CO12 e2 l3. Magnetic and ei'ys:,nllographic measuienments the cylindrical field-oriented sample direction was reversed

havebee l~rfo'tled nd iscsse fo' te smpls len- to nicasoro the niagnetizat ion inl ttie region fromt I/ =0 to
iouned above.

Samples in the piresenit stud), were prepared by an arc
furnace. The melting wats repeated generally miore thanl six
times (o homogenize thle comuposition of' the melts. Eispe-
cially inl thle. case Of SmCo. 71Fe23fl, ingots of Co, Fen, aind B orare earth7
with desired ratio of mass were first melted tell timies, anid o cobalt
then the ingot thus prepared was melted together with a suit- * boron
WAbe miass ;f Sml at least six times. This mnethodI seems to be
effective to obtain a single phase of the comp~oundl with a(
large, colitent of Fe. Several days of heat treatmentt at about)
1000 'C was generally made to lionlogenize the ingots oh-
tain-d by the arc mielting. By this miethiod, we obtained at
Single phase' Of SillCO 17FC2.3B, which implies that there is -- )

hope ihat higher Fe contents are attainable, but not certainty. (-- -

In the case of the Sma7PN0Co2 17E conipouiid, thle sample (a('LI iyj)C ('Woi type
p'repiared included a small amnount of the 2:17 phase and a (11=iii1
very smna.l amiount of thle 1:5 phase. If' composition loss of' `6..Crsa icleofal;udco.BtpTh qti Y11l n
the Sm and B occurs during the melting p~rocess, 2we will the tmsat plane indicate theC sites hat;1 nitrogenl aMoms hay occuply it' Ite
Pave thc. three phase samples mentioned above. Excess ajirkte is forijelw.
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FIG. 2. Magnletizationf curves mfeasu~red in pulfsed( magnetic field for fieldi-
Orieilcd Samples of SflfCo, and 8111 (-'4 .,11 (1 iitad 2. C ii-licates (k• - / G)

th e d ire c tio n o f fie ld o rie n ta tio n .
l_.. - .

H=- 10 1'. Tihe magnetization curve in tile process of in-
creasing field was measured by a similar method. The data
for SmCCo 2 Fe 2 B at T= 4.2 and 300 K are obtained for the FIO( 3. MagilefiyiltOff COrvCS foFli Ihd-orieCted sul"ples of' Sulf 1 ,FeC.313

first time in this work. Coercivity i,. , which depends oil the and Sin.., Pr **('oFe2 li. C indicates tie direction of field orientltiou. The
coercivity 11, is dolined as an average of I,. ii tIle processes of decreasing

various factors, is also shown for the respective samples iII and increasing field,.
Fig. 2. As seen in Fig. 2, the magnetization curves with H_L c
lhave a small amount of residual magnetization at 1H = 0,
which means a slight lack of alignment of the field-oriented in the magnetic state of the Si sublattice; however, we do
samples. To avoid the error in the estimation of anisotropy not discuss it here. According to Dung et al.,'" the anisotropy
field I-,j due to tile lack of alignment, the linear part of the constant K, at T=4.2 K of YCo4 B and YCo2 ,,Fe15 B take
initial magnetization curve with H.L c is moved in parallel so about -4X 10(6 erg/Cm113 and - 1x 1t) 7 erg/ci13, respectively.
as to start from the origin, and then the anisotropy field is These values are negligibly small compared with those of
determined as the magnetic field at which the straight line SIISCo4B and SmCoFe2B at T= 4.2 K, which means that the
corresponding to the linear part mentioned above reaches the K value in dhe Sm system mentioned above is supplied
spontaneous magnetization. The anisotropy field has been mainly by the Si sbstie mte d abof e in T upplieg

determined by this method for tile respective sample in Fig. gest ta thile Sm-sill!attice anisotropy is enhancd by thle Fe

2. The saturation magnetization values have been calibrated substitution. Therefore, to make SmCo4B a candidate for pet-
by making use of the data for tile loose p",,wder of each sbttto.Teeoe omk l1oBacniaefrpi
by momanent magnet materials, we only need to increase the inag-

sample. Anisotropy constant K I has been calculated by the netization and the Curie temperature of SmCo4B by Fe sub-
equation of K I = (I 12 )MHA , where M, is the spontaneous stitution as much as possible. As seen ill Table I, the Curie
magnetization per unit volume. temperature of SmCo 1.7 Ie2.3B is about 1.6 times higher than

The magnetization curves for the field-oriented samples that of SmCo4 13. The Pr substitution is also effective to in-
of S1TICoL.7Fe2.313 and Sn1l0.7PrtD.3Co2lFe2B have been nwea-ofr ina 5 m ao7 etfel3ad Sm to 20  We.rTedatahave beewn infl crease tile magnetization. Ill the case of YCo4_.xFcB, the
sured inl a magnetic field up to 20 kOe. The data are shown ill maximum Fe content seems to be • = 1.5,' which means the

Fig. 3. Ill this case, the particle size is larger than that of the

samples in Fig. 2, but less than 32 Am. Since there is con-
siderable lack of alignment and also the maximum field used
is only 20 kOe in Fig. 3, it is hard to obtain a reliable value TABLErtr MagnetcrIti f magnlt llato py feld in h urietcfffjwro;ture; Al_ saturatioff fffa91fCt'tiztif)u "A, affsiooropy field in tle 1iffit
of anisotropy flld. Rough values of HA in both cases in Fig. of Tesla; K , anisotropy cotnstaf•t. Sauratiofn iiduetCtiOf equals 4"rrMp

3 have been estimated to be about 120 kOe by a method (Gauss), where specific fnass p is 8.58 for SmCo2 and 8.54 for other cornf-
similar to that used in Fig. 2. The magnetic data mentioned pounds.
above are summarized in Trable I together with Curie tern- M, K,
peratures determined by a magnetic balance in th work. T,. (K) (cul/g) 11A (T) (f07 erg/cm 3

)

Some data in Table I are taken from references citLud therein. 9
We can see some important points in Table I. The nmagneti- (,(:( •5f)(' 102O"' 93.7(4.2 K) 7I(s7.2 K) 28,69(](3((1 K) f15')- 1 8'"•

zation of SnlCo 4 B is considerably increased; however, tile SlIC(,4 B 500"' 47.5(4.2 K) 110(4.2 K) 22.3

anisotropy constant remains almost unchanged oy the Fe 12(1(4.2 K)•' 24.3(3)
substitution. The magnetization of YCo 4 _.,Fe,B is known to SmCf 2e2Fc1,B 782(4) 71.7(4.2 K) 74 22.6
increase with x.9'-1 ( It has also been clarified by Onodera 732 7(0.2(77 K) 81 24.2

et d.l0 that both Fe and Co moments increase w:ti x. A 67,1(300 K) 51 14.6
Si1(_'ol1.7|:e2113I 79•4 9 1.4(30(I K)

similar mechanism, which occurs also in the Fe-Co alloy, Slut, 7l'r(,.CoFe2B 749 92.4(300 K)
must occur in 811Co 4 __,FcB. A fundamental concern is also
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S''F2 -e "N1 * SniC.,Fr,l annealed,•l2eBm•a~ 0 lin al 5OOC irn N, for 5hls

for 5 {•-ro at the taeperaturea It N M,=81.4cnu/g
idicatod bilow.

9W tt,=I0.lk~e

AJ 10kO)( OkOet

7,O C

600 C
S, kC 8

20 30 40 50 60'
2 0 (deg)

F-10. 6. lysteresis loop of tield-oricltcd SnmCoFc.13 powder annecaled at
500 °C in N2 gas for 5 Ih. Definition of I1,. is thie sante as those in Fig. 3.

FIG. 4. X-ray diffraction patterns for SUoCoFe2 B3 powder anticaled in N2
gas for 5 Ih at tie indicated temperatures.

precipitation of Fe-Co alloy. Therefore, nitrogenation of
SmCo 2Fc2B was tried at 500 °T in N;! gas for 5, 10, and 24 h.

maximum Fe content in RCo4 ,Fe.B seems to depend on M'|gnetization curves measured for loose powders at 300 K

the kind of rare earth R. are shown in Fig. 5. These data clearly show an effect of heat

As mentioned in thle preceding section, the three phtses treatments in N2 gas. The saturation magnetization increases

of Sm0.7Pr0,3Co2 Fe2B could be attributed to the composition more than 10%; however, x-ray diffraction patterns before

snift during the melting process, so if appropriate initial and after the heat treatment do not bring about signiticant

nominal composition is found, it will be possible to obtain volume expansion. The Curie temperatures that are shown in

the single phase sample of SmIIUPrr03Co 2Fe2B, the inset of Fig. 5 also do not show a clear difference, at

To improve the magnetic characteristics of the materials though an N2 gas effect is seen in the magnetizations. It is

mentioned in Sec. III, the nitrogenation will be another ef- not clear at present whether the sample absorbed nitrogen

fective method. In tiis work, heat treatments of SrnCo2Fe2B into the inner part of the crystal. A hysteresis loop of the heat

powder in atmospheric N2 gas have been carried out at vari- treated N2 gas for 5 hI is shown in Fig. 6. The coercivity takes

ous temperatures. X-ray diffraction patterns of the sample a very similar value to that of the sample without heat treat-

after the heat treatments are shown in Fig. 4. The heat treat- ment in N2 gas. The crystallographic site that the nitrogen

ments tt temperatures above 600 TC seem to promote the atom may occupy is shown by the open square symbols,
which is the site similar to the 9e site in Srn2Fet7,1 in Fig. 1.
Since the four near neighboring sites around the square site
are occupied by Co or Fe atoms in equal probability in the

100 ,- present case, the probability that all the four sites are occu-
SnCoate2BNX 300 , pied by Fe atoms will be (1)4. Therefore, if the nitrogen atom

'c 24h61. is supposed to occupy the square site with four Fe surround-

80 .- . .. ........ ' ......................... ings, the possible formula of nitride of SmCo 2Fe2B will be
SOOT ist0 79.2 SmCo2 Fe2 BN 0 875' which means that the quantity of nitro-

- -------- - -gen that may be absorbed by the sample is small, unlike the

60 - 67.1B•, case of Sm 2Fel,7. This may be one of the reasons why nitro-
gen is not easily absorbed by SmCo 2Fe2 B.S.... ""*H=380(Or)

40 S"CO,mO Yu. B. Kuzunta, N. S. Bilonizhko, S. I. Mykhalenko, G. F% Stepanlova, and
.1 ijr ., 5h.,.. N. F. Cliaban, J. Less-Common Met. 67, 51 (1979).

"40 -2 1. IRogi, in Handhook on the Physics and Cheinistry of Rare Earths, edited
420 s,',cofN,I . by K. A. Gschtwidner and L. Eyring (North-tlolland, Amnsterdam, 1984),

,'o72e, hxH. Ido, K Sugiyaina, II. tHachi.no, M. Date, S. F Cheng, and K. Maki,
20 - 0..) Physica B 177, 265 (1992).

400 600 800 . H. Ido, H. Ogata, and K, Maki, J. Appl. Phys. 73, 6269 (1993).
T(K) ,A. S. tirniolunko and Ye. V. Stlcherbakova, Fiz. Met. Mataltoved 48, 275
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0 5 10 25 20 K A. S. Ermnolenko, l'rocccdings of the International Confercnce' on Mvlagne-

H(kOe) tism 1973 (Nauka, Moscow, 1974), Vol. I (1), p. 231.
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FIG. 5. Magnetization curves for SmCo 2FeZB3 loose powders. 500 'C, 24 h 4633 (19Q1).
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Macroscopic Quantum E. Chudnovsky
Tunneling/Spin Glasses and D. H. Ryan, Chairmen

Dissipation in macroscopic quantum tunneling and coherence
in magnetic particles (invited)

Anupam Garg
Department of Physics and Astronomy, Northwestern Uni-ersity, E,'vaston, Illinois 60208

For quantum phenomena involving a macrovariable such as the total moment of a ferromagnetic
particle, or the N~el vector of an antiferromagnetic one, environmental couplings play a crucial role,
The effect of such couplings, or dissipation, is studied, with emphasis on the nuclear spin
environment. It is shown that magnetic macroscopic quantum tunneling (MQT) and coherence
(MQC) both become harder to see. Quantitative calculations are presented for the tunneling rate in
MQT, and the tunnel splitting and ac susceptibility for MQC. A recent claim to have seen MQC in
a resonance experiment on ferritin is critically discussed and the absorption is found to be at least
1500 times larger than predicted by MQC.

1. INTRODUCTION systems," but in the last few years, small magnetic particles
have emerged as potential candidates too,'(.'i' The Inacrova-

Even tre best quantum mechanics texts sometimes state riable is the total magnetic moment of the particle if it is
that for billiard balls and cannon shells, the dc Broglie wave- ferromagnetic, or the Ne6l vector if it is antiferromagnetic,
length is so absurdly small that any quantum mechanical and the different states correspond to different directions of
effect such as two-slit diffraction would be washed out by these vectors. Other magnetic systems such as domain walls
the limited resolution of any measurement apparatus. This is have also been proposed. 12

usually taken as sufficient reason for the inadvisability of It is essential to realize at the outset that 100' and MOC
applying quantum mechanics to such objects. Yet, it' oneapplingquanum echnicsto uch bjets.Yetif lid arc very different phenomena, especially when environmen-
were to press the issue, and ask what the practical difficulties tal couplings are covdsideredn In general, both become harder

would hie inl experimrentally verifying quantum effects in tlculnsaecnieeI eeabt eoehre
suchcasesoewould sie rm ntally luverifyin quantumaiefets to see, but tihe effect on MQC is more severe. The essential
such cases, one would soon conclude that the smalld requirement for MQC is degeneracy. 11 the bottoms of the
B~roglie wavelengthl was comp~letely overshadowed by an- wells of the MQC potential in F'g. 1 are nondegenerate by

other phenomenon, namely, interaction with the environ- w ulh of the tentel in g. Ihe mxn g bete by

ment. Different particle trajectories would be correlated with much more than the tunnel splitting, the mixing between the

very different states of the rest of the universe, so that even if states localized near the well bottoms will be negligible, and

the trajectories ended with the particle in the same position, one will not see any MQC. The environment can be viewed

the environment would not, and the interference terms in the as giving rise to a dynamically fluctuating potential for the

square of the total amplitude would vanish by virtue of the system. If this potential is asymmetric for most of the time,

zero overlap between tihe states of the environrment. 'b put it or if the degeneracy persists fotr times much less than the

another way, the environment would "measure" the trajec- tunneling time, MQC will be reduced. Another way of saying

tory taken by the particle, and one would never obtain the this is that phase coherence must be maintained for much

case of indistinguishable alternatives. 2  longer durations in MQC than MQT (inverse of the tunnel

This view of tihe quantum mechanics of macroscopic ob- splitting versus the small oscillation period in the metastable
jects has been developed considerably further by Leggett and well), and is therefore more easily destroyed by anl environ-
his co-workers over the last decade. 3 Interaction with the ment. In fact, for ohmic and subohmic dissipation, as defined
environment, or dissipation, as it has come to be called, is in Ref. 7(b), the environment can suppress MQC completely,
the feature which distinguishes macroscopic objects from localizing the particle in the initial well!"
microscopic ones. It is usually present in nmyriads of ways, The purpose of this paper is to discuss dissipation in
and one would have to go to impossible lengths to eliminate magnetic particle systems. The dissipation mechanisms
it for the vast majority of macroscopic systems. As Leggett which have been studied to date include phonons, 13'14

has pointed out, the two phenomena likely to yield the most nuclear spins,15 and Stoner excitations and eddy currents in
unambiguous evidence of quantum behaviour are macro- metallic magnets. 16 Except for nuclear spins and Stoner ex-
scopic quantum tunneling (MQT), or the decay of a meta- citations, the other mechanisms are generally weak. We will
stable state, and macroscopic quantum coherence (MOC), or focus only on nuclear spins, and refer the reader to the lit-
the resonance between degenerate states (see Fig. 1). Most of erature for the rest. The work, for the most part, elaborates
the early work was done with a view of seeing MQT and on Refs. 15(a) and 15(b), which deal, respectively, with
MOC of the order parameter in Josephson junction based MQT and MQC. We will consider MQT in Sec. 11. We rebut
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which w ill in generial not be a long the crystali axes. Tlh is
QTMQC point must be kept inl mind if one ever rcaches tihe stage of

doing single particle experiments, as it raises the issue of
how the magnetic axes are to be found. We will denote the

U U1 easy axis by z, the hard axis by y,, and assume that 1111i -.
LFor results for small misalignmtents of H, see Ref. 13(b).]

.... , 1The state M1II is then metastable with respect to M1I-i, As
the field strength is increased, the barrier from M114z to M11-i
will be lowered, and eventually vanish at some "coercive

FIG. I. Poientials for MQT 1111d MQC. For M (C, thie Hi1s m dst be siali field" 1-1,.. Since the tunneling rate is low for large barriers,
we anticipate that we will need IIW.11,. to see appreciable
lutneling.2 and parametrize ./1 as - - ( I - l)-i)., where <-ý J.

Chudnovsky's recent statement that nuclear spins are Writing M in terms of polar angles 0 and ý', and subtracting

unimportant, 7 and explicitly obtain the WKKB exponent in a constant term, we arrive at the general 1amilItoniaii (model

the presetne of dissipation. We find that Unless the nuamber Of' Ill in Ref. If0)

magnetic nuclei is less than a few percent of the atom ic 0'/4)+KKO• sin2 0. (2.2)
magnetic moments, the exponent is multiplied by a factor of
order unity. If the exponent is as large as 20 or 30 in the H lere, K, and K 2 are shape plus crystal anisotropy eoeftl-
absence of dissipation, this can substantially reduce the es- cients (K, >K,>0), For hard magnets, we expect these to
cape rate. We consider MOC in Sec. Ill, and show that even be close to the crystal anisotropy coefficients. In any case,
for systems where magnetic nuclei are rare, the suppression we expect that per unit volume, K K, . 1(1+'-1f 7 ergs/cm 3 ,
of MQC can be large. As a technical point, we n)te that The quantuin mecha|nical dynamics of M call be speci-
unlike the case of MQT, for the MOC problen, nuclear spins lied by giving the action and using path integrals to calculate
cannot be reduced to an equivalent bath of harmonic oscilla- any desired amplitude. For tunneling rates, it is better to use
tors. Because o•,,.aJo,., where wo,, and w,, are the nuclear and the "imaginary time" or Etucide:an action, and this is given
electroric Larmor frequencies, the nuclei act almost as a by
c-number bias field, and sizeable resonance occurs only
wheln the net nuclear spin polarization in a given particle is S0f11 l Ž,•(O, O)-i yMa cos 0(? 'r)]d7r. (2.3)
zero, Since the polarization decreases with increasing tern- .
perature T', we predict that MOC may he enhanced with in- e escape rate from an MQl otential such as in Fig. I
creasing T' in soine range. We also suggest double resonance cal generally le written as where wo
experimeniits-driving the nuclear polarization to zero by a i

strong rf pulse at w,, should enhance the MQC signal while is [he small oscillation frequency in the metastable well, c is

the nuclear polarization relaxes. We apply our results to a constant of order unity, and S' is the least or "classical'

Awschalom et al.'s claim to have seen MQC in antiferro- action for trajectories crossing the barrier. FIor our problem,

magnetic ferritin particles.il When nuclear spin dissipation is w1 is the frequency for small amplitude precession of M
around the stable direction O=0--essentially the ferromag-

included in a previous calculation of the expected power -we qs. (22 and (2.3)

absorption,'• the experimental signal is found to be too large is frequency--which frot that (2.2, and (2.a)
by a factor exceeding 1500. Taken with previously discussed s •oP=(2y/M0 )(K 1 K2 E)t/2 (Note that K1 , K,, and Ma are
difficulties, 20 this renders the possibility of MQC occurring all proportional to the particle volume, so that Wo, is an in-
i f t rh i tensive quantity.) As tor the exponent S'l/h, it can be ob-in ferritin rather implausible. ltaed by standard WKB or instanton techniques, '0,130),(c0,2i

and it is useful to write it in three equivalent ways:
II. NUCLEAR SPINS AND MOT S M,

8M, 8Ns 16U
Consider an isolated, nonmetallic, -50 A radius, single - PC - (2.4)

domain, ferromagnetic particle, at a temperature well below I 3 h 3

the anisotropy gap. Let us suppose that it has N -10"-10' Here, r = K i/K 2, U = K 1e is the barrier height, and N is the
atomic moments, each of spin s, and magnetogyric ratio y. total number of atomic moments in the particle. The second
The total magnetic moment M then has essentially fixed form follows from the first on recalling that M0 =Nshi y, and
magnitude Mo=Nshy, and its direction M is the only dy- the last form reveals a general feature for all smooth poten-
inimical variable left. In the presence of an external field !1, tials, tamely, that the WK[3 exponent is of order U/lho ,.
the Hamiltonian is given by The second form shows explicitly that tunneling becomes

1 harder as the number of moments increases, and makes the
K(I)=E,,,(M)+ -voNij~iMj- M.. (2.1) need for keeping E small absolutely clear. Since a,,-1i0t1

s -, one must have S0<30, say, to have any hope of getting
The three terms are due to crystal anisotropy, shape anisot- a reasonable value for F',. Since r >1, and s.> 1/2, it follows
ropy, and the dipole coupling: v, is the particle volume, and that we must have E<<0.037 for N=10. and e<0.(t08 for
Nij is a shape dependent tensor with trace 47r. The first two N = 105. Surprisingly, these values correspond to fairly big
terms will combine to create easy and hard directions for M, exit angles (the classical turning points) of 220 and 1It0 , so
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that the tumieling canl Justifiably be called macroscopic, a]- The new rate I Vo,, -S'( If.), Where S"I% is thc least
though it does require rather fine tuning of' E, i.e., the applied Value of .Sf . (The change il thle prcf actor ill I' is much less
oecid 11. imiportanit and will he ignored.) Following Ref's. 4(b) and 24,

ILet us now include the nuclear spins.1 " We consider we deilcitin a wJ1)7, O(N)ý2e 12 (u), and
Only thle nuclei of' thle mlagnetic atomis, as this is enough ito rzýhi,4US,11)r] 28
illustrate our central point that nuclear %pinl dissipation Stup I I i1 Si tr 2
presses tunneling. I lyperfinle field,% at magnetic atomis' nuclei Thle p~roblemf is chiaracterized by two dimensionless paaiml-
ale often-, lot) T,.22' Trllsferrecd hy pertinec fields at the nuclei eters, givenl hy
of non magnetic a tunis and diplolar lielIds at nutclei outside tileZ
p~article are smaller, and their effect is weaker, although if ") ( iw, ) (or~1w,, (2.9)
couId he incluided with mitnoi- mod ificat ioni of' the tretentmi inl ternis of, which, we call write
to follow. Suppose there are N,, magnetic nuclei, each wiht
4pini 1. and niagnetogyrie ratio y~.It suffices to take anl iso- crlz ] duii1lz- (z1 Z(1']
tropic hy PCrt i ii tensor, a ad to neglect the applied anad de- f 8 f f za-~']
miiagnetization fields, The total in tertact ion II lami I tonlianl for all1 X .( u ' dui'.(21)
nluclear spins is t hent

We shall denote thle minimium value of ejrzlz by (u,;.
-41 A Ik "A 5 (2.5) Thus, without dissipation, h --4/3, and thle bounce, Or best

ri ectory, is z--sechu Ta ,~k ing I],, I-1I100 T, and W1, I- 0"l
we Je 71-0.0) I-1. To estimate A., let uts lake L-It) 3,

Where sk is thle atomlic spin onl the k th atomi, anid A is tile and 1w,,IU-115 (any smaller value would lead to a very
hypetfinle coupling. TIhe by perfinle field is givenl by li, ~ SimaIl b are tunneling rate). If, tile magnetic nucleus has at high
and thle nuclear L-arnior frequency is w,),=Al s/i. We will abuiidance, so that N,=N -10)I, we get p 1.If', onl the
only Consider theI ease of' zero temperature (T'=0). The issue other hand, N,,/N '-- 2, as is tile ease for natural isotopic
of, flow to correctly calculate T:40 f escape rates is not cornl- mixtures of' Fe and Ni, Apt,). I
plefely clear to the author, hut if' thle commnon procedure of' IBef'ore mninimizn Eq. (2. It)), we address a recent opinl-
finding thle imnaginiary part of thelce ener CICgy is uIsed, onie canl ioin by Chud nov sky~u stating that nuc lear Spin dissipat ion
show that the Canlonically averaged escape rate is always less canl largely he ignored. For weak ort moderate dissipation, the
than t he rate inl thle absenlce of' dfiss ipation. 23 The T =0 case relevant conihi nat ioni of'A~ and 71 t uins out to be A.71/2, whIihel

thus gives tile MIinaxiniu dissip~ative SUpilreSSioii Of the CS- ais we canl see from above canl be of' order unity in nmany
cape rate, anid a comparison of the expoinent inl this rate with eases. Chudnovsky rewrites prI2/i,.ll.,where h1,1~ is the
U/k,17' also provides aii estimate of' thle crossover temlpera- field at thle atomic mnomenits due to the nuclei. As
tuic between tliernial activation and quantuml funneling. htI.102 for Systems with high abundance of' magnetic

To( calculate thle rate I' with dissipation, we consider ati nuclei, at value of' order unlity for A-tI/2 call arise only it'
initial state 2,{-I}~where 1 is the orieniltat itn of NI, anid en-:f).01), aI Condition whIiich is thought to he not ieal ist ic by
j -1I indicates that 1, -1 for all nuclear spins. We thieii (hudnovsky. We have Shown earlier, hiowever', that small
calculate the qfuanitity values of' c- are compelled upon ias by the need to have

'1311 ' .,,,iITh - (2.6) S,)<30. Sinice thle second termi in Eq. (2.11)) is positive, weI ~'' see that the WK13 exponient is always increased bly
as TJ'-v, and compare the result with exp( - Ell I i 1 '/2) 77h~. dissipation-in fact, b (p.,7) is a moniotonically increasing
(Note that 7' is now it timec, and niot thle temperature.) Thie function If' A.-tile rest rictionis onl e apply with even greater
amplitude fat' tile nuclear spins ntit to flip for any giveii M force. Far froml being unrealistic, Small values,, of' f are a
trajectory is found to very good approxinmationi by pert urhbi- necessary precondition for observing MOT.]
tion theory, and thle final result is 15(a) that Q(T7) call be writ- The Euler-Lagrange equation for the least action trajcc-
tell entirely inl terms of anl effective actionl Scrf=r' + SI for tory is
M, where S(, is given by Eq. (2.3), and d2Z p

1 .1.-.1. - z-2z 3 --f UI Hz(u)-Z(u' ) c "'I 1 du',II s'a - ]
S[ 0] = N,, A' 0( r O i 0( T,)](.1

'xe (",'2,7I7, 27 and the boundary conditions are z() -4) ais au-±-. D Ienot-
Ti d 2  (27) jug f~ourier transforms by tildes, Eq. (2.11) canl be rewrittenl

Note that this effective action would also be givenl by at bath inl tile frequency domaina as
of' harimonic oscillators, with aI spectral density .

.1w) ~(w w).This illustrates thle Caldeira-Leggett z( w) =- 2.z,()~ (2.12)
argumnt that as long ats any one bath degree of f'reedomi isA7 W
weakly perturbed, the baith canl he regarded as a collection of G 1( W) - 1 - + ±--(.3
harmonic oscillators for understaiiding the dynamlics of' tile 2 w-1 (2.13
System. We skiall see that this description of' the nuclear Note tha! z7N w-) -A Z-I The inlverse Fourier traiii~forn it ofEq.
b~reaks dowii completely for tile case of MUC'. (2.12) gives
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FIG. 2. , ltiplicative dissipative correctioln to the WKII exponelit (stolid FIG. 3, Maximuin excursiom of the bounce with dissipation
lilies), and upeCr bound from Ruf. 17(b) (dashed lilies).

In Fig. 2 we show the calculated multiplicative correc-
"z Z j 1on2,1 tion to the nondissipative action [SISO=3b( k, r7)/4]. The

z(u)= ,, (,)Ri ~ ' "du , (2.14) dashed liles are the up~per bounds from the method of Ref.

17(b). In Fig. 3, we plot the maximum value z(0), which,
where multiplied by 2e5112 gives the typical exit anglc with dissipa-

[32 = 772(t - 1. ,+ ,2) [( + . + /2 tion. By choosing different meshes for integrating Eq. (2.14)
[ , =2 and different points beyond which the asymptotic form

- / ( - (2.15) (2.17) is employed, we estimate that our numerics are accu-
R ( -= rate to about 1%.

In a large interesting part of parameter space, we have r;< 1, As an illustration, for A= 10 and 71=0. 1, S/S,= 1.65, and

but Aj7 is arbitrary, In this limit, to leading order in 77 we so if SI'l/ were 25, the escape rate would be reduced by the

have rathite large factor of 10 7.0. I1a the author's opinion, Ihe best
hope for seeing MQT lies in using materials-natural or iso-

'1"), Ub topically en'riched-With few nuclear moments, for which

R. i 2 2 , (2.16) A-:0. 1. IfIzu7'j 1, a useful formula is S/S.O I +3it//4.2. 1-4,T1 III, I? =ub,

where uF, =( +/trj/2) -I2 From Eqs, (2.14)--(2. 16) we see
that z(u) varies con two quite different time scales. The short IIl. NUCLEAR SPINS AND MQC
time scale 0-Y' and associated amplitude (which is governed
by R -) are both of order unity. The long time scale diverges The setup for MQCI0tbt is the same as that for MQT,

as ry---0. but the amplitude, which is governed by R., is except that now there is no external field. In other words, we
O( rj). It fact we can show that asymptotically, as u- -, consider an isolated, insulating, ferro- or antiferroniagnetic

z(u)-.,ze [3 (FM or AF:M) particle at nearly zero temperature, with
' N ,1(,'0 atomic moments. Suppose anisotropy (crystal and/or

2R Z1(2.17) shape) creates an easy direction for M or the Ndel vector i. If
z•= 2R J z 3 (, )cosh(fl u )du. there are vo external fields, time reversal invwriance ensures

that the opposite direction is also easy, and resonance be-
The integral is clearly convergent and of order unity. The tween these directions then becomes a possibility. We look at
approximation B of Ref. 15(a) is obtained by simply neglect- this phenomenon in this section.
ing the f .. term in Eq. (2.14), and using Eq. (2.16) for R. The tunnel splitting A for a potential such as that labeled
and f.. . MQC in Fig. I is generically given in terms of the barrier

To solve for z(u) numerically, we iterate Eq. (2.14). height U and the small oscillation frequency wo. by a WKBI

[This is better than iterating Eq. (2.12), as z (w) entails a formula like that for the escape rate: A-httw exp(--cU/thtow).
double integral.] As noted by Chang and Chakravarty,2 4 how- Since wo, for AFM resonance is generally higher than that for

ever, one must beware of a dangerous relevant direction in FM resonance, we will get bigger A's with AFM particles. t'
this iteration, but this can be efficiently eliminated following We will therefore couch our discussion in terms (f AFM
their procedure. At the nth iteration, we insert the solution particles, although it can be trivia;ly altered to fit the FM

on the right-hand side of Eq. (2.14) and multiply it by case. A significant point, as noted by Barbara and
a parameter X,, to get z,, , I((u). The only difference with Ref. Chudnovsky,t "a) is that in the AFM case, due to finitencss of
24 is that we must choose X, , =X,,,4 3, where the particle, tile number of spins on the two sublatticcs (in
6-Z. , [(0))/zn(0). Once the pair I[Xj,zj(u)] has converged, the simplest case) will not be equal, and the particle will
we scale to A = I via the equation z(u 1) !,1

2z 1 (). have a net moment M. We expect M to follow i adiabati-
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cally, and MQC could be detected by measuring the ac sus- equivalent pseudospin 1/2, with the states 111_":•)- '..) -q.
ceptibility Y", which is related by standard formulas to the (3.2) becomes the tunneling term A,~r,. Equation (3.4) is
correlation function equivalent to a magnetic field along the z axis proportional to

C(1) (M(t). M(0)ý= . lithe nuclear polarization l 2xk•'kI, where =± I depend-
C) = ( (0 M~()l( (0)). (3.1) ing on the sublattice, and the total Hlamiltonian becomes

As noted in Sec. I, Awschalom et al."' claim to have .*2o = A o rx/2-Dholp r,/2. (3.5)
seen just such MOC in particles of ferritin, an iron storage
protein 2S in the form of a hollow shell of 75 A inner diam- Since w),,>AO and since J) changes in steps of unity, it fol-
eter, that can be filled with an inorganic compound close in lows that there is negligible mixing between I-I-) and I-)
cemposition and structure to ferrihydrite or hydrated unless p=(0. To put it another way, suppose p):0-( and illi
a-Fe2 O3 . This core is believed to be antiferromagnetic, and initially. If I were to now switch to -ý, Eq. (3.4) implies that
Awschalom et al. ascribe the peak in their A' to resonance of the energy of the nuclei (and hence the total system) would
tle Ni~el vector. Some relevant parameters as given by them change by Asp=l how,,>Ao. Since resonance occurs only
are as follows: The sample has N,, =38 000 ferritin particles, between nearly degenerate states, we must have 1 =0.
each containing N,,=4500 Fe3" ions, of which 43 are on- Thus, unlike an ohmic bath, the main effect of nuclear
compensated, giving MI= MK=217 ABu. At T=29.5 inK, the spins is not to renormialize Al. Instead, the amplitude of C(1)
resonance frequency is vr= A/h = 940 Hz, the peak suscep- is reduced from its non dissipative value (which we shall
tibility X"(v,.)=3.8X i8X l emu/G, the full width at half calculate below) by J', the prollability for having p =0:
maximum intensity (FWHM) is -:-0 klIz, and the ac field J. (27RN) 1/2Jcosh([3/w,,/2)J "v1, (3.0)
used to see the resonance is 11,,, = 10 ' G.

We consider a two-sublattice uniaxially anisotropic anti- where fl= l/k,,T. Since fJ, decreases rapidly with increasing
ferromagnetic particle with N,. atomic moments or spills, N,,, it pays to work with an element with almnost no nuclear
each of magnitude s. l)enoting the spin directions on the magnetism. For ferritin, although the abundance of 57Fc is
sublattices by unit vectors it and 112, we have the obvious 2.25%, giving N,,= 1(1, we get fJ,=0.034 at 29.5 ilK and
harniltonian Il (h)126.27 /,,Iy = 51)0 1.

fiz .. To include relaxation we argue that cohereuce will per-
.,Y,.J� .n- K(n n) (3.2) sist irom time 0 to time t only if' there are no nuclear 7)

where J>K>O. (We will use the subscripts e and n to de- processes in this interval. If the Ti time for one nuclear spin
note electronic and nuclear spin quantitins.) By integrating is T1 ,, C(t) will decay as the probability for no Tl pro-
out111 't Mc(ni+112 ) we get the following Euclidean action cesses, i.e., as exp(- t/NT,,). With N,,=I(it, T1,, must be
for i: of order a few seconds for the resonance to he observable.

[What about a state with pf -0? Such a state can resonate2 sin 2  2 sin2 0, (3.3) only if pt least p nuclear spins flip along willt 1. Tihe fre-
SaiT `f(i' i'Oý'J) + 2K' if.3 atlas ucerb e fo8.1 f quency for this can be shown to l) e of order

,,/2( f -ý- s la c aso ,i

where Oand (/ are the pohlr angles ofi. Standard instanton or AoN :A(,,,/w,).-Ai. This resonance also decays as

WKB methods'11.26 give the tunnel splitting as exp(--t/N,,T,,), so mnost of the spectral weight in X" is
A,=(how,./r)e -n, where 1,,=4(1K) '2/N is tihe AM shifted into a broad background near woJ

AO=(-W,/7re -, werecu,,4(,K) N,, istheAFMWe now find x" and thle resonant power absorption. Asresonance frequency, and B = 2N,,s(K/.I)1/2 is the action for te ac fie d X" aud the ansotropy fiel annoticus

One instanton. Note that we- is tile instanton width or the the ac field , the anisotropy field, it cannot cause

"time spent under tile barrier." For typical values of.I and K, direct I-t)-I-) iransitions. Instead it shifts the Ie-) ellergies

Io,/2 "rT" 1 �1(l)3 Hz. Even for a weak ferroniagnet such ts by -T MoHz1,(t). Adding a perturbation term - Ml-,i,(t)or.
to Eq. (3.5) we obtain a standard NMR H lamiltonian. Intro-aeF.,., ow,/2rr' It Gt-lz. Because the WKB3 exponenlt cuigT tc 1 a h O eoac tef(oetl

Bc-N,., A will be unlikely to exceed a few MHz if N,,ý500)0. ducing T, and ' for the MOC resonance itself (note that

Next, as ill Sec. 11, let N, of the magnetic ions have 7T V- TI",), and including tile unclear pIolarization reduction

magnetic nuclei. The total interaction Hanliltonian is the factor, we get

same as Eq. (2.5): [3 A M2T 2

N,, X"( a) IoN 1( ) (3.7)

, -A 1, -s . (3.4) where ,-5 is the detuning.

From Ref. 18 (see especially the erratum.), we have the
For simplicity we consider only 1= 1/2. For ferritin, the rcl- actual power absorption as 2r=',.x" V , ,X,= 1.1 W 1( W.
evant nucleus is 57Fe- , I is 1/2, and M6ssbauer data25 give a On the other hand, Eq. (3.7) predicts a peak power of
hyperfine field of 50 T, a typical value for magnetic ions. 2 7.1 ) It 25 W, 1500 times too small. In fact, we have over-
This yields (n,,=As/h = (2-rT)68.5 MI-Iz. We thus have three estimated tile expected signal size. First, there is randonmne~s
well separated frequency scales in the problem: in the angle between 1-I1, and M's of different ferritin grains.

,> ). >A,)/, ft.Then, there are NP,,8111111 protons per Ifcrritill. If wL. take tile
Because a),.> o,, , the nuclear spins are essentially static local field at the protons to be aboult t10t G, which is not

during the time it takes for / to tunnel, and thty act alnost unreasonable, the Zeceman splitting is (1.43 MIlz. not so dif-
like a c-number external field. If we map our system onto an ferent from v,.. I lence, the net proton spin polarization Ill.1st
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aso be quit- smrall for N4QC to occur, which reduces 'i"S. I Ianl, I. Litpointeý. and J. Lutkcins. lhys. Rev. Leti1. 66, St 10 1199 1). These

further. [TIhe reduction faictor is I 1(2 7rN 1,) -- d 005, if we workers (to niot attainl low e nough1 d; Srpattonl to Sec NIot . bilt they rrev-
assume that states differing inl energy by less lha 2A ca U11IS erlclS ee no0vel featu res itl the aticolte-eut re laxat ion oftthe Irappeed flux

that were predlicted inl Ref. 7.maix, which implies that the proton polarization must be less I()[;. NI. Ctoidnovsky and L. Guithber, Plivs. Rev. Lott. 60, 001 (1 9811).
than 5.] There arc simply not cnough two-level systems inl 't(a) B. Blarbara and( F.. M. ('1LtndtawSky, 'Pltys. Lett. A 145, 20)5 1I 991)):(b)
the MOC interpretation of ths'ý data in Ref. 18 to give the 1. V. Krive and 0. 13. :ýaslavskii. J1. pllw:. C'ontcas. Matter 2, 9457 (1 990).
large absorption seen. A microscopic interpretation would 12. C. F. Stamp, Pltys. Rev. 1xet. 66, 28112 119911: F. MI. C'hudrrovsky. 0.

suffr fom tis robem, nd eems195 reote o 12 ~ Iglesias, and IR C. Ei. Stamp, Phys. Rev. 13 46, 5392 (1 "92).not sufrfo hspolm ndser. e oet h a13(l A. Garg a;!t (G-It Kim, Phtys. Rev. Llle. 63, 25 12 1 ý989); (bi J. AppI.
author." Phyvs 67, 5009 (119911: (e) Pltys. Rev. B 43, 712 (t9 I)M.
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Evidence for quantum mesoscopic tunneling in rare-earth layers
M. J. O'Shea and P. Perera
DtP"arnle'lit of Physics, Cardwell laill, Kansas State University Manhatlan/ . Kansas 66506-2601

We report on finite size effects a-1 evidence for quantum mlsoscoplic tunneling (QMT) in thin
isolated rare-earth layers prepared in the form of' R/Mo multilayers where R represents Tb, Dy, or
Dy50Co05. The magnetic transition temperature T,. decreases with decreasing magnetic layer
thickness and is discussed within a finite size scaling theory. Evidence for QMT is found in
magnetic relaxation measurements in these systems with a sharp crossover to a
temperature-independent magnetic relaxation regime at low temperatures. The Tb system has a
crossover temperature T, of 20 K, the largest value reported so far for this crossover.

When magnetic materials are prepared with one or more fccts are negligible. The value of T,, the magnetic transition
dimensions close to atomic dimensions, their properties are temperature, is estimated from the initial rise in magnetiza-
significantly modified by finite size effects and effects asso- tion. A Curie-Weiss plot is shown as an inset in Fig. 2 and
ciated with their interface. New phenomena, not seen in the the Curie-Weiss temperature T,. is determined by extrapo-
bulk, may also appear. In this work we discuss the properties lating the high-temperature linear portion of the plot to the
of ultrathin rare-earth based layers and will show (i) that the temperature axis. Both T,. and T,.,, agree within experimental
transition temperature T,. is depressed in thin layers due to error with the bulk values for Dy. Figure 3 shows a plot of T,.
finite size effects1 2 and (ii) that there is evidence for quan- versus Dy layer thickness. T,. shows a gradual decrease with
turn mesoscopic tunneling 3 via magnetic relaxation measure- decreasing layer thickness and at about 1 (i nm decreases
ments. This latter phenomenon is the subject of much current more rapidly. For systems with no anisotropy, T,. should go
research3

.
4 and we find a crossover temperature To, below to zero in the 2-d limit since it has been shown that no

which the magnetic viscosity is temperature independent, of magnetic ordering exists for a 2-d Heisenberg system of
20 K for the Tb system. This is the highest crossover temn- spins.s Inclusion of anisotropy niodifies this result and allowsperature reported so far. magnetic ordering to occur in 2-d. It is expected from finite

The systems we report on here are of the form R(d size scaling arguments that as the thickness of a magnetic
nm)/Mo (18 oim) with at least five bilayers and arc prepared layer is reduced, its transition temperature T,. should show a
by sputtering. R represents Dy, Dys11Co011, or Tb. floh Tb reduction.' Such effects have been seen in some transition
and Dy are ferromagnetically ordered at low temperatures,"5  metal thin-film systems.2 The dependence of T,. onl film

while Dyq1 Co51o is ferrimagnetically ordered.' The Mo l'iyer
is thick enough that no interactions can occur between neigh-
boring rare-earth layers so that they are magnetically iso- "y(2 nm)/Mo(3 nm)
lated. We have previously reported on the magnetic anisot-
ropy associated with the interface in some of these systems. 7

Examples of x-ray diffractomcters using Cu Kcr radiation at
small angles and large angle:; are shown in Fig. I for selected U)x 20
Dy/Mo multilayers. A thinner Mo layer is used for the small .) x",

angle diffraction mneasurenmcrl so that the small-angle s
maxima associated with the bilaycr spacing may he seen. 0 5 M

The Dy layers arc polycrystallinc as can be seen from the 20 (deg.)
presence of all the significant large angle peaks associated
with the Dy hexagonal structure (peaks in the range 28'-
36'). Ttie peak at 41' is associated with the Mo body cen-
tered cubic structure. For Dy layer thickness below about 3(1 0 Dy(d n m)/Mo(18 nrn)
n11 the crystalline peaks associated with hexagonal Dy be-c:3
come broad indicating structural disorder within the layer. "0 d.720

The x.-ray diffractograrns for the Tb and l)y5 ,j('o 5 , systenms .o30
confirn I thiat they are also layered. While the intrahlyer strue- 10

iure in Tb is nolycrvsiai.;nc like )v., the intralaycr structure
fbr the Dya,;o,,(I . ,tern is amorphous for all layer thick-
nesses With only a broad maximum in the x r'ly diflraclt 2t) 30 40 50
grant - "irgc angles.

Fig,. .; 2 shows field-coolcd UVF(' and zern-ficld-cooled 20 (deg.)
(Zil'') magnetizations for selected samples fron the l)y se-
ries measured with incicielsing teniperatimme. The applied field 110 .i I. , ( IV dilhaclograll. itl ',lil andl tiIgc anglcs toi scct'cct t)y/Mo

in t(le plaine ol the multilayer so that deinagnettization el- khitl\,.,:,, u,,ing ( 1-KN, I Idalil in.
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fIn,, and it' arc 1.5, 1.2, and 0.3 nm, respectively (assumning a
30 - -"."720 tint 32 monolayer is 0.3 nnm) with error bars of 20%. The X is in

E S.- -agreement with the approximate theoretical prediction. The
data deviate from the fitted curve at small t most likely be-

10 0 ~cause the structure of the layer changes from crystalline to
- 10 300highly disordered as seen in x-ray diffractograms. These fit-

0 ted values are close to those fcund [or transition metal based
20 t - 30 nm ' ZrC thin layers.2-

F FC At low enough temperatures quantum tunneling rather

E -than thermal excitation processes are predicted to dominateS10 -,.

- H.. = 200 Oc magnetic ieversal. This tunneling process is often referred to
as quantum mesoscopic tunneling (QMT) because the num-

o I - -~ her of atomnic moments coherently tunneling is inferred to be
10 of order It) 3 in systems studied so far.4 Magnetic reversal

processes involving QMT include magnetic reversal within a
5 single domain and tunneling of a domain wall through a

pinning site."1 These processes are of fundamental interest
and are also of practical interest since they may be important

0 in devices of nanometer dimensions.
0 100 200 300 In our thin films we exnect that magnetic reversal is

T (K) dominated by domain wall movement. Under these circuni-

stances the measured rate of magnetic relaxation when the
FIG. 2. Field-cooled (PC) and zero-field-cooled (ZFC) magnetizations in anl
applied field of 20) Oc for selected sanmples fronm the Dy (d nm)/Mo (18
anm) maultilayer series. The inset shows a Curie-Weiss plot. The solid lines 0.003
are guides to tile eye. . ,

E4.07 *

thickness for thin films is expected to follow the finite size 4.06

scaling relation2 0.002 3457.0

[T )- T<(n)]IT< n) = [(n -n')/no]-, (1) in(t) (see) A

where Tj(o) is tile bulk value of T, and Tj(n) is the value of
T, for a film of thickness in monolayers. i 0 and n' are mi- 0.001

croscopic lengths of order the size of a unit cell, and X is ano
exponent to be determined. This exponent can also be calcu-
lated and is -1.5 for a thin film assuming Ising spins.1t The
measurement of X serves as a test of the finite size model 0.040 8 , ,4 8 12 16 20
used to calculate it. The solid line of Fig. 3 represents a fit to
Eq. (1) using data with d>5 nm (n>17). The values of X, T (K)

_• ~0.00075, ,

200 b)
/

150

0.00050 -. 47

(100- LI-
50 'l*u 5

5 • 0.00025 .

0 25 50 75
0 T 'I K)
0.1 1.0 10.0 100.0 1000.0

d (1i11) FIG. 't. S(TI), the Imagnetic viscosity, ias ia function oIf tole pL'ratlre tot- t) i)y

(901) niln/Mo (18 i1) aind (lhl 'I1 (77 ni)/Mo (18 nalO miltilaycrs for a
FIG. 3. Magnetic ordering teniperamure T, %,s imagnetic layer thickness for measuring field oftl H100 e. Thie solid lines arc guides it ilict eye. The i nsel
tthe Dy (d nin)/Mo (18 ani) niultilayer series. Ihe solid line represents a ill (;0) ,hows all example ito a logarithnic litte M) dependente ot iiiagneli-
curve fil using Eq. (I). zation (M ill a 8 K. The solid line cprerseils i h:a -sll-,quarcs fit ito hie datla.
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applied field is switched from one value to another should be have considered a QMT interpretation of these results, theo-
independent of temperature if domain wall motion occurs by retical estimates in the limit of large anisotropy predict Tf)
quantum tunneling. We find that thle time dependence of' should be proportional to thle atomlic mnoment and thle square
magnetization can be parameterized accurately by a logarith- root of the product of the planar and c-axis anisotropy." For
mic decay at short times (<2x 1()3 s) thlus Dy and Tb) the c-axis anisotropics arc 5X 10 8 and 5.5X 108

M(t) = M0 [ I -5S(T) ln(t) (2 erg~slcc. respectively, and thle planar anlisotropies are 7.5 X 10"'
and 2.4X 10(' ergs/cc. respectively.12 Since the magnetic mo-

5(T), the magnetic viscosity, is a measure of the rate of ments of Tb and Dy are within 8% of each other this simple
change of magnetization. Both thermal relaxation a~nd funl- model suggests that Dy should have a higher T,, and Tb and
nieling will contribute to S(T). In this experiment hie sample so is unable to explain the large value of 7'( for Tb compared
is field cooled to a temperature T in an applied field of 1100) to Dy. We are currently preparing other anlisotropic elemental
Oc. The applied field is then switched to a new value, in our rare earthis in layer form to dletermine if any correlation exists
ease -100 Oe, and the magnetic relaxation M(1) is inca- between the microscopic magnetic anlisotropy and the inea-
sured. sured T,)

The inset of Fig. 4(a) shows the time dependence of This work was supported by NSF OSIZ92-55223 and
M(T) for the Dy (90 nm)/Mo (18 n~m) multilayer at T=8 K NSF DMR91-2383 1.
and as can be seen it conforms to a logarithmic dependence
on time. S( T) =(1 1M0)dM~d ln&l) is determined ironn thle

loeand the solid line in thle insert of Fig. 4(a) is a least- 'M. F.. F~isher aind A. E. Ferdinaind, l'hys. Rev. tell. 19, 169 (1I907); A. F.

squarzs fit. Figure 4 shows the calculated S(T) from the 'Ferdinaind and M. Ei. Fisher. 11hys. Rev. 185, 832 (1970).

relaxation measurements as a function of temperature for a 'F. ftianig, G. J. Manikey, P.4 T. Kir, and It. F. Willis-, Appl. Phy'ý. 73. 67610
Dy ad a h iultiaylr. Fr te Dymulilayr tere s a 1(1993f, and references thiere in.
Dy ad aTb nulila~r.FortheDy ultlayr tereis 3E. M. Chutdnovsky and L. Gunther, I'hys. Rev. Leif, 60, 661 (1988); P'liys.

crossover at 6 K to a regime where S(T) is independent of Rev. B 37, 9455 (1988).
tem~perature within our experimental error. In thle case of the 43. llejada. X. X. Ziang, aind 1E. M. Chudnovskv. Phys. Rev. B 47. 14977
Tb rultilayer where we have data over a wide range of tem- (1993); B1. Baribara and E5. MI. Chudnovsky, Phys. Lea, A 145, 2015 (19901);

D). D. Awschialom., M. A. McCord. aind G. (}rinslein, l'hys. Rev. Lett, 65,
puratures in the temperature-independent regime, it can be 783 (1990).
seeni ihat the cror-sover from the temperature dependent to -S. 1.cgold. in l'ert-oiagnelic Materials, edited by E. RK W0oltaribl (North-

temperature-independent region is sharp within thle accuracy H~olland, Anmsterdamn, 1980)1, Vol. 1, 1) 183,

of our experiment. This sharpness, expected from QMT if 1,K. Nloorjanii and J. M. 1). Cocy, IAfagnetic Glassesv (Elsevier, Amnlidain i il,
1984), (Ohlp. VI.dissipation is not important, together with thle temperature- 7P.RI'erera and M. J. O'Sheat, 1. Appi, I'hys. 70. 6212 (1991).

independewi ')(7T) is strong evidence in favor of a QMT in- "N. D). Mermnkij nd II. Wagner, Phys. Rev. Letl. 17. 1133 (1966).
terpretation of these results in these systems. ') D L. Mills. J. Magmm. Ivagmi. Matler, too, 515 (1991).

There is a large difference in the crossover temperatures '"K. Blinder aind R C. 1-floenherg, l'Iiys. Rev B 9, 2194 (1974).
1 'See Section VI1 of' F. M. ('hudnovsky. 0. Iglessias, rind P. C. Li. Staimp,

T(0 for the Tb and the Dy system with Tb, at 20 K, being Pltys. Rev. 13 46, 5392 11992).
considerably larger than Dy at 6 K. We note that while we 1

2 
j. ji. Rhyne and A. Fi. Clarke. J. AppI. Phys. 38, 1379 (1907).
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Bloch states of a Bloch wall
Hans-Benjamin Braun and Daniel Loss
Department of Physics, Simon Fraser Universia', Burnaby, British Columbia V5A ISO, Canada

Bloch walls inl mesoscopic ferromagnets can tunnel between periodically arranged pinning sites
leading to a Bloch band. The quantum spin phase gives rise to a spin parity dependent shift in the
dispersion. Static external magnetic fields induce magnetization oscillations and provide a magnetic
analogue of the Josephson effect.

The possibility of macroscopic quantum tunneling in at[Jik 12. Next, we introduce coherent spin states defined
small magnetic particle has attracted much interest both by &i.S ilf~i)=sl1i), where S is thc spin quantum number
theoretically', 2  and experimentally.:3" Susceptibility (units such that h=l ) and fl=(sin )cos b. sin Osin q,
measurements 4 on small antiferrotnagnetic gr; ins of diarn- cos 0) is a vector on the unit sphere.
eter :-70 A have shown coherent quantumr tunneling of the To find the tunneling rate it is appropriate to consider the
sublattice magnetization through an anisotropy barrier. On imaginary time transition amplitude between two coherent
the other hand, ferromagnetic domain walls exhibit a high state configurations expre,,sed as a path integral,
mobility and low coercivities, facts that renders them suit-
able candidates for displaying macroscopic quantum phe- ({01,,}Ie 13 {l/ t,) = 'i v/0 (cos ()e .',l ,,0.. (2)
nomena (MQP). It has been proposed 5 that domain walls can l
collectively tunnel out of a single pinning potential by apply- The Euclidean action is given by
ing an external magnetic field. i

In this paper we focus on another possible manifestation s,. /, 0] = ¾drf"d2 i iN ,-
of MOP: the coherent tunneling of a Bloch wall between 5 , 0 1.J2 d WA i

r eriodically arranged pinning centers in an insulating ferro- (3)

magnet. Such pinning centers c-m he caused by the discrete- and contains the energy density
ness of the lattice itself or by i magnetic superlattice created,
e.g., by ion substitution. We show that there is a finite tun- 'k/=NA{J[sii,12 0p(cb' + (O0)2]

neling probability of the Bloch wall between pinning sites - [sin2 0 sin2 cos2 0,4
and that, as a result, the low-energy states will form a Bloch s

band. `tlhe topological term gives rise to a shift in the band where J=,IS2a, K,.z=k,.zS'/a. The first term ir. the inte-
structure depending on spin quantum number and pinning grand of Eq. (3) arises from the overlap of the coherent spin
separation. We determine the bandwidth and show that the states at adjacent imaginary time steps. For a single spin and
decohering effect of the spin waves is negligible below 100 for closed trajectories it has the form of a Berry phase. The
mnK for typical material param2,ters. In addition we demon- term x cos 20r4r together with the energy density ..,V repro-
strafe that a constant magnetic field induces magnetization duces in saddle point approximation 6S..=O) the micromag-
oscillations in analogy to Bloch oscillations of a Bloch elec- netic Landau-Lifssnitz equations. According to our micro-
tron in a uniform electric field. This "magnetic Josephson scopic derivation, there is an additional term o0d4) which, as
effect" does not have a classical counterpart and thus pro- a total derivative, Jocs not affect the classical equations of
vides a unique signature of macroscopic quantum coherence, motion. Hlowever, in quantum mechanics all paths contribute
To observe domain wall tunneling, the wall area has to be to the transition amplitude Eq. (2) and therefore this term can

small. Thus we consider elongated particles (or ferromnag- lead to interference effects."
netic "wires") of length L. with a cross-sectional area of The Bloch wall
about 100 nm 2. For these late;al dimensions and at tempera- 4b, 1(x) = -rr/2 + 2 tan '(e`/), (5)
tures of interest, transverse spin waves are completely frozen
out and the system behaves effectively one-dimensional. is confined to the easy-plane 0=v/2 and is a solution of

Consider a Heisenberg Hamniltonian with anisotropies on &SE=(] which connects two different easy-axis anisotropy
a simple cubic lattice with lattice constant a minima within the wall width ý = \./KJ.. It is degenerate

with all Bloch walls ef),(x--X) that arise by a rigid transla-
.,-ýJ Si. - .-, (S•)• (I) tion by X which have the energy E,, - 4NAiK

0.j) ± We now focus on the decohering influcncc of the spin
waves on the motion of the domalin waUl. A moving Bloch

where Si is the spin operator at the ith lattice site. The lirst wall induces scattering between the spin wave states and thus
term describes nearest-neighbor interaction with exchange affects the quantum coherence of the system. To investigate
constant J; the next terms represents easy-. and hard-axis this effect quantitatively, we can introduce small fluctuations
anisotropies with constants kz>K >O. For thin long slabs around the moving Bloch wall and construct an effective
of materials like YIG, k, originatls from shape anisotropy. action for the Bloch wall position X. For simplicity and since
For the ID approxiniation to hold, the Sample Should have the hard-axis anisotropy is large in high-ppurity matelials such
htteial dimensions snmaller than the minimal length scale as Y I (, we first Clinmin ate the out of easy-platic degree of i
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freedom. Expanding Eq. (3) to second order in p ing kernel. In this case damping leads to a small renormnal-
-.cos 0--rr/2 and performing the resulting Gaussian inte- ization of the D(ring mass of the order O( I/N,%S) and shall

grals, tile transition amplitude Eq. (2) takes the form therefore be neglected henceforth.
fV.LqO exp{--S5 s0 } with the sine-Gordon (SG) action We now turn to the tunneling of a B3loch wall in a pe.ri-

odic array of pinning sites with distance d that is assumed to
S bhe an integral multiple of a. Such pinning sites can Ile incor-S;[]=NA d 7dx i - r?, + K( d, 4))'"F+J ( d,.0) '

SSsq1i fd a poratcd into the action (6) by substituting R, with the tcrm

1 K- ,-K, ,, (x-- nd). If the domain wall center (at which the
±KV cos 2 4, (6) easy-axis anisotropy is maximally frustrated) coincides with

one of these pinning sites, the energy will be lowered and the
domain wall Ibcomes pinned. Then inserting Eq. (7) with

ine!tuding a topological term ogd •b. The elimination of the out in this new ain nd that E ( w e
Eq. (5) into tis new action and assuming that d<8, we

of Easy-plane fluctuations gives rise to the kinetic term recognize that pinning can be described by adding tile poten-
•(iS)2 with K=S2 /(4Kza2). The action of Eq. (6) correctly tial 2Vfd7 sin2(-(rXld) to Eq. (8). The resulting action is
reproduces the long-wavelength excitations of Eq. (3) to or- now equivalent to the action if a single particle in a periodic
der ('(Ky/IK). The "velocity of light" c =- \[1K in the SG potential, e.g., like an electron in a crystal potential. The
model is the asymptotic spin wave velocity, topological term then plays the role of the electromagnetic

Spin wave fluctuations around the Bloch wall Eq. (5) gauge potential. Performing an instanton calculation we cai
(which also satisfies ,5 s,,;=0) are described by then extract the dispersion relation for Bloch wall states

O(x, ") = 4P1 1 (x-X)+ ýp(x-X, T). (7) e(k) = -- A/2 cos(kd-1- +'rSNAd/a), (9)

Here X(r) represents the instantaneous position of the Bloch where the bandwidth is given by 4 w; \S/,/2w
wall. Since a rigid translation of the Bloch wall is already x exp(-S 0 ) with instanton action S,,=(4/rr)dJV0-M and
described by the coordinate X in the first term on tile rhls of' frequency o 1t= (2 ir/d) 'VJ(/M. The topological phase thus
Eq. (7), the spin waves ýp do not contain the zero energy induces a shift in the dispersion by "rrSN,jd/a.
"Goldstone mode" d4b1 1/dx. Maintaining this constraint, Eq. To give some quantitative estimates of this effect we
(7) can be inserted into SsC0 and the transition amplitude consider material pararlmeters (at T=O) of YIG:
J'd/d exp{--Sso} can be brought to a form with X and ý as J =1.65X 10 21 erg cm, K,, 9.61 X I) erg/cim, where a
independent variables. Note that this constraint gives rise to cell with lattice constant a'=6,2 A contains one S=5/2 spin
a nontrivial Faddeev-Popov determinant, which, however, inmplying a saturation magnetization of M,1=194 Oe (i.e.,
leads to a correction of order O( 1/NAS).' In contrast to the K,=2n-M2 a2 =9.1X× 10 1 erg/cm), wall width "5=414 ,
standard Caldeira-Leggett model which contains a coupling and spin wave velocity c =6X 1t)" cm/s.
which is lineat in both the system and environment variables. An external field in the direction of Ihc easy axis induces
the coupling occurs here to second order in the spin wave a Zenman coupling term -. '. /Mjle,,X which has to be
amplitudes Nevertheless, we can eliminate the spin waves" added to the action Eq. (8). T'he potential strengtlh is related
and obtain the following effective action for the Bloch wall to tile coercivity H-t,., at which tile harrier vanishes, via
coordhrate V,/. /=-M l,)I.d/ir. If we choose d 3a and 11,.=2 Oc, we

#Ahave w/ = 1.45x 10 ' s 1, and IX/C'I - 2( 1 T.d/7r2- 0 2 1 I .S-ii1rS-- N.IT X2 For N,1 -260, the domain wall contains NAS/a ,l.7^)(I4
" o Jtunneling spins, and the bandwidth is A/h 5 X 105 s 1. For

d - u, the bandwidth becomnes A//h- ti I/ 1'0 s

+ I drl drK( r- r) [X( 7j--X(r)12 . (8) Next, we address some striking experinmental conse..
2 . queces resulting From this Bloch band structure: Bloch os-

cillations and tne magnetic cquiv1lcntI of dIe Joscphsoit effect
The first term is the topological term while the second termn where a constant external magnetic tleld Hi along the easy
is tile kinetic energy of the Bloch wall where M = 4NA K1/( is axis induces an oscillatory magneiti/atOil.
the D6ring mass. The third teiiii is tihe damping teiin due to Let us recall that the effective behavior of the domain
the scattering of spin waves. !or low temperatures. the wall in tile presence of' a periodic piininig array corresponds
damping kernel takes the Caldeira-Leggett form to the behavior of a single Bloch parlicle in the presence ofla
K(r)=(1 /ir)J7'idoJ(wo)D~(") with l),,(T)=e Tln. The peri()dic potential and can be dcscribcd hy an effective
spectral function is given by J(w) ý (w/2 "c)-)(Wo Ilamiltonian, P1/ ± 2M+2V, sini2(-rX/d), where 1) is lie noo-
- 2c/0) J7-(W•---( and reflects tile anisotropy ga.ip of thie mentum operator conjugate to [he wall position X, and V,1 is
spiln wave excitations. Thu, the damping effect of the spint given anove. We choose d " 3,a and for simplicity we assume
waves can indeed be treated within aI Caldeira-Leggetl SN,,d/a to be an even integer and thus drop) the topological
model although the underlying mnicroscopic coupling in- term. Te'li corresponding kinetic energy of tlie uipirtnrhed
volves term which is second order ii tile m agnoils (see also Wit AI) Bilch particle at the zlone boundaries., k 'I rid, is
Appeindix C of Ref. 7). given by e(, -(h 2/2M )( 7,/1)2 t10 nK k, , Ift, Ihr lilticular

As we shiall see below, the characteristic tinie scale ol'X pa'racitctr VaIties chosen above for YIG(. Thus wct lind Ihat
is much larger than the decay time 7-,.ý-- 5/(2c) of tliht damp- ,/V,. 0t.ttb, and hence we are in tihe light bindin,, limit (ats
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opposed to the nearly free limit) where the Bloch particle is cillations are independent and in phase. Thus the magnctiza-
strongly localized around the potential minima, and with tion oscillations add up coherently irrespective of the
band structure Eq. (9). The lowest band gap E; is of the individual casy-axis orientations. To minimize a broadening

order of 'i2EoVO = 0.35 V,), and thus much larger than the of the Bloch period the spread of the particle size distribution
band width A, since A/V(1=2.5x 10 5. Next we consider a should be small.
dynamic situation and apply to the sample an external mag- We emphasize that for the above field values Zener in-
netic field with H the component along the easy axis. This terband transitions can be safely ignored even for astronomi-
field drives the domain wall via the Zeeman term, cally long observation times. Indeed, the Zener tunneling
FX=2. /MOHX. From tile standard semiclassical equation probability is given by P=e A, with WKB exponent
of motions for a Bloch particle,8 .1 given by A = irr 2 E;/(4 e Fd)>8X 10 4 , if H<4X 10-5 e, and thus

1 oE cowP is virtually zero for tile above values. Zener transitions

v-= - - = vo sin[k(t)d], occur when P becomes of order one, i.e., H-H,=2 0e; in
!, d k this case the Bloch oscillations vanish and the domain wall

where v='=:Ad/(2h), and hk=F, we then find that for con- runs down tile pinning "washboard potential."

stunt H the domain wall position X(t) performs B3loch oscil- Finally, preliminary theoretical results8 suggest that the

lations of amplitude &A= A!F arnd Bloch frequency presence of dissipative effects due to magnons and phonons

u)II-Fdift. These Bloch oscillations result then in oscilla- is negligible also for the dynamics of Bloch oscillations. The

tions of the magnetization along the easy axis, with ampli- fact that damping can be expected to be weak is also sup-

tudc 3M-2NAgtU,1(S/Ia) X, and with tile same Bloch fre- ported by the recent observation of macroscopic quantum

quency a),,. Let us now give sonic illustrative numbers for coherence in smnall magnetic grains over very long times.

tile set of values (H,CoB,i5X,•M): A =(2X 1() 5 Cc, 5X 10' This work has been supported by the Swiss National

s-, --6.2 A , 2600 ,L•), B (10 50 e, 5X 105 s' d = 3a Science Foundation (H.B.B.) and by the NSERC of Canada

= 18.6 A, 7800 A,,), C=(7X 10_' Oe, 2X l)4s , 5= 414 A, (S.L. and H.B.B.).

2X 105O' 1u), and D =( 10 G' Oe, 8 s -1, 0.2 umm, 10I• ju1 ). Thus 1J. L. van lemlnen and S. Suto, Europhys. Lett. 1,481 (1986); M. Enz and
we see that the smaller the applied field, the larger is the R. Schilling, J. Phys. C 19, 1765 (1986).
oscillatory response, clearly a s!riking and unique quantum 2'H. M. Chudnovsky and L. Gunther, Phys. RLv. Lett. 60, 661 (1988); B.
signatare without classical counterpart. Note that these Bloch Bariara and E. M. Chudinovsky, Phys. Ltti. A 145, 205 (1990)).

3 C'. Paulsen et a(., Phys. Lett. A 161, 319 (1991).
oscillations are the magnetic analogue of the Josephson ef- 4D. D. Awschalonm, J. F. Smyth, 0. Orinstcin, 1). P. DiVincerzzo, and D,

feet: a driving constant field (1-1) results in an oscillatory IAMSs, P'hys. Rev. Lett. 68, 3092 (1992).
response (magnetization). Moreover, if the external field is 3W. Richemanl mid E. Nimbacht. J. Appl. Phys. 55, 10181 (1984); R C. IE.
oscillatory in time we expect to see resonance effects in the Stamp, Phys. Rev. Lett. 66, 2802 (1991).

la t yini isD. ss, D. P. DiVincenzo, and G. Giinstein, Phys. ,ev. Lett. 69,3233
niJagrn lization. 4 (1992); J. van Delft and C. t lenley, ibid. 69, 3237 (1992).

Very sirnilar to recent experiments on magnetic grains, 7 A. 0. Caldeira and A. J. Leggett, Ann. Phys. 149% 347 (1983).
observations could be performed on ensembles consisting of 811. 3. lraun and D. I.Ass (unpublished).
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Magnetic properties of cubic RxYj _x..A12 (R =Dy, Tb) intermetallic random
anisotr-' y magnets (invited)

A. del Moral, J. 1. Arnaudas, C. de la Fuente, M. Ciria, and E. Joven
Uttdad de Magnetisno, IDtpartamnrno de Fisica (it la MlaIL? a Conden'.ada and1,IC'M11 Universidad de
Zaragoza and CSIC, 50009 Zaragoza, Spa in

P. M. Gehring
Department of Physics, Brookhaven National Laboratory, Upton, New York 11 793

A short review is made of thle key magnetic properties of dilutc cubic R.,Y1 .Al, (1? Th, Dy)
intermietallics, in order to show their main magnetic features. Dilution by Y introduces a weak
randorn magnetic anisotropy (RMA). The rich magnetic phase diagramn is described, including
paramagnetic (P), spin glass (SG), correlated ,pinl glass (CSG), random ferromnagnetic (RFM), and
ferromagnetic (F) phases, with a triple point and two multicritical ones. The paper deals with thle
induced mnacroscopic magnetic anisotropy cooling in a magnetic field below TsFj or T(.5(,, transition
temperatures, which can be either unidirectional or uniaxial or both. High-field (3 T)
magnetostriction in Tb) series shows, for x =0.48, 0.59, 0.87, a decrease of thle Callen a exponent

X,-,ain =reduced magnetization) below 3. The Sompolinsky irreversibility parameter A has
been determined for the Tb series in the SG rcgimic, and a replica model is presented to explain thle
A(T) dependence. Thle character of the P--ýSG or P--*CSG transitions is addressed, through the
scaling of nonlinear susceptibility (SG regime) or a ferromagnetic-like scaling of magnetization,
respectively. From quasielastic neutron scattering around Q=[1,1I,11 we determnine the temperature
dependence of the miagnetic correlation length inl Dy11 8Y1, A12, which peaks, but does not diverge
at T,. A niagnon excitation at 3.5 ineV is reported for x =0.8.

1. INTRODUCTION of TY 1 , ~A12 has not been yet explored in such detail, only
up to x=0.50), showing P. SG, CSG phases, ýsee Fig. 1.), with

,R?.Yi-.,A1 2 (R=Dy, Tb) are ciysialflne cubic Laves a TP at X =ý0.27, T1,=8.0 K.'
phase compounds. We have extensively studied their mag- The aim of this paper is to present the magnetic proper-
netic propcrties using as probes: low- and high-field magnle- ties of the RMA system RxY 1 .,At, (Dy, Tb), showing some
lization, ac magnetic susceptibility, ferromagnetic-like seal- previous work and adding new results recently obtained. Inl
iogs, law of approach to saturation,' Arrott plots, observation particular: the field-induced imaicm~scopic an1isotropy in
of transition lines, existence of Edwards-Andeirson (EA) DyA V, xAl,, together with rotational hysteresis found (Sec.
par amreter, 2 hysteresis,-' magnetic anisotropy mecasuremients, 4  11); CEF origin magitetostriction, showing that in Callen' .9
Bragg and small-angle neuLtron scattering (SANS),-' and mp law in TbYl Al, p--3 (Sec. lit.); the Soinpoliinsky"'

magetotrcti.6 -hs esueet have revealed the ireversibility order parameter A in Tb series (Sec. IV); as-
coninouncis as weak random magnetic anisotropy (RMA) pects of the critical bechavior at the P-SO and P-CSG transi-
systems, exhibitivg a very rich variety of magnetic phases lions inl Tb series, from magnetization measurements, to-
and irantsitions,7 likely never observed together in a RMA gether with neutron scattering around T(. (lP--.SG or RFM)
system. Of the possible origins for tile RMA, the most likely
is thle strong magnetoelastic coupling, because of the local
strains introduced by the y~'l substitutions.' In Fig. 1 we
show the magnetic phase diagrams (MPD) for the Dy and Tb 6 0
series. The Dy systemn exhibits paramagnetic (P3), spin glass 2

(SO), and correlated spin glass (CSG) phases, with a triple __4'

poit S a X,~=0.3 0.1 At 0 K a lirst-order transition from ' -

CGto ferroniagnet (FM), driven by coherent cubic anisot- ,, ,0
ropy, is observed at x, =0.62, remaining uip to x,' ý (0.87, (',,F M

where thle FM phiase extends up to thle line boundary FM-lI, PM
with a tricritical point at 7T,= 45.4 K.7 At x,=0.62, at bound-bewe "S n 2 0 D~ Xy0 I XAlaiy btenCGadaquasiferromlagnetic or randomn ferry- E firtm
magnetic phaise (RFM) appears, with anl ending tricritical H *CS

p)oint at Y',=~29.5 K. For x >x, the line of transitions RFM-l1 FN t,*.

shows a crossover exponent 8 0.1 k 0), 0.2a 0.f ap- 0 0.8 1
proach to saturation allows anl estimation of D/.10 , e.g., conec"n fiat ion, X
-0.04 for x =0,83, between tile strenlgth o thle randomi crys-

tall field ( ClF) DI1. and the posiliVe e xchlange interactio /,tI ~oI p~s irr w v .v~ptns ~,c
according to positive paraminagnet ic Curie teminpe ratuore 0. Ail ~ '1*Y ,Al., on I(, ) lio w suwwcpih bil Iv (4) Iroll til e bIralchi ng
increase ol sue h ratio with dlecicasting x is likely. I,)TIhe Mil~l) po its' ot l-ig. 410)I
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in the Dy series, and the magnetic correlation length tern- 8 ----- •- DY-I 2
perature dependence. The amount of work reported is large, --
and the presentation is succinct. 6 T 3.8 K

II. F'ELD-INDUCED MACROSCOPIC ANISOTROPY 4 '•

AND ROTATIONAL HYSTERESIS

We will address three points: the symmetry of the field- 2
induced macroscopic anisotropy (FIMA), the rotational hys-
teresis of anisotropy torque, and the differences in the torque 0 [
curve symmetries, when cooling above or below the coercive
field. The samples were single crystals of DyY -xAl 2 (x 0 90 180 270 360

=0.3, 0.4. 0.6), i.e., at the CSG phase. The anisotropy torque (a) 0 (degrees)
Lk was measured from the magnetization perpendicular to

thcr tating magnetic field B on plane (110), because 0 Dy 0 6Y0 4A1 2  X10 3

i L, -Mij.B. A complication is the coherent cubic anisotropy 3.0 0

(CA), which was averaged out by measuring in fields so . " - -T -- 3.8K 2
weak as to have the crystals divided in six (100) domains, so 00 S 0O

that (Mý.,)=0, for the sample average spontaneous magneti- • 2.0 -% 0 *

zption. W/e developed 4 a model, based on Henley et al. and ." 0

Saslow" ones, which predicts the appearance of FIMA an- •, 0 o 0- - I

isdtropy both unidirectional (UD) and uniaxial (UA). Start- 1.0 ",*. oo -
ing with the ilamiltonigo, . 7 -2

0.5 3

(I DI (aiYSi)2, (2.1) 0 -. 4
a013 i,a 90 180 270 360

i<(b) (P (degrees)

where Li are the local RMA easy axes (EA), i stands for 2 F

sites, and a for spin components. It is possible to show 4 from 2 xl 1, Dy Y Al.I
Eq. (2.1) that the FIMA energy becomes, 1 .II 2[=3.8K

ERMA= -- KRMA COS 0- 2 KRMA cos 2 0, (2.2) * .. I

with K�RMA=(4/15)N(D 2/Ju) (N, ion number per unit vol- I J;1. ,,

uime). Fo this energy me must add the CA, so the total an-
isotropy torque becomes -1 III

F(0)=-KRMA(sin 0+2 sin 20)-(K1 /4+K 2 /64) -2 .

1 Xsin120---(3K1 /+K 2 /16)sin 49+ , (2.3) (c 0 90 180 270 360
+ 16 0 ()p (degrees)

where K , K 2 are CA constants, about 1 higher than KRMA. FIG. 2. (a) Magnetic anisotropy torque vs 9 angle curves for DyY, Al,:

We did two experiments: cooling in the low measuring x -0.30, (0); x -0,40 (0). The full lines are the theoretical (its, according to

field, H,, and cooling in a larger field Hpc> I kOe and nca- Eq. (2.3). (b) Torque curves vs ý0 angle for DY0,,y0.,,41 A12, ftr applied fields:
suring in the lower one (HII:Jl(100), easy axis). In addition (0) 0.23 kOc, (0) 1.0 kOc. The cooling field was 3 kOc (see meaning of 1P

HFC can be larger or smaller than the coercive field H,.t1,2 in text). (c) Torque curves vs q! angle for Dy,.4FYu ,65 Al2 for applied field 80
Oe. The arrows show the sense of successive rotations. The cooling field

which makes two different situations. The magnetization will was I kOc.
be M=XH+Mr, where X is the isotropic cubic susceptibility
and Mr, the remanent magnetization after FC, which can be
a complicated object. (i) We first address the case when both lating to zero. Model Eq. (2.2) has thus been established.
UD and UA FIMA's have been produced. In Fig. 2(a) we Notice the existence of a constant torque I, whose origin
show Wne torque curves for x=0.30, 0.40 below T,- for FC should be a Mr component, rotating in phase with H1, limited
and H,,=0.25 kOe, above H[,. At this field, Ki and K2 are by the shortest spin relaxation times. (ii) A second point is
very small. Fourier analysis of F shows sin 0 and sin 20 that there is a crossover from H <H,. to H,,,>H-,., i.e., from
components, indicating the presence of both anisotropies, al- unidirectional plus uniaxial FIMA's to unidirectional alone
though for x=0,4 the the UD character is stronger. Extrapo- [ir and 2ir periods in F(ýp) curves, respectively, where ýo in
lation to H,,, =0 of KMA(H,,,) obtained from the F(O)sin 0 the rotating field angle]. These experiments were done with
component amounts to 127 and 225 J/Im, respectively, at 3.8 I-cI I/,.. This i.; shown in Fig. 2(b) for x0.6, where
K. We notice that the 1'2 coefficient (of sin 20) is not 21', (of I,.=0.39 kOc at T=3.8 K and 1It;=3 kOc, in going "rorn
sin 0), because of the CA contamination, which practically 11,,=0.23 to 1.0 kOc. The sarne behavior is observed for the
disappears below •0.70 kOe. In fact a combined plot of other concentrations. In the first situation (tt,,<It,.), M, rc-
'2- 21 ', and (Kt/4 --K2/64) gives a linear relation, extrapo- Uhiains fixed along (1()(1) cooling direction, whereas in the
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second one M, splits in three components: one fixed to (100) X 10.3

(F 1 torque), a rotating one out of phase with t (W 2 torque),
and one at a constant angle with H (Fo torque), due to the 1.0
mechanism suggested.

From KRMA one obtains D 21Jo (=0.007 and 0.01 K for
x=0.3 and 0.4, respectively), which allows a separate esti- t-

mation ofD) and J0. Since we found above that D/JoO0.04, Tb" Y,, A12
we now have D-0.2 K and J 0 -5 K. (iii) We now consider 11-= 3 T
the rotational hysteresis, which suggests metastable states in 0._ 5__"_ =3
these RMA systems. In Fig. 2(c) we notice, for x=0.4, 7.0 8.0
Hrc=l kOe and H,,,=0.080 kOe, at 3.8 K, a strong hyster- M(T) (p 1Jb+3)
esis (,O=0 to 7r) between the first clockwise rotation and the FIG. 3. Double logarithmic plots of magnetostriction X,(T) vs M(T), at

second counterclockwise rotation, the hysteresis disappear- 1i=3 T, and for T<20 K, for Tb.,Y' ,Al, for x=0.49 (x), 0,60 (0), 0.87

ing afterwards. An explanation for the transient in the initial (0), and I(A) compounds. The slopes give the e:xponent p [see Eq. (3.2)1.

Lk(q3) curve is that the spins with the shortest relaxation
times easily follow the field, the slowest ones following it
later on (curves I1 and II). The hysteresis increases strongly with S=J[1 - n(0)], proportional to the RMA disorder 0 K
when H,>H,., as expected. Similar behavior is found for magnetization quantum defect A(0)1-nt(0). The important
the other concentrations, result is that p< 3 .

We have searched for this ti 3 violation in TbYt-..A12
III. MAGNETOSTRICTION: VIOLATION OF m 3 LAW (x=0.49, 0.60, and 0.87) compounds, measuring X,(T) and

M(T) up to 12 T, from 1.5 K. In Fig. 3(a) we show low-
It has been predictedt 2 that when the local RMA field temperature (T<20 K) plots of Xt vs M at H=3 T, where we

satisfies HRMA>H, but HivHCX (H and Hei are the applied can assume H>HRMA. From them we obtain the p values:
and excwhwange fields, respectively), so one is in the ferromag- 2.3 (x=0.49); 2.7 (x=0.60); 2.65 (0.87), smaller than for the
net with wandering axis regime (FWA),w3 that noticeable de- good ferromagnet TbAI2 , p= 3 .0O.l. As expected, p in-
viations from the Callen and Callen9 law for CEF-origin creases with H, becoming quite close to 3 for H= 12 T. Also,
shape magnetostriction io are enpected: Xt-,n", with p< 3 , from p expression we can evaluate A(0):0.24 (x=0.49); 0.16
mn=M(T)/M() being the reduced magnetization. It can be (x=0.60); 0.18 (x=0.87). These values are slightly higher

than those Gbtained from the ratio M(0,H)/NgJti :0.19,

X,(T) ((O"(J))),. M(T) ((0')),. 0.16, and 0.12 respectively, this reduction likely being due to
Xt(0) "=" (O j' M(0) = t (3.1) thle magnetization induced by the strong cubic anisotropy.

Notice that the extrapolated 0 K Tb3+ magnetic moment inwhere O and O( are Stevens operators, functions of the T1xYI xAl• is unquenched, t 4 (9.0±0.3) , allowing us to

angular momentum J, (...) is the thermal average and (.),. take M(0)=NgI1 1j, i.e., excluding RMA effects.
is the average over the local easy axis disorder. For large J,
we express 0(,! in terms of site spin wave (sw) deviation
operators, a,a +, but introducing c and c' numbers repre- IV. FC AND ZFC MAGNETIZATION IRREVERSIBILITY:
senting the static spin deviations, writing ASSOCIATED ORDER PARAMETER A
a=(1 +u)a+va +c, where the (u,v) numbers account Our best studied system demonstrating the irreversibility
for sw scattering by the RMA disorder, and a are Bose op- between FC and ZFC magnetizatiots is Tb, for
erators. Then it can be shown that in the FWA regime, where 0.15--x--0.50. The behavior is quite different in the SG and
,w are proper: CSG regimes. At CSG regime one observes [Fig. 4(a)] a

M(T) 1 -Jt-((a "a))c branching point between FC and ZFC magnetizations at T
M(0) I- _ (cc+)-+(v--.}' followed by a broad maximum for the ZFC isofield, both

and magnetizations rapidly decreasing when approaching Ts(,.
For SG regime, only a branching point is observed coinci-

((G 20 (T)))c=3,12- I(J +)-3(2J- l)((a a)),. dent with the cusp [Fig. 4(b)]. The Mz:(--Mivc diffeience
decreases with increasing field, finally merging. Strong re-

+- 6J 2[ 1 - m (T)]2 , laxation was found for H I-H,., at the ZFC branch, for both

with re(T)= ((ýJ))./J. Combining the above four equations SG and CSG regimes.
gives t 2  The usual order parameter considered for SG systems is

X'(T) r[M(T) 11' that of Edwards-Anderson (EA), q, convenienily redetfied t5

S( for RMA systems. Although useful, there are difficulties with
t(0) M (o) (3.2) q: it has nonzero value for T'> T7;(; even at zero applied field,

whcec and there are subtle theoretical difficulties with the replica
method. Therefore it seenms worthwhile to use the FC-ZFC

3[_J(2J -- 1) -6 6/ ±51 ( I + 4 6) l .rreversibilily to define an additiona! order parameter, in the
P = [J (2.1 - I ) - 6 l -+- 3,5( 1 ±- 26) ]' way proposed by Sompolit-skylO using a dynamical model
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FIG. 4. (it) Field-cool (FC) and zero-field-cool (ZF-C) isotield curves for 1Ib0.45Yo).55AI•" compounds at increasing fields. (b) The samec as (a) for"llh,Yj A,AI:
(40), x=0.25 at 11=26 Oe; (+), x=0.15 at 11=3.6 0e. The full lines are the theoretical calculations for the X,:( susceptibility. (c) Reduced miagnetizationl

M(T,12 T)/M(0,12 T) for Tb,Y, -,AI2: (0), x=0.15; (0), x=0.25. The full iines are the theoretical fits (see text for details). (d) Irreversibility order parameter
A vs temperature for TbY__,Al 2 : x=0.15 (0), H=3.60 Oe; x=0.25 (0), 11=26 Oc (see text for details). The full line is the theoretical cialculatiott.

where time-variable spin noise and time-persistent noise due where XF~c and Xzt:( are low field susceptibilities and C is the
to RMA are combined with TAP16 theory. The resulting irre- Curie constant. The equilibrium Xtc susceptibility is ame-
versibility parameter A becomes nable to calculation as (M/H) for very small H(few Ge). We

T developed a replica-MF model for RMA systems15 where
a (XFC--Xzt-c), (4.1) M(T,H) =Nglz,((J,)),. has the form

1{•ox ''r(J, cxp a. 12 _1_[ YX+ '80(g- _! )2 mg+& B]1J

_-_e . 2 .[--g/2 [ (4.2)

.irTr exp[..• ].

with 8_=1/KI)T and m =M(Np.B)-l. The parameters a and In Fig. 4(d) we present A(T) for both x, at 11=3.6 and 26

y depend' 5 on the CEF parameter D, on tele quadrupolar Oe, respectively: note that A(Ts(;11,)=O. Figure 4(b) shows
momentp= <,. -),., and on q = ((,I) 2), . O=zJo is the para- Xtsc(I), calculated frorl Eq. (4.2) for those fields. From Eq.
magnetic Curie temperature, and z is the +3 NN number. (4. 1) we have calculated A(T) for both compounds, the

Then, to evaluate M, p, and q, we need a knowledge of the agreement with experiment is reasonably good [Fig. 4(d)].

parameters J0 and D. We obtain D from the condition
q(Tso,0)=0 by extrapolation, and we obtain .I1,, together V. CRITICAL BEHAVIOR, PHASE TRANSITIONS, AND
with a refinement of D, from a self-consistent calculation of NEUTRON SCATTERING
M, q, and p, and fitting M(T,H1) to the experiment. In Fig. A still open question is if a RIMA spin glass undergoes at
4(c) we show the high-field (12 T) measurements of M(T'I7) "l's( a phase transition. The answer cat be obtained by a
for x=0.15 and 0.25, together with the best theoretical fits. scaling analysis of the nonlincar susceptibility XNL, which is
The resulting values were for x=0. 15, D =0.5 K, and ,l) 16 proportional to the singular conlponcnl of q. 2,t7 Sitnilarly for

K (z ý0.6), and for x =0I.25, L) =0.7 K, and .I= 18 K (z = 1 ). the CSG or IM pha,',es one is tempted to see if the magneli-

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 del Moral ot al. 6183

.•,,I



x io. 3  Tb Y AlI Tb 5 Y, Af1  •n • A gL
X" A0 ^ 0.25 0.75 2 1 4 u 5(1 5 I N

S40 C 1000e 7 0 01,

00 + 4 I SO il 2 LO,

1 .2

02 -- I 700 12

510 1520 b)IIIi

(al) Temperature (K) (bl) It Ill / I I I'•*YI I

4 L
•150 Oe l'boZSYo 75 A12 0
x ZOO0e 'b( "I ( ' )Ao,
- 3202Ce A o(1'2 . 6SOOe Le.k•

*• 7000ec '• 1,0

½ A1000Cce

02 k~lt

-V r , 8. 84 I 1 1-.2 Ys-•6 0.5 T =34 K 5 I,

-2 =

3.0 0 = 3.
-0.0015 *0.(0U5 0.0005 0.0015

(a2) In-I II I (b2) 1/ I ''_

TbOZsYO.'1Al. .70 * *
-4 0 D 0401( A 10116151

, . , ' 2 0 0 0o e 
5 o , I I 1

* 302? Oe*** 
0

"a550Cc W.

~ ~ 700Cc /t

- A10000, 30~~-7 'r, - 8. . , -6 D ( NY 1, 2A 1

to AI

-7 -6 -5 -4 -3 25 35 4,5 55 65
(83)~~~~~ Tal / l•z¢ c lemplerature tK) •

(a) n " i ',1()ICIIIr"~ r O.. K

"( 0 oI)Y 1 5Yo' 2 A 1,

t)

. E. = 14.7 11eV

A 0

IL)

30 3 5 40 4 5 5 0

(d) Tllemperature (K)

FIG. 5. (a ) Nonlinear susceptibility Xs, vs temperature for "l'bh,1 2,YO.17 A12 at inc ,eaing magnetic fields; (a2) double logarith ie (fl ,, y, ) scaling For .r =0.25:

(a3) the samne as (a2), (S, , 4',) plot. 1t, is the internal field. (bI) Double logarithmic f':rromignctic-like I/3,yt scaling plot for T [II)Y .s ,AI. TIne uF5per branch

is for T< T,. Ilii is the internal field, (1)2) The saine as (b h) scaling plot (6e.st) for I'fbj s1Y. 5 ,AIŽ. t- ) Scattered nieutron ilttensity, 1(q), vs temperature for

different momentum transfer q= (2n//a) " (4a * values are ,hown within the graph), around Q- (21r/a) 11,1. I . for Dy,1 H1IY•,",Al 2 (a, the lattice constant).

(d) Magnetic correlation length temperature dependence for Dy 1 011Y 0.z2 Al2 (see text for dctails). The line is an eye guide.

zation satisfies a critical scaling similar to iFerromagnets and (i) Critical scaling of XNI. of' DyYI _,Al 2 has been cx-

a ferromagnetic-like neutron scattering around T,.. We will tensively studied elsewhere
2 and we will focus here on the

address these points in TbYt -,A1 2 compounds, together Tb series at SG regime. The nonlinear susceptibility was

with neutron scattering around T, for Dy1 .HY1 .2A12. obtained as Xt-,=X(l
1 )-- ,ym where the linear one XI wast_
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TABILE 1. Nonlinear suisceptibility Xi, scaling exponents for the series Tb),Yl Al,' at the SG reginic (s label).
Ferromagnetic-like eXponents at the CSG regimie (no label). The transition lelopew tu ics and fractal diniension-
atl it y df=-d0,1'(A., At- [3,) itre included. For V,,, exponents: ( *) ate from (,G,, y,) sealIinjg, (+ ) from W ,,q, $
frotn scaling at T5,,; and (#) from scaling laws. Error bars are ±0.1I in /3, and ±01.5 in y, , , and 4

Comnpound Ts(j (K) PS .' S5  01's

(1.15 4.7 5.0t($)
0.2(0 0.8 I .2(*) 6.0 *) 0 .011() 7.2(#)

5.0($)
0t.25 8.5 I .2(*) 6~(1*) 6.00(1) 7.208)

1 .201) 6.01(#) 6.(t-F-) 7.2(-,-) 2.5
Compound I'.. (K f3 6

Th)AI 2  W7 10.411±01.015 1.25±11(105 4.1 ±tl.0t 1.65 01.011
01.501 34 0.5±10.5 1.3 210.1 3.6±01.1 1.80(1 OA.

accurately tmeasured at a few Oc. In Fig. 5(al) we show below 36 K static I A\ disorde-r beco-mes important. lin vig.

XNI,(7~') foi x =0.25, the variationi beirtg similar for x =0. 15, 5(d) we show OT' diverging at T,., anl indication of the
0.20. No shift with I/ is found, signaling T,.( as at fixed absence of long-raý,_c ferromagnetic order. This develops.
point. TWo kinds of scalings: 17 - XN1. L 1  for the longitudinal miagnetization,8 at finite 7' only above

=f(ItlI/H 2/0) and - XNt,11I1I6' = f'(H 21111 13, 1) were per- x=0.87.1 We should Mention that we have very recenltly oh-
formed I-see Figs. 5(a2) and 5(03), with the best data "col- served a sw excitation at Q~a*[2,2.-().4] of 3.5 nieV for
lapscs"J', in order to determine the pairs of exponents x =0.8 at 10 K, a cotnfirmiation of the predicted existence of
(8,, 4,~) and (f,G,, yj, and to verify the scaling laws; also tlie spin waves in weak RMA quasiferromlagnets.18

first s-..aling was performed at T.%, where X., 1/i
[= (71- T50 )/Ts01 is thle reduced tcemperature]. AllI exponents ACKNOWLEDGMENTS

are in Table 1, scaling laws being reasonably well obeyed, as We acknowledgc tilie Spanish I)GICYT for sutpport with
well as universality, although exponenits markedly differ Grant No. P13-90-t1014. Useful discussion~s with J. Cullen,
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Correlation decay in low-dimensional spin glasses
A. N. Kochariana)
Physics Departnent, Union College, Schenectady, New York 12,308

A. S. Sogomonian
'4rcvaa Physics Institute, Yen'eva 3750.36, Armenia

A new method to investigate the two-point correlation function decay in a finite size random spin
system and at finite temperatures is proposed. It is applicable to systems with cyclic boundary
conditions and in any local or uniform magnetic field. The efficiency of this method is presented in
the case of an isotropic XY spin glass model with Gaussian bond distribution in external field. Using
unitary U(I) gauge transformation and operator inequalities we have obtained explicit upper bounds
for generalized spin-glass susceptibility K(T,R) that describes off-diagonal transverse
magnetization in two dimensional random XY spin lattices at finite temperatures. It is found that the
slowest possible decay for susceptibility in random XY spin glass is of the Kosterlitz-Thoulcss-typc
with power-law decay in 2D, and the exponential type in I D, at low temperatures. These upper
bounds rule out the possibility of the corresponding magnetic ordering in I D and 2[) isotropic XY
spin glasses at finite temnperatures.

INTRODUCTION tain the finite temperature transition, in the case when spins
are frozen randomly and we have neither fet omagnetic nor

During the last two decades, the problem of randorn spin antiferroinagnctic states, but more of the spin liquid type.
sysiems have attracted the interest of many physicists. This is In this paper, we propose a new method for investigation
because among the systems considered there are simplest of the upper bound behavior of two-point correlation l'unc-
examples of the random models such as Ising spin glasses or tions of such random systems as the isotropic XY spin glass
randomr XY model with nearest neighbor or long-range model with long-range interactions with the Gaussian bond
interactions. ,2 These systems are characterized by a compe- distribution at sufficiently low temperatures and in an arbi-
tition between ferromagnetic and antiferronmagnetic interac- trary magnetic field in one and two dimensional lattices. Be-
tions and a huge number of their experimental examples low, we show that the upper bound for generalized spin sus-
have been studied. As a result, conventional magnetic long- ceptibility at low temperatures in 21) lattices is power-lawrange order is impossible. In the mean field approach we can like. These results rigorously rule out any possibility of theobtain numrheus termodynamic states and suggest the ca- l corresponding long-range ordering in ID and 2D random XYobtaintncef therli mofdphamic stransitis and suggste teper s models at nonzero temperatures. The suggested approach has
istence of the line of phase transitions at finite temperatures been used before to obtain upper hounds for correlation fuoc-
in the presence of a magnetic field. On the other side, there tion decay in low dimensional I lubbard model as well its for
is evidence that the nature of the random spin system (planar correlation functions in anisotropic I lcisenberg--Ising like
XY model with spin dimensionality ni equals 2) at finite tern- models with arbitrary spin.'1 5

peratures and in low dimensions may be close to the classical
XY model in the 2D case and correspondingly quite different
t'romn the simple mean field picture. The essential difference SPIN-GLASS MODEL
is in the properties of the low temperature phase. As is known, the Ialniltonian of the random XY model

There aie many doubts about the possibilities of obtain- with long-range interactions in the presence of local lhngitu-
ing real phase transitions in such systems at sufficicntly low dinal magnetic field is represented in the form
temperatures, For all these models, one believes, an upper
critical dinIt.sion exists, and the critical properties associ- 1S..i .- G .1 , ("> "- .-S"S") -. lI.s V.)' ],( i5S~) _,IISV(1

ated with the transition are modified due to fluctuations be- ,.l
low this critical dimension. In other words, the main pr'blem The main distinction from the usual XY model is that the
is whether or not phase tram sitions arc possible in real three value of the exchalnge inlegral ,]1 ill (I) is ra ndom and given
dimensional space at finite temperatures for random spil sys- by a Gaussian bond distribution function kGI,) where each
temrs. This circumstance depends oin lowest critical diien J,1 ,, is statistically itndependcl t of' all others,
sionality d,.; and if d,.>3, then phase transitions arc ruled
ouit, and if d1,.-3, then there is a possibility of obtaining a ,/i(.I,.) -..•- C-- exp .- (2)
rcal finite temperature transitiom.. U l'fortul lately, there arc no Up 2 r,,, (r tra

exact results corresponding to the valtie of parameter 4,. il where or, (.];,,.) -- (.1,,.) is the dispcr.sion of the system.
spin glasses. The same question can be stated also in two For tIle rim •ti•d spin lattices all Iphysical and therntody-
dimelsional spin glasses, where it would be possible to ob- ianiical expectation values For Correlation Functions (....)r

. ..must be averaged also by pariirmeter .l,, witlh di!tribution
"616rmatl Appi.dPhys: 6cr (v101 Physics, histlit,:. Yer9van 30•15-3. Arne,$ia. rlltnctio9P:
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r) f .... ) 74 b(Jlu)dJuv () [(S'(R)S (0) +h.c.)'*jzD exlii -f(T.Q)ln R? 1, (8)

The thermal expectation in (3) is defined by
( ... 7lrini 1/N Tr( ... exp[--/31H])/Tr(expL-/3[l]), where we f( T,.Q) (2- - (cosh Q2- I)I
replace the infinite lattice with a finite one of linear dimien- 27

sion N with periodic boundary conditions and take tile limit Thle parameter 1) in (7) and (H) weakly' depends onl the temi-
N~oo. perature, which appears it) he due to at Gaussian integration:

To prove the restrictions on thle correlation functions
we use unitary U(MI gauge transformation 1) ( 2 mr)TI d.1, expi i 2li~'(4j
T(i9)=H exp[ Oi(Sjr)], where V is anl arbitrary function ott the
hypercubie lattice, and the identity TrIA eXP( -- BPM1 Thle eXpression f( I.Q) depends 011 thle efCti~ve dilnrensionl-
-Tr[ T( )A T -'(0)]expf - /T( 0)1-17' t((i)] with /3- lIT, lit less parameter Q2 - 4 1j. -i The optini~tii/aion of hie bound IC
the following 4 we also let O=itp be pure imaginary, and in latioti (7) by tile paraitnletr C) gives, iw t-ondil on
this ease the transformation is no( longer unitary. lo get upper
bound for different correlation functioins we also use sotme I - . io 111 Q(cosh Q I t0
operator inequalities. 4-( -

The tratnsverse susceptibility inl the regular KY model. Th ie samte type of' calculat1 ions gives thle upper bound f or tilie
which is defined f1rorr the two-point correlation function, calt It) ease, whltee (p, rI
be represented jOi the formsti .)S21-_1 XIj C .1

N -- j iI I]where

where upper bound B(R) for two-point correlation fuinction 4J 2

A (R) at sufficiertly large distances R =i--j in regular lat- f1 (T',Q)-4(2- Ty (cosh Q2 - I I
tices is dc fitted by The main result contained in Eqs. (H) aind (9) does itot de-

-2 ~ ~ ~ ~ ~ pn Itt mageti fil n goess toa inhetit the tw-pitaoreatomfetn tefr oft
B~exp 2I R±+27Ui( Y, jJ,,,cosh(lp,, -k)-geoinfmanetic fiel t ond showsrtltatio whenctioe paamtr off

11V 5) diagonal transverse ntagnetization goes to zero. This meant,

that it is impossible to obtain it phtase transition in 2D ran-
This expression depends on the exchange parameter J,, and dom lattices at any finitc temperature and for an arbitrary
variables lsp, and ýp, which are unique solution of Poisson value of magnetic field (local or uniform). Oit thle other htantd,
equation -A 1 ~(Sf-~ on the hypercubie lattices the investigation of the upper bound in Eqs. (8) and (9)
and they satisfy the same conditions as in Ref. 4. The posi- shows that the slowest possible decay at low temperatures is
tive charge q is defined later from optimization conditiotn and power-law like, which in principle does not exclude the pos-
constants 5 and L exist depending ott parameters of the sys- sibility of a Kosterlitz--Thouless-like phase tranrsitiont in 21)
tem and lattice dimensionality, so when for arbitrary u attd v spint glass.7 But in contrast to Rtif. 7, thle critical exponent
With IU - vjL, I - I 11j-q ,5.£ f( T) in (8) at low temperatures is proportional to 7' 23 This

Correspondingly, for the KY spin glass model, the gen- means that in random lattices trattsverse magntetizationt of the
eralized susceptibility is defined by correlation function decays faster than in regular spin

h.ttiCeS. 4'5 The indication about Kosterlitz-Thouless-like be-
X Iim [SS+ -+2j hnN - aircnas i bandtrmtecmaio fcagn

2Nl - [(S characters for correlation futtctioits untder thle temperature for

(6) upper bound correlation length of' our system with those

and interesting two-point correlatiott lunction must be aver- haven sintile cloarithica bevo forel codrelation hlhttastt" at

aged by paramneter J,, . Thtent, usittg inttegral inequalities after hav iighr telogearturs hei bcreati o ciion length., wal i

a Gaussian integration with (2). we obtain the upper bound fucion at lo teperatures arid bcorrlto mesgh loarthich at; pv

for correlation function tor 2D rantdom spint glass system: hricti t o temperatures. aapd rbitlvr ectaomet ltogario thmic ;:vria

[/-' (R)S (0) ±/rc.)l. Oito of tilte thcritroditamlic -,tate with tile temtperature.
111.1(Oni the otlten hand, fiolll ( tH one canl ohlajit thai Inl

VI th /ro field tlte upper bo~inid hir su.kcept~ibilt diveCrges atl
~t)cxl -4IttI? -4!-~ ~j osh ~ t I low lCn~peIatntr,:. twitn tile correspoiiding etinrecal eupoKnentl

Iiee~l'iies less thenr 2 Such a betras o Ini iilicarte the povissbIl
(7)t(ý ot I certain phase transiton simkia it, tile Kostetlit,

Usintg [titc properties (i th paaice, q, and ýj, . wec get .r lrues-sL C"II Ill [inte rtrroindn iw'dneiii,ilnli

restriction nit thre cxpre-~sioi (t coslit: ý, q, ) I and obutaii tin it 11111/,710 teiiip0,1trrre
thle fintal uJpper b)oundI reaI01 tionfo 2.1) SpIMI gliss un re1CLlaton ( irrespond ng mf\ estiganio Iii tinlie 11) eLae froi I it
t'unetioti. wheit N - Y and , -,j InI R 2 in lit !( h I\ A ll 1,1 Olie 1ti111i houind ICAI i\iielti l\ i
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the distance, inl spite of the fact that the high temperature Thus. the method deve loped for linding upper bounds
behavior remains as in the 21D case with large spin. ']'ic gives restilts sharpening the Mcirmin Wangner theorem tor
obtained upper bounds do not exclude the possibilit 'y of sonic regular Ilattices as wkell as tIr a randoml \S',stcm wlith long-
kind ot long rang-- o rde ring for a two di men sionalI ra ndomir rat ige inlet acton s.
spin systemn at zero t( nmpcoraturc. C'orresponding In)wer hound (n )ii w, usIA. N. K. tik now ledtges, suppott iii the Uni on
relations until now have been obtained only for the rcgulat (College 1Limit lot lotniwr Sovtet Lk'stcr Lmuope.ir S(-holmit
f-ie iseberg -Ising- like 21) systemsI inl the ground stat" (It I,, cstiblishIcd bto an anon', moos doctor
believed that %ector Hleisenberg %pini glasse %%th n I dit
not have ain equnil ibrijum phase transitiorn in the .31) c-ae. hut
that the observed experinictital Itrnition S resu IIý,IC ,111t hrn J11 m11AII
anisotropicity. which causes aI crossciw ito an king- likc tran- I I di" .9I, lod V Il 1~ \'5t iO.nIP~i

I) 5I~uruw 11, m 1, Ks1ip.oIlli 'k Ik , k" 1i .1 3 I')
Sition. T he approach suggested hetc 1s ,ip;i.:;-All lor kol~h K I d, \111,0 mi ;I. I Ih.i I I'll\, \t i' I

randornmess and long-range interactlion simultaticousl% and I K11.1 wd 1 I ' .ll%, H.' ho fix 'I' -K I

c.an bic used tor investigations of irtiim.l tiehis tor In tire plies \ k-s lo.11 Ill llkl S'.,m Ill Ph\ l l I 194- Pollo I 1 'i, 1

ence ol the manrcgtl,ýcheld tor .I large JAY,i Ol 1AIIi1rtn Nspot Sto k.l im I-wl I . .. I II,. Pw 5.1 `P I

quantum 5stMswhch are Invariant undect the global IolaI . 510 t'H t. E

l ion a round thi7 zx am%



Relaxation and spin correlations in 119S-oe a-FegoScl 0
D. Wlarda and D. H. Ryan
cointr ftr lit( P h'. iff of klairtf l at d t~li t(- I)parlimien of / %.i ~iCd I 1u11iti k H I 0 Ro/u , infl tU1111Iiii e.

3m)I 'ti ri en Smnivt Montiv at Qioe .i ( *aiadai /1 ;.4 21.1

C ombined '1Sil and tI~c NMloshtauctl iitewutrciniwit have bcciiiio ll IMC01 1'1 Sii-ltCtl S~aniptc) (It

aj-iFe-Sc both aro~und 1, 117 ' 2 K I to examinen the onsct l il t oievad at L' K to it csuacSpini

corrlaltqi'ns Ihtc dittercent tillic wah. obcd Ilk thle Sn ,iuld I c %lossJlai~Iu ltiil.ilioils.11 AlltlV % aI l

contiiriit that cluslte rclatiation cittcct% dont &it, 11 il'tiCl: l til te otkdcriig 11t/ ,, \011tmc 1lk, tirec!L
ttransIttvr d lispcrlt c fi.1(1 ib It ttti Si %t 'ies. 111 .4111 .1110\~ tsiilV. 10 Cii ~ill'itl %ilifoliptf Nl)III tlLT/III&.

it. \i%.is~si-i f~ill tilei ..Ifl.llpk % ~ le t ' t e l i iscrt'1.10 II' heldt Arllsip i.0 .f %C00 Slimi our i. cl i th

lIc,Ircs~t neaghkiu niolirtents.

1. INTRODUCTION (~~ulilt 1.11C (liiitt.it I i ~OPWN 1.5 and i1c lickd 'c\ CIA

"'lifiilorphot% laD,1- Iii. I I c Si aft .i t illit4it .i1tlli'lig it'ie t 11% Ilk Cil'.(itt holiiigi-iuiit \M Its.iliiiiitg \\.%-, dili i itii m dt

114111-II II C 11 i) 1.111 I II D I nll i ll tf .1 tic kil 1 li ili. If illIlc c on o Ik p c d c l.a d \ e d fl

% icte t~ it:lt:od initt c ieiliit1. lt-i dlolls train 2N I K it 1 ii14)[11 - IC IIJ .1ill 1 i t \Ii'Sltlaci %lciri~ckt itý.I Ill I )I Iltcicilitill

to 11.0 K ait k thle fuiticlIng teciipeialitui: l scA.1iiiii tL.1111ii11101\ %hiVACdl 111.it tile cts. lal11/,illiqInii ilt-

it I U.2,54. , I-. eis it~I¶ mi~at it Ill" K In the falnge peatI tilt Ow.i iii.1tciiiIl %%.k SI O s K, cliis.k iii thle S itmt fill

KQ-I,-1) cs.4tt%%i't lls Incht jIIIIIII~ng \diiitt 1i -b111.111 0 t 2 K 1epu~itced fill a- I ,1c-Nsl, coliiiiiiiiig that1 the *mddituiii

s-.i.lIing IV It~o l it utile4 %tI%(4'tll0IlIiiS 'Iiiiuitlld 1 Ildwilli. ill 1 Snt dots.[lo DiO slgiiiticaimtIk affect tile 'lti. lhe aloti-

that w In ter ilt ,ý IlWIF I Ilic .iln ist killk-luit I i ph us rlbbonsý %% itc inoutitd t ill a5 lit l OiiTd i to )lt kc *I

tiustiated toi kic.s.iuui the otrriuiliI giietiiIlfai ILk. NMosshiauer a-obstrici A5 ,it19li ithiickicss '.5.1' ftsc for thle 'i-c

k~i.'iiiiiitd III. itn ltivid ki.l%%l1.4iii nieasureincrit%, v.Iiih -11051 speclla %%~title %4 il\L~ were used liot the ""it ntias.uic-

tht .thiess kl dirtecil' eniter,- .4 niiltiolliciiStati e iltuI '. i d :icilt[%' tiii kiissbaiucr spectia \,erc tlikcn usinig it conivcl-

dtitS 110t J'Is.% ithilLigh lilt. tnttMiiiitdtI e ten' magnetic phae oni ostat.telrlil sOMOI ki, I ('

welli In less, Ittustrated itlitenrlk., More. it52cni ihiagiicti/aiil lol %uc o ieýIcs~l adi alS1;suc mtl

iiicds~Urit iii 42 lt t~i. demoii~t 11111 tudIha Ilt tie y stciI doeis noit "Sni spect ra. The teminpe.rainure -,as varied bl v incans of' a
exhbit.1 liotalcou..111llinI t a leipci itrc. Al aler- vtbratton-tsolated chi~sed.-cvyc ie c crvostat.

nal c % SS\ ill tile ordernitg plrotlpwýile exsec itspr Te7F specctra were fi tte.~d usin~g two Gauss ian di1stri-

hail I sicis.'.~It kt 1 Ii52k~ iic cisttic ofsupr- but ions to describe thle hyperlink: field distribution. For1 the
paranitagnet it clutr.\khc lc l randoml ori entat ions at

I ~.t~lt scnis sirmclvunlkelyin iew f te elsc spectra at single Gjaussiant distribution with differenit

agreclhieiii between l; " - andi Moshaucr' detc ril nat ioi of widths onl the low- and high-field side oif the pckfeldwa
the oirderiiig teiit r. mieasuremen~ts wihvsl itC-lt used. As the sample is anl amorphous ribbon, the relative

lcnieiaure ithvasly dffeeni intenisity of' lines 2 and 5 cannot be tixed at priori to its
chatactet istic tithev sLtae".s Stpwdraeaevle.Thrfeitwsildiltle57.F

We l)rCSL-ntl here it Cantbiill-d Fe and ' WSnMssbauer twe vrg au.'hrfr twstte nte I
%iu% (f a11Sn-d uped ai-Fe-Sc alloy. Tiic two Mossbauer spectra atnd then set ito ,2 (thle Value hounld ill thle fits to the

57tudy spcta ao h lS pcr.Alna orlto e111caslUlneliiis r ilCittde tit tlic samie wily, and onl thle same 5 ~ pcr)frte t S pcr.Alna orlto e
equipment. thus eliminat ing instrumental and calibration dif- tweenl the isomer shift and thle hyperlinc: field wats assumned

Icrenct:S: huiwrver, thle litltinc oif' the '"'Sni excited stt Is It in order to fit the slight asymme-itry inl the spectra.

fjitti of 5t 5. ti in S shortecr t1,ai1, that of, 37Fe, so that the two
nieasurcmnie itso bc very diffecrent timec scales, allowing us
to examiline thle ptissitbc role thatl Clustcr t'r(eZinlg May play inl Ill. RESULTS AND DISCUSSION
tic iiideriitg at I ,,. Furthecrmo~re. ats Sni has nio local tuotnlent. A coniventionial methiod for determining magnetic order-
the irawItisckre lt.%.pCtitic field at thle '11Sn nluclei conltains ing temperatures is to record the transmitted intensity of'
itiltfir iiitin IDaboue it tic tmagtnetic cir ret at io n aninong the Mishurrdaina eovlct sal eino c

mie ghl~ri n I-cnil nteits.peratute. As thle spectrum broadens at T,91, the peak abstorp-

tio fu atIs. and thle zero-velocity count raeic increases. The dat a
if. EXPERIMENTAL METHODS for the 57Fc thermal scan are shown ill Fig. 1. T,, is identified

tIngiits tilt Iect Splinningii iscrc ptprcliid lin in ;ire furiiicc with the niarkcd change iti slope at 11 -1)l I K. The procedure
unde mtianiunt %meictcd airgoii thelk Sc (99 W; wats first pit- has to 'ic modified for- 1'Nn ais the isomer shiftl displ tics the
nlcil llsd Ifictl~il ,illiiscd %%lilt time "Sn. I lirictied 11Snlli peak aosorplion above T% to 1- 1.8 mmn/s relativeioI the
It ifilt pu~t~ N.- , I V.% is. or21 iihder Ill gct 8 Ing 11"5n source atl rest. The sticctronieter is therefore run at at constatnt

II sIaiic %% k. Ightime ~tii an clI inieiel .1kihsillcl alirptiilii itl vclocitN clio~eniii llto mxiini/Ctei: t51 1 t~ tiabopint tii[iroomlittil 5.

tIll "Sn tpi i. I lic 5s 'INIll dlku 5 then~ added Iall [t lre. and the abscrved dtrill inl count rate oit cooling itovie

jApi P t V :. 76 . I0 o ' 11, 0't- l W.,!W.1 OO?21 89 799.4 76( 10) 6189 3$600 1994t American institute of Physics 6189
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A n *nd At I A mim % loi ',il 4i1. %hi,3%4w tlh4 l ItwL' ih"llU33% m 11 it I.

i 'r, I I

Tsg well in I ig. I. is due to the %pectrum center moving as a it, /
result ill the wcc'nd-oiider D)oppler shifi A clear break in

h.1p Is obs.•rvved at 14 2 K. I.I 2 Mwblt3iuei 5 c.t i i-3 tc d it 12 K a I c' S.,Snt, hii 'I ei 31313i aild
G iven hiat "hSn samiles il' a ,horler !itle s•ah than I"'Sil IO111 mlllu

ic71t,. we would cxpecl til Sni datliait give a .gnli•calnilv
higher ord.-ring temiperalure il hhblking of supcrparanaig-
nelict clustels were tihe origin of tile milagnetic order. Such field: 5. 1 ) 0.2 T. It tile local magnelic order were essln-
clusters would apeiar frozen at higher temperatures when tially isotropic. as would be expected in a %pin glass, the
ol)Lerved at higher frequencies. I lowever. tihe two Mossbaucr cOllnlilutiotii fronm tie neighboring lFe Oin•ntils Would be
measiurenenlts yield the same ordering temperature within randonm and therefore largely canlcl at a Sin site. Such a
error (it is interesting to note that the Snl value is actually situation would then yield a small ratio between the observed
slightly lower, rather than significantly higher). Assuming transferred Sin field and the Fe field (assumed proportional to
that T,9 does reflect a blocking of superparamagnetic clus- the Fe momentis). The value obtained here is 0.22 +0.01,
tefs, we can calculate the encigy haiilicr I'l magnetization escsntially tihe same as that found in the less f'rustrated
reversal 9 and thus the change in blocking temperature on a-Fec, 2Zr7 Sri (Ref. 10) and the almost ferromagnetic
going from 57Fe to ""Sn. This calculation indicates that the a-Fc,,3 ,Ni,Zr,)Snl.1l Assuming that the transferred field at
1lgsn transition would be at - 150 K if such a model were the '•s"'S results from a vector sum over the moments on the
appropriate, rather than 114 K as observed. We can therefore Fe nearest neighbors. and that the coordination number in the
rile out relaxation effects or cluster blocking as contributing glass is -1 2, theI going from fully collinear to isotropic
to the ordering or a-Fe-Sc, order should lead to a factor of 4 drop in the Sn/Fe hyperline

Unlike earlier work on Sn-doped a-Fe-Zr which showed field ratio, a prediction that is completely inconsistent with
no effect of the Sn additions on the magnetic ordering our observations. Similar measurements on Mn-containing
temperature,t ) the Sn-doped sample does exhibit a slightly spin glasses 'I'13 have also reported large transferred fields,
higher ordering tempera nrc than that of earlier materials; leading to the rather unlikely speculation that the spin glass
however, we do not believe that the - 14 K increase reflects is dominated by significant ferromagnetic short-ranged
a significant modification of the magnetic structure. The correlations.i 3 Since it is highly unlikely that the addition of
most convenient way to modify the magnetic properties of I at % Sn makes the a-Fe-Sc alloy essentially ferromagnetic,
a-Fe-Sc is to add hydrogen. This leads to profound changes without increasing either T. or the iron mornent, we are
in both T, (rises to -3 10 K) and the iron moment (increases forced to conclude that even in an isotropically ordered ma-
to -2.2 AB, the average hyperfine field rises to 31.3 T),' but terial (i.e., a spin glass), the 119Sn nuclei measure the mag-
the material still lacks the critical behavior characteristic of a nitude of the average iron moment, rather than the vector
ferromagnet.4 Therefore it seems reasonable to conclude that sum of the randomly oriented ncighborino, moments.
if a 200 K increase in T,. leaves the system still in a strongly
spin-glass like state, a 14 K increase will have negligible t D. 11. Ryan, in Recent Prog,'ess in Random Magnets, edited by 1). Ii. Ryan

effects on the magnetic structure. (World Scientilic, Singapore, 1992).
The M6ssbauer spectra obtained at 12 K for the two 21). H. Ryan, J. M. D. Coey, E. Batalla, Z. Altolian, and 1. 0. Stri iu-Olsen,

transitions are shown iPys. Rev. B 35, 8630 (1987).transitionsare shoreinFig.. Bofthare i y m megnt.t 3 o D. 1. Ryant, J. 0. Str~int-Osetl, W. 13. Muir, .1. M. (adogan, mi3d J. M. D.
split, reflecting the ordering of the iron moments. The fit to Coey, Phys. Rev. 13 40, 11208 (1989).
the 5' 7Fe spectrum yields an average hyperfine field of 22.8 T, 4 H. Ma, Z. Wang, II. P. Kunkel, G. Willianrs, D. It. Ryan, and J. 0.
indistinguishable from previous values obtained on Sn-free Str6im-Olsen. J. Magi. Magn. Mater. 104-7. 89 (1992).
materials, 3 5 and further reinforcing the view that th-e addition i l e, and D. H. Ryan, J. Appl. Pliy:. 73, 5494, (1993).""'Hong Re . and D. it. Ryan (unpublished).
of Sn has not significantly affected the magnetic ordering. 7 M. Ghafari, R. K. Day, J. B. Dunllop, and A. C. McGrath, J. Magu. Magol.

Curiously, the 1195n spectrum also yields a large average Mater. 104-7. 1668 (1992).

6190 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 D. Wiarda and P H. Ryan

n l- -1•, • i¢ ... .



8 R. K. Day, J. B. Dunlop, C. P. Foley, M. Ghafari, and H. Pask, Solid State "1D. Wiarda and D. H. Ryan (these procecdings).
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Field-dependent susceptibility aging in CuMn spin glasses
P. W. Fenimore and M. B. Weissman
Department of Phystics, University of Illinois at Urbana-Charnpaign, 1110 West Green Srec.t, Urbana,
Illinois 61801-3080

A "hole" is found to develop in tile dc field-dcpcndent ac susceptibility of CuMn spin glasses when
the material is cooled or aged in a field. Comparisons arc mnade with analogous experiments on
structural glasses at low temperature. Trhe hole is not compatible with independent two-level
systems. The significance of thle width (in 1-I) of' this hole is discissed.

Recent work onl aging of the ac dielectric susceptibility cooling field is used to make sufe that the effects of equili-
e( f) in several dissimilar insulating glasses found that a hinting at a particular field are not confused with any special
"hole" canl form in c( f) versus applied dc electric field E properties ofit' 11=. The fields used were always smiall
when the dielectric is aged in ain electric field at !9.w tern- enough to stay the strongly irreversible spin-glass regime at
peratures for timies in the range 10)'- 1 0 5 %.' The detailed time the measurement temperature.' The sample is then aged atl
and frequency dependence of' this hole has been saiown to be that field for about 5000l s. The field is then changed to a new
inconsistent with a mnodel consisting of' a simp~le superposi- (second) field for a few minutes, during which time thle min

tion of' quantum two-level systems (11S).,2 The most plau- tial values of X' (3 ilz) and A!" (3 Iliz) arc measured. The
siblc source of such aging effects lies in multistate relax- applied field is then changed back to its initial value and thie
ations, such as those responsible for the wJ ;-Known (hut not sample1 is allowed to age before thle next ineasuremnilt is
well understood) large aging effects in spin glasses." In this performied. Bly repeating this 11-cycling procedure, all at
paper we describe experiments, anailoIgouS to thle dielectric fixed T,* we make a mapl of initial Vy vs If. Since, empirically,
experiments, onl t lii time anzd m agne tic fielId dependencec of' this mail does not de penid Substantially o11 tlie Order inl W hichI
the magnetic susec pti hilit y. V( f ' ). , "'] ill iiieta I- we cycle to tlie measuremeti oflielIds, lo ng- term distortion of
lie spin glasses. the curve caused by thle field his4tory ait the mecasuring tern-

Spin glasses akre good candidates for these experiments perilture does not seem to be a problem.
for several reasotis. (it Previous work haus clearly established AllI three of these spinl glasses show a substantial hole in
that there arc large aging effects below tile spinl-glass V.- /',//) versus magnetic field M) (see Fig. I). Toi a first
teinperatuic. I(ii) In mietallic spin glaisses there is almost cc:. approximiation. tile center of thle hole is simply shifted by
tainly a continuous phase transition at tile spin-glass freez~ing cooling in different fields.lihe hole inl V( f. ll for these SGis
temperature 7'(,~ 4Which provides a well-definCed energy scale is short lived. compared with tile lifetinie (if thle hole ill
for interactions in sp~in glasses. Since the low-temiperature! c( fi if structural glasses (cxcept SiOW).1 (Because of' this
exc itat ions of thle structural glasses doi no t have a known ec!tCslo SeOa, is.1 of' tle applied field are not feas ibIe.)
phase transit ion, an aippropri ate enie rgy seaalc for init eract ions ThIie hol Ie depthl for A," is 3Vt o f t he inifiia I va Ilie oif' k'
in glasses is unclear. (iii) Spin-glass experiments miay be and for \~' it is 3", of tile iniliial value. Thest: numbers
conducted in thle classical I Iiighi- t iipe rat ore I regime. D)ic Ici - ci lotrast with tilte structural gl asses where tictlie hiole deptIil in F'
tric aging has been studied in the tuineling regime and conm- is only 0I. 1l';. Miinitiining .\" allows us to separate slow,
par ison withI spiln glasses sloiu Id shled li ghit oii thle imnpo rtalice re Ia at iiutal ISpint dy namic.,e fritom last Spinl dynamics (e~g.,
0of qiliuantu m1c~hanlical effects. spill dynamiics near the attemlpt atite) tbllt contribute tol11

We have examline~d CLuMn With 4 at. "'( Mil an1d 12 at. I'; Ihi.% is lilportant because there vs no guarantee that tile
Mn and ('uMnAu with 4 at. 1; Mn and I at. '4Au. We have
also measured a ('uSiMii 14.2- at. I' Si, (1.3 al. '4Mil) sample
as a control. Thte spin-glass teitiperature of tlile conmtriil 5 o..............
sample is lower than thle temipe)rat ure range il w hillhI we too k
data (T~j-.5 K). The 41.!.samiples ;ire cylindrical aiid have - to6
two overlapping cuts a long their Ic ogt It i reduce tlie cootili -
butionl to )ý" from eddy currents.' The I 2'U sample is a stail I.t to GuMn 4".. #*

segment of an annlulus ahbout -2 cm inii adiius. 'lihe overall a CuMnu ** *.
dimiensioins of' this sampl~le ;ire coimiparnable it) O(ic 4'; 1 to
sam ples. The cont rolI samniple is a I -cmii-Ii n g section oi af thle
body of' a silicon-bniinzc screw. All the samiples have masses S~ to at a 41"UH'l a* a

miear I g. T he mleasurenicnelis were imide in a I T imi IC inllcl-i a 'o

(Quantum D~esign I ac susceptomecter. Thle mieasulremients o. ~ . ~
were made at 3 Iliz, about thle higlhe st frequec alwn StOlO 10001 5100 0I 5111 I111 tw SIi

fastest data collectiotn) foir which thte e~ddy cu'rrent back- -. 1 )

ground could be accurately subtracted.
The sp~ill glalss is illitially field cooIled f usually at 3001 Oct I H I t1 ItA ~ll ' %Nt I~ 1Mi.. 111tiT iviil H t'n 1,)lgisi.% AOI 5, tHe

fromn 27; ito a wiirk ing t C 1pc rat ore beIic( T,1 . A 01 0-mcri IC.ti, Ci. flit t N..ic ji 11.' it.I'H
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FIG. 2. The hole in X" vs field for four temuperatures in CuMII 4 at, % Mo. FIG. .3. 'rinle dcpendcrnee of the relaxation of x"' in ('uMn 4 at, % Mvn at ito
The data were taken at 3 1I-I. K. The data were taken at 3 1 Iz.

"fast" spin dynamics have the sanie aging properties as eonl return to +Hl. Nonetheless, at long timnes the third
those near I l-lz. aging (at ±lH,) is intermediate to the first and second, indi-

The width of the hole ill ý is - 30(0 Oc at 10) K and is cating that sonic smiall part of the +H,-I hole survives to long
slightly narrower at higher temperatures (see Fig. 2). The titnes at -1-1.
weak T dependence of this width, fromt 0.3 to t).7T~~ . con- In contrast, the aging of' X' at + H is not mostly re-
trasts with the strong temperature dependence of' the 4E( fE) started by brief excursions to -lt (sec Fig. 4). For thimes
hole between 50 and 500( iiK.1 shorter thani about I 00I s at -Iit. the initial x' onl return to

For sufficiently large Wll ( -3001 Oc), the increase in ~'+ H is still lower than any value of k' recorded at - 11, . We
saturates, indicating that nearly all the spint configurations assumel that this behavior indicates thtat the very fast relax-
whose fluctuations give X" (3 1lIz) are sufficiently changed by ations which contribute substantially to X" atge in a very dif-
fields of -3(X) Oc to cease to conltribudte to x" (3 lIz). That is, ferent way than the clusters responsible for X".
by changitg 11 by W() Oe. one sees u different set of' flue- Inl conclusion, cotnventiottal spin glasses in a classical
tuators, ones5 which have not had it chanice to relax to the temperature reginec show field-dependenit atging effects simli-
smnaller values of x~" (3 li-I). Further chantge of HI simply lar to those of' structural glasses in the quantunm regimle. The
gives a different set of new fluctuators, which are still lot spirt-glitss susceptibility holes, htowever. are deeper thani
aged. those oft the structural glasses, and genterally show more

One expects that HI has little effect onl the dynamtics of rapid relaxation. Our results strongly reitntorce [the theoretical
active spin clusters until ,eAll becomes greater thatn kill' I, coclusioWI that the main explanation of dtelectric aging will
where Az is the net tmagtnetic tiornent of' tite rearranging -.pinl he( tiund lit multisite cooperative effects, such as arc kntown
cluster. (Whent, however. ji1i1I -k ,j . a tiew set of' fluctuat- to be piesentt in spint glasses, rather than in the simple 'TLS
ing objects will be resp)onsible for "' Since the net mnonlett picture.
of' a spin cluster in a spin-glass scales as the squa;re root of' Several prior pieces o.f evidence strongly support this
the numtber of spins, and si ne a Mn iott itt Cu has a ito tillent view. The decay in L'( J'1. is very strongly depe'nden'it onl f.
about 2Aj , the characteristic nunmber (f spins invo!\'e:d itn the Thus thie frequencey depetndence of' e strongly ages. Since,
clusters as H1 is ch.tttged is about 10)5 at 1(1 K. This ntumber of
spins is fairly cotistatl in tlte samples we have examined.
H-owever, tile relations atnong this niumber, the number of 6.4. 10 1 " ' T-' - r

spins itnvolved itt individual coherent thermal flips at fixed fisagn
H!' and the number of spinls which arc within a volume - 6.4 t1) E seirnt aging

throughout which such cohecrent groups intetract"' are not yet ý # tlaird aging

clear to us. 6-391 1(1
If' instead of brie fly visiting other fields and building upE

a mnap of initial. unaged X vs H, we field cool itt +11, , age -6.30 It0

the samiple, change to - lit artd allow the sample to alge
further, we call sec the long limte behavior of' the hole, Tile (i.34 It0

relaxations arc roughly logarithmic in ttmle ( Fig. 3). Observ-01
ing this second relaxattion lanid also a third relaxation, this ()t.3 t 3 11( 1 tO3o11A tt ttt

tinle hack at ± H1 ) allows us to compare the field-cooled 1 1 M E I
b~ehavior with field-junip hcha~vior.

For eqIual aginlg timecs tile second aging does tnot reach as- -6 .k %lncfrW i ;Miit1)K i aapit'1Cr
low a X" value ats tile first, Evetn a brief' excurt,.ot from tile tiesc is inl the first liarl of tie agting Note thiat drops tietweeti the seconld
lielId cooled -I11,i to -111 not~lO~y rc:;e Is tlte fthItird) aig ing of ani thitird agin fip te ,ts The data, Are: taken at IfIt
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by Kramers-Kronig, the frequency dependence of e' is es- In the mesoscopic noise experiments on amorphous met-
sentially W', W' must also show very strong aging effects (as als, a whole new set of fluctuating objects could be obtained
does A" in spin glasses). At frequencies much less than the by thermal cycling to -50 K and back,7 just as a whole new
attempt rate, it is very unlikely that )" or e' comes from fluctuation pattern can be obtained by cycling a mesoscopic
anything other than relaxational effects (i.e., tunneling pro- spin glass to T7; ..6 If the analogy between interacting TLS in
cesses at low temperature and activated processes at higher amorphous materials and interacting spins in :;pin glasses
temperatures). Since a simple noninteracting two-state sys- turns out to be meaningful, then the 100 mK temperature
tern with a charaueristic rate comparable to the measurement scale of the dielectric hole measurements probably corre-
frequency does not have some oth-.: longer time associated sponds to a similar low temperature in the spin-glass experi-
with it, it cannot produce a slowly Aging A" or t". ments. It will be interesting to investigate whether the quan-

It is known from fluctuation experiments in mesoscopic titative differences between the aging in the two types of
samples of metallic glasses that their low-temperature struc- systems are primarily the result of this different experimental
tural fluctuations (in both the tunneling and activated re- temperature scale or of some more fundamental factor, such
gimes) are not strictly two-state systems. 7 Interactions lead to as the strength of the interactions versus the local energy
slow fluctuations in the characteristic rate and duty cycle of asymmetries. At any rate, the quantum mechanical nature of
the individual (configurational) ,luctuations. These fluctua- the TLS does not seem to be an essential aspect of the aging.
tions are probably the equilibrium analog of the dielectric This work was supported by NSF DMR-93-05763, using
aging. Since the detailed properties of the fluctuators vary facilities of the MRL (NSF DMR-89-20538). We thank
over long times, one expects long time relaxations into con- M. B. Salamon and L. J. P. Ketelson for two of the samples.
figurations with minimal free energy. Unless some unex-
pected symmetry precludes average differences in suscepti-
bility between the high free-energy configurations and the S. Rogge. 1). J. Salvino. B. 'tigner, and 1), 1). Osherofi. Physica B 194.

1%.5 4017 (1994).
minimum, the susceptibilities will slowly relax. The sign of 1. M. (arruzzo, F. R. (Grannan. and I'. C. Yu (unpublished).
the relaxation (toward lower susceptibilities) is consisntet 'M. lxederman. It. Orbach, 1. lanuamnn. M. Otco, and F. Vincent, Phys.

with a simple correlation: tile barrier heights seen from a low Rev. 1144, 7403 (1991).
f -ngy gu i tend to be higher than thseseen K. It. Fischer and J. A. Ilertz, Spin lamsses (('anliridge University Press,

free-energy configuration Cambridge, t191).
from a high free-energy configuration, as would be expected '.. J. P. Ketelsen and M. It. Salamon. Phys. Rev. It 33, 3010 1 19 8 6).

if energies of the transition states did not differ from each "M. I. Weissmian. Rev. Mod. Pthys. 65, 921) (I 199)3). N. F. Israeloff, G.I B.
other. It is probably no coincidence that similar niesoscopic Alevs, and M It. Weissinan. Phys. Rev. It 44. 126 13 (199)l I; M. B. Weiss-

experiient, on ('luMn show extremely strong interactions, to man. N. F. lsraeloil. and (G t. Alers. J. Magn. Magn. Mater. 114, 87
• • I I9')21.

the point that nothing like two-state systems exists," and that (i. A (iartlunkel. G. HI Alers. and M. I. Weissima. |'hys. Rev. It 41, 4901

CuMn shows much stronger aging ctfects. t lXt
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Quantum tunneling in magnetic particles (invited) (abstract)
D, P. DiVincenzo
IBM Resarch Division, 7: .I. Watson Research Center, PO. Box 218, Yorktowtn Heights. New York 10598

Recent advances both in materials preparation techniques for ultraline magnetic particles, and in
low-temperature magnetornetry, have made possible the observation of a new kind of collective
quantum-iicchanical phenomenon. In our studiesi of horse-spleen ferritin particles (naturally
occurring 75 A iron-oxide crystallites), a resonance in the magnetic susceptibility is observed at low
temperature (<200 inK) and exceedingly low ambient magnetic fields (of order 10 3 Gauss and
below). I will discuss the accumulation of evidence which indicates that this resonance arises from
the quantum tunneling of the magnetization between the ferritin particles's two easy-axis states. This
involves a unique collective effect: the orientation of the thousands of spins in the particle flip over
as a unit, passing through an energy barrier. I will discuss various new theoretical results which have
been stimulated by these recent experiments. For example, quantum mechanics predicts that the
tunneling behavior is radically different for particles with even and odd number of iron atoms,--in
particular, tunneling is predicted to be forbidden in the odd case. Finally, I will discuss the
possibilities for quantum effects in a new class of nanoscopic Fe particles, produced by a novel STM
deposition technique by A. Kent. It is clear that new materials preparation techniques will continue
to provide novel testing grounds for quantum theory.

Work done in collaboration with D. D. Awschalom, J. F. Smyth, G. Grin-
stein, D. Loss, and F. Chudnovsky.

i). D, Awschalom, J. F. Smythi, G. Grinstein, D. P. DiVincenzo, and D.

Loss, Phys. Rev. L.ett. 68, 3(192 (1992): 71. 4276(E) (19931.
2 D. tLoss, D. R. DiVincenzo, and G. Grinstein, Phys. Rev, Lett. 69, 3232

(1992).
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Remanent magnetization of AgMn spin glasses (abstract)
Emily Engle and E. Dan Dahlberg
School of Physics and Astronomy, lI nivrsily of Minnesota, Minneapolis, Minneslt 5,5455

Plots of the dc demagnetization remanence, 1,1 vcrsus the isothermal rcmanent magnCtlzation, Ir,
have been used to determine the presence of interactions in concentrated magnetic systems., In
terms of interacting entities within the system, the standard interpretation of these plots is that
positive (negative) curvature indicates the presence of demagnetizing (magnetizing) interactions
between the magnetic entities.2, 3 We will report the first such analysis made on a spin glass (the
archetypal spin glass system, AgMn, with three Mn concentrations). As prescrbhed, 1,1 and 1, were
normalized and plotted against each other. All of the plots of zero-field quenched specimens have
positive curvature, indicating the presence of demagnetizing interactions. In these measurements the
sample shape dependent demagnetizing held was not a factor because the magnetizing field was
applied parallel to the long axis of the foils (0.50 in. X 0.15 in. X -0.005 in.). These results arc
consistent with a recent model for slow relaxation" wherein interactions, not disorder, determine the
quasilogarithmic time dependence of relaxation processes in these systems.

This work is supported by the Air Force Officc of Scicntitlic Rese.arch, Grant
No. AF/FA9620-92-.1-() 185,

10. 1Henkel, Phys. Status Solidi 7, 919 (1964).

2E. V. Wohlfarth, J. Appl. Phys. 29. 595 (1958),

-'M. Fearon, It. W. Chzntrell, and E. R. Wohifarth, J. Magn. Mater. 86, 197
(1990).
D. K. Lotis, I.l M. White, and E. D. Dahlberg, 1'hys. Rev. LeUt, 67, 362
(1991).
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Calculated field cooled and zero field cooled magnetizations
of the three-dimensional Ising spin glass using Monte Carlo
hard-spin mean-field theory (abstract)

Edwin A. Ames and Susan R. McKay
Department oj' l•.'sics and Astrononmy, University of Maine, Orono, Maine 04469-5 709

We have studied the ±J Ising spin glass in a uniform magnetic field by using Monte Carlo hard-spin
mean-field theory.' implemented on a 24X24×24 lattice with periodic boundary conditions. This
method modifies the conventional mean-field approach to retain frustration by placing a spin of unit
magnitude at each nearest neighbor. Each spin's direction is chosen using the hard spin condition,
which preserves the site's average magnetization. The method yields an average magnetization at
each site and permits the exploration of stable and metastable states within the spin-glass phase and
their overlaps. By direct calculation of the free energy of each final state, stability and metastability
can he distinguished. The resulting average magnetizations display realistic history dependence. For
example, the calculated field cooled magnetization remains roughly constant below the freezing
temperature, TV. whereas the zero field cooled magnetization rises to a vusp as temperature is,
increased below Tg, as is observed experimentally. Aging phenomena are also reproduced within
this method, since varying the number of Monte Carlo steps at each temperature and field
corresponds to altering the waiting time.

'It. R. Nctz and A. N. Bcrker, Phys. Rev. Lctt. 66, 377 1t99 1); J. Appl.
Phys. 70, 6074 (1991I).
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Symposium on Magneto-Impedance I. K. Schuller, Chairman

Giant magneto-impedance and magneto-inductive effects in amorphous
alloys (invited)

L. V. Panina, K. Mohri. K. Bushida,a) and M. Noda
Department of Electrical Engineering, Nagoya University, Nagoya 464, Japan

Recent experiments have discovered giant and sensitive magneto-impedance and magneto-inductive
effects in FeCoSiB amorphous wires. These effects include a sensitive change in an ac wire voltage
with the application of a small dc longitudinal magnetic field, At low frequencies (1-10 kHz) the
inductive voltage drops by 50% for a field of 2 Oe (25%/Oe) reflecting a strong field dependence of
the circumferential permeability. At higher frequencies (0.1-10 MHz) when the skin effect is
essential, the amplitude of tile total wire voltage decreases by 40%-60% for fields of 3-10t Oe
(about 10%/Oe). These effects exhibit no hysteresis for the variation of an applied field and can be
obtained even in wires of 1 mm length and a few micrometer diameter. These characteristics are
very useful to constitute a highly sensitive microsensor head to detect local fields ot the order of
10 -• Oe. In this paper, we review recently obtained experimental results on magneto-inductive and
magneto-impedance effects and present a detailed discussion for their mechanism, developing a
general approach in terms of ac complex impedance in a magnetic conductor. In the case of a strong
skin effect the total wire impedance depends on the circumferential permeability through the
penetration depth, resulting in the giant magneto-impedance effect.

I. INTRODUCTION and their analysis on the basis of the ac complex impedance
of a magnetic wire with a domain structure. Some new re-

Recently, much work has been done on giant magnetore- suits for FeCoMoSiB anmorphou', ribbons are presented as
sistance because of its importance for applications in various well. We demonstrate that both effects have a classical elec-
magnetic sensors and especially in magnetic heads for re- tromagnetic origin and, hence, are not connected with the
cording. The problem, however, is not well understood, and conventional magnetoresistance. All the experimental data
experimental results are far from practical applications, as can be explained in terms of a field dependence of imped-
the effect is observed at rather high magnetic fields and suf- ance as a result of the transverse magnetization (with respect
fers strong hysteresis. On the other hand, giant and sensitive to current direction) and the skin effect. 6•9- 1 In general, large
magneto-inductive (MI) and magneto-impedance (MI) ef- and giant magneto-impedance effects are possible in many
fects have been found in soft magnetic FeCoSiB amorphous other soft magnetic materials of various geometries.
wires1-6' and ribbons. 7' These effects include a sensitive Because of the skin effect, an ac current,
change in an ac voltage in th.,e materials with the applica- I=11 exp(-jwt), tends to be concentrated near ite surface
tion of a small dc magnetic field, and are thus an ac analog of of a conductor, changing its impedance Z. Thle current distri-
giant magnetoresistance. The effects have been reported to bution depends not only on the shape of the conductor and
be the strongest for an amorphous wire of a composition frequency but also on the transverse permeability a. If A is a
Fe4,3Co68.2Si12..sBl 5 . In a low frequency range of 1-10 kHz, sensitive function of an external field tfl, in a high frequecy
which is typical of the MI effect, the inductive component of region this dependence reveals itself in the impedance be-
an ac wire voltage decreases by 50% for a longitudinal field havior through the penetration depth, resulting in a sensitive
of 2-5 Oe. At higher frequencies (0.1-10 MHz) where the voltage response: V(w,FIx)=Z[w,t.(cIt~x)jI. At low fre-
skin effect is essential the giant MI effect occurs: the ampli- quencies, when the skin effect is negligible, the first order
tude of the total wire voltage decreases by 40%-60% under term in an expansion of Z(iv) in powers of frequency is
the influence of a longitudinal field of 3-10 Oc. No hyster- responsible for the voltage field dependence. This term is
esis has been observed. The giant MI and MI effects can be represented by the internal inductance, which is proportional
observed in wires with a few micrometer diameter and 1 mm to the static transverse permeability. The general approach of
length. These results suggest establishing a new microsized impedance is thus helpful to explain both the low and high
sensitive magnetic head and a sensor head for information frequency field effects on ac voltage.
storage devices. An FeCoSiB amorphous wire can be considered as one

In this work we present a comprehensive study of the MI of the most suitable material to observe the magneto-
and MI effects in FeCoSiB amorphous wires including both impedance effects. It has fine soft magnetic properties be-
a brief review of the recently obtained experimental results cause of its nearly zero magnetostrietion constant X•-- 10 7

The negative magnetostriction results in a circumferential
'tUnitika Ltd. R & D, Uji 611, Japan. anisotropy and, consequently, a domain structure with circu-
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II
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04 .FIG. 2. Theoretical dependencies (obtained on the basis of hysteresis loop
(b) a. c l wire (c) 30 jn dia. l in ed wire calculations, Ref. 9) of the maximal circumferential permeability on a re-

FIG. 1. Magnetic structure (a) and circular hystcresis loops (b), (c) of duced longitudinal field hzýH, 0/HK . The anisotropy axis deviations 2Aa

FcCoSiB amorphous wires in the presence of a longitudinal field. are: 1-45', 2-10', 3-20'.

lar domains situated along the wire. The current flowing
through the wire generates an easy axis driving field whicli An as-cast wire has a diameter of 120 A.m. Smaller di-
causes a circular magnetization by the domain wall move- ameter wires (down to 30 Arm) can be obtained by cold draw-
inent. The external longitudinal field Hex, being a hard axis ing an as-cast one and then tension annealing. During tension
field with respect to the circular magnetization, suppresses annealing a higher circumferential anisotropy is induced. For
the circular flux change. As a result, the circumferential per- a relatively high annealing tension (>2 kg/mm2) the circum-
meability having a high value of the order of 104 for H, =O, ferential magnetization is considered to exist in the entire
decreases rapidly with the application of the field. This sen- wire. However, the effective anisotropy field HK is still very
sitive field dependence of the circumferential permeability, small (- 1 e). If the wire is shortened down to 1-3 mm, HK
which maintains till high frequencies at which the skin effect increases due to the demagnetizing effect and is about sev-
is essential (but the domain wall motion is not completely eral Oc. The length effect on the anisotropy is much stronger
damped by eddy currents), is responsible for the magneto- for as-cast wires.
impedance effects in wires. The circumferential anisotropy allows the wire to be

This paper is organized as follows: In Sec. II we review magnetized by flowing through it a current which creates a
the existing experimental and theoretical results on the static circular easy axis driving field Hro u The circular magnetiza-
magnetic properties of negative magnetostrictive amorphous tion proceeds maingy by the movement of circular (or ring)
wires since they eventually determine the field dependence domains along the wire, resulting in a sharp hysteresis with
(.J the impedance. In Sec. III the experimental m,,gneto-
inductive and magneto-impedance characteristics recently the maximum of the differential permeability of the order of

obtained by the present authors are summarized. For com- 1 for a 1 kHz current (see Fig. 1). Then a sensitive circum-
parison, new data for :3 eCoMoSiB amorphous ribbons are ferential magnetic flux change can be made to occur due to a
presented. in Sec. IV the concept of the magneto-impedance small ac wire current. The magnetic field He, applied along
effect is plt forward. In Sec. V the calculated magneto- the wire axis suppresses the circular magnetization by wall
impedance characteristics for wires are presented, and the movement, since Hex is a hard axis field with respect to the
analysis of the experimental results is given, showing a rea- circumferential anisotropy. As He is increased and the rota-
sonablc agreement. tional portion of the remagnetization grows, there is a

gradual transition from almost a square loop tu a linear
one1-3 as can be seen in Fig. 1. This process is accompanied

Ii. STATIC MAGNETIC PROPERTIES OF FeCoSIB by rapid reduction in the circumferential permeability p.•. In
AMORPHOUS WIRES Ref. 9 the change in hysteresis loops under the influence of

The magnetic structure of amorphous wires made by Hex was considered for a practical case of a nonuniform

rapid quenching process is dominated by stress induced circumferential anisotropy. The result for the maximal differ-

anisotropy. 12-14 In the case of negative magnetostrictive ential permeability as a function of He, for different aver-
wires (X<0), the stress distribution results in a core and aged anisotropy axis inclinations, Aa, relative to the circular
sheath magnetic structure with magnetization parallel to the direction, is presented in Fig. 2. For some optimum values of
wire axis in the inner core and circular in the outer shell. The Aa, the permeability sensitiveky decreases with increasing h
corresp-,iding magnetic structure with ring domains spaced for h =H,,IHK< I. For higher fields (ht> 1) corresponding
along the wire is shown in Fig. 1(a). This structure is re- to the longitudinal saturation, the permeability slowly de-
tained even for slightly negative (X= - 10-7) magnetostric- creases, being consistent with the pure rotational magnetiza-
tive wires of a composition Fe4 .3C068.2Si 12.5 Bl 5 which are tion. The proper anisotropy can be established by corre-
used in the prerent investigation without loss of generality. sponding tension annealing. 3
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•12 8 -4 0 4 8 2the voltagc amplitude with He, as a parameter for a 124/zm diameter as-east

HeX (Oct wire and a 30 j.mn diameter tension anncalcd wire (b).

(b)

FIG, 3. Experimental circuit for measurement of V,. (a), and r'educed am-
plitude of that voltage plotted as a function of H• for as-cast and tension diameter wire (eo*/2zr is about 20 and 200 kHz for 120 and

annealed amorphous wires (h). 30 /.m diameters, respectively, at nex=0). Such behavior

shows that the skin effect is of predominant importance. At

Ill. XPERMENTL REULTSfrequencies above W*(H•,,=0) there is a big difference be-

kil. EXP RIM NTAL RES LTStween the behaviors of V o(wo) for H~x=0 and in the presence

The unique circumferential magnetic properties of of the field. As a result, for a given frequency above this

FeCoSiB amorphous wires are attractive for the application critical value the voltage amplitude decreases sensitively

of those wires as a sensitive flux detection clement, since the with the application of the field. For example, a drop ir

change in the circular magnetization due to an ac wire cur- voltage by 50% can be reached by applying a field of about

rent affects the voltage across the wire ends. In the case of a 10 Oe for a 30 ,tri diameter amorphous wire as seen in Fig.

relatively low frequency current, when the skin effect is neg- 5. The cut-off frequency of He 5 is 1/10 that of the ac wire

ligible, the change in the circular magnetic flux is considered current.

to generate an additional inductive voltage,' 5 V,., which is Figure 6(a) compares the wave forms for a magnetizing

determined by the internal part of the self inductance of a current at 1 MHz and the voltage at zero external field and a

wire, L• l0. /2, where6% corresponds to the averaged dif- field of 10 Go. The wave form of the voltage at zero field

ferential permeability and I is the wire length. The magneto- clearly exhibits a nonlinear behavior, supporting the idea that

inductive effect can be measured by utilizing a resistor at high frequencies the magnetization processes such as do-

bridge circuit as shown in Fig. 3(a). A series of narrow peaks main wall displacement affect the total wire voltage. The

periodically spaced on the time axis then can be observed.'- 3  voltage form, however, is not so far from the sinusoidal one

The peak height VLo sharply decreases with the application (especially at higher frequencies), probably because the do-

of a longitudinal magnetic field H• by 50% at relatively low main walls are already quite damped by eddy currents.

fields of 2-10 Qe as can be seen in Fig. 3(b). The sharp form Therefore the concept of a complex impedance Z = V' + jZ",

of V 1L is consistent with the near'v rectangular hysteresis loop as the ratio betwe . a the harmonic complex voltage and cur-

for Hcx=0. There is also a consistency between the experi-

mental dependencies VLo(HCx) and calculated dependencies

for the maximum permeability tzotf• shown in Fig. 2. 400 Feoi [i

> b ,. 4 (:. 

, . . . . . . . [ , r

Trheoretical curves 2,3 characterized by a smaller anisotropy 30emodiB./V\ • Ml
axis distribution >a correspond to those seen in the case of 300 oda2kg/am

2  I \ I 5 Mhz

tension annealed wires with a stronger circumferential an- h=Satt //-, \ Hz
isotropy. CLr'.e 1 is typical for as-cast wires with much k 

200 1 w:15 I 0 1

bro,"der ani.;otropy axis distribution. •__,/ M . .•--•

It wits proposed in Refs. 5 and 6 to utilize a high fre- tOO

quency current for which th'e total wire voltage is sensitive to iiH t0e]

the magnetic field. As the frequency is increased above some 0e ,.

.1 -4 0 4 9 1 h otg mltd ihH ,a aa ee o 1240 mda ee ses

chara,.t stic value 
and, tae amplitude V0 of the total wire

vopl ge increases as seen iu Fig. 4. The value of ft* in"reases FIG. 5. Voltage amplitude as a function 20f t r at various current freque2a-

anath the application of the field as well as for a smaller cies for 30 3m diameter tension annealed wires.

6200 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Panlna et al.

, .s .
s e i



C Wirt, AXIS

0

I ~~~~I I ci 1c! isý thle ordIit iirý icmistaimce aInd /(I>) Is Ithe ave craged
It16. 0) \. %;% ml II clm-i 11( %i't 11-1 .1( ili-Ic~ll]itW II I 'a'.11, electric field tiitle to chantge ii tile circular iiagiicti/.attot

rent. canl be emiployed to dlescribe the obscrx ed effects at / 1 21), 'ifdr r I., (1a. (2)
higher frequeoncies. [li~ te decreasc III thle %i ic %oltage b\ '

applying thle 'longitud inal field imean,, the co rre spond(1i ng WhI lIe IeaS thle Wire rldiulS. p I Iiast) he deli ned as. at lifftcr-
change inl Z. III thIiis wense tile efflect was iianlied as it i enia pernileabi litY tt -~ dBfl I dl! Averaging E~q, (2) over
magiicto-iiipedlanee elfect. tile wire cross sectioni allows uN t(o represent [4q HI) in at

A giant M1 eiffect canl he found in various soft magnetic standard form V - e"(w)I using the wire inmpedance
materials. I lOweVCr, ill thle ease of' at longit udinal a (aliig tile/ l
current and field direction) magnetic structure thle MIl effect Z N- - j( w/ci2 L, 1, 21/ urr' dr .-' (3)
is less sensitive and observed for higher fields, ats in the case\Ju
of FeCoSiB amorphous ribbons." We measured the MI effect
in ribbons of a composition FetCoC,.MoSi 153,, as shown~ iin It follows from Eq. (3) that at low frequency the field

Fig.7. he oltae dop y 1%-20 isollcrve ~o hills dependence of the impedanice is attributed to its inductive
oFig 27-3 Th otg rlc.5X20 sosredfrfed term which is proportional to the differential circumferential

of 20-0 O.pernmeability.

IV. IMPEDANCE OF A MAGNETIC WIRE
B. High frequency case

hil this section we consider the field dependence of thle Weclexcthawihnrasg eq-cyhedp-
complex impedance of at magnetic conductor. All the results W ~iepc htwt nraigfeunytedpn
are given for a wire with a circular domain structure since at dence of Z on the fil-.d becomes more essential. In the case of
present the main experimenital data have beetn obtainied in thin wires with homogeneous magnetization changing liii-
such materials. We employ Gaussiati units. early with anl ac magnetizing field, the impedance canl be

calculated exactly for any frequency, i.e., without neglecting
A. Low frequency case thle skin effect:16

Let us consider a wire in which anl ac current Z = - (]wlc 2)L,.4 RkaJ l( ka )/2.I 1(ka I,
1=1() exp( -j.oil) is flowing. The current generates a circular(4
magnetic field H1ip which magnetizes the wire in the circular k= (I ±j)1iS5, 5 ,c / ,12- -7r.)(,T
direction. This circular magnetization affects the voltage where L,, = 21 ln(l/a) is tile external part of the self induc-
across the wire ends. At low frequencies, when thle skin ef tance of' the wire, (51 is the penetratioi' depth inl a miagnetic
feet is negligible, it is simply written it media with the linear permeability t,I rr is the conductivity,

V= RI + (E,))1. (1) and .I()_.11 are Bessel functions. In the case of a strong skin
effect alAIml the high frequenicy expansion of Eq. (4)
gives

thkeCoss-B (ribbon It foliows frotm Eq. (5) that at htigh frequencies (but L,. can10 ,ll be still nelce)Z(M)~ since the penetration depth
inl mge ic matrials depends on permeability as
8,,,= 8/I/,F` [= c(2 7rwtot- ) l! is a nonmagnetic penetration

I ~depth] and tile internal inductance is proportional to i [p.

I Thus, in the high frequency region, when thle skin effect cail
50 1noi. be ignored, thie total nimpedance (of a mnagnetic wire is

-201 p 1 roportional to thle root of the circumferential permeability.
- -to 0 i0 20 This simple consideration already gives the idea of' the

MI effect and is helpful for thle understanding of thc experi-
FIG. 7. Magiucio-imptcdance effect in Fe,',ui afmLotpthow rib- menital data described in Sec. 111. However, for a quantitative
bow, ot itt pin thicktiess. comipar'isoni we have to consider the dynamic character (of thle
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S• " "* '•,h~~~v t'er' uo1 is a' cI•h .loilristic te.l,,\,,tItO i tte.queielc•, ,•,,r,

,uch thfat I- ) 61 t -he ctriA', in Iq 171 is rapidl. cotnm ctg

Ing .11d s, equal 1t (t.0' '. tio d -a 3 .1 -Front iqs (0 and
i• it ftoll•,\,s, that it the Initial Ie l A11hilit,% it is, .a t .n t ion

ot tile Inagh.'tL field, the p1iraml tcr P. \ ll s alo ,elsitiel\
dpxend on the field hitle i,-.o,, . In the htitl tiwle.i thc
effecltive perlmeabhily . tend,, to 1ti )Ip *j ( () ,1) TTr dw ) and
is Indt cindiclit of k.p and. hen .'c, ot t ie fiehl.

_____________It should hi noted that the edd% current losses in tihe case

under 'colns iderat ion pn\e to he about 3 times Ii \iwcr than t hat
for a har donlain srucluic.' )UC to this tile pkcrneabililt

mnaintains its h\w l requencv value till higher frequencies and
the condition i,* c '112-1 27 t ", UP iaI i,,, icasu r satisfied.
in the cam,: of a wire with circular domains.

(b) V. MAGNETO-IMPEDANCE CHARACTERISTICS

".�t. describe quantitatively the mlagnCto-impedance effectFIR. 9. Frcqpency dcl'ictidenc' (it lh iltvIll.dac:tltt i~l /I R in (a). oild A/,/ T srb u

I IA ( Ilh)/IZ( )l in (btl with it - II /tas a parmnieter Thc calculami ili negative magnetostrictive amorphous wires we will use
was done with the theoreticaml depcndencc p,.Ul_, sht•iwn in tig. 2 1.% kur'c expression (4) which is valid for any frequency together with
3, 10(I-t,- I"'. d/a 1t3. Itr 131) jItt cm. the frequency dependent magnetic permeability defined by

Eqs. (6) and (7). For the initial permeability entering Eq. (6)
we will use the result of Ref. 9 shown in Fig. 2. We can

magnetization process. In the case of a wire with circular assume that those field dependencies are valid for the linear-
domains, while HX<HK, the main coitribution to the circu- ized permeability as well.
lar magnetization arises from the domain wall motion which First. let us investigate a high frequency (a/8,,,-> I) ex-
generates local eddy currents. In Eq. (4) we ignored these pansions of the impedance, substituting the complex perme-
microscopic currents. However, they are known to result in abilily in Eq. (5).
the excess losses'7 and damped domain wall movement. The -R(12,5)( ,/--. \/,) joL,,IC2 ,

exact calculation of the total current distribution inside the _ + ..... (8)
wire (due to the outer shape and domain wall displacements) AI, i+z, qR = I-,+ (8)A
cannot be done analytically. This problem can be considered
in the effective medium appr.,ximationt18 1 in which the m- It follows hronm Eq. (8) that at high frequencies such that

oi *<(o<owu,.j both the resistive and inductive components ofcroscopic eddy currents imi are averaged on the domain wall 2 depend on the permeability and contribute to the depen-
scale. Then classical expression (4) for the impedance can be dence of Z(1lIX). At w1/•w l the ratio At/1A•(co,,2o)2
still used but with the effective permeability ,tt,, incorporat- and tends to be zero, so the wire behaves as a resistive ele-
ing imi and substituting for A., ment (see experimental wave forms in Fig. 6). However, un-

The effective magnetic permeability depends on a con- der this condition the dependence of Z on F -.e) disappears

crete type of the domain structure. The calculation of can since the permeability becomes itdependent of the fieldi

be done by considering that the wall motion generating the Tihc frequency dependence of the impedance in the pres-

eddy current field Hmi occurs under the influence of the av- ence of the external field is shown in Fig. 9. We use the

eraged field (11) which includes some external field HW and reduced frequency w (a/?5)2. The reduced external field

the field Hi. Then, if the eddy carrent field is known, we h =HX/HK is chosen to be h <I since we are concerned

have the self-consistent condition to calculate WIth thePermeIaby s•s•noa ted dWith dodmsain wall dcispce-e

Alp:A -H=(/= (HtI+ Hmi)). The analytical solution for the metF the modu oth iman c wa I as

eddy current field distribution is known for some simple do- aefunction of w s T he on dr le fie depedence occurs

main structures as in the case of a sheath with periodical bar a function of w. The considerable field dependence occurs in

domains. 2 ) Recently an analytical result has been obtained some frequency range I <wA,,<wr/•w* where the skin ef-domans.° Rcenly a anlytcalreslt hs ben btaned fect is suitable but the magnetic permeability p.,• still has

for a wire with circular domains around it with a periodic relatively high values. As a result, the relative change in the

spacing 2d, as shown in Fig. 8. In this case, which is a prime impedance AZ/Zh = h -vl Z(t. )/Z(O)I by the external field

interest here, the effective permeability can be written in the im um I a 50% at exter8as s in
form"0 has a maximum which achieves 50% at h = 0.8 as shown in

Fig. 9(b). Such impedance behavior is consistent with the
I -,, /(1-0IW/ 0.0, (6) experimental results. In Fig. 10 the MI ratio AZ/Z is com-

pared with the experimental data obtained on amorphous
wrelC c2/16 6rJAioad1 g,,, (7) wires of different diameters, showing a satisfactory agree-

it ment. In accordance with the skin effect, the maximum of

S/ ,, 2 AZIZ shifts to lower frequencies for a larger diameter wire.

l= ii0 x•(x)dx~ coth( ks,,d/a ) ()/X,5), In Fig. I ! the field dependence of AZ/Z is shown for9 fJ ) some frequencies. The plot is shown symmetrically since the
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I , I ()- 1 c for a 124 /pni diaincier as-c ast wile I '(115  0) - 9F8141 ausd 0
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tKli. 12. Iliixpermioal and calcalated data ott the field dependencce oi AZiZ
o't a 301 pint dianoeter telSion anncaled wire.

static permeability does not exhibit hysteresis with respect to
h. Here the case of I > I is considered as well. At such fields.
a wire is longitudinal'y magnetized and the circumferential the skin effect is strong, the irnpedancc is subject to the

permeability is associated with only the magnetization rota- current distribution which sensitively depends on the frans-
tion. In the frequency range under consideration it can be verse magnetic properties. The most sensitive magneto-

assumed to be frequency iadependent. The Mi ratio rapidly impedance effect can be expected in soft magnetic materials

increases at fields lower than the anisotropy field HK ( < I ), with domain walls perpendicular to the current and external

and it increases little at fields higher than HK (h > I). Such field direction. In this case the change in Z of the order of

behavior reflects the field dependence of the static permeabil- 50% can be reached with fields of the order of the anisotropy
ity that was used for the impedance calculation (curve 3 in field. This configuration is realized in negative magnetostric-
Fig. 2). In Fig. 12 the experimental and calculated curves are tive amorphous wires having a circular domain structure.
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Very large magneto-impedance in amorphous soft ferromagnetic wires
(invited)

K. V. Rao, F. B. Humphrey,a) and J. L. Costa-Kramer
Department of Condensed Matter Physics, Royal Institute of Technology, Stockholm, Sw,'oden

Changes in the impedance, -6000%/Oc, at axial fields less than I Oc have been observed in the
presence of a 90 kHz, few mA current through a soft, nearly zero magnetostrictive wire. In this 125
/rm diameter CoFeSiB amorpl.ous wire we observe a total change of 160% at the nmaxima of the
impedance in dc fields less than 2 Oe. A systematic study of the role of induced anisotropy in the
axial, circumferential, and helical directions on the magneto-impedance shows that the largest effect
is seen in the wire annealed to obtain circumferential easy axis using a 15 mA ac current passing
through it. Both the axial hysteresis loops and the observed I-V characteristics reflect the induced
anisotropies. The observed dependence of the inductance change on the type of the anisotropy
induced in these wires can be modeled in terms of an interplay between the induced anisotropy.
reversing ac field, and the axial dc field.

I. INTRODUCTION annealed with only the ac current to induce a circumferential

Recently, there has been considerable interest in the anisotropy. The third, was annealed using a dc current in the

giant-magneto-resistive (GMR), phenomena observed in a presence of an axial dc field of such a value as to create a 450

wide variety of magnetic materials such as multilayers, helix at the wire surface.

granular, and other heterogeneous structures. For device ap- The axial hysteresis loops of the wires were measured

plications a large change in GMR per Oe at room tempera- a conventional induction echnique hysiciesis loop

ture and low external fields is of interest, tracer. It uses a primary coil 27 cm long, 3 cm diameter, with
afield to current constant of 2.9. Oe/A. A 31 I lz sinusoidal

In this paper we elucidate the role of induced anisotro-

pies to explain the large changes in the magneto-impedance current is fed to the primary. the voltage across a resistor

observedj in a nearly zero magnetostrictive wire at external connected in series with the primary coil fed to the X channel

fields as low as I Oe. Amorphous wires, produced by inject- of an oscilloscope. 'The voltage induced in a it10W turn 0.8

ing a melt through a continuously moving fluid, 2develop a cm long secondary, properly compensated for the applied

unique microstructure because of the axial direction in which field, is integrated and displayed in the Y channel of the

it is cast and the homogencous radial rapid cooling process oscilloscope where the longitudinal hysteresis loops are
during solidification.3 Such transition metal based amor- monitored.

durig slidiicaion Suc trnsiton eta basd aor- The I-V characteristics of the wires were studied passing
phous wires are found to possess unique soft magnetic prop- an ac cu rrenttcs rg t le and a eressto need in

,-rties which are already used in applications a," sensors.4 in a an ac current through the wire and a resistor connected in

Co-Fe-Si-B amorphous wire with the absence of crystalline series. Wc use an oscilloscope ta visualizl.' the voltage across

anisotropy it is now possible to tailor" a nearly zero magne- 35 cm ofr the acrorethous wirte wire cevoltage acrossc tile
tostrictivec (X,< i10 "•) wire in which we can induce axial. resistor. The current through tile wire creates a circumnferen-

tostictve X , ~ )wir whch e ca inuceaxil, ial field of al,out 0.0)31 Oc per mA at the surface. An WIl'
circumferential, or helical anisotropics wiih practically no

dispersion and study the response of such a system to exter- spectrum analyzer, model SR76() from Stanford Research

nal fields. The magneto-inductive properties found in such Sy-;tcms, was used to measure tile different spvccr-il compo-
o low field nents of the magnett.-impedance. In this work we present the

sensors. amplitude of the first harmonic of the voltage its it function of
the axial field for the above mentioned wires.

II. EXPERIMENT Ill. RESULTS AND DISCUSSION

In order to study i. depth the role of the type of induced In Fig. 1 the longitudinal hysteresis loops for the anior-
anisotropy we have specially prepared the amorphous wires phous wires as-quenched, and annealed under different con-
ir a well defined magnetic state with axial, circumferential ditions are displayed. The saturation magnetization value for
and helical anisotropies using the following procedure: four the wire is found to be about 5700 G. The as-quenched wire
45 cm long, 125 p~m diameter wires of nominal composition [Fig. I(A)] reaches magnetic saturation at a field of about 0.5
(Co94Fe,) 72 .5Si1 2.,B 15, were used. Three of these were an- Oe with M,/MU-0.61 The axial anisotropy wire [Fig.
nealed in air using a current of 350 mA for 30 min. During I(B). clearly displays an axial easy direction of the magne-
this anneal, the field direction on each wire was carefully tization (Mr/I.M. 1 ) with Il,. of about 0.035 Oc. The wire
controlled so that a well defned induced magnetic anisot- with circumferential anisotropy [Fig. I(C)I exhibits a hyster-
ropy would develop. One wire was annealed in the presence etic loop typical when a magnetic field is applied along a
of an axial dc field to obtain a.. axial anisotropy. Another was hard axis direction (M,/M•-0) with Hk of about 1.3 Oe.

'lThe wire with induced helical anisotropy [Fig. I(D) I displays

"•Visiting from Boston Univcrsity. a loop with an intermediate behavior for which
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A Cho., hIt ili~r *4 ''', r wards, to an axial orientat ion at the center of [the wi re, we
(a) ...... ~ . . . . (b) estimate a theoretical average angle to be 30.70, which is

quit clse o te masured value of' 320. This wire axially

quit cl s ote-c1 ~saturates at an external field of about 1.5 OL'.
crThe frequency dependence of the 1-V1 characteristics at
zeoapplied ailmagnetic field for the same wire is shown

* , :1in Fig. 2. Onl the vertic~al axis we display thle voltage across
35 cmi of wire and, oni thle horizontal axis, the voltage across

,(,brnia An!l', -I ii i l0 a resistor in scries with the wire which is proportional ito the
11-1 2......- .6 2:dt, current amiplitude value. As observed, at low frequencies in

:il(
0
~~all cases the resistive (linear and reversible) component of

the imipedance dominates. The slope of this linear part is
related to the dc resistance of' the wire (about 35 11). As the

-n--. 4 M frequency of the ac current is incircased, the inductive conri-
pontent of teimipedance develops. Notice that the -Vloop
close,; at the current amplitude which saturates the sample
along thle circumnferential direction, proportional to thle cit-

FIGt. 1. tA011giludinal~ hysicresi loop% for ( e) 1 Sil, 11 wire in the cumiferential anisontropy field, Accordingly, the area under the
(A) us-queriehed, anid currenti uanneated under different conditioins for in- inutvpeksolberprinatoh fqecyfte
duccd (t)t axial anlisotropy. (ct circurinferenlial ilniotolpy. ;id( (t)) thelicatl nutv eksol epootoa otefeunyo h
lni~soniopy. excitation and thle amiount of' circumferential flux which is

being switched. The position of' the ,naxinljm of the peak fin
the inductive comnponient provides us with the vircurn fterentia I

Mr/Al, = 0. 85 which corresponds to an average orientation coercive field at which the miaximlum flux change fakes
of' the miagnetization of' 32' with zespect to the axis. If' we place.
assumne a 450 orientation of the magnetization at the surface, As seei in Fig. 2(A), the as-quenchled wire has it small
which decreases monotonically is we procýeed radially in- inductive component of the imipedance even for 10(0 llz tre-

()As.Otarched Wiag (b) Axial Anisohlotiy WMe

a I M ) Ii k0 ( IM I f I k i lt .

10kllS kl 10 klli,.Okl

SO kit, Al 1~,,

(c) cucumlnronnall Anisoltolly Wiro (d) Helical Anisolroliy Wire

IN IItIkl 
34

0U -1 A/d.

. ...............- -- -.--..- F ,-

lkilt > .50ktiz 10 kit h) .l

1) -1 A.h

FIG. 2. tFrequcrney dependence of the I-V ctaractcris'.ics for (COW1 Fe1,)-,,2 Si, 2.' t,. wire in the (A) aii-quneicted, and current annieated under difierent conditionii
for induced (B) axial anisotropy, (C) circurnferentiain anisotropy, and (D) lheticat anisot ropy-
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(a) As-Quenched Wire (b) Axi.1 Anisotropy WMre

0.2- go ~'~e-e.~e
.000

0.0

.0.2* 0 ~-03**0 6~ .. .0

.
.04

6.0.4

01 .1 1 to too o i 1 10 500

it toil i (O)

(c) (d)
Circumrferential Allsottopy Wire Hellcal Anliotropy Wire

7.0 0.00 . 00

00

tO . ,, 0j 0 -O110" *1

00 .-0...0

0 1 to too 0t to too

i bt (0 1 it t0.1

FIG. 3. Malgneto-inmpedance nmeasured with 3 mA it( 10, 50, anutd 90 kiL t' (('ftr |F ,) 1 3Si 11 ,, wire in the (A) us-quenched, and cirrent annealed under
different conditions for induced (B) axial anisotropy, (C) circumferential anisotropy, and (I)) helicald onixtrpy.

quency. On increasing the frequency of the current, the in- wires, when a 1tX( Oe axial field is applied, each of the
ductive component grows and is displaced toward higher curves collapse to a diagonal resistive line. The inductive
current values, indicating the displacement of the circumfer- component disappears, leaving pure resistive behavior. Con-
ential coercive field as we increase the frequency of the ex- sequently, the deviation from the resistive behavior at a given
citation. This is concomitant with a decrease of the circular frequency and amplitude of the current, provides a measure
susceptibility. For tile induced axial anisotropy wire [Fig. of the magnitude of the impedance change from zero to satu-
2(B)] we do not observe a significant inductive component of ration.
the impedance at I(X) Hz. In a similar fashion to the as- We now discuss the evolution of the magneto-impedance
quenched wire, the inductive component increases as the cur- in the wire with a well tailored anisotropy. The actual field
rent frequency is increased. The wire with circumferential evolution of the voltage between the ends of the wire de-
anisotropy [Fig. 2(C)] displays the inductive bumps sepa- pends both on the amplitude of the ac current and on the
rated by a central lineat and reversible part up to 50 kHz magnetic anisotropy. In. Fig. 3 the amplitude of tile funda-
current frequency. This suggests the existence of a critical mental of the impedance as a function of the axial dc field is
circumferential switching field below which there is no sig- presented at three different frequencies (10, 50, and 90 kllz)
nificant circumferential flux change and accordingly no axial when a 3 mA ac current is flowing through the wires with
inductive voltage. At a threshold the circumferential magne- different induced anisotropics. A 3 mA current flowing
tization switches, as noticed by the appearance of the induc- through the wires creates a maximum circumferential field at
tive component of the voltage. Notice also that, as before, the the surface of about 0.1 Oe, This field will try to oscillate the
inductive component of the impedance displaces to higher magnetization circumferentially. The amount of flux change
current amplitude values on increasing the currenit frequency. (and accordingly the axial inductive voltage) will depend on
For the wire with induced helical anisotropy [Fig. 2(D)] we the magnitude and relative orientation of the anisotropy and
observe a rf'ixL,:re of the previous two behaviors, i.e., a dis- the applied ac field. It will also depend on the magnetic
placement of the inductive peaks plus a broadening of the softness of the material which in amorphous materials is pri-
I-V loop. The observed behavior could be viewed as a mix- marily determined by the magnitude and sign of the magne-
ture of the axial and circumferential I-V characteristics. tostriction. On applying an axial field, we modify the zero

The inductive component shown in the various wires of field domain structure tilting the average magnetization to-
Fig. 2 can be identified by using an axial field. In all the ward the axis, and, consequently, change the relative orien-
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tation of the average magnetization to the applied circumfer- (a)
ential field. resulting in the magncto-inductive voltage ... -- he M I.. A
changes, This voltage change will thus reflect the change (it' ,. '• , .... ,, ...
circular susceptibility at the frequency of the excitation as we * ,
proceed towards axial saturation, in the external field,

For the as-quenched wire [Fig, 3(A)] at 10 kliz we oh- K
serve a continuous decrease of the inductive voltage as a
function of the axial field, demonstrating partly at decrease otf -. '
the circular susceptibility as we align the magnetization axi- , •

ally. On increasing the current frequency the inductive volt-
age first increases and 'hen decreases. This may be caused by :
an increase in the aver-ge circular susceptibility at that fre-
quency values as we align the magnetization axially At high
enough axial field values a pure resistive behavior is ex-
pected, the magneto-!mpedance is then saturated. (b)

The axial anisotropy wire [Fig. 3(B)] displays the
magneto-impedance at the three selected frequencies. Below
1 Oe there is no significant change of the magneto-
impedance. As the field increases further, the magneto-
impedance starts to decrease, demonstrating the reduction of
the amplitude of the circumferential flux oscillations created
by the current's self-field. ',,. . .

In the case of the circumferential anisotropy wire. the
magnetization is oriented circuniferentially in the dernagne-
tized state. Below the circumferential critical switching field .. t III A

there is no circumferential flux change [central part of the I-V . '
characteristic, Fig. 2(C)]. However, the situation changes on i'
applying an axial field. When the applied axial field over- ,_
comes the effect of ihe circumferential anisotropy, the mug.
netization will rotate toward the axial direction. The circum- FIG, 4. Dependence of the magneio-impedance on the current amplitude al
ferential susceptibility is expected to increase. The magneto- 90 k1tz for a (oQ.l`C6)72.5iS131'51 wire with iniduced circumferential anisol-

impedance data for this wire [Fig. 3(C)] is consistent with ropy at (A) 3, It1, and 15 mA and (14) 25 and 00) mA.

this picture. A sharp rise in the inductive componenIt of the
impedance at about 0.8 Oc, reaching a maximum value at
about 1 Oe is observed. On increasing the axial field further, fields. This can be understood in terms of the balance be-
the circular susceptibility decreases, eventually to zero re- tween the circumferential anisotropy, the applied axial dc
suiting in no inductive voltage. Notably, the maximum and circumferential ac fields, As the amplitude of the ac cir-
change in the impedance is 220% at 90 kHz, with a maxi- cumferential field is increased, the dc field required to tilt thu,
mum slope at field values between 0.8 and 1. 1 Oe of about magnetization such that the ac circumferential field manages
300%/Oe! to set the magnetization to oscillate in the circumferential

The magneto-impedance for the helical anisotropy wire direction is decreased. On increasing the current amplitude
[Fig. 3(D)] displays a behavior qualitatively similar to the further [as seen in Fig. 4(B)], a value is reached for which all
as-quenched wire with a lower axial saturation field. At 10 the circumferential flux is oscillating at zero axial field.
kHz current frequency a continuous decrease of the _ .. '.age When this value is reached, the behavior of the magneto-
is observed as the axial dc field is raised, while at higher impedance changes to it continuous decrease in amplitude as
frequencies the initial slope tends to be positive. The low the axial field is increased as shown by the open circles
axial saturation field of the magneto-impedence might be (60 mA).
explained in terms of a smaller circumferential susceptibility,
as compared with the as-quenched wire case at the same
current value, The axial field required to stop the magnetiza- IV. CONCLUSIONS
tion oscillations• in the circumferential direction is accord-
ingly smai!nr. Current annealing proves to be a powerful method to

The remarkable magneto-impedance behavior for the tailor magnetic responses, particularly the magneto-
wire with circumferential anisotropy, can be seen in more impedance, of amorphous soft ferromagnetic wires.
detail in Fig. 4. The relative change in voltage is seen as a The magneto-impedance effect has been studied in low
function of the axial field for different ac currents through magnetostrictive amorphous wires with different easy mag-
the wire at a constant frequency of 90 kHz as a parameter. netization axes. The observed current, frequency, and axial

As the amplitude of the ac current is increased [see Fig. field dependencies of the magneto-impedance support the
4, ,)], the impedance threshold is displaced to lower axial view of an effect related to the soft magnetic properties of
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Sensitive field- and frequency-dependent impedance spectra of amorphous
FeCoSiB wire and ribbon (invited)

R. S. Beach and A. E. Berkowitza)
(C''nter for Magnetcl('i Recording Research, Universitr of California. San Diego. l.a .Jolla, Califorinria 92093

Conflicting reports of large magnetoresistivc and magnetoinductive effects in amorphous FeCoSiB
wires and ribbons prompted the impedance measurements reported here. The spectra (0--f-3.2
MHz) were obtained at room temperature using a commercial impedance analyzer both as functions
of axial magnetic fielh (- 140<11, < 140 mA) and sense current (1 E:,,,-_60 mar. The phase shift
due to the test leads was carefully measured and subtracted from the raw data to resolve the spectra
into resistive R(f ) and reactive X(f ) components. We find for the Fe4.3Co06.2.?SiI:,.lB1l wire (12(0
,um diameter) and ribbon (20 jim thick) that both R(f ) and X(f ) depend strongly on frequency
and magnetic field, For 11,1=0, each component increases monotonically with frequency, with
R(f-=))- 1fl/cm and X(f=0) -=0. In high fields (HA=1 40 O), R(f ) and X(f ) are nearly
frequency independent. The field-dependent response is sharply peaked about 11A =0; the full width
at half maximum is FWHM-<20 COe, typically. The change in R(f ) and X(f ) between these two
extremes is extraordinarily large; 4.5 1l/cm at f= 1 MHz is a typical value for the wire. The
sensitivity of the magnetoresistive response is 44% of the dc resistance per Oe for f= I MHz.
Qualitatively similar phenomena were observed for the Fe7 .5Coth7.Sij43B,1 ribbon, although the field
and frequency dependences of the spectra are less pronounced than for the wire. We discuss a model
which describes the spectra quantitatively, using classical electrodynamics.

I. INTRODUCTION very strong function of the frequency f of the drive current,
and secondly, that this strong frequency response can be vir-

In spite of the fact that amorphous ferromagnetic mate- tually eliminated by the application of a magnetic field "A of
rials have zero magnetocrystalline anisotropy, magnetic isot- the order of 10 Oe. Such amorphous materials have the po-
ropy has not been attained in the laboratory. The small, yet tential to be used as simple, extremely sensitive magnetic
finite coercivities, permeabilities less than simple theoretical field detectors.
predictions, and the unusual domain structures characteristic In our research, we have found that a sensitive magne-
of these materials demonstrate the presence of anisotropy torcsistance R(f,HA) accompanies the previously observed 2

despite their amorphous microstructure. It is generally be- field-dependent reactance X(f ) of amorphous FeCoSi1B
lieved that the anisotropy observed in amorphous ferromag- wires. At room temperature and for f >3 Ml lz, the net mag-
nets is predominantly due to magnetostriction. Magnetostric- netoresistance exceeds 600% of the dc wire resistance. This
tion anisotropy is governed by the alloy composition, which large response enables us to detect changes in the applied
determines the value of the mnagnetostriction coefficient h, field of less than 0.0( 1 Oe. The impedance spectra of as-cast
and stress fields which result from the fabrication process. FcCoSiB ribbon have also been measured, and we observe
Amorphous ferromagnetic wires are produced by quenching field-dependent effects that are of the same order of magni-
a molten stream in water. This process results in wires with a tude, but somewhat smaller than those for wires. For the case
radially directed stress field and, consequently, anisotropy of wires, we are able to fit the spectra to a straightforward
fields that are either radial or circumferential, depending on model that is based on classical clectrodynamics.
the sign of X.

Due to their potential uses in transformers and transduc-
ers, the magnetic properties of amorphous ferromagnets in II. EXPERIMENTAL
the frequency domain have been studied extensively. These
materials typically exhibit high permeabilitics and low All of the data presented herein were obtained using a
losses, characteristics desirable for many high-frequency ap- Schlumber,'r 1260 impedance analyzer running in constant
plications. The permeability, in particular, is dependent upon current amplitude mode. The FeCoSiB ribbon and wire
the anisotropy field, the domain structure, and the magnitude samples were first cut to lengths of 3 cm and cleaned in a
and topology of the magnetic field acting on the material, solution of HIG and ZnCI. Two current leads were attached

Recent work by the authors,' by Mohri and co-workers, 2  to the ends of the samples, and two voltage leads, 14 Lim
and several others 3-'- has focused on ac electrical transport apart, were attached between these. All the connections were
phenomena in amorphous FeCoSiB alloys. These researchers made with Ag paint. The contact resistances were less than I
have demonstrated firstly that the impedance Z(f ) = R(f ) Q. The samples were mounted inside a grounded chassis box
+ iX(f ) of certain amorphous wire and ribbon samples is a which was connected to the analyzer with four coaxial

cables. The cables were roughly 40 cm long and permitted

')Also at Department of Physics, University of California, San Diego, lA the samples to sit within a I-Helmholtz coil (diameter 30 cmn),
Jolla, ('A 92093, which produced a dc magnetic field -- 14(1 Oe<HA< 1401 Oe
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1.1 0.4 TABLE I . The relative magnitudes and wdths of tile peaks in R and X for
Resiatance (R) React 'ce (x) a c. 5(Co,,, 5Si It J31, ribbon, taken frorn Fig. I. The rcsistance for f 0 is

Hal,.0.8 t1,/cm.

1.0 - 0.3 Frequency 10 kilIz 100 kliz I Mils

E AR/R 0.4%7,, 5.5% 23%;
Q AX/R 1,1%0O 10.1% 46%

0i 0.9 0.2 All, 1.0 Oc 1.8 Oc 5.3 0c

All. 3.5 Oe 7.2 0c 25 Oc

0.8 0.1

drive current amplitude used in co!lecting these data was
1=I0 mA. The dc impedance (not shown) is flat on this

0,7 - 0.0 scale, and is purely real. For frequencies ] other than zero,
•150 0 1,0 .150 0 150 peaks in both the resistance R and reactance X appear, cel-

Field fo0) tered about H,j -ll. Both the magnitudes and widths of the

peaks in R and X grow monotonically with frequency. For
FIG. l. The impedance of an amorphous Fe7. CoV.,SilýBIj, ribbon Z=R J'= I MHz, the magnetoresistance ratio is
+ iX vs magnetic field (- 140<HA< 140 0e0 for three sense curreat fre- (R1il 5x-R.N,;a)/R 5,t=23%. The de resistance R,,i,=0. 8 fl/cm is

quencies, f=10 kHz, 100 kHz, and I MHz. The peak at "A,=() grows apparently equal to R,,, tile ac resistance in the limit of high
dramatically with increasing f. Note also the frequency dependence of the H . The relative change in reactance for f= I Mlz is
peak widths.,I-Tl eaiecag nratnefrf1M1ziAX/R .=X,l,.x? 1/R,,=46%. We note that tile widths of the

resistive and reactive responses arc different. The full widths
along the lengths of the samples. The samples were aligned at half maximurn of tile resistance curves FWIHM=2AIIR
with their long axes (parallel to the current) normal to the are less than those for the reactance 2AHX for each value of
earth's magnetic field. All the data were collected at room f shown. The magnitudes of these peaks AR and AX, and
temperature, their widths AlHR and AHI are given in Table I. parameters

The measured impedance spectra Z(fHA) were re- which serve to quantify the sensitivities of the resistive
solved into resistive R and reactive X components by sub- and reactive responses are (I /Att,,)(ARIR) and
tracting tile previously determined impedances of the instru- (I/AHx)(AX/R). For f= 1 Mllz, these are, respectively,
mentation and test leads from the raw data. This null 4.3%/Oc and 1.8%/Oc. We observe relatively little response
correction amounted to approximately 10% of the measured in either R or X when H1 A is perpendicular to the current.
wire signal for f= 1 MHz. Frequency sweeps (100 Hz<f<3 Impedance spectra (0<f<3 Mllz) in zero field and for
MHz) and current amplitude sweeps (0.5 mA<I1 r.s<60 mA) HA = 1410 e are displayed in Fig. 2. The zero-field reactance
were controlled by computer. Field sweeps were performed exhibits negative curvature for tile entire frequency range,
manually. The applied field had no direct observable effect and linearly approaches a value X-0 at f=0. On the con-
on the experimental apparatus. trary, the resistance displays positive curvature up to f= 1.5

MHz, for f'> 1 5 MIlz, the curvature of R(f ) is negative.

III. IMPEDANCE Z(f,HA) OF AMORPHOUS FeCoSIB Similar zero-field behavior, very much smaller in magnitude,

RIBBON AND WIRE was previously observed" for FeCoSiMoB ribbons.
The spectra are rendered nearly completely flat by a 140

A. Ribbon Oc magnetic field, as shown) in tile Fig. 2, The resistance

In this paper we discuss the impedance spectra Z(f,l 1a)
obtained from FeCoSiB ribbon and wire samples under the
influence of an axially applied magnetic field H1A, We expect it = -0
that these materials are very soft ferromagnets, with dc co-
ercivities considerably less than 1 0e, although tits was conI- 1.0

firmed only for the ribbon sample. [ . =1400o.
The 0,9-mm-wide by 20_3-Mm-thick Fe7 .5Co61,.-SSilsB I(, E.

ribbon was prepared by melt spinning by J. L. Walter of the -
General Electric Research and Development Center. The 0.5 H= -

amorphous structure of the ribbon was verified by x-ray dif-
fraction. The as-cast ribbon has a resistivity p= 145 p.1 cm.
It exhibits only a small anisotropic magnetoresistance of H

-0.1% at room temperature, and a small linear decrease of 0.0 20
R(HA) for fields HA> 5 kOe. This behavior is typical of I (MHz)
ferromagnetic 3d metals and alloys. In Fig. I we show dieresponse of the ribbon impedance (in units of[ ,f 1/cm ribbon) HIG. 2. Iinpedrineie spectra for the aniorphious IFc7 ,,( o, •Sil.,l

t
ii ribbon for

zero applied tield, and foran a xially applied field of 140 (e. (lose ii•,pcc-
to a magnetic field applied along the ribbon's length, at drive tion of the figure reveals an inllcCtio' point alt f 1.5 MIls. The 14(10 licld
current frequencies of 10 kHz, 10t) kHz, and I MHz. The suppresses the f'requeliy responses allost Complctely,
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,14 , f= 1 W .z

A 35 V 50D k~
4 -. Y 140 . [1 lO0 k~lx
4 4 13 1001,1

0E

2

0.0 0.5 1.00.0 0.5 I.L

f (MHz)
0 - ' -

0 25 50 750 25 50 75
FIG. 3. Impedance spectra of a Fe4.('oH,.Si'1 ,31 1 wire for axially applied H (Oe)
magnetic fields "A -0, 3.5. i., 35, and 140 OL. Solid lines connect points at
fixed "1A FIG. 5. Data from Fig. 3 plotted vs the applied field (()<'IA < 140 OC). (Data

for tA=75 Oe were not included in Fig, 3 for clarity.) We observe littie
difterence between these data and those obtained by scanning It1 with fR(f ) has no visible slope for this field. One will note a fixed.

small positive slope in X fHA = 140 Oc), which is consistent
with the different widths of R(HA) and X(HA) found in the
field scans of Fig. 1. Note that AR is less than AX for all tive. This behavior is clearly evident in Fig. 4, where we
frequencies f.<3 MHz. At a frequency of f=3.2 MHz, ARi show Z(f ) for HA = 1.4 Oc. At higher frequency, both R(f )
R =59% and LX/R =89%. and X(f ) increase as ft/ 2. For HA =0, the inflection point

which separates the two regimes occurs for J'=60 kHz. A
B. Wire HA =140 Oe applied field virtually flattens the resistive fre-

The nominally amorphous Fe 4.3Co68.2Sil2..sB5s wire quency response (R(f,HA= 140 Oe)-•R5 ,,), and like the rib-
sample was fabricated by the technique of quenching in ro- bon, only a small positive slope remains in X(f ) for
tating water7 by the Unitika Corp. of Japan. We are grateful HA = 140 Oe. This particularly simple form of Z(f ) at high
to R. Hasegawa for making it available to us. The wire has a field, for which R(f )•l 5 •,, and X(f )=0, is easily ex-
120 Am diameter, and a resistivity p= 135 p,,i cm. Imped- plained: when the sample is saturated, the anomalous mag-
ance spectra obtained front this sample in various axially netic effects disappear, and we observe flat spectra (for
applied magnetic fields are displayed in Fig. 3. These share 0<f<l MHz) typical of nonmagnetic materials.
many characteristics with the ribbon spectra, shown in Fig. Figure 5 shows data taken from Fig. 3 in the H,,-Z plane
2. Both R(f ) and X(f ) increase monotonically with fre- (we also show additional points for H 4 =75 Oe). The lines
quency, and are driven to lower values by the axial field, but join data obtained at a fixed frequency. The data display a
the magnitudes of the responses are AR/R =370% and AX! pronounced increase in R and X as HA is reduced to zero.
R =350% for a frequency f= I MHz, an order of magnitude For all values of UA, both R and X increase with increasing
larger than for the ribbon. Like the ribbon, X(f ) also exhib- frequency, and at high field tend to their respective dc limits.
its negative curvature and vanishes for f=0, but the curva- Tl-e widths of the curves also increase monotonically with
ture in R(f ) is predominantly negative for U<f< 1 MHz frequency, as for the ribbon. We observe no hysteretic effects
(where that for the ribbon is positive). However, as f ap- associated with sweeping frequency at fixed magnetic field,
proaches zero, the second derivative of R(f ) becomes posi- rather than sweeping field at fixed frequency. Table II

displays ARIR, AXIR, and the widths AHI,1 and AHx ob-
tained from the wire. For f=3.2 MHz, AX/R=470% and
AR/R=620%. For the wire, as well as the ribbon,
AHR<AH,. The sensitivities of the resistive and reactive

R responses for ]= 1 MHz are extraordinarily high:
4 -(I /AHR)(AR/R) = 44%/Oc and (I/AHV)(AX/R)

U = 16%/Oe.

TA1 BLE II. Relative magnitudes and widths for the Fe4..Coh, .,Sij2 5BI wire

0.0 0.2 0.4 0.0 0. sample taken frotm Fig. 5. The resistance at f::tl is R/ .- 1.2 t./cm.

I (MWZ) Frequency It k~lz 100 kliz I MHz

FIG. 4. Tleh impedance spectrum l(f ) and X(f ) fur the ARIR 4% 8(0IN 370%
FC4 1Co16,.0 Si.131313 wire subjected to tn axial magvetic field 1A = 1.4 Oe AXIR 21% 1201% 350t%
(the amplitude of the sense current is 10 mnA rinsJ. Noe the inflection point All, 1.5 Oe 1.9 (e 8.5 0e
in R(f ) for f-60 kliz. The solid lines shown are a fit to Eq. (2) using two All, 2.7 0e 8.3 Oc 21.5 0c
parameters.
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IV. MODEL FOR SPECTRA a

Two characteristics common to the spectra of both wire 6

and ribbon are the negative curvatures of the reactances
X(f ) and the inflection points in the resistances R(f ); the 4

latter separates the low frequency behavior, dominated by 2

positive curvature, from that at high f, where the curves are
concave down. For the case of the wire, both R and X in- -0..

crease with f112 in the high f limit. Such features are charac- 25 F ( 75

teristic of the impedance of nonmagnetic wires.8 However, Field (ee
for a wire of the same diameter and resistivity (120 Am and135 1 dl cm), these features should appear for f•10 MHz, FtG. 6. Field dependence of the fitting parameter /I'(f=O,JHA)
not at the , on ese freqture should appearf +o47bed4 (HA) of Eq. (3). The points were obtained by fitting data from
not at the onset frequency f =_15 kHz observed. Fig. 3 to Eq. (2) using Eqs. (1) and (3).

The magnetic response to the field produced by the drive
current is evidently the mechanism which gives rise to the
tremendous frequency dependences of the ribbon and wire magnetic response to the drive current (saturation of the cir-
impedances. (The effect of Joule heating on the spectra was cumferential magnetization being the most obvious nonlinear
previously found to be unimportant. t ) The domain structure 9 phenomenon not contained in the above), as well as a fre-
of amorphous FeCoSiB wire is determined by its negative quency dependent relaxation time. In its present form, the
magnetostriction coefficient \= _10-7 in combination with model describes the data extremely well, especially consid-
quenched-in radial tensile stress. The resulting magnetic easy ering the approximations we have made.
direction is circumferential (at least near the wire's surface). The permeability was so determined from the Z(f )
The domain structure is broken along the wire's length into shown in Fig. 3 for a variety of HA. Its value at zero fre-
alternate left- and right-handed circumferential domains. quency A,(f=0) (purely teal) vs HA is shown in Fig. 6. The
Evidently, this magnetic structure is highly susceptible to the sharp decrease in 1.t(f OJIA) for a relatively small increase
field of a current flowing in the wire. in HA parallels that in Z(f,HA). For HA= 140 Oe, go

We model the impedance spectra of the wire using Max- Vf=OHA) is reduced from its value of 6805 at I1A =0 by a
well's equations. The response to the field generated by the factor of 75. When the magnetization is forced to lie parallel
drive current is governed by the circumferential permeability, to the wire axis, the circumferential permeability approaches
denoted A,. We assume that puo does not depend on position. AO= 1 (Ref. 11 suggests a plausible mechanism for the field
This is a crude approximation; the core of the wire, very dependence of /,A). We infer that, for a fixed frequency, the
probably, is longitudinally magnetized.? Nevertheless, it is skin depth 5 grows roughly by a factor of 10 as HA increases
correct to first order. From Maxwell's equations we deduce to 140 Oc from zero, and that the wire resistance is stbse-
that the skin depth for a wire with circumferential anisotropy quently diminished, The relaxation frequency 1/r apprecia-
is bly affects the quality of the fit cnly for HA<3 0e. In this

range, 1/1 increases sharply from 1/r=3.3 MHz for HAý()
p= Igf, (1) and rises to 1I/>40 MHz, beyond which frequency the ad-

dition of a damping term has a negligible effect for the fre-

from which follows8  quency range fit (0<f< I MHz). This behavior may possibly
be due to the increased importance of rotational processes for

Z=R+iX= I Rd&a Jo(ka) (2) higher HA, and more rapid relaxation.
2 = +i- a (ka), (2) We believe that the same mechanism is responsible for

where the J jare Bessel functions of the first kind, Rdc is the the impedance of the ribbon sample. Because the domain

f=0 resistance of the wire (per cm), a the wire radius, and structure is not known for this sample, we decline to make a
quantitative comparison of the ribbon and wire spectra. We

* a may, however, compare the two frequencies for which R(f,
k=( 1 +i) •. HA =0) exhibits an inflection point; their ratio is 25. Assum-

The data may be fit to Eq. (2), with p., a real constant.t Here ing that this is the frequency for which the skin depth is
equal to the thickness of the sample, we arrive at a ratio ofwe include the possibility that /zis frequency dependent, effective permeabilities which is of the o•rder of one.

We assume that this arises from a damped magnetic re-

sponse, characterized phenomenologically by a relaxation
time 7% The permeability jt = g', + A", is then given by"t' V. DRIVE CURRENT DEPENDENCE

The frequency-dependent part of the resistance R-R,,,
+.,-1 + c-• ' 2 , 1- - , for HA =() is shown in Fig. 7 versus drive current amplitude

0.5 mA<Irnn<60 mA (data taken from Ref. 1). Note that the
where X0 is the susceptibility for f=0 and w=27rf. The solid ordinate is set on a logarithmic scale. The current amplitude

lines in Fig. 4 are a fit with two parameters, dependence of X is qualitatively similar,' The current scans
1 +47rx.=/,,(f =0) =6074 and l/Ir. 10.45 MHz. A rigorous (rtMs increasing) were performed for fixed frequencies f- I
model of the impedance would include nonlinear terms in the kHz, 10 kHz, 100 kl-lz, and I MHz. For 1'= 1, 10, and 10t)
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10 sense current. We have been able to describe the effect in
I M.Z wires quantitatively, using a phenomenological model based

1- _ _ _- on classical electrodynamics. The existence of qualitatively
"",,kZ. similar spectra for amorphous FeCoSiB ribbon demonstrates

•. l'-, that the phenomenon is somewhat robust, and that it is not
I dependent on a particular domain structure.

10-1 Mo,. At high frequency, the resistance is sensitive to smaller
fields than the reactance. Why the widths AHR and AHx are

I__ _ different, and why they increase with frequency are unan-
' 3'o 60 swered questions at present (we note that the sensitivity in-

creases with f ). A possible explanation for the latter is that
the circumfereatial anisotropy K0 (and the resistivity) is de-

FIG. 7. Dependence ef the magnetoresistance AR(f,I,,) on the amplitude pendent on position. Due to the quenching process, one ex-
of the drive current ,mrnl' Note the peak in AR(f,Ilm,) for 1rms< I Miz and pects this quantity to be greater near the wire surface. The
the decrease in AR(fI,,:) for 1lr,•s>0 mA at all f. The applied field is current runs closer to the surface at higher frequencies, and
HA =0. the effective anisotropy field thus increases with frequency.

Currently, the most sensitive giant magnetoresistive
kHz, there are peaks evident in the data at I,r,,=4.0, 5.5, and (GMR) materials have (1/AHR)(AR/Rsat)<1%/Oe at room
8.0 mA, respectively. This maximum vanishes for f - 1 MHz. temperature. The sensitivity of the amorphous wire discussed
Each data set also exhibits a gradual decrease for 1,n,,>10 in this paper to an applied field is more than an order of
mA. The fields at the surface of the wire are Hb=2.5, 3.0, magnitude larger than this for I'= 1 MHz. It is expected that
and 4.5 Oc at the peak positions. Since it is reasonable to further developments in this nascent field will increase the
expect that the wire magnetizes by domain wall motion at sensitivity substantially. There is vast technological potential
low f, we suggest that the peak in R(f,Irnms) corresponds to in the phenomenon of magneto-impedance, and many scien-
the onset of domain wall motion, i.e., the circumferential tific questions still unanswered.
coercive force. The absence of a peak in R(f,Irms) for f>I
MHz is possibly due to the dominance of rotational pro- ACKNOWLEDGMENTS
cesses at these relatively high frequencies. The decrease in R The authors would like to express their appreciation to
for lrms >10 mA may result fEom saturation of the circumfer- R. Hasegawa, F. E. Spada, and F T. Parker for valuable
ential magnetization for a current-dependent fraction of "he conversations and assistance with the experiment. This re-
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Magnetic and specific-heat studies of U2T2X compounds show a frequent occurrence of the y
enhancement in conjunction with the onset of antiferromagnetic ordering. The largest value of 830
mJ/mol K2 was observed in U2Pt2ln, w'iich is nonmagnetic down to 1.2 K. Variations of electronic
structure are documented by optimized relativistic LCAO calculation.

I. INTROrJCTION Most of them were single phase. A several percent contami-

Magnetic and other electronic properties of light ac- nation was found in U2Pt2ln (UPt) and in U2lr 2Sn and
tinides in intermetallic compounds are strongly affected by U21r2ln (Ulr).
the hybridization of the 5f states with electronic states of Most of the compounds with Ni, Pd, and Pt display an-
ligands. In compounds with transition metals, the most sig- tiferromagnetic (AF) order at low temperatures. The only
nificant delocalizing effect comes from the 5f-d hybridiza- exception is U2Pt 2ln, which exhibits a strongly enhanced
tion, which is reduced with filling the d band. The reason susceptibility x at low temperatures (23X 10-8 m3/mol at 4.2
follows from electronic structure calculations, which show K-note that I mol f.u. contains 2 U atoms). No phase tran-
how the gradual filling of the d states leads to a reduced s~tion was indicated in the specific heat down to 1.2 K. The
overlap of the 5f states, forming a band pinned at EF, with X(T) dependence (Fig. 1) can, at high temperatures, be ap-
the d transition metal states, which are pushed down to proximated by a modified Curie-Weiss (MCW) law similar
higher binding energies. Thus irrespective of stoichiometry to the majority of compounds described here:
or crystal structure we can observe variations of the 5f elec-
tron magnetism, with a crossover from nonmagnetic to mag- X=C/(T- I)+±X(, (1)
netic ground state by the end of transition metal series. There
is a common belief that heavy fermion phenomena occur yielding for U2Pt2ln the parameters /lcff= 2 .4 ,',/U,
only with very narrow 5f bands, which do not order mag- Et=-106 K, and X0=9.7X10- 8 m3/mol. Below 100 K,

netically (or which show very small ordered moments). X(T) deviates from the MCW fit towards larger X values.
However, it remains an open question as to why the onset of The low-temperature data are contaminated by the UPt

magnetism is not accompanied by a significant y enhance- impurity2 (which has spontaneous magnetization of 0.4. K/U
ment in many cases. In other words, the heavy fermion com- below T=25 K3), but the large susceptibility at 4.2 K was
pounds remain rather unique and it is unclear where to place confirmed by high-field magnetization measurements. The

them in the systematics of other uranium intermetallics. specific heat displays a pronounced upturn of CIT vs 7' (Fig.

Here we describe results of investigations of the recently 2), which is insensitive to applied magnetic field of 5 T.

discovered ccmpounds of the U2T2X type,' which can con- Although the fit involving a T2 In T term accounts well for

tribute to heavy fermion research due to a systematic occur- the data only in a very limited temperature range (up to 5 K),
rence of y enhancement. The U and Np compou" s of the it can be used to estimate the y value in the zero K limit,

2:2:1 stoichiometry exist with nt,ýrly all transition metals of -C=83 0 mJ/mol K .

the Fe, Co, and Ni column. X represents Sn or In. They all The highest ordering temperatures were observed in the

crystallize in the tetragonal U3Si 2 structure type with U-U two Pd compounds, U2Pd2Sn (TN=41 K) and U2Pd2ln
distances in the range 3.45-3.8 A.' (TN= 3 8 K). The susceptibility analysis in terms of Eq. (1)

yields smaller negative (Op values (--30 and -32 K for Sn
II. EXPERIMENTAL RESULTS and In, respectively) than in other compounds from this se-

We studied polycrystalline samples prepared by arc ries. The relatively strong 5f localization is indicated by
melting stoichiometric amounts of the constituent elements. sizeable U magnetic moments (1.89 and 1.40 All, respec-
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tively) determined from neutron-diffraction experiments. Regarding other compounds, we have found magnetic
They show in both cases a noncollinear AF structure with ordering in U2Rh2Sn with TN= 2 4 K. A weak magnetic en-
moments within the basal plane and oriented along directions tropy of 0.4 X R In 2 is again indicative of a strongly itinerant
of the [110] type.4 Despite magnetic ordering, a pronounced 5f magnetism, but the y value is rather low (131
uptrn in the CIT vs T dependence was found also for mJ/mol K2).
U2Pd2ln, leading to y=393 mJ/mol K2 (65 mJ/mol K2 is ob- Besides U2Pt2ln, some other nonmagnetic compounds
tained by extrapolation from paramagnetic range). No such exhibit spin-fluctuation features: U2Co2Sn, U2Rh 2In, and
upturn was found in U2Pd 2Sn, but the linear coefficient of U2Ir 2Sn. They display y values ranging from 130 (U21r2Sn)
the specific heat was still high: y=203 mJ/mol K2. The 5f to 280 mJ/mol K2 (U2Rh 2ln) (a strong upturn in CIT is found
local-moment magnetism in the Pd compounds is corrobo- in U2Co2Sn and a weaker one in U2Rh 2In). Finally, the pre-
rated by the magnetic entropy estimate (1-2XR In 2). sumably most itinerant 5f states cause a weak itinerant para-

Unlike U2Pt2ln, U2Pt 2Sn is magnetically ordered magnetism in U2Co21n (y=32 mJ/mol K2) and U2Ru2Sn (20
(TN=15.5 K). A much smaller magnetic entropy (about 0.2 miJ/tool K2).
XR In 2) is suggestive of itinerant magnetism. y=334  Assessing variations of properties in the group of U2 T2X
mJ/mol K2 was extracted from the low-temperature range, compounds, we can deduce the following trends: (i) The 5f
whereas 390 mJ/mol K2 can be obtained above TN. localization increases within each transition metal series to-

U2Ni2In exhibits a similar behavior (TN=15 K). Mag- wards the right end of the periodic table. This is similar to
netic susceptibility analysis in terms of Eq. (1) yields findings in other groups of light actinide compounds. (it) The
0p=-80 K and 2Aff=2.0 /B/U. The low-temperature U2721n compounds have a weaker tendency to magnetic or-
y=200 mJ/mo! K2 is substantially smaller than the high- dering than their U2 T2Sn counterparts.
temperature value of 350 mJ/mol K2. The magnetic entropy
is about 0.4XR In 2. III. ELECTRONIC STRUCTURE CALCULATIONS

U2Ni2Sn orders below TN= 2 5 K. In the paramagnetic
range, Aff can be described by Eq. (1) yielding uff= 2 .3  To follow electronic structure variations in the system of
/LB/U, ON,=-110 K, and X0=1.8XI<0- 8 m3/mol. We are U)T2Tln compounds, we performed calculations using the op-
aware that the presence of the X0 term can be an artifact due timiz.ed HLCAO5 method in a fully relativistic version.'
to the averaging the anisotropic X values in polycrystal. 2.0
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FIG. 3. Calculated total density of states of U2T21n. FIG. 4. Calculated total and orbital-projected density of states for U2Pt2ln.

Self-consistency is treated by the Kohn-Sharn density- Since the width of the covalence gap (>1 eV) exceeds

functional theory in the local-density approximation (LDA). the exchange splitting of elemental Co and Ni, any possible

The total densities of states (DOS) for U2T2In (T Co, magnetism should arise from 5f electrons only. Applying the

Ni, Rh, Pd, Pt) calculated fully relativisticallv are displayed LDA Stoner theory, we have obtained the Stoner product

in Fig. 3. The obtained spectra are characterized by a nearly I>XN(EF)=O06, 1.3, 2.0, 11.5, and 3.1 for U2Co2ln, U2Ni2ln,

free-electron background of s-, p-, and uranium 6d elec- U2Rh21n, 1.2Pd 21n, and U2Pt2ln, respectively. Therefore the

trons, which extends to about 0.6 Ry below Ep. In all cases observed nonmagnetic ground state Of UNCo21n and magnetic

bonding and antibonding band groups are well separated by a ground state Of U2Ni2In and U2Pd2lr, are qualitatively con-

broad and deep minimum around EF. The orbital-projected sistent with our calculations, The nonmagnetic heavy ferm-

DOS for the 5f and T-d orbitals (See, e.g., U2Pt 2In shown in ion behavior of U2Rh 2ln and U2Pt 21n cannot be described byDSou fr cacuaios whic lead o ariti Stone, eig.,UaPbilshwny.
Fig. 4) indicate that the bonding (antibonding) states are pre- our LDA calculations, which lead t a Stoner instability.
dominantly T-d(5f). There is, however, an appreciable
amount of covalency-the 5f( T- d) contribution to the bond- ACKNOWLEDGMENTS
ing and the antibonding states, respectively. The estimate ot This work is a part of the research program of the
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By specific-heat, magnetization, electrical resistivity, and neutron-diffraction measurements on a
single crystal we have confirmed that UNiGe orders antiferromagnetically below 50.5 K into an
incommensurate phase with q=(0,1/2,-l/2)_(0,b,6), S-0.15, 3 decreases continuously with
decreasing temperature to -0.123 at 41.5 K, where the incommensurate phase vanishes in a
first-order phase transition and a commensurate antiferromagnetic structure with q=(0,1/2,1/2) sets
in and remains stable down to the lowest temperatures, If a magnetic field sufficient to induce a
metalmagnetic transition (1-5 T) is applied along the c axis, both antiferromagnetic phases are
transformed to an t icompensated AF phase with q=(0,1/3,1/3) yielding a nonzero magnetization
M - 1/3 X Ms. The latter structure is destroyed and a complete alignment of U moments is achieved
in fields above 10 T. The strikingly different B-T diagrams observed for a magnetic field applied
along different crystallographic directions reflect strongly anisotropic exchange interactions.

I. INTRODUCTION performed extensive neutron-diffraction experiments. Re-
sults and experimental details of bulk measurements were

UNiGe belongs to the isostructural group of the UTX published elsewhere,2 ,
9 along with preliminary neutron data

compounds (T=transition metal, X=p metal), which crys- indicating the existence of the incommensurate antiferro-
tallize in the orthorhombic TiNiSi-type structure. The magnetic phase (IAFP) below 50 K". In this paper we con-
nearest-neighbor uranium atoirs in this structure form zigzag centrate on both the temperature and magnetic-field stability
chains along the a axis. The coordination of U atoms is of the IAFP in the complex magnetic phase diagram of
intimately connected with the anisotropy of bonding of 5f UNiGe.
orbitals, which has serious consequences for the symmetry of
the 5f-electron magnetism.' Specifically, in UNiGe and II. RESULTS AND DISCUSSION
other isostructural UTX compounds, the easy-plane mivgne-
tocrystalline anisotropy with the hard-magnetization direc- The specific heat of UNiGe exhibits a sharp peak at 41.5
tion along the a axis is observed as a rule." 2 This is manifest K and a weaker maximum around 50 K (see Fig. 1). The
in the low-temperature magnetization, which is small and first-order magnetic phase transition at 41.5 K is also clearly
linearly dependent on the magnetic field up to 35 T applied reflected in the magnetization and resistivity.2 ,

1 Closer in-
along the a axis. For the other two field directions (along b spection of magnetization and electrical resistivity results,
and c) almost saturated magnetization Ms due to aligned U however, also reveals around 50 F slight (but well noticeable
moments of 1.45 /ctl is attained above metalmagnetic
transitions. 2 Note that the magnetization cur, es at 4.2 K dis- 1000
play two metalmagnetic transitions at 17 and 25 T in the field UNiGe
applied along b (and at 3 and 10 T in B11c). In both field
geometries, the magnetization observed above the first tran- 800 single rystal

sition amounts to approximately 1I/3×M. 600

For some time, UNiGe was believed to order magneti- 600/
cally around 42 K, 2 7 although some indications of another Dehye backgrowiud

transition around 50 K could be seen in the specific-heat data .- 400
of Kawamata et al. .7 Moreover, controversial conclusions
about the magnetic structure at low temperatures could be U 200
found in the literature.6, " This unsatisfactory situation moti-
vated us to perform an extensive study of a well-defined 0
single crystal of UNiGe, which was goverped by a Czochral- 0 20 40 60 80 100
ski technique in a tri-arc furnace at the University of Amster- r (K)
dam. Besides measurements of bulk properties (magnetiza-
tion, electrical resistivity, and specific heat) over wide
temperature and external magnetic-field intervals, we have FIG. 1. Temperature dependence of the specific heat (1" UNiGc.
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FIG, 2. Magnetic phase diagram of UNiGe in B parallcl to the c axis, as -0.1 0.0 0. i
determined from magnetization and neutron-diffraction measurements. (I)
incommcnsurate antiferromagnetic phase, q=(0,l/2,-1/2)+(O,8,o), (I1) 6Q/27r (A-')
commensurate antiferromagnetic phase, q=(0,1/2,1/2), (III) uncompensated
antiferromagnetic phase, q=t (0,1/3,1/3), (IV) phase with "fcrromagncti-
cally" aligned U moments, and (V) paramagnetic phase. FIG. 3. Magnetic reflections in the vicinity of the 0), 3/2, -1.2 at (a) 20 K

and (b) 46 K.

in dMI/T and cap/dT) anomalies, which corroborate the con-
clusion about the magnetic origin of this phase transition. ied on E4 in Berlin. The results are displayed in Fig. 4 The

In order to obtain better knowledge of magnetic phases IAFP emerges just above 41.5 K. The characteristic reflec-
and transitions in UNiGe we performed neutron-diffraction tions 0, k/2 ± 8, - 1/2 ± & reach a maximum intensity al-
experiments on the same single crystal at BENSC (on E2 and ready around 43 K and then diminish continuously with in-
E4) and LANSCE (on SCD). The obtained magnetic phase creasing temperature. The reflections are at the limit of de-
diagram shown in Fig. 2 contains essential information from tectability at 50 K, but some residual intensity can be seen in
studies in magnetic fields applied along the c axis. the background up to approximately 53 K. The parameter 8

varies from -0.123 at 41.5 to 0.15 at 50 K. The transition at
A. Zero magnetic field, T-41.5 K 41.5 K is apparently of the first-order type in contrast to the

All observed magnetic reflections can be indexed as h,k/ second-order transition around 50.5 K.

2,1/2 (with k,t odd), suggesting the AF structure with
q=(0,1/2,1/2) in agreement with Ref. 6. The U moments are C. B_6 T, BIe, T-41.5 K
locked in the b-c plane. The temperature dependence of the
intensities of the magnetic ret.ections indicates that the U The first metalmagnetic transition exhibits a large
moment decreases slowly with increasing temperature." At hysteresis. t" The critical fields and the hysteresis (marked by
40 K, the ordered U moments retain about 90% of the low- the hatched region in Fig. 2) decrease with increasing tem-
temperature value. The magnetic intensities then decrease perature. When sweeping the field upwards, the 0,k/2,1/2

abruptly at the 41.5 K first-order phase transition, where the reflections disappear rapidly around the transition. On the

low-temperature phase vanishes.

B. Zero magnetic field, T_-41.5 K 0.16 ............. ... ........... ) 60U~i~e(0 a/2 -t/2)i-(O 6 6)

A cru'2ial point of our research has been to indicate an 50
IAFP, which propagates within the b-c plane. For this pur- o015 -

pose experiments on the flat cone diffractometer E2 in Berlin 40

and the single-crystal diffractometer SCD with an area de- 0.14

tector at Los Alamos were indispensable. Both types of ex- 0.14

periments provided compatible results confirming the exist- 20,,2

ence of an IAFP with q=(0,1//2,-r)_(O,S6,6). For 0.t 13Q,
illustration, we display in Fig. 3 typical patterns recorded on 0o
SCD in Los Alamos at 20 and 46 K, in which the difference I
between the respective magnetic states is manifest. Whereas 0.12 .. .............

at 20 K the 0, 3/2, - 1/2 is characteristic for the commensu- 40 42 44 46 48 50

rate AF phase stable below 41.5 K, this reflection is absent at T (K)

46 K and instead two satellites shifted by ±(0,0.141,0.141)
indicate the presence of the IAFI After identifying this FIG. 4. Temperature dependence the integral intensity and the parameter (

phase, its stability and temperature evolution of ,5were stud- of the (0,l/2,-3/2)±(tt,61 reflection.

6218 J. AppI. Phys., Vol. 76, No. 10, 15 November 1994 Sechovski, et ai.



0.6 r--v-v anisotropy can be employed. The exp Ierimental findings in
U~i~e (aUNiGe corroborate the empirical rules' relating the symme-

'0. 4 T =45 K try of the bonding of the 5f orbitals in a particular structure
4ý M to the type of magnetocrystalline anisotropy. The strong

$5 0.2 bonding axis (a axis in UNiGe and structure-related UTX
B c compounds) determines the hard-magnetization direction

0.0 Iwhereas the magnetic moments are locked perpendicular to
150 T -45 K (b) the hard direction (in the b-c plane in UNiGe). The ex-

1 0 02/3 4/3 change interaction along the strong bonding axis (plane) is
'~'100usually strong and ferromagnetic, whereas thle considerably

weaker interaction(s) in the perpendicular direction(s) medi-
- 50 ate the coupling between the ferromagnetic chains (planes).

7 These interactions are frequently frustrated and a sequence of
0 ,,incommensurate and commensurate phases can be

0 1 2 3 4 5 6 observed'12 when temperature is decreased.

L (T)
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Magnetic susceptibility and electronic specific heat of Anderson lattice
with finrte '-band width

Sunil Panwar and Ishwar Singh
Department of Physics, University of Roorkee, Roorkee 247667, India

We study an extension of the periodic Anderson model by considering finite f-band width. A
variational method recently developed, has been used to study the temperature dependence of the
average valence of magnetic susceptibility X, and electronic specific heat C, for different values of
the f-band width. As f-band width increases, the low-temperature peak in X, and C, becomes more
broad and shifts towards the high-temperature region.

I. INTRODUCTION Here, Ek is the f-band energy and other symbols have their

A class of certain lanthanide and actinide intermetallic usual meanings.
For simplicity, we assume that the form of the f' band is

compounds, now known as heavy fermions, show a variety the same as that of the conduction band. The f band is rep-

of anomalous electronic and magnetic properties.-4 At high resented by the expression

temperatures, there is a Curie-Weiss-like magnetic suscepti-

bility ,. X, can be fitted to (T-O)-1 where 0<0 and there I
are large effective moments (>Ay), However, at low temt- Ek=ý 1+AI 6k- (3)
peratures, X, shows T2 dependence and tends to a constant 2/
value which for heavy-fermion systems is greatly enhanced
over the value expected for a normal metal. The data on the whcre A is a positive constant less than unity. Here W and
electronic specific heat C, also show interesting features. In A W are the band widths of conduction band and f band,
general C, varies linearly with temperature at very low tem- respectively. For A =0, E = ,-/is the position of the f level.
perature, C,= yT, which is the behavior expected for a In the k space, the Anderson-Hamiltonian may be writ-
Fermi liquid. In the recent past, the periodic Anderson model ten as
(PAM)5 has been widely accepted as a model for ur-derstand-
ing the basic electronic and magnetic properties of mixed H=W\,C+ X ( [ k( )] bkH ý J ,,Ck+ k,r+ 2 , ef+A ) J- - + b 'k,b ,r
valence and heavy fermion materials. Since there is an over- kr ,ur 2 2

lap of 5-f orbitals (thereby giving rise to a finite f-band
width) in actinide materials,6 we consider an extension of the U
PAM by considering finite f-band width, Ret ently, an exten- -Y Vk(Ckrbk" + hc.) + - 12 liff, (4)
sion to the Anderson model in which direct f-f hopping is kc rJ

included has been studied by several authors,7-9 This model Here we are considering strongly interacting (i.e,
has been studied by several authors using the variational U--,) case. In this case the probability of /2 configuration
method.t-t Recently, we developed a variationalmethod|15-20  Recently we developed ahvriatinal is very small. The variational wave function which projects
methiod t 2  to study the ground state and thermodynamic the f 2 configuration out, may be written as (Panwar and
properties of PAM. We use this variational method here to th ")
study the PAM including finite f-band width. In Sec. II we Singh)
give the basic formulation for the magnetic susceptibility and
electronic specific heat. In Sec. III we discuss our results, [•o)= [I +Ak,r(l -n1,' )bk",rCk,rJF) (5)

kr

1. BASIC FORMULATION wcnk ,10) is the Fermi sea of conduction

The orbitally nondegenerate periodic Anderson model electrons and Aka the variational parameters. It can be seen
including finite band width of f electrons is described by the that the resultant states are in the form of two quasiparticle
Hamiltonian bands; the lower (-) and upper (+) of quasiparticle spectra

are given by
H=Z 'EkCkcrCke+ Tijhrjt,, Vjk(Ck+b,+

kr ija ika L =fP f- A W21
U

+ h.c)+ )I7 (I) ± 2 A
2 (T-AlAf)ek- eP+- 2 +4 VjP .

where
(6)

T=- F-keike( RiP. (2)
k The A k's are given by
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1 AWP/] 1o00
Ak=-'" 2  ýEk(l-APf)-efPI+ 2  (b-f[ 2

A WP V22  80
+. Ek(1-APf)-E/P/+ -2 1 '+4VkP/ .

(7) 60

where V,

(U)( - i 08 40-P,=(1'-n½-')". ~ C)

At finite temperature, the number of conduction electrons
and f electrons are given by (taking the total number of 0. 4 20

electrons such that the Fermi level lies in the lower band)

nc(,= fik,, fk"+ 2 -------L I

1 + 1+(A7,) 2 pl j 0.0 0!1 0-2 0.0 0o1 0-2
A- A-

(8)
i(A ) 2 P If (A pr) j f +1

k= (A )2p + ( 2P,71 FIG. 1. (6) Variation of average valence ,, with A at T=0 K with tight-l(A ) I+ l+(Aka) - fbinding conduction band for different effective positions of f level. Curve I

Here Fermi functions f,,, and fk, are given by for e.= -0.4, curve I1 for Et)=.. V is fixed on 0.25. (b) Variation of mnag-
netic susceptibility ,x, [in utits of (g#e,)'l with A at T )=0 K with tight.-

1 binding conduction band for different effective positions off level. Curve I

exp[#(E• )- ] + 1 (9) for ef=0.0, curve II for ef=02. V tire fixed on 0.25.

where p. is the chemical potential andf3=.- 1/k11T. width is A W=2 A. V is fixed on 0.25 cV. Figures l(a) and
A. Magnetic susceptibility 1(b) show the variation of average valence n'and magnetic

In the presence of a static magnetic field B, the f level is susceptibility X., with parameter A, respectively, at T=O K.
Ef-go'u1 B; Ef= ef+A(ek- W/2). Tlh- static magnetic sus- In Fig, 1(a) curve I shows variation for the f-level position
ceptibility for the lower branch of quasiparticle spectra is Ef=-0.4 and curve II for eL=0.0. Here we find a smooth
given by variation of nf with A. We have also seen that for a constant

value of A, tif increases slowly with increasing temperature.

xs=gUno"-TB [,, -- (0

Putting nf, s from Eq. (8) one gets, after some algebra., the 120
expression of susceptibility [in units of (g/.,B) 2] at finite It
temperature"6 in the paramagnetic region.

100

B. Electronic specific heat

At finite temperature, the ground state energy is given by 80

(E)=J: [(E, -- I)f" +(E+,-)fk•]. (11) 1
The electronic specific heat C, is obtained by differen- ts

tiating energy (E) with respect to temperature T. The total 40
electronic specific heat gets the contribution from both the
lower as well as the upper quasiparticle bands. It is given by

d(E) d 20[, r-/./)fk,,-].[T (E- )f("+(T + f

(12) 0

100 200 300 400 500
T (K) --

III. RESULTS AND DISCUSSIONS

In these calculations, we have considered a tight-binding FIG. 2. Magnetic susceptibility X, Itin nits of (gy,1 )2 ] is a function of

conduction band which is centered around zero energy with temperature for different A with tight-binding conduction hand. V=0.25 and
e =0.0. Curve I for A =0.01, curve II for A =10.0)5, and curve III for A =t. 15.

conduction band width W=2.0 eV The total number of elec- Dashed part of curve I shows the divergence of X, in the temperature ra'nge
Irons per site (n +nf) has been taken to be 1.5. The f-hand fO-fO K.
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5000 -0.4. Curve I shows variation for A =0.0, curve 11 for
(a) A =0,05, and curve III for A =0.15. Here CJ(T) increases

linearly at low temperature, and has a maxima near T mo=25
K at A =0.0. As A increases, the maximum is less pro-

nounced and much broader and shifts towards higher tem-
3000o 11 perature region. Also as A increases, the maxima in CIT at

I /low temperature becomes wider and is less pronounced and
Cv in some cases disappears. We have a more sharp peak in C,

2000 or C,17' at low temperature as the f level goes down for a
constant value of A. This behavior of specific heat curves has
been the main characteristic of many mixed valence and
heavy fermion materials like NpSn 3.

2 3

From the above results of X,(T) and C,(T), one can
0" 100 200 300 0 500 conclude that by increasing the f-band width, we are making

T (K) the "Fermi-liquid" nature of f electrons to be more pro-
nounced.
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Electrical resistivity and thermoelectric power of heavy fermions
and mixed-valence systems

Sunil Panwar and Ishwar Singh
Department of Physics, University of Roorkee, Roorkee 247667, India

Representing the heavy fermions and mixed-valence systems by the periodic Anderson model, we
have used the variational method to study the temperature dependence of electronic transport
properties of these systems. The electrical resistivity j(T) and thermoelectric power Q(T)
calculated show the features experimentally observed in these materials. In the low-temperature
region p(T) and Q(T) increase rapidly. Toward high-temperature region, Q(T) changes sign.

I. INTRODUCTION II. BASIC FORMULATION

The experimental results of electrical resistivity f(T) of The orbitally nondegenerate periodic Anderson model is

many heavy fermion systems (e.g., CeAl3, CcCu2Si 2 , described by the Hamiltonian

CeCu6 , UBe13 ) at low temperatures show anomalous
behavior.'- 5 j(T) increases with increasing temperature in H=Y EkCkXk,, -'" t i,,Vi,,-r- ( h',,b+Ie.)
the very low-temperature region (known as the Fermi-liquid k iar kcr

region or coherence region), reaching a maximum and then U
decreasing slowly like In T (known as the Kondo region or 2 • "{,, - (I
independent-impurity region). The negative temperature co- 2 r

efficient (NTC) of the resistivity in the high-temperature re- where symbols have their usual meanings.
gime is usually interpreted as a manifestation of the Kondo A. Weak Interaction case
effect in a concentrated system.1'2 The thermoelectric power In the weak-interaction case, where Coulomb interaction
Q(T) also exhibits characteristic anomalies when compared U is small and all the three configurations f (, f 1, and •2 are
to the thermoelectric power of usual metals. Q(T) is very energetically possible, the variational wave functio hrs been
large in the case of these materials. It shows a maximum at a taken as in k space
relatively low temperature T*. In some heavy fermion sys-
tems like UPt3 ,6 Q(T) changes sign at temperatures T>7T*. IJl') = I( I +Ak,,bk,,ck,,)lF), (2)
In the recent past it has been suggested that the low- kr

temperature coherent Fermi-liquid phase may very well be with IF) ,is the conduction-electron state and Ak the varia-
represented by the periodic Anderson model (PAM) where tional parameters. It can be easily seen that the resultant
one considers the coherent hybridization between conduction states are in the form of two quasiparticle bands; the lower
states and the f states on all N sites.7- 1

1 branch of quasiparticle spectra is given by
Recently we developed a variational method to study the Ullf ---( •(T17 •.2

ground-state and thermodynamic properties of PAM."--" We 4-= / E + - E -4 V2
use this variational method here to study electrical resistivity k = 2(3)
and thermoelectric power of heavy fermion (HF) and mixed-
valence (MV) systems within PAM. The details of the varia-
tional method may be found in Ref. 11. In the recent past, the
characteristic anomalies in f(T) and Q(T) have been de- In the high interaction case, where U is very large and
scribed by the frequency dependent relaxation time resulting the probability of f 2 conliguration is very small, the varia-
from quasiparticle-quasiparticle scattering. In Ref. 16, the tional wave function which projects the f 2 configuration out

frequency dependence of the self-energy contains this infor- may be written as

mation. We have not taken into account such lifetime effects
in our variational approach. In this work, we suggest that the 11) = fH [ I +Ak,,( I -n I' ,,)bkTc,,,]IF). (4)
scattering mechanism is impurity scattering with a frequency k,

independent mean free path and we have taken into account For this case, the corresponding expression of Ek is
only the energy dependence of different factors like density
of states appearing in the expression of [XT) and Q(T). We kE, (+ efPf )- _c(P- ff+ 4Vk"lj (5)

have used the Mott's formula for the electrical conductivity
which takes the explicit energy dependence of the mean free C. Electrical resistivity
path. Below we give the basic formulation for electrical re- We are not interested here in the absolute value of resis-
sistivity and thermoelectric power. In Sec. Ill we discuss our tivity and thermoelectric power but only in the variation of
results. resistivity and thermoelectric power with temperature. In the
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low-temperature regime, we assume the resistivity is pro- D. Thermoelectric power
duced by the impurities in the system. Then we use the elec- The thermoelectric power Q(T) may be written in terms
trical conductivity formula given by Mott1 7  of -(E-) [17] in the following way

o( r) f 1W r(E 7)dE j, (6) Q (T) =Q ( J'dE ; .- f /E { )(E - AX) &r(Ek)

kf dEk_(-afl oEk) &(Ek(9
where &(Ek-) can be written as where

(E-)= oo[ N'(Ek )]2, (7)
2'r~3 Qo = . (10)

=2te2h3 

eDE (8)

III. RESULTS AND DISCUSSIONS
The symbols in o"0 are given in Ref. 17. co has been taken as

a constant in our calculations. fk is the Fermi function for In these calculations we have considered a tight-binding
the lower branch of the quasiparticle spectrum and N"(Ek) conduction band which is centered around zero energy with a
is the density of (lower part of) perturbed conduction states. conduction-band width W=2.0 eV. The total number of elec-

8-

48
120 t

1 1o0 300 400 500
200 TK

-4-

I 0 I ,

0 100 200 300 400 500
T (K)--

(b) it (b)

8

(I720 o

it, i I

Z -4.
2-0-

-8kl

100 200 300 Z400 500
i (K) --

FIG. 1. Electrical resistivity p as a function of temperature for the tight- PIG. 2. Variation of ' thermoelectric pUwCr Q with tcilperature for tight-
binding conduction-band case. (a) V=0.25, U=-. curve I for ej= -0.(, binding conduction-baWd case. (a) V'- 0.25, U =ý, curve I for , =-0.6,

curve 11 for e= -0.4, and curve III for cf- -0.2. (b) Ve=0.25. ef= -0.6, curve II for Ff= - 0.4, and curve Ill for cfp -0.2, (h) V=0.25. I/ --0.6,
curvc I for U=-, curve II for U= 1.0, and curve I1I for U =0.5. curve I for UV-, curve II for U- 1.0. and curve III for U (t.5.
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trons per site (nc+nf) has been taken to be 1.5. We have obtained within the same treatment by changing slightly only
calculated here the temperature dependence of p(T) for dif- one parameter like cf. (2) The relevant mechanism respon-
ferent effective positions of f level cfand with finite as well sible for the temperature dependence of p(T) and Q(T) is
as infinite U. The results are shown in Fig. 1. Fig. 1(a) shows the special type of dispersion curve of these systems, because
p(T) for f= -0.6, -0.4, and -0.2 eV. We obtain the typical of which they have a very high quasiparticle density of
behavior in p(T) with a rapid increase --T2 at low tempera- states. We have considered here the orbitally nondegenerate
tures, a maximum near Tmax=50 K, and a NTC for higher Anderson Hamiltonian. It explains much valence .
temperatures. As f level ef shifts downward with respect to and heavy fermion physics, at least qualitatively.
Fermi energy Er, p(T) increases more sharply in the low-T
regime; as a result, the peak in p(T) becomes even sharper
with a larger NTC. Figure 1(b) shows jKT) for different
interactions: U=0.5, 1.0, and -. Here when U is increased
the resistivity increases and tile peak at low temperature gets IG. R. Stewart, Rev. Mod. Phys. 56, 755 (1984).

sharpened. These resistivity results are in qualitative agree- 2 N. Grewe and F Steglich, in Handhook on the Physics and Chemistry of

ment with experimental results for YbAgCu 4 (HF com- Rare Earths, edited by K. A. Gschneidner (North-1tolland, Amsterdam,

pound) and CePd3 (MV compound)."16 It may be noted here 1991), Vol. 14.
n dP. Fulde, J. Keller, and G. Zwichnage, Solid Stute Phys. 41. I (1988).

that we have not considered the phonon contribution to re- 4u. Rauchschwalbe, Physica 147B, 1 (1987).

sistivity, which is appreciable toward the high temperatures. "Theory ofHeawv Ferrnions and Valence Fluctuations, edited by T. Kasuya

Corresponding results for the temperature dependence of anid . Saso (Springer, New York, 1985).

the thermoelectric power Q(T) are shown in Fig. 2. We ob- 'A, D. 1. Visser, A. Menovsky, ard J. J. M. Franse, Physicu 147B, 81
(1 987).

serve the extremum in Q(T) approximately at the same tern- 7S. t)oniach, Physica 91B, 231 (1977)Y

perature Trn, where the resistivity has its maximum and this 'H. J. Lcder and Miihlschlegel, Z. Phys. D29, 341 (1978).

extremum in Q(T) is also present when [KT) does not have 'K. Yamada and K. Yosida, Prog. Theor. lPhys. 76, 6,21 (1986).

the maxima as in e= -0,2, in complete agreement with the " K. Yamada. K. Okada, and K. Yosida. Prog. "rheor. Phys. 77, 1097 (1987).
"IS. Panwar and I. Singh, Solid State Commun. 72, 711 (1989),

experimental findings. We obtain a change of the sign of 12S. Panwar and I. Singh, Phys. Status Sutlidi B 168, 583 (1991).

Q(T) for relatively high temperatures, Our Q(T) results "-s. Panwar and 1. Singh, Solid State Commun, 85, 239 (1993).

match qualitatively with the experimental result of Visser 4,. Panwar and I. Singh, Phys. Status Solidi B 175, 487 (1993).
fS. I'anwar. 1'h,)D, thesis, 1992.et a1,6 for tie HF compound UPt3-I Schweitzer and G, Czycholl, Phys. Rev. Lett. 67, 3724 (1991).

Our main conclusions are (1) Both types of resistivity '7 N. F, Mott, Metal-Insulator Transitions (Taylor and Francis, t.4ndon,

behaviors (viz., with or without maxima at low T) can be 1974), p. 20.
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Understanding the great range of magnetic ordering behavior in correlated
f-electron systems

Q. G. Sheng and B. R. Cooper
Department of /lhysics, West Virginia University, Morgantown, West Virginia 26506-6315

The magnetic ordering behavior of correlated f-electron systems varies widely. With regard to the
value of the ordered moments, there are systems of saturated moment (e.g.. CeSb), of moment
somewhat reduced from the saturated value (e.g., UTe), of very small moment (e.g., UPt3) and of no
moment at all (e.g., CeCu2Si2). We show that such wide diversity in magnetic ordering is a
manifestation of the competition between (1) hybridization and exchange interaction and (2)
localization and itinerancy. By analyzing these effects, we develop a theory which organizes the
diverse magnetic behavior into a unified picture describable through one model Hamiltonian. An
important feature of this analysis is that we recognize and treat the effect of band-f Coulomb
exchange simultaneously with that of band-f hybridization. Rather than adopting the standard
analysis using the "Kondo resonance"--" Kondo compensation" concept, the development of this
theory offers a new approach to treat the correlated f-electron state. The present theory naturally
leads to a nonmagnetic singlet "Kondo state" which is one of the possible states, along with other
magnetic states which the system could be in, when the coliditions determining the state of the
system favor that choice. The f orbital motions and spin-orbital coupling are given full
consideration in the theory.

I. INTRODUCTION II. STEP 1
Consider a single isolated atom which has two orbitals:

For correlated f-electron systems, one interesting and an f orbital If) and a ligand orbital I/). Assume the following
not yet fully understood fact is that their magnetic ordering Hamiltonian for this atom:
behavior has wide diversity. On one hand, there are "Kondo
lattice" materials, in which the localized ordered moments /tottm= -lt, l,+ Ef1  1",4X f,+ Uf*t fT f1 Jl
are very small or vanishing; on the other hand, there are I I
materials having strong magnetic ordering with almost satu-
rated moments. Between the two extremes, there are a vari- + V1 (It f[,/+ih.C.) -J1 f f"l, 'I", (I)
ety of materials with ordered magnetic moments ranging "'tIM

from very small to very large, while their magnetic structures where ef and el are the energies .f If) and 11), respectively;
also have rich complexities.' Can such diverse f magnetism J'f, and i, create an electron with spin c7 in If) and It), re-
be understood on the basis of one unified picture? spectively; IJ is the f-f Coulomb repulsion; V is the hybrid-

There are a variety of approaches to treat the correlated ization between the two orbitals; and ./ is the exchange Cou-
f-electron systems. For most of these approaches, the foun- lomb interaction between f and ligand electrons. Suppose

dation of the theoretical framework is the concept of "Kondo IF> Ef. -Larniltonian (I) is the Anderson Hanmiltonian plus a

resonance"-" Kondo compensation," and there are a large J interaction. The inclusion of(t leads to significant magnetic
e oconsequences, which have been shown by first-principle cal-number of publications based on this line of thought." In this culations for several materials,3 and will be further analyzcd

work, we propose an alternative approach to treat the corre- later.

lated f-electron systems, which has nothing to do with the Consider the case that the atom has two electrons. Ne-
concept of Kondo resonance-Kondo compensation. This glect double occupancy of If) by assuming U---. When
theory covers the diverse f magnetism, and it naturally leads V = 0 and J = 0, the system has a fourfold degenerate ground
to the nonmagnetic singlet "Kondo state" as one of the pos- state, which, having one electron in If) and the other in I/),
sible states, along with other magnetic states, which the sys- has an energy E, = e1 + Ff. The fourfold degenerate states
tem could be in, depending on what the conditions favor. It can be grouped into a spin singlet I(1\.. - ) and a spin triplet
shows how the diversity in f magnetism rests on the funda- Il(ls- I
mental aspects of the f-electron systems, including the roles I
of hybridization versus exchange interaction, localization Idls 7=- / ,-tiI ), (2a)
versus itinerancy, and the f orbital motion.

We describe the theory in three steps: (1) for a single II 1  J) 1- It]lI))
atom, considering only the spins of electrons; (2) also for a
single atom, including the f orbital motion; (3) forming a I (.0l)- ,, +J{Pl )1O): (2b)
crystal using atoms described by (1) and (2). I T '
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(D"' 1) =f'll 10). lar momentum j of the system can be j=5/2± 1/2; and theexcited state 14,) (E~x=2E,) is the same as in Eq. (3).
The system has a singlet excited state, which, having two When V is turned on but J kept zero, the resulting
electrons in It), has an energy Ex=2e1 : 13X 13 flamiltonian matrix has the following form:

E,10.(3) V, V -V , ... V 1 2

When V is turntid on but J is kept to zero, the system has VI E1, 0 0 ... 0
the ,ollowing changes: (i) The singlet IDs=o) mixes slightly 00with ]•xlowers its energy by AE=2V/•-[) and be- V2 E .

comes the actual ground state. (ii) The triplet f]IM_-i.'+-t I= 10 0 0 E0  ... 0 (5)

does not mix with IFs=o) or lOx); its energy remains un- 3 '

changed and becomes a low-lying excited state. (iii) I ex)I
mixes slightly with l(Ps=o), and raises its energy by *12  0 0 0 ... E
AE-2V2/(e,-ef)" where V,, is V,, multiplied by some coefficient. The ele-

The above picture contains the key elements of the ments of matrix (5) are all zero except those or the first row,
Kondo pioblem: at low temperatures (T<AE), !he system is first column, and the diagonal. This leads to the following
bouad in the nonmagretic singlet state; as the temperature igenequation:
risi.s, the triplet state becomes populated and the system de-
velops magnetic moments; at high temperatures (T> AE), [ (Eo- X ) (Ee - X) -- 6 -"2 ](E, - X ) = 0, (6)
the singlet and triplet states are equally populated, and the f where
and ligand electrons can be seen as effectively decoupled.
The foregoing treatments and discussions involving V were 31 .

given by Fulde4 and readers can find the details therein. V 7 "£ IV1,2. (7)
On the other hand, when J is turned on but V is kept to 1= -3

zero, the splitting of the ground state is reversed. The ex- As a result, the system has: (i) an 11-fold state 14)), which is
change enefry is -J for the singlet ~ and -J for the purely Ij i), and has an energy E0; (ii) a singlet lq)(), which
triplet I(s =1). Thus the ground state splits by AE=2J, and is Ivj) dominant but mixes slightly with 14,.,), and has an
since J>0, the triplet instead of the singlet is the ground energy E'-AE; (iii) a singlet which is , dominant but
state. Therefore J tends to destroy the Kondo state driven by mixes slightly with Ij v), and has an energy Ee +AE, which
V and maintains magnetic moments for the system. we simply denote as These are similar to the spin-only

Ultimately, whether the system is in the nonmagnetic case: the 12-fold degenerate ground state splits into an actual
Kondo state or a magnetic state depends on whether V or J ground-state singlet j(F)) and a low-lying excited state mul-
prevails. This opens the door for understanding the "Kondo- tiplet lot), and IO0) is the only one of these states which
like" f phenomena and the non-Kondo magnetic f phenom- mixes with I(De) through V, while l1i) is not affected by V.
ena by a single model Hamiltonian. AE=6 V,2/(e6_ ef) and the singlet IOl) is

IlI. STEP 2 
iJ(o) - 1+ 6• _2]L 2

We now do the same kind of analysis as in step 1, but

with the f orbital motion included. We show that the features 3 V
in step I are not fortuitous because of the neglect of the f × E - 13,v)±+ il1 10) (8)
orbital motion; instead, they are intrinsic to the f-electron 3E -

systems. The atomic Hamiltonian is By applying the condition that V_,= (- 1) 3 ... V*, one can

verify that (4jI(J14)=0. Thus in 14o), an f j=5/2 moment
fni (V,,14•J and a ligand s= 1/2 spin result in a nonniagnetic singlet, theS ,,,,r "I, orKondo state. (F1) is magnetic since (q(jF1Ul()*:0. We con-

clude that the forming of the Kondo state can be regarded as
fj , f ,",J,1 tr''u' (4) a consequence of the local correlations. In contrast, in the

,,., theory of Kondo compensation it is not clear how an f
where m indicates the orbital state of jf). We have dropped j= 5/2 moment can be fully "compensated" by conduction
U from Eq. (4) by excluding double occupancy of If) from electrons without the hardly reasonable consequence of con-
our discussioi,. Considering that in a lattice the orbital mo- suming five conduction s = 1/2 spins.
tion of the ligand states are largely quenched by the crystal We now turn on J. O~ie can verify that the J interaction
field, we assume I/) is an s wave. Then J is m independent does not change the I'I,,) and 14l) states resulting from the V
but Vm is not. We also include spin-orbit coupling in the interaction, but simply shifts these states by different
following discussion by restricting the f electron to the amounts. As a result, the 11-fold degenerate I(]) splits:
j=5/2 stateL If,,). Some levels move toward II),), and some do not. If J is large

When J=0 and V--ý0 the ground state I/,v) enough, the lowest level from clq)) can cross over the
(E0 = el+ 4F.) is 12-fold degenerate, in which the total angu- V-induced gap AE and become the actual ground state: oth-
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IJ
erwise, 10/) remains the actual ground stae. 7., similar to IFlV(k)) component. The local V and J interactions determine
the spin-only case, whether the nonmagnetic s, or the which component is lower, and how much it is lower; the
magnetic multiplet is the ground state utapends on whether V nonlocal correlations determine how wide they are, and the
or .1 prevails, local and nonlocal correlations together determine how much

So far, we have seen that the key elen:ents ,i step 1 they overlap. This opens a wide range of possibilities de-
remain when f orbital motion is included. A new aspect also pending on by what proportion the two components arf oc-
emerges with the inclusion of f orbital motion. Unlike the cupied, and such wide possibilities lead to a wide range of
spin-only case, I(DI) and I14)1 are not eigenstates of the total magnetic behaviors. Three such possibilities are: (a) ItW(k))
moment jz. This causes the system to respond to a magnetic is occupied but 1P1(k)) is empty, which leads to a nonmag-
field (external or internal) with complicated magnetic con- netic Kondo state; (b) !T0(k)) and ITI(k)) both are partially
figurations. Thus a crystal formed by such atoms, if being occupied, which leads to reduced moments; (c) hI'1 (k)) is
magnetic, can have complicated magnetic structures. In con- occupied but I'T0(k)) is empty, which leads to strong magne-
trast, the spin-only model can only have simple magnetic tism.
structures. The above possibilities correspond to the case when the

f population is close to 1. If we include the wide band
IV. STEP 3 IPT(k)) into our discussion, it also opens the possibilities of

We now construct a crystal using atoms described by reduced f population: the more IT,,.(k)) is populated, the less

steps 1 and 2. We call the interactions within an atom, which the f population the system has.

are represented by atomic Hamiltonians (1) and (4) and lead From the description above, we see that this theory

to atomic states 100), I(Dj), and I(P,,), local correlations. We opens the door to understanding diverse f magnetism by ad-

call the overlaps between electronic wave functions from dif- dressing the fundamental aspects of the correlated f-electron

ferent atoms, together with the interactions between elec- systems, such as hybridization versus exchange interaction,

trons from different atoms, nonlocal correlations. The nonlo- localization versus itinerancy, and Kondo state versus mag-

cal correlations, by driving the system toward itinerancy, netized state. As for the Kondo state, it comes from a new

tend to suppress the local effects, while the local correlations approach which is completely different, fundamentally, than
tend to preserve the local effects, and to suppress the itiner- the Kondo resonance--Kondo compensation theory. In thisaney. theory, the alternative possibility of the Kondo state and theWe maintain that, for a large number of materials, the magnetic states appears naturally as a consequence of localsuppression tf the local effects by the nonlocal correlations correlations.
is small. In other words, the atomic states It0)o I"Ie), and More work is needed to see if the approach proposedis0c) resulting from the local correlations will be sustained to here can be developed into a comprehensive theory of corre-I(D.,)resltig fom he oca coreltios wll e sstanedto lated f-electron systems. (We also point out that the part of
a large extent, while being dressed by the onset of nonlocal te f-elecr n stem ( as ont o that thespar
correlations. Based on this premise, we take I(D)), 101), and the theory described in step 3 is only a preliminary illustra-
[,x) as the starting states, and adiabatically turn on the non- tion, and a more elaboratc analysis will be published else-
local correlations. The result is the self-banding of these where.) To reach this goal, more aspects need to be ad-

atomic states, which leads to density spectra 14P0(k)), dressed, such as: the spatial and time distribution of electrons

IV' l(k)), and ITa5(k)>, which are associated with Il,1), in IPT(k)) and ITVI(k)), mLgintic excitations due to electronic
and whchar respectively, scattering between Ijqt(k)) and T,1 (k)), and effective mass

Such spectra are of two-electron representation, since and susceptibility of electrons in 1W0(k)) or I'V(k)),
IDO), ID,), and ID,,,) are two-electron states. The effects of
local correlations are completely built into the two-electron ACKNOWLEDGMENT
wave function, thus completely represented by the two-
electron spectra. If we choose single-electron states as bases This research is supported through the National Science
to form a spectrum, the local correlation effects cannot be Foundation under Grant No. DMR91-20333.
represented in the spectrum so directly and completely.

IPT•(k)) forms a wide band, since I(cx) is a product of B1. R. Cooper, R. Sicinann, D. Yang, P. Thayamballi, and A. Banerjea. in
two fI)s, which are spatially extended. IT'0(k)) forms a nar- lalndbook on Ih. Physics and Chemistry of Actinides, edited by A. J.

row band, since 10o) is a product of one If) and one I 1), and Freeman and G. H. Lander (North-Holl;ind. Amsterdam, 1985), Vol. 2,

If) is spatially very small. 1P1(k)) -lso forms a narrow band, Chap. 6, pp. 435-5Wt.

We neglect the mixing betw.et, 1410(k)), 111(k)), and 2'rhe number of publications in this area is huge. We refer to two publica-
tions which gave an overview of this area: J. M. LawrenV.e and D. L.

[V,(k)), since it will not chal~tir out discussion. We can also Mills, Comments Cond, Mat. Phys. 15, 163 (1991); A. C. Hewson, The
see that the Fermi level is always in tbe vicinity of narrow Kondo Problem to Heavy Fermions (Cambridge University, Cambridge,
peaks from ITo(k)) and "tP(k)) by simple counting of the 1993).
electron occupation. 3Q. 6. Sheng and B. R. Cooper, .. Appl. Phys. 69, 5472 (1990); J. Appl.

Phys. 70, 6083 (1991); Phys. Rev. B. 50, 1905 (1994),
We now have a two-component spectrum near the Fermi 'P. Fulde, Electron Correlation in Molecules and Solids (Springer, B,,I in,

level: a nonmagnetic IT0(k)ý component and a magnetic 1991). p. 268.
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Discovery of T-=2/9 lock-in in holmium
D. A. Tindall and C. P. Adams
Department of Physics, Dalhousie University, Halifax, Nova Scotia, Canada B31 3V5

M. 0. Steinitz
Department of Physics, St. Francis Xavier University, Antigonish, Nova Scotia, Canada B2G lC0

T. M. Holden
Neutron and Condensed Matter Science, AECL-Research, Chalk River, Ontario, Canada KOJ 1JO

The complex magnetic behavior of holmium is a well-established experimental fact and has been
studied by a variety of experimental techniques, including magnetization, x-ray diffraction, thermal
expansion, and heat capacity. Our recent studies have focused on using neutron diffraction to study
the temperature and field dependence of the helimagnetic structure. The pitch of the helix is
described by T, the spiral wave vector. r- usually varies smoothly with temperature but tends to lock
in at various values that are commensurate with the lattice when a field is applied. These lock-ins
provide clues to the nature of the different magnetic phases and, up to now, all the lock-ins have
corresponded to features of the magnetic phase diagram obtained from magnetization
measurements. However, recent experiments have revealed a previously unobserved lock-in at
7"-2/9 rlu in a 1.4 T b-axis field. It shares the same gener'! features of other lock-ins except that it
does not correspond to any feature of the magnetic phase diagram.

Neutron diffraction has been particularly useful in deter- 2% variation in the field over the sample volume. The cry-
mination of the magnetic structure and the nature of the or- ostat allows a range of temperatures from 4.2 K to room
dering of magnetic substances. Holmium is one of the mate- temperature, fields up to 3 T, and 3500 access for the neutron
rials that has been frequently studied in this way.1- 4 For our beam. The sample was mounted so that we could observe the
part, we have used neutron diffraction to study holmium and (hO1) reflections. A platinum resistance thermometer was
its intricate magnetic phase diagram, 5-9 and used the results used to control the temperature of the sample and a carbon-
to supplement the information yielded by the various other glass thermometer used to read the temperature. The ther-
experimental techniques.10-19 One phenomenon which has mometers were mounted in the copper base to which the
been extensively investigated, 6 - using neutron diffraction, is sample mount was also connected. The temperatures were
the lock-in behavior of the spiral wave vector i-. high enough, and the field was low enough, that magnetore-

We have found lock-ins in holmium for magnetic fields sistance effects on the thermometers were negligible.
applied in different directions: specifically at r= 1/4 and 1/5 Holmium in its antiferromagnetic state (between 20 and
rlu (reciprocal lattice units) in a 3 T c-axis field."5 -7 7= 1/6 rlu 132 K in zero applied magnetic field) has a helimagnetic
is the "original" lock-in which occurs in zero field below the structure with the moments in the basal planes ferromagneti-
Curie temperature (T,=20 K). 1 More recently, we have ob- cally aligned, but with the direction of alignment in the plane
served lock-ins at T= 1/4 and 5/18 for b-axis fields of 1.4 and changing in angle as one moves from plane to plane along
3 T.8'9 In this paper we report our most recent studies, which the c axis. The pitch of the helix is given by the spiral wave
have revealed a previously unobserved lock-in at r72/9 rlu vector r, which represents the periodicity in reciprocal space
which occurs at 75 K (in a 1.4 T b-axis magnetic field). The (for example, if the helix has a period of four lattice con-
discovery of this lock-in is of particular interest for two rea- stants, then r= 1/4 rlu). The effect of the magnetic structure
sons. First of all, T=2/9 is part of a series of commensurate on the neutron-diffraction pattern is to produce magnetic sat-
values arising from a simple spin-slip model..2 1'2' Second, ellite peaks offset by -r from the nuclear peaks in reciprocal
while all of the previously observed lock-ins correspond to space, for instance at (10±T__). Since the magnetic cross sec-
features of the magnetic phase diagram seen in magnetiza- tion and the nuclear cross section are comparable under our
tion measurements, t 3 this is not the case for the 7"-2/9 lock- experimental conditions, the primary peak and its satellites
in. Given the previous correspondence between lock-ins and are roughly of the same, relatively large, intensity. We inca-
phase transitions, this raises the question of why this lock-in sured r by scanning in the c* direction, through both the
was not observed in magnetization measurements. satellite and the corresponding nuclear peak, carefully mea-

Measurements were made on the N5 triple-axis spec- suring their positions (determined using a Gaussian fit), and
trometer at the Chalk River Laboratories of AECL-Rc!;earch then obtaining the difference. In zero field r decreases
in Caalk River, Ontario. The scattering experiments were smoothly, from a value of 5/18 (0.2778) rlu at the N6el tem-
done elastically at an incident neutron energy of 8.23 THz, perature (TN= 132 K), to 1/6 rlu at the Curie temperature.
corresponding to a wavelength of 0.155 nm. The holmium However, in the presence of an applied magnetic field, we
sample was a high-purity single crystal roughly 2X 1 X 1 cm, have found that -" becomes locked in, causing the r versus
provided by Pechan and Stassis3 and used in our previous temperature curve to flatten out at certain values of r that are
neutron studies. The sample was mounted in the M2 commensurate with the lattice. As a locked-in region is en-
cryostat,22 which provided a horizontal field with less than a tered in a temperature sweep, there is also a distinct anomaly

J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6229/3/$6.00 © 1994 American Institute of Physics 6229



.226 1r• • I,50

U,
all

._ ". t - -- • --r-- -" , , ,_r t

. . . . . . .. . .. . . . . . .. ... .2 2 .2 0 - I

I1r

.2 15 15 0 . ~ -

72 14 7 '13 00 70 /2 74 78 78 00

Temnperature (K) Ternperature (K)

FIG. 1, 7" vs tempcrature in a 1.4 T b-axis field showing the 2/9 lock-in FIG. 2. (10r) intensity vs temperaturc for the same runs as in Fig. 1. Notice
highlighted by the dashed line, Initial coarse runs are shown by +, and the the sharp anomaly in the lock-in region which has been present for all
finer temperature runs shown by M. lock-ins observed so far.

in the intensity of the magnetic satellite. The occurrence of zero field, one finds that this curve is associated with 7= 1/5
this anomaly is not understood, but it is very useful for iden- and not 2/9 rlu. It thus appears that a branch of the phase
tifying the lock-ins. The absolute error in T is estimated to be diagram has been missed in the magnetization measure-
±0,0010 rlu and relative error between the scans better than ments. On looking at the magnetization measurements of
±0.0001 rlu. The absolute error in r arises from uncertainty Willis et al.,t ý it is seen that some of the magnetization
in the lattice parameters which are needed to measure dis- anomalies are quite subtle and it is, perhaps, not too surpris-
tances in reciprocal space. Unfortunately, data for the ther- ing that one might have been missed.
.hal expansion of holmium in the presence of a 1.4 T field are As well as the previously undiscovered 2/9 lock-in, we
not available and, given the large magnetostriction of hol- have also observed lock-ins at 1/4 and 5/18 rlu for the 1.4 T
mium, it is unlikely that the use of zero-field thermal- b-axis field. We have previously reported the 5/18 lock-in
expansion data in this region would give the lattice param- and compared it to the 5/18 lock-in for a 3 T b-axis field.23 In
eters to sufficient accuracy. The relative error arises from the that paper we mentioned that the width of the 5/18 lock-in
counting statistics and least-squares-fitting procedure. appeared to vary as the square of the field, but this is not the

In Fig. 1 we show a plot of T versus temperature for a case for the 1/4 lock-in. In Fig. 3 we show the 1/4 lock-in for
1,4 T b-axis field. This plot clearly shows the lock-in at a 1.4 T b-axis field, drawn to the same scale as Fig. I of our
which r" is 0.2215±0.0010 rlu, corresponding to r--2/9 rlu, previous work.9 Using the intensity anomaly to characterize
at a temperature of 75 K. Despite the fairly modest field the widths, we obtain a ratio of widths, (2.2 K/0.8 K).--2.8
value, the lock-in is prominent and has a width of roughly compared with (3 T/1.4 T)2 =-4.6, so our simple generaliza-
1.5 K for the flattened region, very similar to the widths of tion does not apply here. This may have to do with the twist-
the lock-ins at much higher field values. Figure 1 also shows ing of the phase diagram that occurs in this region compared
the reproducibility from run to run. There are two runs
shown: one at a coarse temperature step of 0.5 K and another
finer run at 0.25 K between the scans. The two plots are ,,
almost identical. A lock-in at 2/9 rlu is not altogether unex- , '

peeted since it is one of the commensurate values that arises t + 0
out of a simple spin-slip analysis. Although the spin-slip ' 4' I

model was e viscd as a description of low-temperature phe- .•. . I-

nomena (below 70 K), and is based on the detection of low-
temperature phenomena (below 70 K), and is based on the "
detection of 5r-and 7r peaks,2 '2 t there may be some basis for
its use in high-field situations where extra stabilizing effects 1. * .... '

may be present. The associated Lo:ensity anomaly is shown
in Fig. 2. It is often useful to use the peaks in intensity to ' .
characterize the width of the lock-in, since they are sharply A r (K)

defined compared to the edges of the lock-in region on the T-
vs T plot. If we examine this region of the magnetic phase FIG. 3. r vs the difference in temperature (AT) away from 99.6 K, in a 1.4

obtained from magnetization m13 we T b-axis field is shown by 0. The 1/4 lock-in is much less prominent than
diagram, oin a 3 T field, and protably would have been overlooked if not for the

find that this point falls Lelow the closest coexistence curve intensity anomaly. The iatio of the (10Tr) intensity to that of the (10)) nuclear
by 0.4 T. In addition, if one follows this coexistence curve to peak is shown by X.
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R2Fe14B Hard Magnets and Applications A. Kim, Chairman

Die-upset Nd-Fe-Co-B magnets from blends of dissimilar ribbons
C. D. Fuerst and E. G. Brewer
Physics Department, GM Research and Development Center, 30500 Mound Road, Warren,
Michigan 48090-9055

We prepared die-upset Nd-Fe-Co-B magnets from melt-spun ribbon powders which were a series of
blends of two ribbon alloys. One alloy was always ternary Nd-Fe-B (no cobalt), and in the other
cobalt replaced up to half of the iron, Differential scanning calorimeter measurements revealed that
during hot working, the cobalt diffused across ribbon boundaries, effectively redistributing the
transition metal concentration throughout the magnet. Instead of anomalies indicating the Curie
temperatures of the two original ribbon compositions, we found a single transition consistent with
the average cobalt concentration in the magnet. However, the transition was broader than expected,
suggesting that the homogenization was incomplete. These results are new evidence of massive
diffusion occurring between ribbons, changing the microstructure and facilitating the deformation of
the otherwise rigid 2-14-1 magnet.

I. INTRODUCTION change in slope at Tc. This effect is very similar to that
observed in thermal expansion measurements near Tc 11-16

Hot deformation, or die upsetting, was first presented as
a viable process for greatly enhancing (>60%) the rema- II. EXPERIMENTAL DETAILS
nence of magnets produccri from melt-spun Nd-Fe-B rib-
bons, by Lee et at. in the early 1980s. ' 2 Mishra and Lee 3  We used our standard sample preparation techniques

have described the microstructure of die-upset magnets as which have been extensively described elsewhere. 5
,
1 The

platelet-shaped grains (50-100 nm thick and 200-600 nm in melt-spun ribbons were crushed to less than 60 mesh and
diameter) where the short dimension corresponds to the c
axis of the tetragonal Nd 2Fe1 4B crystalline'4 phase. The de- composition of the ribbons was -14 at. % neodymium, 6

formation process not only encourages anisotropic grain at. % boron, and the remainder transition metal

growth, but also causes the alignment of the grains with the TM=(Fel -,:Co.), where 0<x--0,5.

c axis along the press direction (perpendicular to the flow of Ribbon blends were prepared by mixing cobalt-free

material). Optimizing alignment while maintaining sufficient (x0 =0) ribbons with cobalt-.containing ribbons (x1 >0), The
coercivityaverage cobalt concentration (xavg) depended on the weight

5,6 ratios (1 -w and w) of the ribbons and can be approximated
nearly 50 MGOe, in melt.-spun 2-14-1 magnets. as x..•(1-w)x0+wxI or xg2wxl since x0=0. At the

The success of die upsetting depends on a fine-grained extremes, w = 0 and w= 1, the powders consisted of a single
microstructure in the starting material. Suitable grain sizes composition with a cobalt concentration of x0 and x1, re-
can be easily obtained by melt spinning at moderate quench spectively.
conditions. It has also been demonstrated that mechani- 'rhe blends of ribbon powders were hot pressed to pro-
cally alloyed8 and hydrogen, decomposition, desorption, and duce fully dense precursors (about 16 g). Subsequent die
recombination (HDDR)910 materials can be used as precur- upsetting reduced sample heights by just over 50%. Mag-
sors for die-upset magnets. During die upsetting there is a netic properties were measured with a hysteresis graph after
burst of grain growth at high temperatures (1000-1100 K), premagnetizing in a pulsed magnetic field (100 KOe). The
creating a coarser-grained structure within a relatively short remancnces (Br) for magnets with moderate cobalt levels
period of time (-1 min). Material is diffusing between re- (x, --0.2) were in the range 12-12.5 kG; the coercivities
gions as smaller grains vanish and are replaced by the new (H.1) were slightly more variable, 7-10 kOe. At higher co-
larger platelet-shaped grains. The diffusion momentarily bait concentrations (0.2<xvg•<0.25) the remanences tended
softens the matrix, permitting the deformation which in turn to be lower, B,-ll kG with no commensurate change in
leads to the crystallographic alignment of the microstructure. coercivity. In general, the reduced energy products,
Once the new microstructure stabilizes, the matrix becomes (BH)n,,.x(B,12)2, were in the range 0.9-0.95. Above
essentially rigid and further die upsetting is impossible. Xavg-0. 3 , the coercivities dropped off considerably.

In this paper, we have used differential scanning cain- A high-speed diamond saw was used to cut small (2
rimeter (DSC) measurements of the Curie temperature (Ti,) x3X3 mm 3) samples weighing about 135 mg for the differ-
to characterize the extent of iron and cobalt diffusion within ential scanning calorimeter (DSC) measurements. We used a
the die-upset magnet. These measurements are sensitive to Perkin-Elmer model System-7 DSC with a temperature scan
the specific heat of the material which experiences an abrupt rate of 25 K per minute and a 25 ml per minute flow of argon
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FIG. 2. DSC measurements on two die-upset magnets. both produced from
a blend of equal weight fractions (w=0.5) of two ribbon alloys, one cobalt-
free (x,=0) and the other cobalt containing (x1 =0.2). The upper curve was

400 500 600 700 800 typical for magnets made from as-crushcd coarse powder, less than 60 mesh
Temperature (K) (<250 .m) and greater titan 270 mesh (>53 Asm), The lower curve was

obtained from a magnet made from powder ground to finer than 325 mesh
(<45 Aem). The exothermic heat flow is upward.

FIG, 1. DSC measurements of nine die-upset magnets produced by combin-
ing different weight fractions, l-w and w, of two ribbon alloys, x()=O and
x 1 =0.2. For clarity, the measurements have been displaced vertically with particles within a given volume. The result can be seen in
the single-alloy magnets at the top (w =0) and bottom (w = 1). The exother-
mic heat flow is upward. Fig. 2, which shows DSC measurements from two magnets

with identical overall compositions, one produced from our
standard (coarse) powder and the other with powder ground

gas. The DSC data have been adjusted to level the overall to less than 270 mesh (fine powder). The fine powder pro-

slope and were plotted in the figures with the exothermic duced a sharper transition, consistent with less statistical

direction of heat flow upwaid. variation and more uniform cobalt distribution.
Figure 3 shows DSC measurements for a series of mag-

nets containing half cobalt-free ribbons and half cobalt-
III, RESULTS AND DISCUSSION

The DSC measurements labeled w =0 and w= t in Fig. I
are characteristic of magntets from single-ribbon alloys. " . , ,
There is a relatively sharp minimum in each curve corre-
sponding to T,. Both transitions occurred at temperatures 0...

appropriate for their respective cobalt content, T,=588 K for
the x0=0 cobalt-free alloy (w=0) and T,=757 K for the X'-0.o
x, =0.2 cobalt-containing alloy (w= 1).18," However, when X',-O.5

die-upset magnets were made from mixtures of these two
ribbon alloys (0<w<l), there was no evidence of either of S x,-0.20

these transitions in the DSC measurements. Instead, the nica- t

surements revealed a single minimum or transition centered E
on the Te expected for an alloy with a cobalt level equal to Q.) x,.0.30

Xavg. Clearly the diffusion of iron and cobalt within the ma- o ' a,.0.35 --.. /

trix is sufficient to create a material with nearly uniform x,-0o.40

cobalt distribution. This requires more than intergranular dif- Qo

fusion; rather, material transport is necessary over distances x X,.0.45

encomn'assing two or more ribbon particles. x,.0.50
it is also clear from Fig. 1 that the homogenization of the

composition was incomplete, because rather than sharp tran- I ,
sitions similar to the end points (w40 and w= 1), the blends 400 500 600 700 800

produced broadened transitions, suggesting that small varia- Temperature (K)

tions in cobalt concentrations between regions persisted. The
greatest broadening occurred in the range 0.4--w<-0.8, just FIG. 3. DSC measurements of len die-upset magnets, nine of which were

where one would expect the greatest statistical variation in produced by combining equal weight fractions (w=0.5) of cobalt-free rib-
bon alloys (x,1 -0) and cobalt-containing ribbon alloys (x1>0). The tenth

the average composition. The variation can be reduced by magnet (top) contained no cobalt (x, 1=x, ý0). The exothermic heat flow is

grinding the ribbon powders, which increases the number of upward.
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,- alloy magnets, the anomaly associated with T, was consid-
erably broader for magnets produced from blends of cobalt-

blended magnet free ribbons and cobalt-containing ribbons. When blending
w°.'5 & xSi.o2 two ribbon powders, the broadest transitions were seen with

nearly equal weight fractions. Since the broadening is con-
trolled by regional variations in composition, the effect can

E be maximized by using coarse powers and selecting powders5,

with large compositional differences, xt>x0. Despite the
broadening, the transition temperatures indicate that massive

s diffusion across ribbon boundaries has significantly homog-
w=l.0 & X1.0.1 enized the composition of the magnet. A more controlled

study of particle size could reveal more precisely the diffu-
, , , sion distances involved.

400 500 600 700 800
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Evidence for reversal by nucleation in RE-Fe-B die-upset magnets

L. Henderson Lewis, Y. Zhu, and D. 0. Welch
Department of Applied Science, Brookhaven National Laboratory, Upton, New York 11973

Electron microscopy and initial magnetization studies at elevated temperatures were performed on
two die-upset rare-earth magnets with bulk compositions Nd13.75Fe8u.2.9 B(, and Pr,3.75 Fe80.a.5 1,. In
both compositions the intergranular phase is amorphous and occurs primarily on those surfaces
parallel to the tetragonal 2-14-1 phase c axis. The intergranular phase is enriched in iron relative to
the bulk grain, with an. average width of 8-12 A in the Nd-based magnet and 15-20 A in the
Pr-based magnet. The initial magnetization curves and the dependence of the coercivity upon
maximum magnetizing field both increase linearly with a common slope and then saturate,
consistent with nucleation-dominated behavior. These results suggest that the dominant reversal
mechanism in these magnets is nucleation of reversed domains in the iron-rich intergranular region
of reduced anisotropy.

I. INTRODUCTION with bulk compositions Nd 13.75Fes8 0.25 B6 and PrI3.,75Fe8i. 2.B6,

Not only are magnets based on the RE2Fe14B .etragonal obtained from the General Motors Research and Develop-
intermetallie compounds more economical to manufacture ment Center. The magnets were manufactured by standard

anotherm rare-earth-bsmored magnetica compo ndsabututhey hot-deformation processing: 12 overquenched melt-spun rib-than other rare-earth-based magnetic compounds, but they bons were hot pressed at 750) 'C and then further deformed at

possess impressive energy products which significantly ex- c
ceed those of prior-existing magnets.' However, a major 80)0 C to produce oriented die-upset magnets, Additional

drawback of this class of magnets is their high-temperature processing details are contained in Refs. 13 and 14.

coefficient of coereivity, which causes the coercivity to fall The analytical electron microscopy was performed on -

steadily to unacceptably low values for temperatures much the intergranular phases and the boundaries of deformed

above 400 K. One method to compensate for this behavior is grains using both a VO Instruments HIB-501 and a JEOL

to increase the coercivity of the magnet2 so that it more 2000FX transmission electron microscope. The samples
were thinned with mechanical dimpling followed by argon-closely approaches its theoretical maximum value, the an- ion milling at room temperature. Over 30 unique grain-

isotropy field (2K,/Ms), which is around 90 kOe for boundar reon we re em ed in teP-ae sampl

Nd2Fe14B at room temperature.3 Such directed engineering boundary regions were examined in the PrNbased sample

would be greatly facilitated by the identification of the domi- while 10 were examined in tre Nd-based sample,
nant mechanism o magnetization reversal in these magnets The initial magnetization curves and the dependence of
It is generally agreed uponin the literature that sinterets the coercivity upon maximum magnetizing field at elevated

2-14-1 magnets attain their coercivity by the nucleation of temperatures were investigated in the range 350 K•T•425
reversed domains,4 In constrast, the limiting mechanism K in applied fields up to 20 kG using a superconducting
which controls magnetic reversal in the RE2Feit4B die-upset quantum interference device (SQUID) magnetometer manu-whih cntrls agnti reersl i th R217,41 di-upet factured by Quantum Design. Each sample was machined
magnets produced by melt-quench methods remains an open factote antu design. Eac mple was mined
question. Some researchers believe that strong pinning of down to the approximate dimedisions 1.3 mmX 1.3 mai X2,0 "
domain walls by a nonmagnetic intergranular phase deter- q y q c ly
mines the coercivity in these magnets.5t6 However, other 2 mm (i.d.) X 3 mm (o.d.) to avoid the possibility of oxidation

studies comparing sintered and melt-spun magnets have con- during measurement. Prior to each minor loop measurement

eluded that the nucleation mechanism is dominant in both the magnets were thermally demagnetized by heating to 30'

die-upset and sintered magnets, and recent data obtained above their nominal 2-14-I Curie temperatures and then

from magnietic viscosity measurements'() performed on mlelt- cooled in zero field to the measuring temperature. The result-
ant hysteresis loops were corrected for demagnetization us-quenched magnets support this claim. ntiequioS

In order to identify definitively and understand the rever-
sal mechanism operative in the 2-14-1-based die-upset mag- Ild1dig = 4 1rM., ×(2/1n') X arcsin( I / I + q), (1)
nets, it is necessary to investigate simultaneously the micro- where q is the dimensional ratio. was corrected fur-
"structural and the magnetic properties.' We present here ther a constant multiplicative factor of 0.8 15, obtained from
some microstructural, microcompositional, and initial mag- a measurement of low coercivity nickel.
netization evidence which suggests that the dominant rever-
sal mechanism in these magnets is the niucleation of reversed
domains, III. RESULTS

The microstructures of both the Nd-based and the Pr-

II. EXPERIMENTAL PROCEDURES based die-upset magnets arc very similar. As described in
Both high-resolution analytical transmission electron mi- previous publications -1 I8 the materials are highly aniso-

croscopy (TEM) and magnetic mcasurtiments were per- tropic, consisting mostly of platelet-shaped grains of the
formed on two (2-14-1)-hased die-upset rawe-earth magnets, 2-14-1 phase stacked parallel to their c axes and separated
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FIG. 1. Iron concentration for Pr.1.,0FcM1 .2 B, as a function of distance from PiG. 3. Initial magnetization curve. for die-upset Prl.. 7.,YFcH(08 .1 1 B at various
grain boundary. temperatures.

from one another by a thin intergranular phase. The average Pr-Fe-B. The results for Nd-Fe-B look very similar. Figure 3
dimensions of the deformed grains arc 60tb nm- t150 nm in shows the initial magnetization curves at various tempera-
length by 150 nmn±75 nm in width. A certain fraction of the tures. The initial curves of both samples show a steep
grains are larger and equiaxed; these contain a speckling of temperature-independent rise in the magnetization, followed
precipitates in the grain interior which was not found in the by an approach to saturation that is temperature dependent.
more deformed grains, Mishratl estimated this fraction of Figure 4 illustrates the development of the coercivity in
larger grains to be around 15%. During our studies it was Pr-Fe-B with maximum applied field. As was the case with
found that the intergranular phase is amorphous and its pres- the initial magnetization curves, the coercivities initially de-
ence is dependent upon the nature of the grain boundary in velop rapidly and level out to a constant, temperature-
question: there appears to be no intergranular phase in (001) dependent value.
twist boundaries parallel to the tetragonal basal plane. The
average width of the intergranular phase is 8-12 A in the
Nd-based magnet and 15-20 A in the Pr-based magnet. The IV. DISCUSSION
high-resolution analytical electron microscope studies re- Structurally, nucleation may be controlled by small num-
ported here show that, for both the Nd-based and the Pr- bers of relatively large defects whereas pinning requires a
based compositions, the intergranular phase is enriched in regular distribution of defects, such as fine precipitates, to be
iron relative to the bulk grain co apos:tion. Figure 1 illus- present in the material.'"'2" For efficient pinning it is desired
trates the iron concentration profile in Pr-Fe-B upon traveling that the magnetic properties of the two phases constituting
from one grain to another across the intergranular phase- it is the material be very different."' The microstructure of these
to be noted that the iron concentration in the bulk grain is magnets more closely matches that of a material character-
near 80%. Figure 2 gives a histogram of the relative ratio of ized by nucleation reversal because the deformed grains,
iron to praseodymium in the grain-boundary region versus which comprise -85% of the sample, are largely free of
that in tht grain interior for a sampling of 30 gramn bound- precipitates.
aries. The trends 1or iron in the Nd-based sample were found The high-resolution microcompositional analyses re-
to be very similar to those shown here for the Pr-based ported here clearly show an enrichment of iron in the grain-
sample. boundary region relative to the grain itself, for a sampling of

The magnetic data are illustrated in Figs. 3 and 4 for

Coarclvlty ol Oie-Upset Pr,3.14Fea,,.Dr4i f .... i e...- . . * ' - T. . .. .T. .35 0* h.Upselt Pr13.,s F*110.2 5B6 4000 .. .. .... . . ... ... . . .. . .

3000 -.

F 500 //a o

S°1000 F. , T •35010

; I1 ~ ~ 040 T= 0iOv

0 . . . . . . . . . . . . . ..0.
0.7 0.0 0.9 1 1.1 1.2 1.3 1.4 1.0

0 5000 1 10 1.0 10'

M-1--un Inle.1nal Field (G)

FIG. 2. Histogram depicting Fe/Pr ratio for the grain-boundary phase vs the
grain interior. FIG. 4. Coercivity vs, maximum applied field fur die-upset Prl_ V1M:esMi25B1,.
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30 grain boundaries, Additionally, this grain-boundary phase have in the former manner at elevated temperatures. The
is not found to evenly wet all surfaces of the 2-14-1 main common slope of the H, vs H,, curve implies that these
phase r articles, but rather is found mainly ol those bound- nucleation sites arc structural features, but are thermally sen-
aries parallel to the c axis. These results differ considerably sitive.
from those of Mishra,is obtained by lower-rcsolution meth-
ods, who reported a grain-boundary phase with a ,'onmposi- V. CONCLUSIONS
tion close to the eutectic phase Nd7(0Fe3 } (or Pr70Fe30 ) and Evidence is presented which strongly suggests that the
which coats each grain uniformly. We do not doubt that a development of coercivity at elevated temperatures in die-
phase with a composition close to Nd70FC30 does exist in upset RE2Fc14B magnets is probably dominated by the nucle-
these materials, especially since the excess rare-earth present ation of reversed domains. It is likely that these reversed
in these magnets must be present somewhere in the micro- toofrvsedman.Iislkytathseeesd
inruthres magnets musthe exrcnt dist iomewithe in the micro- domains nucleate at rcduced-anisotropy sites residing within
structure. However, the exact distribution within the micro- teio-ihganbudr hsosre sn ih

structure of rare-earth-rich and iron-rich grain boundaries, as otion a nayil phase, the oi in hetn-
wellas ntrgranlarphaes, emans o bedetrmied, resolution analytical TEM. lHowever, tile origin of the tern-

well as intragranular phases, remains to be determined. perature dependence of the coercivity, which was attributed
The presence of excess iron in the grain-boundary phase by Pinkerton and Fuerst5' ' to strong pinning, still remains to

has several important consequences with regards to inter- be clarified,

grain interactions. One result is that the grains are most prob- b 'he above conclusions suggest methods to improve the

ably exchange coupled as well as magnetostatically coupled, te.above conclusions suggest mnhdset rove 4B

The micromagnetic origins of the coercivity in fine-grained temperature coefficient of coercivity in die-upset RE 2Fe 14B

material strongly depend upot- the type of coupling between magnets. An ideal microstructure for a nucleation-type mag-

the grains. Recent numeric micromagnetic calculations 2 1 of net consists of grains of a magnetically hard phase that are
exchange isolated from one another."t Therefore, segregation

nucleation .I-lds of 2D magnetic structures demonstrate that of nonmagnetic atoms to the grain-boundary phase via met-
if grains have direct exchange interactions, the entire sample allurgical manipulation would produce higher-coercivity
can easily demagnetize after reversal of one grain, magnets. In fact, preliminary work along those lines has been

The presence of a ferrous intergranular phase, which done by Fuerst and Brewer2 3 in which an increase of coer-
may well be magnetic, also allows for the existence of lower- civity was observed in die-upset Nd-Fe-3 magnets upon in-
anisotropy sites for reverse magnetization nucleation while at
the same time it may reduce the probability of domain wall
pinning at the intergranular phase. As is stated by ACKNOWLEDGMENTS
Livingston,'9 pinning is a necessary requirement, even in
nucleation-controlled magnets, to avoid catastrophic reversal We are grateful to C. D. Fuerst for providing us with
odiginating at low-coercivity regions. In these magnets a samples and for helpful discussions. This research was spon-
likely place for pinning to occur is at the larger RE-rich sored by U.S. DOE Laboratory Directed Research and Dc-
nonmagnetic pockets found along sonic of the grain bound- velopment Program, Contract No. DE-ACII2-76CH0()O16.
aries and at grain-boundary triple points.
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Microstructure and magnetic properties of mechanically alloyed
anisotropic Nd-Fe-B

J. Wecker, H. Cerva, C. Kuhrt, K. Schnitzke, and L. Schultza)
Siemens AG, Research Laboratories, Erlangen and Munich, Germtnany

Mechanically alloyed Nd-Pc-B powders with additions of Dy, Co, and Ga were hot compacted to
magnetically isotropic materials and then deformed by die upsetting to obtain anisotropic magnets.
Magnets can be processed either with a medium coercivity Iit, of 7.8 kAicm but with a high-energy
product (BH)n,,11  of 330 kJ/m 3 or with a coercivity of 21.2 kA/cm and a lower (B11) ,s of 192
kJ/m 3. Plane-view transmission electron microscopy (TEM) pictures show nearly equiaxed
Nd 2Fe1 4B grains. In cross section, the grains display the typical platelet form known from MO
3-type magnets with a length of about 300 nm and a height of 100 nm. Characteristic for
mechanically alloyed materials are up to 50) nim large globular NdOX particles distributed regularly
throughout the microstructure which inhibit the anisotropic grain growth. In addition 5-20 nm small
NdO, precipitates are found within some Nd2Fe14B grains. X-ray diffraction studies also indicate
that the degree of texturing after die upsetting is ,imaller for mechanically alloyed than for melt-spun
materials. High-resolution TEM experiments did not show any grain boundary phase usually found
in melt-spun materials; however, this needs to be confirmed.

I. INTRODUCTION and ion milled and were examined in a transmission electron

The small grain sizes of rapidly quenched or mechani- microscope (JEOL 200) FX). Chemical microanalysis was

cally alloyed Nd-Fe-B prohibit the preparation of anisotropic done by energy dispersive x-ray analysis (EDX),

magnets by an alignment of the respective powders in an
external magnetic field. Anisotropy can be induced by hot III. RESULTS
compaction of the ribbons or powders to fully dense isotro- A. Magnetic properties
pie magnets followed by hot deformation. 1, 2 Fiom transmis. A

sion electron microscopy (TEM) analysis of melt-spun Mag- As for sintered or mnelt-spun Nd-Fe-B, the properties of
nequench (MQ)-type magnets it was concluded that the mechanically alloyed magnets can be tailored to the desired
alignment proceeds by a combination of grain boundary slid- needs by a proper choice of alloying additions, Figure 1
ing and grain boundary migration.' For mechanically alloyed shows the demagnetization curve of a magnet with a rema-
materials a detailed investigation of the microstructure and notice 1, of 1.32 T and thus with it high-energy product
its correlation to the magnetic properties remained to be (BH)..o,, of 333 kJ/ml3 . Because of the low rare-earth con-
done. First preliminary experiments already showed the pres- tent, the coercivity I-,ic is rather low. tic, canl be increased by
ence of Nd oxides in both the isotropic and the die-upset nearly a factor of 3 by the partial substitution of Nd by Dy
samples. 4  via an increase of the anisotropy field, However, because of

II. EXPERIMENTAL

Mechanically alloyed Nd-Fe-B powders were prepared 1S

by high-energy ball milling in a planetary ball mill or in an
attritor with typical batch sizes of 30 or 300 g (milling time
48 Ih). For comparison we also prepared rapidly quenched
ribbons by conventional melt spinning. The compositions of E 10

0the different samples :ire given below. The as-milled powders W
or the as-quenched ril:bons were hot compacted to cylindri- , I
cal magnets (diameter d-= t10 mn, height h=10 fitm) fol-

lowed by a die-upset process. For both processes the temr- 
C- b)

peratures were between 720 and 750 'C for mechanically
alloyed powders and at 690 0C for the mclt-spun ribbons
with a deformation ratio tin/h of 4 (ho and ht being the 0
heights of the magnets before and after deformation). Mag-
netic measurements were done in a vibrating sample magne- I
tometer after magnetizing the samples in a field of 50 kA/cm. -20 -10 0
For TEM analysis, the cylinders were sliced parallel and per- magnetic field (kA/#;m)
pendicular to the press direction. The samples were ground

I"[(i I. IenoaglMiZatiOin ervcS of twO allistMOpic Iorchalically alloyed
loIlgltiet With compositions of Nd l,.Vc,.(o,( iac Ft5  (curve a) ald of

")Institute for Solid State and Materials Research, Dresden. Gecuany. Nd 4Dyd.c1 ,x( -. (i .1 ,,It(,S (curve hi.
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TABLE I. Coercivity, 1,,, remancnce, J,. rcmanence ratio, R =JI,/11.1 and
energy product, (BI)m, of die-upset magnets with different Nd concen-
trations.

H,. (kA/crn) J, (T) R (BIl)W• (kJ/rnr)

Nd1 .5FC73CoUaO..•B-7  3.6 0,87 1.3 97
Nd14..Fe 7 Co,Ca1j.IB7 7.7 1.3(0 4.8 313
Ndis..,FeC7 Co1 ,Gaj5 B7  8.8 1.27 4.01 311
Nd11 ,.,,FC7,(Co,Gao.5B-7  (),8 1 19 2.8 265
Ndl 4 F1Cl 4Co•Ga,),,Bf," 7.1 1.36 4.3 350(

'Mcit-spun material.

the antiferromagnetic coupling of the Dy to the transition
metal sublattice the remanence decreases (Fig. 1). The simul-
taneous addition of Co improves the temperature dependence
of the magnetic properties and guarantees a coercivity of 9.0 FIG. 3. Cross-section bright-field TEM image of die-upsOt

kA/cm even at 150 'C necessary, qg., for the substitution of Ndl4Dy5 •PeF,2C('o14Ca 0.7BBt,.,,. The large oxide grain marked by the arrow
Smn-Co magnets in electromotors i�nhibits the growth o• NdlFc1 ,1B to the typical platelet shape seen ill Fig, 1.

For mechanically alloyed Nd-Fe-B, the texturing of fully
dense magnets by die upsetting is only possible above a rare- (Fig. 2). The flat surfaces of the grains are normal to the
earth concentration of 14 at %. Below this critical value press direction and to the c axis of the tetragonal unit cell. In
hardly any anisotropy develops and J,. remains low (Table I). plane view, the grains are nearly equiaxed. Characteristic for
Above, one obtains energy products greater than 300 kJ/m 3  mechanically alloyed magnets are up to 500 nCh large Nd-

and H,1 increases with the Nd content in the same way as for oxide particles distributed regularly throughout the mnicro-
MQ magnets. The ratio, R =JII/,l of the remanences inca- structure which were already observed previously.4 EDX
sured parallel and perpendicular to the press direction is a analysis proves that the main metallic constituents of these
measure of the degree of texturing and shows values above oxides are Nd and Dy. The particles show a sponge-like con-
4, For higher Nd concentrations (BH)t.,ax decreases probably trast and their diffraction patterns can be assigned to cubic
because of nonmagnetic impurity phases. The magnet pre- NdO and Nd20. A characteristic feature is the fact that in
pared for comparison from melt-spun ribbons with a Nd con- their vicinity the growth of the (i) grains to fiat platelets is
centration of 14 at % but with a slightly different concentra- inhibited as can be seen in Fig. 3 where the oxide particle in
tion of the remaining elements had a (BH1 )I of 350 kJ/m3 the center is marked by an arrow, Besides these intergrain
(Table I). oxides we also frequently observe 5-20 nm small precipi-

tates within Nd 2Fe1 4B (see arrows in Fig. 2) which by EDX
B. Microstructure analysis are identified as oxides. Such intragrain oxides wner

Cross-sectional TEM images which were taken parallel also observed in sintered magnets and are probably hexago-
to the press direction show the typical platelet form of the nal Nd203." We have not observed the metallic intergranular
Nd 2FeI4B ((P) grains known from MQ-type inagnets 3 with a phase found in MO-3 magnets3 (Fig. 4). Instead the grain
length and a height of about 300 and 100 nrm, respecLvely boundary appears to be free of a minority phase and the

lattice planes of neighboring (1) grains directly meet at the
grain boundary.

S~20Onto

FIG. 2. Cross-sutolion bright-titid TUIM image of die-upsct
Nd sDy2.5 1, 5e(,Co11 G(i.7 l 2,••, The arrows nmark oxtide inclusions in FIG. 4. Itigh-resohution image showing the grain hotOndary betwecn
Nd 2•Pel4B grains. NdIFC1411 grains in die-upset Ndt• D)yF.en( •j rC,, It,.
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I IThe observation of no grain boundary phase in the TEM
%40 experiments does not unambiguously prove that there is no

Nd-rich phase at all because of only too few analyses we did.
Also, the micrograph may have been taken from a part of the
grain boundary which is not decorated by the Nd-rich phase.CD _However, grain boundary phases were previously detected in

; (a ) jlI the isotropic compacted magnets. 4

The bimodal size distribution of oxide particles, i.e.,
large intergrain oxides and small particles within the
Nd 2Fe14B were also observed in high-strength NiAi-based
"alloys and seem to be characteristic of mechanically alloyed
materials.8 So far, it is not clear to what extent the lack of
texturing in the vicinity of large oxide particles (cf. Fig. 3) is
a direct consequence of their presence which prevents grain
growth. Or if it results from the local absence of the Nd-rich

jb j phase which accelerates diffusional mass transport because it6'- •--r 80 reduce the remanence and thus the eneigy product as can be
is liquid at the deformation temperatures. But both factors do

a(degree) seen by comparing the mechanically alloyed and the melt-

spun samples (Table I). Since the occurrence of oxides at
IIG. 5. X-ray diffraction pattern of die-upstt mechanically alloyed Nd-Fe-B least under practical conditions can never be prevented in
(curve a) compared to melt-siun materials (curve b). powder metallurgy the energy product of mechanically al-

loyed magnets will always be somewhat lower than for re-

The texturing during die upsetting becomes also evident spective MQ-t," olaterials whereas the coercivities do not
in x-ray diffraction patterns taken in 0/20 geometry which show any significant difference. For the latter magnets a

show prominent (001) peaks (Fig, 5) indicative of an align- (BH)mn, 5 of 385 kJ/m3 was obtained with art even lower Nd

ment of the c direction normal to the surface of the magnet. concentration of 13.7 at % and a comparable deformation

Compared to the MQ-type magnet, however, the intensity of ratio.5 Some improvement of the texturing of mechanically

the (105) line is high-ir [Fig, 5(b)], hinting to a smaller de- alloyed magnets may be possible by trying to introduce a

gree of orientation in ihe mechanically alloyed material, low melting grain boundary phase artificially. For example,
small amounts of diffusion alloyed Zn additives were shown

IV. DISCUSSION to increase not only the coercivity of die-upset MQ magnets
but also the remanence.?

Mechanical alloying like conventional sintering is a

powder metallurgical technique to prepare high performtrnce
permanent magnets. Therefore, the presence of oxides iii the ACKNOWLEDGMENTS
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Preparation and transmission electron microscope investigation of sintered
Nd 5l 4Fe 75.7B6 C.TCU1. 3Nb 0 .9 magnets

Johannes Bernardi and Josef Fidler
Institute of Applied and Technical Physics, T. U. Vienna, Wiedner Hauptstrasse 8-10,
A-1040 Vienna, Austria

Sintered magnets were prepared from jet-milled and hydrogen-decrepitated jet-milled
Nd-Fe-B:(Cu,Nb) powder. The HD process started after heating the cast material up to 200 'C. A
single-step annealing treatment at 525 'C improved the magnetic properties of all samples. Magnets
prepared firom the jet-milled powder required a short time sintering (<60 min) to obtain optimum
coercivity but had poor density. Magnets prepared from the HD powder showed a higher remanence
and energy density product but a slightly smaller coercivity than the magnets prepated from the
jet-milled powder. The sintered and annealed magnets contain a multiphase microstructure, Nb was
found as small precipitates within the hard magnetiz grains and as intergranular boride phase. The
addition of Cu lowers the melting point of the liquid phase during sintering and leads to the
formation of an orthorhombic NdCu phase that is partly replacing the Nd-rich intergranular phases.
The intergranular -phase Nd 6Fel 3Cu was found regularly in the annealed samples. Nd 2Fe,7 was not
detected in the investigated samples.

I. INTRODUCTION III. RESULTS

The magnetic properties of Nd 2Fe1 4B magnets can be A. Magnetic properties
improved by the substitution of expensive Dy and Co and/or The magnets produced from powder A were sintered be-
by the addition of two types of dopant elements that influ- tween 1080 and 1120 'C. The density of the samples and the
ence the microstmucture in a similar way.i Type I dopants remanence increased with increasing sintering temperature
(MI =AI. Cu, Zn, 0a, Ge, Sn) form binary MI-Nd or ter- while the coercivity increased for the samples sintered for
nary M1-Fe-Nd compounds, while type II dopants (M2 =Ti, short times (40-60 nin) at lower temperatures. A single-step
V, Nb, Mo, W) form M2-B or M2-Fe-B borides. In a previ- annealing treatment at 525 'C improved the magnetic prop-
ous investigation we showed that the addition of Ga and Nb erties. The magnet with the highest coercive field was sin-
leads to good magnetic properties. 2 Small amounts of Cu tered at 1080 "C for 40 min and annealed at 525 *C. That
impriveo the workability of hot worked magnets3 and led to sample showed a coercive field of 910 kA/m and a rema-
the formation of new intergranular phases like NdCu.4 The nence of 1.14 T, but had a poor density (<7 gem).
purpose of this work was to study the microstructure and the The magnets produced from the HD powder B were sin-
magnetic properties of a Dy and Co-free magnet containing a tered between 1040 and 1090 'C. Good magnetic properties
type I (Cu) and a type !I (Nb) dopant. were achieved after a single-step annealing treatment at

525 'C (Fig. 1). At comparable sintering temperatures the

II. EXPERIMENT HD magnets showed a higher remanence and energy product
but a slightly reduced coercivity than the magnets produced

The alloy with the nominal composition from powder A.
Ndl5. 4Fe, 5.-7B6.7CUl. 3Nb0.9 was supplied by Treibacher
Chemische Werke. Magnets were prepared by the powder-
metallurgical sintering process from jet-milled powder (A)
and from hydrogen decrepitated (HD) and jet-milled powder 1200 am
(B). The average diameter of powder A was 2.9 and 1.75 .trm
of powder B, respectively (determined by FSSS). An initial 11001
temperature of 200 'C was necessary to start the HD process 100o. 250
at +1 bar H2 pressure. Green compacts were pressed at 200 E o .

MPa transverse to the direction of the aligning field of 1.25 . 2W0
T. Sintering was done at temperatures from 1040 to 1120 'C U 800 -

I_ E
for different times followed by a single-step annealing treat- 700 ------- ---

ment. The magnetic properties were determined with a hys- 60

teresigraph at room temperature. The microstructure of the
magnets was investigated by means of analytical transmis- 1.0 ...... ......... 1 0 00
sion electron m icroscopy in a JEOL 200CX microscope fit- Sinern Temperature
ted with two energy dispersive x-ray detectors, a high take- Sinterng Temperature
oft angle Si detector and a low take-off angle Ge detector for FIG. 1. Magnetic properties of the sintered and annealed
light element analysis. Electron transparent samples were Nd1ý.4l:c 75_1,,.7 Cu1L3Nb 0,1 magnets produced from the Hi) powder. All

produced by grinding and following ion-beam thinning. samples were sintered for I Ii and atnealed at 525 '('.
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TABLE 1. Phases found in thc sintcred and anncaled
Nd.1 .4Fe75. 7',.TCU 1.3Nbo_9 magnet.

Phase Composition Structure

d NdFce 4B withi Cu substitutions Tetragonal
p0b Nb containfing precipitates within (h Hexagonal NbFeB

77 Intergranular Nd +¢Fe 4fB4  T tragonal
iB Intergranular NbFeB Hexagonal NhFeB
n I lntergranular Nd rich (+Fe) fcc
n2 Intergranular Nd rich hcp
cu Intergranular NdCu Orthorhombic
6 NdFel.3Cu Tetragonal
no Nd20 impurities Rhombohedral

B. Microstructure of the magnets l

A magnet from set A, sintered at 1080 'C for 40 min and
annealed at 525 °C, was chosen for the transmission electron
microscope (TEM) investigation. The phases detected in that FIG. 3. Micrograph of the intergranular boride phases Ndl, ,Fe411 4 (IV) and
magnet are summarized in Table I. The magnet contained a NbFeB (iB) with the corresponding x-ray spectra besides a hard magnetic

multiphase microstructure consisting of the hard magnetic grain b.

phase (0), two types of boride phases (V and iB), several
Nd-rich intergranular phases, and the &phase Nd6Fet 3Cu. 3-phase Nd 6Fe13Cu that is in equilibrium with Nd and NdCu

Like in the case of the Ga- and Nb-doped magnets,2 the in the ternary Nd-Fe-Cu phase diagram 6 was found quite
hard magnetic NdzFet 4B phase (0) was found with a high regularly as a separate grain with a size up to several microns
amount of spherical NbFeB precipitates pck with a diameter in the Ndts.4Fe 7.,7B6 ,7CUI.3Nbt).9 magnet (Fig. 5). Nd 2Fet 7
up to 50 nm as shown in Fig. 2. But some 0 grains did not was not detected in the investigated sample.
show any precipitates. Intergranular boride phases occurred
as grains with a diameter up to several microns as hexagonal IV. DISCUSSION
NbFeB (iB) and as tetragonal Nd ,±Fe4B4(rl). Both inter-
granular boride phases usually contained a high density of Ternary Nd-Fe-B magnets have a poor temperature sta-
crystal defects (Fig. 3). Nd-rich intergranular phases were bility and bad corrosion resistance. To overcome these prob-
found with fec (nl) or hcp (n2) crystal structure. The fcc lems, Dy and Co are widely added to magnets. The addition
phase (nl) usually contained some Fe or oxygen as in Ref. of dopants helps to produce magnets with good magnetic
5. In addition an intergranular orthorhombic NdCu phase properties without the expensive heavy rare-earth element
(cu) was partly replacing the Nd-rich phases (nl) and (n2). Dy and without Co. From the ternary Nd-Fe-MI phase dia-
Figure 4 shows the NdCu phase besides a Nd-rich phase and grams it is clear that type I dopants like Cu, Al, or Ga lower
a hard magnetic grain with the corresponding x-ray spectra, the melting temperature of the liquid phase during sintering.
Nd 2•O3 was found as an impurity phase. The tetragonal On the other hand, the wettability of the liquid phase is dif-

ferent for Cu, Al, and Ga, respectively. Improved wettability
of the liquid phase leads to a better decoupling of the hard

Nb LA CK ILA

FIG. 4. NdCu phase (Cu) and a Nd-rith phas (ol besides a hard magnetic
IG. 2. Micrograph of the hard magnetic phase e containi.-a high amount grain (F). The NdCu phase i(u n irtly replcing the (n) d-ricd intcrgrandma rtic

of spherical NbFcB precipitates peP. phases.
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netic phase? and forms NbFcB precipitates within the
Nd2Fe 14B phase as well as intergranular NbFcB3 grains that

C. also help to decouple the hard magnetic grains.
Comparcd to ternary Nd-Fe-B magnets, where the HD

process allows a lowering of the sintering temperature,5 the
sintering temperature of the HD-processed Cu- and No-
doped powder could not be reduced to obtain high coercive
fields. This explains why wettability is not improved by Cu
addition. For a given sintering temperature the rernanence

and the energy Jensity product of the HD magnets was largerm h II~ . Sthan that of the magnets prepared by the standard jet-milling
process. The main advantage of Nd-Fe-B:Cu magnets is the

FIG. 5. Micrograph of a NdJ I .1Cu grain (8S phase) with the corresponding
x-ray spectrum. This phase is found qu ite regularly in the
Nd1 UAFC7573C B ..C Nb ,.. marnet. C NW EG ET

This work was part of the CEAM stimulation EC pro-
magnetic grainstI and therefore to an improved coercivity. In gramme and was partly supported by the Austrian Ministry
the case of Cu poor wettability leads to a lower density and for Science and Research (BRITE/EURAM Project 13REU-
lower coercivity of the magnets compared with Al- and Ga- 0150-M).
doped magnets. In addition binary MI-Nd and ternary
Ml I - Fe-Nd (Al I = Cu, Al, Ga) occur, partly replacing the fcc 'J. Fidler, in Procee'ding~s of tihe 7th International Symplosiumn on Magnetic
and hcp Nd-rich intergranular phases that are mainly respon- Anisotropi' and Coercivi'y in RE-TM Altoys, edited by DI. Street (The
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Fe-Nd-C-based ingot permanent magnets by solid-state transformation
M. Leonowicz, H. A. Davies,a) and S. Wojciechowski
Department of Materials Science and Engineering, Warsaw University o] Tchlnology, Narbutta 85,
02-524 Warszawa, Poland

The effects of composition, annealing temperature, and annealing time on the magnetic properties
and microstructure of Fe6,M 2 Nd 20 C9 ..B,.5 (M =Ga,Nb,Cu,Al) ingot magnets are presented. It has
been found that the magnitude of the hard magnetic properties, which evolve during the solid-state
transformation Fet 7Nd 2C, to Fet 4Nd1C, depends on the additive elements, These additions which
decrease the melting temperature of the intergranular phase accelerate the transformation process
and those which increase this temperature retard the transformation. Coercivities up to 880 kA/m
combined with a remanence 0.58 T were produced in alloy ingots with Cu. The initial grain size was
found to be crucial in producing good magnetic properties and coercivities as high as 980 kA/m
were achieved for Fe-Nd-C-B alloy magnets hot pressed from microcrystalline melt spun ribbon, A
modest increase of remanence (-0.7 T) was achieved by die-upset forging of ingot alloys.

I. INTRODUCTION using scanning electron and optical microscopy. The Curie

The principal routes for the production of RE-Fe-B per- temperature and the melting point of the grain boundary

manent magnets are those based on liquid phase sintering phase were evaluated in a Perkin-Elmer DSC-2 scanning

or on melt spinning,' followed by resin bonding or hot work- calorimeter.

ing the crushed ribbon.2 Both technologies are based on
powder processing. However, there are two systems for UI. RESULTS AND DISCUSSION
which useful coercivities can be obtained in the cast state. The effects of annealing temperature on the magnetic
Fe-Pr-B ingot magnets exhibit coercivit;es up to 1000 kA/m properties of the FcgNd 2oC9,.B 03, alloy are shown in Fig. 1.
and partly columnar alloys show renianences of -0.7 T.3 4 The alloy was annealed for a constant time of 5 h. The
The second system is based on the Fe 14Nd2C compound.'-s Fe14Nd 2C compound first appeared at 800 'C but due to only
Its structure and intrinsic magnetic properties are broadly partial transformation at this temperature, the remanence J,.)
comparable with those of Fel 4Nd2B.5 The possibility of pro- was relatively low. Both J, and coercivity (jH,,) achieved
ducing cast magnets is attractive due to the simplicity of the
processing, low cost, and the ability to manufacture net 1000 Fc-Nd.C.B
shape products without the need for handling powders or
ribbon. The Fe-Nd-C system is interesting also because the 900
Fe14Nd2C compound forms by a solid-state peritectoid reac-
tion, which occurs below 900 C.6 Small addition (0.05%) of m. sp.

boron accelerates the nucleation rate of the Fe14Nd 2C phase,
increases the transformation temperature (- 105(0 C), and
reduces the annealing time. 7  700 1.0

In this study the possibility of achieving useful cocrcivi-
ties in the Fe-M -Nd-C-B (M =Cu,Ga,Nb,Al) ingot magnets, 600 Ingot
within a relatively short annealing time of a few hours was
investigated and the temperature-microstructure relations " 0.8

were analyzed. J

II. EXPERIMENTAL PROCEDURE 400

The Fe,,M2Nd 20C1k.B 0 .5 (W =Ga,Nb,Cu,AI) alloys were 0.6

made by induction melting the pure elements under an argon 300

atmosphere. The ingot magnets were prepared by annealing
the ingots in evacuated silica tubes. The Fe(,,Nd,,,)C 9.sB0 - 200 0.go

alloy was also prepared in ribbon form by melt spinning in 0
an argon atmosphere and the crushed ribbon was subse- - 100
quently hot pressed at 700 'C in argon. The magnetic prop- s •-I, .

erties were measured using an Oxford VSM with maximum 1Z_ --..... - 0 .......
applied field of 5 T. Phase identification was performed by 0 800 900 1000 .. 0.000 800 90 00 1,100
x-ray diffraction. Microstructural observations were made Temperature 10C]

FIG 1. Magnetic properties f•r Fe,HNd,'jC,,.sB05 ingot and melt -,pun
"°Departmcnt of Eugineering Materials, University (if Sheffield. Sheffield (m. sp.) ribbon alloys annealed al different temperatures for 5 Ih. Mean gi ,tin

SI 4DU, United Kingdom. size for the ingot alloy is akso dhown.
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FIG. 2. SEM micrographs for 'eu,8Nd2uuC~qsiBni. ingots: as-euist Gl,l = 7 kA/
mlt, and anneauled for 5 It at 800 T (j[,_= 380 kWni), 90(0 T( (jfl - 63(1 FIG, 3. Magnetic properties and nmean grain siz~e for P(,(,Cti2Nd,(jC,)% 111.5
kA/m), and 1050'~C (jH,H =93 kAhni). Back~scattu'rud clectro-is images. inigot mnagnelts after annealing at 8501 O( for di fferent times,

maxima at 9300 'C and thle shape of the demiagnetization cast alloy was magnetically very soft but j'l', ot 880 Will
curve for this sample indicated that thle material consisted was developed after annealing for 5 It at 85(0 *C (Fig. 3).
largely of the Fe 14Nd2C phase. Samples annealed at 1050 OC Significant coercivity appeared after a relatively short ant-
appeared to contain much soft magnetic phase and this tern- nealing time of 0.5 ht. The reaction was completed after about
perature seemed to be close to thle point of equilibrium co- 4 It annealing, For the longer annealing times tit 85(0 *C at
existence of til Fc14Nd2C and Fe171Nid2Cv phases. The mean decrease of coercivity was observed though J, was almost
grain size (D.) for the cast ingot alloy was inversely propor- unchanged at a level of 0.58 T. X-ray diffraction analysis for
tional to the amount Of Fe14Nd2)C phase and showed a minii- this alloy showed patterns typical of the Fet 7Nd,2Cr and
mum of -it 10ý for thle samiple annealed at 9(1( 'C. The Fe 14Nd2C structures for the as-cast and annealed (70 Ih at
coercivity of the magnets currelated closely with the grain 850 'CQ samples, respectively. The mlicrostructure observa-
size. Samples having a inuh smaller grain size (-50 Am) tions showed at decreasing grain size fromt -2(0 am for the
produced by hot pressing of rapidly solidified ribbon exhib- specimen annealed for (0,5 11 to '-1(0 Am for the fully trans-
ited jHL. up to 300 kA/mi higher than the ingot magnets of the formed material.
same compositionl. Partial substitution for iron was miade in at series of ail-

Fe-Nd-C-B3 alloys crystallized fromt the melt formied a loys Fe66AM2Nd2o)C0.l3().5 with M=Ga,Nb,Cu,AI. These dCl-
fine dendritie minirostructure. These elongated grains became mnicts M were known to increase thle coercivity of tile Fe-
equiaxed during annealing, firstly its FecI7Nd,C, (- 15 ktm), Nd-B type magnets, mostly by changing the prop~erties of the
then reducing their size to -t) /im, onl decomposition to boundary phases.~' Tile magnetic properties of substituted al-
Fe14Nd2C. Long time annealing (7(1 It) at 85(1 'C did not loys are shown in Table 1. The tertiary itnd Cu-containing
result in coarsening of thle mnicrostructure. In contrast, the alloys exhibited high ,l.after very short anlnealing times.
alloys annealed at 1050 'C were transformed by at small pro- starting from I it, within the temperature ratnge 85(1-
portion only so that the final structure consisted of large 1(0(1 'C. Somewhat longer times were required f.-ur the Ga-
grains (-3(0 ILm) of mostly Fe17Nd2Cq. phase (Fig. 2). containing alloy whereas tile alloys with Nb and Al addi-

The effect of annealing time on the magnetic properties tions, even after long time annealing (live days), were only
was investigated for the Fe66CU 2Nd2ttC~9.5B09 alloy. The as- partially tratnsformied and showed considerable proportions

TA BLE 1. Magnetic properties for F1 ,CWA1 2Nd,11C.,15t35 WM = Ga,Nh,Cu,A) (ingot alltoys annealed at 900( 'U.

JH,1 .J,(11 )lr An neatling
Comp~osition (Wk~ni ('r) Wh/u') thit e

Vc1,mNd,211C,15t311 .5  00( 0(.58 50t 5 Ii
Fe1,xNd~j0( XsIj 5 ictt spun 9801 0.65 00 5 11
I:c,C,Cu2Nd,,IC,.,,,. Mg) 0.58 51 5 li

Ve',1,CfliNd2,Q1Cl141 6201 0.56 48 5 h~
1e,1Nb d~('~~~5501 0.55 4(0 5 days

Pe,,,AI2Nd:U1 'C,3 j1 420t 0.55 37 5 dtaysi
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TABLE ii. Curie temperatures T, and melting temperatures of the boundary 0.8
phases T, for as-cast and annealed Fe(,MN . (MU=Ga,Nb,Cu,AI) Fe.Nd.Ga.C.Bal.loys. DIe.Upmst0.

Composition Treatment 7". (°C) T,, ('C)

Fe6BNd 20CY95BQ55  as-Cast .. 707 0.4
annealed 311 707 Cs

F e fC u 2N d2 XC)..4 . .. B a F-c a 4t .5 8 7 , o3 9 0 .2
annw'icd 312 523. 515 0.2

Fe(Ga2Nd 20C5.5Ba..j as-cast 702
annealed 312 637

Fc~bNb 2Nd21,C957Bj,,5  as-Cast 717 0.0
annealed 312 717

Fc6Al 2Nd25C9.5 Bt,.s as-east >727
annealed 312 >727 700 6e) Soo 400 300 200 100 0

-H tWml

of a soft magnetic phase. Results of the DSC analysis, pre- FIG, 4. Cast and die-upset forged Fe,,,Ga•Nd,,CJ13 1 j.1 . alloys.
sented in Table 11, showed no change of the Curie tempera-
ture which suggested that no substantial amounts of the ad-
ditives entered the Fet 4Nd 2C phase. However, quite large of Fe-Nd-C-U type ingot alloys. The useful annealing tem-
differences in the melting points of the boundary phase were peratures were in the range 800- 1000) *C. Annealing times
found, The multiphase grain boundaries melt in several of a few hours was found to be sufficient to achieve complete
stages which, due to the equipment limitations, we were able transformation for Fe(,sNd 20C9.,jl3,.S and for Cu, and Ga-
to measure only up to 727 'C. The lowest melting point was added alloys. However, only small volume fractions of
exhibited by the Cu-containing alloy which, on the DSC Fe 14Nd 2C were obtained for Nb- and Al-containing alloys,
trace, showed a small primary melting peak at 523 'C and a The kinetics ot the peritectoid transformation were found to
large melting effect starting at 575 'C. This alloy had the be affected by the melting temperature of tile intcrgranular
best magnetic properties in the ingot state which moreover phases, The elements which lower this temperature are con-
were developed within a short annealing time. sidered to act as an aid to the process by increasing diffusiv-

It has not been possible in the present study to establish ity across the phase boundary and the elements that increase
whether the other alloys exhibit multistage melting because melting point can inhibit the process and effectively stabilize
their incipient melting temperatures. The Al-containing alloy the FeJ-Nd 2C, phase. The optimally annealed alloys had
did not show a melting effect up to 727 'C. The two alloys mean grain sizes of -1(I Axm and their coercivity showed
having the highest melting temperatures of the intergranular strong dependence on the initial microstructure before the
phases, i.e,, containing Nb and Al, did not transform comn- heat treatment. Some increase of the remanence (-0.7 T)
pletely to the Fe 14Nd2C phase even after a very long anneal- was achieved after die-upset forging of cast alloys.
ing time within the whole temperature range 800-- i 000 *C.
Thus, it seems plausible that the properties of the intergranu-
lar liquid phase affects the kinetics of the perilertoid trans- ACKNOWLEDGMENTS
formation, either acting as an aid to the process by increasing Financial supoort from the Polish National Committee
diffusivity across the phase boundary or retarding the diffu- for Scientific Research and from the British Council is grate-
sion and stabilizing the Fcl 7Nd2C, phase. fully acknowledged.
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Generation of highly uniform fields with permanent magnets (invited)
M. G. Abele
New York University School of Medicine, New York, New York 10016

A review of a design methodology of permanent magnets composed of inagnetic materials with
quasilinear demagnetization characteristics is presented. The paper focuses on the design of efficient
permanent magnets for applications that require strong and highly uniform fields. The compensation
of the field distortion caused by design constraints and fabrication tolerances is one of the aspects
of magnet design discussed in this paper. A design procedure based on active filter structures that
restore a required degree of field uniformity is reviewed.

I. INTRODUCTION linear theory of the design of permanent magnets that rel-
egates the nonlinear effects to a perturbation of basic linear

The evolution of the design of permanent magnets in solutions.7 _
recent years has been prompted by the development of high- The design of a magnet is the classical inverse problem

energy product rare-earth magnetic materials, The character- where once the field is assigned within a region of interest,

istics of these alloys, and, in particular, their high intrinsic the designer must find the configuration of the magnetic

coercive force, have extended the use of permanent magnets structure capable of generating such a field. On one hand, the

to a number of applications. Compared to electromagnets, designer faces the problem of the indeterminacy of the solu-

permanent magnets have the obvious advantage of requiring tion of the inverse problem. On the other hand, the indetler-

no external power supply and no maintenance cost. Their minacy makes it possible to satisfy specific requirements by
basic disadvantages are the high cost of the magnetic mate- choosing the solution among several categories of magnetic
rial, the technological problems of achieving any desired dis- structures, in order to satisfy specific design requirements.
tribution of magnetization, and the difficult operations of Once a field distribution is specified within a given re-
preparing and assembling thle magnetic blocks.The most striking property of modern rare-earth materi- gion, it is always possible to generate such a field with a

magnetic structure that encloses the assigned region. As an
als is their quasilinear demagnetization characteristics. This example, consider the problem of generating a two-
property has led to the introduction of new design ap- dimensional periodic field with a period 4z, along the z co-
proaches that depart drastically from the traditional magnet ordinate of a prismatic cavity of rectangular cross section of
designs where only approximate numerical solutions are pos- dimensions 2x I, 2y I. The field is independent of the x coor-
sible due to the highly nonlinear characteristics oi older mag- dinate and on the plane y =0 is oriented in a direction per-
netic alloys, Exact mathematic solutions of tile field gener- pendicular to the plane, as indicated in the schematic of
ated by the new material have resulted in novel magnetic Fig. 1.
structures that differ from traditional magnetic circuits both The scalar potential within the prismatic cavity is
in terms of geometry and field properties as well. 4 ti

At present, the most significant application of large per- (1) = I/o-sinh ky cos kz,
manent magnets is found in nuclear magnetic resonance imk- k
aging in medicine, where the size of a magnet is dictated by
the dimensions of the human body and the field strength is whe y = plan. Eqt ( is desof the field intesit
selected on the basis of imaging requirements. Superconduc- on the y-0 phAst. Equation (I) describes the field of an
tive magnets still have the lion's share of the miedi cal field undulator. A structure that generates the periodic field with-
and their technology is constantly improving in terms of size,
self-shielding property, and reduction of maintenance of the
cryogenic equipment. On the other hand, the advantages of
permanent magnets justify the c, rrent efforts to reduce their
cost, weight, and size. At present, the main application of
permanent magnets is found in the low to medium field
strength.-5 Two major challenges face the designer: genera- 7
tion of high fields of tile order of tile remanence within ac- ....... .. .................

ceptable limits of size and weight, and reduction of tile corn-
plexity of the problem of compensation of field distortions 0 .
due to practical design constraints and magnetization ........... ........ .........
tolerances.' 2 No. 2

II. BASIC MAGNETIC STRUCTURES

The quasilinear demagnetization characteristics of mod-
ern magnetic materials is the basis of the development of a Itl16. 1 lPcriodic twil-di liciionm, Ifield.
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y each point common to n interfaces between polyhedrons the
remanences and the orientations of the interfaces satisfy the
condition

2.2 2y-- .where 71 is a unit vector perpendicular to the lith interface
I between polyhedrons of remanences J, - 1, Jh, oriented from

the medium of remanence J/,- I to the medium of rernanence
' "Jh, and ,rj, is a unit vector in the plane of the hth interface,
perpendicular to the line common to tie n interfaces and
pointing away from the hth interface.

-21x Thc magnetic structures that satisfy condition (3) can be
2x; cIhissihied in several categories characterized by different

properties: yoked magnets where the flux of the induction
VIG. 2. Cross section of undulator, generated by tile magnet closes through an external yoke of

high permeability material, yokeless magnets where the flux
is confined within the same structure of tile magnetic mate-

out introducing harmonics is shown in Fig. 2, where the rial without the need of an external yoke, and hybrid magnets
magnetic material is distributed between the cavity and an combining both yoked and yokeless structures that optimize

external rectangular boundary of dimensions 2X2, 2Y2, the magnet efficiency for a particular geometry and field in-

The two sides of the external boundary perpendicular to tensity within the magnet cavity.
the y axis interface with a high magnetic permeability mate- A fourth category includes magnets that take full advan-
rial that closes the flux of the magnetic induction. The flux tage of linear demagnetization characteristics with small val-
does not croees the sides perpendicular to the x axis, These ues of the magnetic susceptibility. In the ideal limit of zero
two sides are also equipotential and, as a consequence, they susceptibility, the magnetic material is perfectly transparent
interface with external nonmagnetic media. In the first quad- to the field generated by other sources. Thus the field within
rant the components of the remanence of the magnetic ma- the region of interest can be increased by superimposing the

terial are field generated by independent magnets, In the particular
case of yokeless magnets, this is achieved by a multiplicity

J J /yA11( sinh ky2 of magnets inserted one inside each other around the region
-sinh k(y 2 y 1) kz, of interest,

Ai example of yoked magnet is presented in Fig. 3(a),
J2.=- - s inh ky cos kz, J2y=0, which shows a section of a two-dimensional magnet de-

k(x 2 -xl) signed to generate a uniform field inside a prismatic cavit; of

- 0HO sinh ky 1  (2) rectangular cross section. The heavy line in the schematic of
J3= n y sinh k(y 2 -y)cos kz, Fig. 3(a) represents tile external yoke. A characteristic feature

k(x 2-x 1 ) sinh k(y 2 -y 1 ) of such a magnet is the presence ot the nonmagnelic regions

sinh kY 2  X - Tbetween the blocks of magnetized material. The flux of the
.- t 0 H- cos kz. induction in th'r.se regions does not circulate within tile cavity

sinh k(y 2 -y ) x 2-xt and is the equivalent of the fringe field in a traditional mag-

Equation (2) shows that both magnitude and orientation of net.
the remanence are a function of position. In general, a non- Figure 3(b) shows an example of yok,,less magnet that is
uniform field requires a nonuniform distribution ofn magneti- characterized by a combination of an internal structure that
zation in the magnetic structure; this could be very difficult, interfaces with the cavity and an external structure designed
if not impossible, to implement in practice. Thus even if an to confine the field. The magnet of Fig. 3(b) is also designed
exact solution is found, the design and fabrication of a mag- around a prismatic cwvity of rectangular cross section. In
netic structure would have to be an approximation of the general the basic difference between yoked and yokeless
theoretical model. An exception is found in the generation of structures is that a yokeless magnet requires a larger amount
a uniform field in which case the exact solution of the design of magnetic material to perform tile double function1 of gen-
problem yields structures of uniformly magnetized polyhe- erating and confining the field. Ani important property of a
drons that can be fabricated from standard blocks of mag- two-dimensional vokeless magnet is that its geometry is in-
netic material. dependent of the orientation of tile field within the cavity. 7

The existence of a design solution with uniformly mag- An example of hybrid magnet designed around the same
netized polyhedrons is based on a condition that relates the cavity of Figs. 3(a) and 3(b) is shown in Fig. 3(c); it com-
geometry of the polyhedrons that compose the magnetic hines a yoked component of magnetic material with yokeless
structure and the uniform remanence J of each polyhedron. 7  structures of triangular cross section where the magnetic in-
A uniform field is found in each polyhedron if and only if at duction is zero. As a consequence, the total flux of tile mag-
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FIG. 4. Figure of merit of three magnets with the same cavity geometry.

If the same magnetic material is used in all the compo-
nents of a magnetic structure designed to generate a uniform
field intensity H, within the cavity, one can define the pa-

s-- 
rameters

HI 2 V,,,K=6 uu- . M=K (4)

where J0 is the remanence and A) is the magnetic permeabil-
ity of a vacuum, M is the figure of merit of the magnet and

- .- ~V(., V,,1 are the volumes of the cavity and of the magnetic
"material, respectively. Figure 4 shows the plotting of the fig-

X ure of merit of the three magnetic structures of Fig. 3 versus
I' /-" K for the dimensions of the cavity cross section 2x0=4yo,

- J The hybrid structure exhibits the highest value of M, and the
I oyokeless the lowest. M attains its maximum in the range

I0 .,5<K<0.6 for the three magnets, and it decreases to zero as
thL, field within the cavity approaches the value of the rema..
nence. This is due to the fact that as the field increases, the
outside layer of magnetic material becomes less and less 0f-

- •ficient in contributing to the field within the cavity.
-- < By virtue of Eqs. (4) and Fig. 4, the volume of the mag-

netic material diverges at K=1, and, as a consequence, the
structures of Fig. 3 cannot generate a field equal or larger
than the remanence. The upper limit K= I is removed by
multilayer structures, like the schematic of Fig. 5 which
shows a number m of concentric yokeless magnets around a
regular polygonal cavity of n sides. If in is the number of

X layers, the values of K and M of thc structure of Fig. 5 are

SK=m 1--Cos- -, pi -'( -/ (5)
n Cos 1n)(- K I

Even if a structure like Fig. 5 makes it possible to gen-
"crate values K> 1, the optimum design condition is achieved

FIG. 3. Examples of two-dimensional magnets with the same: internal pris- for large values of n and a large number of layers at K-0.8

matic cavity: (a) yoked, (b) yokeless, (c) hybrid. and M-0.16. An example of nultilayer structure is the two
layer, two-dimensional magnet with a square cross-section
cavity shown in Fig. 6 where the internal layer generates a

netic induction flows through the cavity and closes through field corresponding to K-0.51. The total value of K of this
the yoke, In Fig. 3(c) the heavy line that represents the yoke magnet is K-0.79 and its figure of merit is M-0.13.
can be closed without interfacing with the components of The optimum design of a multilayered magnet is a struc-
triangular cross section and no field is found in the region ture of hybrid layers that combines materials with different
between these com•ponents and the yoke. One observes that remanences. Specifically, the figure of merit attains its maxi-
Fig. 2 is another example of hybrid structure. mum in multilayered structures where the highest value of
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FIG. 5, Multilayer structures. FIG. 7. lnsLrtiol of high tlLtageic pern uLIhility ptldt ,

the remanence is used for the internal layer and the rema- would lead to extremely large values of 2zo. In this case, the
nence of the other layers decrease with the distance of each compensation of the field distortion becomes the most criti-
layer from the cavity. The absolute maximum value of the cal problem that faces the designer in order to keep magnet
figure of merit is 0.25 regardless of geometry and distribu- dimensions and cost within practical limits,
tion of magnetization.1 ' The field distortion results not only from the opening of

the magnet cavity but also from the fabrication tolerances,
Ill. OPEN MAGNET$ and in particular from the magnetization tolerance of the

magnetic materials. The magnitude of the remanence may

A magnet cavity has to be closed to achieve a perfectly vary by a few percent and the orientation of the iemanence
uniform field. In practice a magnet must be open to access may vary by a few degreem. While the effects of the magnet
the region of interest. For instance, a magnet may be a sec- opening may be corrected in the design phase, the compen-
tion of length 2zo of one of the structures illustrated in Fig. 3 sation of fabrication and magnetization tolerances must be
open at both ends. The distortion of the field due to the accomplished in the shimming of the assembled magnet.
opening reduces the region of the cavity where an acceptable However, the same logic followed in the design phase can be
degree of uniformity is found. In applications requiring a applied to derive the shimming procedure from the field
moderate field uniformity a simple solution is the choice of a measurements in the assembled magnet.
sufficiently large dimension 2z0 , of the order of several times Because of the quasilinearity of the magnetized material,
the dimension of the region of interest. However, in applica- the compensation of the field distortion in the design phase
tions like NMR imaging in medicine, where the uniformity can be accomplished by designing a compensating structurehas to be of the order or better than 10-'•, this approach cnbeaoplsd yeigngaopnatgsrute

to be added to the main structure of the magnet. A number of

solutions can be adopted involving magnetic materials as
well as ferromagnetic components. 7 The quantitative deriva-
tion of these solutions can be obtained by expressing the
field distortion in terms of the spectrum of its spatial har-
monics. Consider the type of magnets where the interface
between cavity and magnetic material includes two parallel
planes perpendicular to the magnetic field in the cavity. The
region of the expansion in the spatial harmonics can be a
cylinder of radius r,) containing the region of interest, with
its axis parallel to the field, and closed by two thin plates of
high magnetic permeability material inserted at the two in-
terfaces perpendicular to tile field as indicated in the sche-
matic of Fig. 7. The plates must be sufficiently thin in order
not to affect the figure of mrerit of the magnet.

The two plates in Fig. 7 act as magnetic mirrors of tile
ficld inside the cavity and at the same time they are ait ef-
fective filter of the high spatial frequency colnponents of the

FIG, 6. TWo-layer yokeless magnet. field distortion generated by the magnetization tolerances. 2
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Within the region of the cylinder between the plates, the A.X

scalar potential of the field is

<(am,n, cos m + b,,, sin rn t)sin( It 7) (6) 1\

where 00 is a constant; r, t, y are the cylindrical coordi- 1I)

nates, am,,, bn, art. the amplitudes of the harmonics, and I.,
is the modified Bessel function 6 B -

IT i-mil itr (7) ,

If Ho is the uniform field intensity within the magnet cavity,
the quantity

FIG. 8. Schemntatle of tiller composed of eight lctinits inserted in each high
1 0+Ho8) Permeability pluic.
-- u + H0  (8) p ypc

represents the loss of the field intensity within the region of monics of order In of the spectrum of the field of the magnet.
;nterest. Usually this loss can be tolerated and the Compen- Thus the maximum value of In of the harmonics to be com-
sation procedure can be confined to the correction of the pensated determines the minimum number of the elements of
nonuniformity expressed by the summation on the right-hand the filter. The potential of each element determines the
side of Eq. (6). As a consequence the amount of magnetic amount and magnetization of the material to be inserted in
material necessary to perform the compensation reduces to the element, Because of the linearity of the relationship be-
only a fraction of the total material of the magnet. tween potential of each element of the filter and its filling,

the compensation of the distortion is achieved by the addi-

IV. COMPENSATION OF FIELD DISTORTION tion of the amount of material required by each harmonic.
The elements of the filter on the plate of Fig. 8 alone are

Once the distortion of the field is defined by its spec- one part of the entire filter designed to compensate any har-
trum, the compensation can be performed by means of a monic of indices in,i:. To generate a spectrum containing a
filter structure located outside the cylindrical surface; this is 3pecified number of n harmnonics, the filter structure must
designed to eliminate the dominant harmonics a,,,,, ) bt,n up contain also elements distributed in a number of additional
to the point where the residue of the harmonics expansion is rings on the main plates as well as in the region between the
within an acceptable value, An essential part of the filter is a plates. Obviously the complete filter structuie cannot inter-
structure that allows the control of the potential of the sur- fere with the access to the region of interest. Therefore the
face of the two high permeability plates in Fig. 7 outside the filter elements distributed between the plates must occupy
cylindrical region selected for the expansion. This is accom- only a part of the full circle, as indicated in the schematic of
plished in each plate by means of elements of magnetized Fig. 9, which shows filter elements located on the y 0
material sandwiched between the main body of the plate and plane.
a number of magnetically insulated high permeability plates A typical spectrum of' the harmonics of the fie.-ld distor-
that interface with the cavity.13 If the dimensions of the in- tion is shown in Table I which corresponds to a rectangular
sulated plates are large compared to the thickness of the
sandwiches, the scalar potential of each insulated plate rela-
tive to the main plate is a linear function of the amount of Y
magnetic material magnetized in the direction perpendicular V
to the plate and is independent of the position of the material
in the space between the insulated plate and the main plate. ( " *2
Consequently, the effect of each sandwich on the field within -
the cavity is controlled by the mechanical precision of fabri-
cation of the plates and by the amount of material of each
sandwich. This structure leads itself to a mechanical tuning o0

of the filter both in the construction of the magnet as well as .

in its final shimming. (""
A schematic of filter structures inserted in each plate is

shown in Fig. 8 where individual elements of the filter struc-
ture are arranged on a circular pattern. The distribution of
potential of the elements of the filter is computed to generate
harmnjmics equal in amplitude and opposite sign of the har- F I:ilt.tr structure with elu,1eiets disltribtfled oil 1ke y 0 - plhc.
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TABLE 1. l`ypical spectrum of harmonics in a yoked magnet. use of tile filter to the correction of the effects of magnetic
and fabrication tolerances. The final shimming of a magnet
can be performed by extracting the harmonics from the mena-

0 1 1.5 x 1t- 4  1.3 x 10 surement of the field in the fully assembled magnet and by
0 2 -- 10)-

6  -1t-4  correcting the potential of each element of the filter either by
2 1 6,5 x 10 1.8 xo -1' inse;ting additional magnetic material or by changing the
2 2 -t- - o-1W
4 1 4.2 x 1.0 x 10 orientation of the material inside each element.
4 2 - 10 -" -1W)4 1- -l1 V. CONCLUDING REMARKS

The new design approaches are already being adopted
for the commercial development of permanent magnets and

prismatic cavity open o0 opposite sides, with cavity dimen- the application of permanent magnet technology to the field
sions 2z0=2x0 =4y0 . The values of the amplitude of the har- of medical imaging is expanding. In tile low-field range, a
monies listed in Table I correspond to a yoked structure de- remarkably compact 0.2 T ferrite magnet has been success-
signed for K=0.5 with the two main plates inserted in the fully development by Esaote Bionmedica of Italy. In the me-
cavity. Because of symmetry, all amplitudes b,,,, are zero dium field range, Sumitomo Special Metals of Japan, which
and the spectrum reduces to the harmonics of even order in. has pioneered the use of permanent magnets in medical im-
If the required degree of uniformity is such that harmonics aging, has recently developed a powerful 0.45 T Nd.Fc.B
with values a.,,,<l0-(` can be disregarded, only harmonics magnet designed for whole body imaging.
of order n = 1, with the exception of the harmonics (i =0, As new higher-energy product materials are being
n=2), (rn=4, n=2), constitute the spectrum that must be developed,14 smaller and more efficient magnetic structures
compensated. Thus in this particular case, the filter structure can be designed. With all expanding range of applicatiotns,
can be implemented following the schematic of Fig, 9. Table the cost of these new materials is bound to decline steadily,
II lists the values of the three elements numbered in the and as the cost per unit energy decreases, more powerl4ul
schematic of the filter structure shown in Fig. 8 that cancel nlagnets are becoming a viable solution in large scale appli-
the harmonics (m =0, = 1), (in =2, n = i), (m =4, n =i). By cations requiring field energies of the order of l05 J//113 or

symmentry, the potential of the other elements are larger.

&(D8 = BCD = &4)4 = 8(D2, '1,. J. Parker, Adtvances i I'nrermanent Aagluetfsm (Wiley, New York, 19901).
= = . (9) 2 K, 1hlidaclh, Nucl, histrum. Methods 169, 1 (1980).

6 = I11. Zijlstra, Philips J. Res. 40, 2'i,- o '85),
The filter structure based o0n tIle control of the potential '11I, A. LWipold and U, I'otcrt-l'.i, At Overview of' Mmicrin tPernmanent

of the filter elements by means of magnetic material is the Magnet Design. US ArmIy S1 ,l', I I.R9-6, Augui ttN,
T'. Miyamolo, II, Sakurai, and M. Aoki, Tenth Intcrnaitinit Wnrkshrup on

active equivalent of the passive pole pieces of traditional Rare-Earth Metalsa us their Applications, Kyoto. May I1J111. pp. 113-120.

magnets whose geometry is designed to achieve the desired "M. 0. Abele, Tenth Internatlonal Workshop on Ritie-hailh MVagnets and

field configuration. The ability to control the amount of ma- their Applicatitos, Kyoto. May 198'9, pp. 121 130.
•1 M. G. Abele, Structures o'l•'rntat,,,tt Afhgm'el (Wiley, New York. 1993).

terial inside each element of the filter structure extends the' M. (i. Abele, J. Magn. Magn. Mater. 83. 27t1 (It91)t).

M. G. Abelte and It. A. Leopold. J. Appl. Plitv. 67. 464.1 Itt1090).
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Fabrication of multipolar magnetic field sources
H. A. Leupold and G. F. McLane
U. S. Army Research Laboratory, Fort Monmouth, New Jersey 07703

The emergence of high-energy-product permanent magnets has made possible the generation of
extraordinarily high magnetic fields in the internal working spaces of relatively small structures. The
widespread use of such structures has been hampered by the variety and complexity of their
magnetic components and the concomitant difficulty and expense of manufacture. This paper
describes approaches to fabrication and assembly that should significantly case both fabricational
and economic problems. Examples of these approaches are given for the production of cylindrical
multipolar sources (magic rings, quadrupolar electron beam guides) and spherical dipolar sources
(magic spheres).

1. INTRODUCTION of cylindrical segments is needed to form the desired magic

The high-energy-product permanent magnet materials ring [Fig. 2(a)]. 3 Alternatively each segment can be rottated

afford shell-like structures that produce in their internal 180' about its local radius to obtain the same results [Fig.

chambers fields that are much higher than those obtainable 2(b)]. Either procedure obviates the necessity of multiple

from the conventional structures that can be made of the magnetizations on many differeitt cylindrical segments.

older materials such as the alnicos. Unfortunately for many
such structures the required distributions of the magnetiza-
tion are complex and require components with many differ- Ill. MULTIPOLAR RINGS

ent magnetic orientations, This augments the difficulty and A similar procedure may be used to form rings and cyl-
expense of the manufacture, inders of higher order polarity. 01' these piobably the most

TWo particularly useful configurations are the so-called useful is the quadrupole. which is extensively employed ill
magic rings (really cylindrical shells) and magic spheres)t 2  the focusing of charged particle b•anlsi. 1 A typical arranlgc-
In the cylinder, the magnetization is uniform in magnitude, ment is that of, lig. 3 which shows that the magnetic oritn-
"has no z component, and varies in direction y with the azi- tation goes as y' -4(k. Because thie orientation changes twice
"muthal angle as y=20 [see Fig. l(a)]. If a circular section of as fast with ,b as in the dipolar structure, it Follows that tlhe
such a cylinder is rotated about its polar axis, its locus forms orientation increment between adjaccnt segmecnts of given
a spherical shell or magic sphere like that shown in Fig. I(b), size is twice as great while twice ;•s manY segillemn; ofh a

The cylinders and spheres produce in their internal given orientation are ieeded. For example, tlie initial uai-
chambers uniform fields of H,.=B, ln(r1,/r1 ) and form magnetization of a cylilldr yields only one radially
H,.=(4/3)Br ln(rd/ri ), respectively. Here Br, r,,, r, are the oriented segment that )oiits inlwarld while lor a quadrupole.
magnetic remanence and outer and inner radius, respectively, two .such are needed. 'rhis problem 'lcan be solved tiv tle i
These formulas show that fields of any magnitude are pos- magnetization of two cylinders and the( thie procedurc of
sible for either structure if tile ratio r,,/ri is made large Fig, 4 to form two slighlly lillffCrelt •c•gmILIted apl)lroxiln;.
enough. However, tile field's logarithmic dependence on tions to ideal quadrupolar cylindcis.
outer radius results in prohibitive bulks for fields much in
excess of 20 kOe in the cylinder and about 27 kOe for the
sphere. Within these limits, however, performance is quite
impressive. A .iphere of 8 cm diameter produces 20 kOe in a .
cavity of 2.5 cm diameter with a material of Br equal to < <-",

12kG. .G

11. ASSEMBLY OF A MAGIC RING

In practice the continuous magnetic structure of rings
and spheres is approximated by an array of segments each of
uniform magnetization within its boundaries which changes
abruptly upon passage to a neighboring segment (Fig. 1).
Therefore many different orientations are needed in the
magic ring and, it would seem, many different operations to
produce them. These operations can be reduced to one by the ' i
following considerations.

If a cylindrical tube is aligned and uniformly magnetized
perpendicularly to its principal axis one notes that every pos-
sible orientation of the magnetization relative to tile local FIG. tIcrnt lutgnel struetures with scgntcd approxmnation
radius is represented. Therefore, only a simple rearrangement magic ring, 00) magic sphere.

J. Appl. Phys. 76 (10), 15 November 1994 6253



t3 t, . t 
B

tt

FIG. 2. Assembly of a magic ring by WA rearrangement of segments after @0
uniform magnetization, (B) rotation of segpoents tbout local axes after mnag-

netizatioll,

Alternatively a ring could be segmented before magne- C .C

tizatiot with every other piece elevated above the original
stack, revolved 2'•/n about the original axis and stacked as B -

shown in Fig. 5. The stack would then be uniformly magne- A
tized with the correct number of each type of required seg-
ment. After a ir rotation of each segment about its local
radius and an angular contraction of the gapped stack into a
half cylinder with twu identical scmidisc layers, the said lay-
ci's are appropriately joined at their equatorial planes as il-
lustrated in Fig. 5.

Similar procedures are used to form multipolar rings of lFG. 4. formation of two quadrupole sources front two dipole sources, (A)
h rorder. I gStart with two dipolar structures, (B) Separate every other segment fromhigher rder general t/2 stack layers of /n segments adjacent segments to form two new structures for each original s0ructure.

each are used, where it is the desired multipolar order and ni (C) Compress structures B in direction of circular arrows to form structures
is the total number of segce:its needed to attain the required C. (D) Assemble structure% C to form structures D,
structural liaeness.

IV. MAGIC SPHERES

A magic sphere is mtadil from magic ring slices that have

beeni beveled to form th,, melon-slice shapes of Fig. 6. These
are then assembled, tangerine-like, into the required magic
sphere. Unfortunatelv this involves the possible, but incon- .-.

venient, step of m.z--niuing a magnetized ring. Unfortunately

hilt' uniform magnettzation of a spherical segment and its "
subsequent rotation about the local radius does not work with J

A B C D

FIG. 5. Convcrsion of nit unniagnectied ring into ai quadruFolar ring.

A I'

FIG. 3. Cylindrical quadrupolar cross section. FIG 6. Fabrication o a magic spherte by a bcvcl IIIa ot magic rings.
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where the larger should be and vice versa. This difficulty can
be avoided by a rotation of the segment prior to magnetiza-

I +ltion as in Fig. 7. After magnetization the segments are ro-
+2 2 tated back into their initial positions with the correct mag-

netic orientations.

6 7 V. SUMMARY
67 t 8 7 6 7

8 8 Multipolar cylinders and dipolar spheres can all be mag-
"" I ; netically oriented in a single uniform magnetization. In the

A B t C case of the sphere this can be done either before or after the
necessary machining. The machining for the sphere can be

FIG. 7. Manufacture of a magic sphere without the machining of magne- minimized to a single bevelling operation on magic ring seg-
tized segments: (A) rotation of segments, (B) magnetic field applied, (C) ments instead of the cutting of many compound angles on a
rotation of segments back to initial positions. multiplicity of different spherical segments.

the sphere as with the ring. The lengths of the areas that 'K. Halbach, Proceedings of the 8th International Workshop on Rare-Earth
subtend the wikth of a segment on the spherical surface de- Cobalt Magnets, University of Dayton, Dayton, OH, 1985, p. 123.

'H. A. Lcupold and E. Potenziani, IEEE Trans. Magn. MAG-23, 3628pend on the polar angle. This results in a mismatch when the (1987).
required rotation about the local radius leaves the shorter arc 311. A. Leupold, Mater. Res. Soc. Symp. Proc. 96, 279 (1987).
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Kinetic studies on solid-HDDR processes in Nd-Fe-B-type alloys

0. Gutfleisch, M. Verdier, and I. R. Harris
School of Metallurgy and Materials Science, University of Birmingham, Birmingham BI5 277,
United Kingdom

The kinetics of solid-HDDR (hydrogenation,, disproportionation, desorption, recombination)

processing of Nd-Fe-B-type alloys have been characterized by means of in situ electrical resistivity

measurements and hydrogen absorption and desorption studies on nondecrepitated samples. The

fundamental differences in reaction rate and mechanism between a Ndl 6Fe76Bg as-cast and a

homogenized stoichiometric Nd 2Fe14 B alloy at T=800 'C and p(H2)=0.7 bar are reported. The

disproportionation and recombination rates were found to be significantly lower in the

stoichiometric alloy, particularly in the case of the latter. The onset of the disproportionation and

recombination reaction in Nd 16Fe 7 6 B8 in a temperature range of T=780-880 'C under hydrogen

atmosphere was investigated and these reactions were found to depend critically on the pressure.

Low-temperature recombination at T=620 'C was studied by the dev,1opment of the Curie-point

resistance anomaly of the Nd 2Fe14B matrix phase. It has been shown that the amount of reformed

Nd 2Fe14B matrix phase during recombination can be monitored by this method.

I. INTRODUCTION material. The microstructure of the NdlFe7•B8 alloy is typi-
cal of "Neomax"-type alloys with this composition, 8

The hydrogenation, disproportionation, desorption, re- whereas the stoichiometric alloy is virtually free of Nd-rich
combination (HDDR) process has been reported as a method pae

of producing highly coercive Nd-Fe-B-based powder via a phase.

hydrogen-induced structural change; this powder can be used

for the production of Nd-Fe-B-type hot pressed and bonded vestigated at T=800 'C and p(H2)=0,7 bar. The electrical

magnets (see, for example, Refs. 1 and 2). Heating under a resistivity and hydrogen absorption and desorption pressures

hydrogen atmosphere results in the decrepitation of the ingot were recorded in order to monitor the disproportionation and

which is described as the HD process.3 The disproportion- recombination reactions In addition, a fully disproportion-

ation re ion occurs at elevated temperatures and results in ated Nd 1,Fe7 {,B8 alloy was heated from 700 to 1000 'C under

the formation of an intimate mixture of a-Fe, Nd-hydride, various hydrogen pressures to provide further information

and Fe2B. On desorbing the hydrogen, the different constitu- about the contributions of the different constituents in the

ents recombine to form the thermodynamically stable disproportionated mixture to the overall electrical resistivity.

Nd2Fe14B phase. The main microstructural feature of the In order to investigate the onset of the disproportionation and

HDDR process is the conversion of the coarse grained recombination reactions of a Ndl 6Fe7 TB8 alloy under hydro-

NdFe14B phase into a material with submicron grain size, gen, the pressure was varied at different isotherms between

The kinetics of the disproportionation and recombination T=780 and 880'C. The resistivity of Nd 2Fe 1 BH, or

reactions, which depend on alloy composition, initial micro- NdH-2, a-Fe, and Fe2B as a function of hydrogen content

structure, temperature, and hydrogen pressure, can be moni- was recorded. Rapid changes in resistivity were interpreted
as the onset of the disproportionation or recombination

tored by means of in situ electrical resistivity measurements reactions. 4
.
5 Controlled recombination at T=620 'C was

of the tiondecrepitated material by introducing the hydrogen achieved by monitoring the hydrogen desorption behavior

at elevated temperatures (T-800 oC). 4.6 This type of reaction and the development of the Curie-point resistance anomaly

can be referred to as solid-HDDR.t ' In this article it is re of the reformed Nd 2Fe14B matrix phase. At this temperature,
ported how in situ electrical resistivity measurements during the desorption of the hydrided Nd-rich grain boundary phase

solid-HDDR processing can be employed to study the differ- is dedran of the grain boundary mate
ences in kinetics and reaction mechanisms in Nd-Fe-B-type is also avoided. The observed changes in resistivity will be

alloys with and without the presence of Nd-rich grain bound- derived entirely from transformations within the matrix

ary material. Other factors such as hydrogen pressure and the derivedirel orom mations thin the matr

absence of grain boundary melting are also examined, phase. The disproportionated material was then cooled under
hydrogen to room temperature and reheated to T=620 'C
under vacuum to desorb for 2 h and cooled again, this cycle
was repeated until the material was fully recombined.

The in situ electrical resistivity measurement employed
is based on the standard four-probe method and can be used III. RESULTS AND DISCUSSIONS

up to 1000 'C under vacuum or hydrogen atmosphere. De-
tailed procedures have been given elsewhere. 5 Materials un- A. Comparison of HDDR kinetics between a Nd-rich
der investigation were as-cast Nd1 ¢,Fe-7 ,Bg and stoichiometric
Nd 2Fe14B alloy which was homogenized at 1060 'C for 264 A schematic diagram for a complete HIDDR experiment

h under vacuum. 7 After homogenization, a small area frac- monitored by measuring the electrical resistiity has been

tion of -2% free Fe dendrites was found to be present in the reported previously.5 Resistivity, hydrogen absorption and
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FIG. 1. Isothermal part of the electrical resistivity vs time monitoring the FIG. 2. Hydrogen absorption and desorption behavior during disproportion-
S-HDDR process at T=800 °C and p(H2)=0.7 bar for an as-cast ation and recombination of a Nd1 ,Fe76BH as-cast (solid line) and a stoichio-
Nd1 6FC76B8 (solid line) and a stoichiometric Nd 2Fc 4B alloy (dashed line); metric Nd2Fc14B alloy (dashed line) at T=800 °C and p(H 2)=0.7 bar.
hydrogen introduction at t =0 min and vacuum at t =75 min. Inset shows the
initial variations in more detail.

stoichiometric Nd 2Fe1 4B alloy can be attributed to the ab-
sence of Nd-rich phase in this material.10

These studies could indicate that the Nd-rich grain
desorption pressures, and temperature are recorded. During boundary phase has a significant influence on the kinetics of
heating and cooling the magnetic and phase transitions are the HDDR reactions. It was reported earlier6 that the hydro-
delineated. The rapid decrease in resistivity after the intro- gen diffuses either in the hydrided Nd-rich phase or at the
duction of hydrogen at elevated temperatures corresponds to interface between this phase and the matrix phase, It was
the disproportionation process and can be attributed mainly shown6 that the disproportionation reaction begins at the
to the formation of free iron. Another contribution arises Nd-rich/Nd2Fe14B boundaries and proceeds towards the cen-
from the formation of the Nd-hydride. On evacuating the ter of the original grains. For the stoichiometric Nd2Fe14B
system, the NdH 2±,._ phase desorbs and the sudden decrease alloy no such fast transport paths exist, which could explain
in resistivity can be attributed to the dissociation of Nd- the lower reaction rates in this material. A reverse mecha-
hydride into Nd which subsequently recombines with the nism can be assumed for the desorption of hydrogen during
other constituents resulting in an increase in resistivity, the recombination reaction. However, it is interesting to note

Figure 1 shows the isothermal part of the A!ectrical re- that, in particular, the latter process is much slower in the
sistivity versus time, which delineates the S-HDDR process Nr!',,4B alloy, which could indicate that the Nd-rich grain
at T=800 °C and p(H 2)=0.7 bar for the Nd16Fe76B8 as-cast boundary phase plays an additional role in the recombination
and the stoichiometric Nd 2Fe1 4B alloy. It can be seen that the process.
disproportionation and recombination reaction rates are
higher for the Nd16Fe 76B8 alloy. Shortly after the introduc- B. Onset of dlsproportlonatlon and recombinatlon In
tion of hydrogen a small maximum (see inset in Fig. 1) in the as-cast NdjsFe97 Bg
resistivity curve of the NdI6Fe76B8 alloy can be observed, Figure 3 shows the electrical resistivity and the hydrogen
and this can be related to the rapid hydrogenation of the
Nd-rich grain boundary resulting in the formation of desorptuon behavior of a disproportionated NdnI 2, a-Fe,
NdH 2±,. Further studies, which will be published elsewhere, Fe2B mixture between T=750 and 1000 °C under an initial
have shown that the hydrogenation of the grain boundary pressure ofp(H2 )=35 mbar. The measurements revealed the
phase results in the solidification of this phase, which has its Curie-point resistance anomaly of a-Fe at T=770-5 °C and
melting point at T=650 °C.8 For the stoichiometric alloy no
such maximum is observed, consistent with the absence of
the Nd-rich grain boundary phase in this alloy. Microstruc- 400 ........... 90
tural characterization6 has shown that the material is fully 380 -: 80

disproportionated when a constant, equilibrium resistivity is T,,.Fe)

attained and the same applies for the recombination reaction. 360 7

The resistivity data indicate that the Nd1 6Fe 76B8 alloy is fully60
disproportionated after 19±2 min of exposure to hydrogen at :5 340-- 810oc
p(H 2 )=0.7 bar and fully recombined after 20±2 m of de- I -50

sorption at T=800 'C. The corresponding times for the stoi- 320:- 40=
chiometric Nd2Fe14B alloy are 29±t2 and 71±-2 min, respec- 30C............................... 30
tively (for identical sample thicknesses of t=0.8 mm). Thus, 700 750 800 850 900 950 1000
both reactions are much slower for the stoichiometric alloy. IMp.,Qu. Cto

These changes in resistivity correspond to the hydrogen ab- FIG. 3. Electrical resistivity and hydrogen desorrtiJn behavior between

sorption and desorption pressure behaviors shown in Fig. 2. T=750 and 1000 TC under an initial pressure ot p(H-2)=35 mbar of a dis-

The slightly smaller quantity of hydrogen absorbed in the proportionated Ndll. 2, a-Fe, Fe2B mixture.

1. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Gutfleisch, Verdier, and Harris 6257



- ~Nd 2Fe1 4l3 matrix phase can be estimated, because the oh-
0.5~ served changes are due entirely to transformations in the ma-

trix phase. After 18 11 at T=620 'C, no further changes occur

Z and therefore it can he assumed that the material is fully
~ recombined. The pattern it) the overall resistivity behavior is
~ . similar to that of a stoichiometric alloy at T=800 'C. The

4 development of the magnetic properties and the microstruc-
~ 15 tural changes during the different stages of recombination

-2 will be reported elsewhere.'
250 300 350 4001

tonivrature ('lIV. CONCLUSIONS

The fundamental differences in H-DDR-reaction kinetics
FIG. 4. Ratio of [p(T)-p(250o'C)Y[p(40O) *QC)-p25() 'C)I vs temperature and mechanisms between a Nd16FC76B8 as-cast and a homog-
monitoring the development of the Curie point of an as-east Nd11Ye11161H enized stoichiometric Nd 2Fc, 4B alloy at T=800 'C and
alloy for different stages of recombination at T-020) *C. p(H 2)=0.7 bar have been characterized by means of in situ

electrical resistivity measurements and hydrogen sorption

a major desorption at T=810±5 0C causing another change studies on nondecrepitated samples. The absence of the Nd-
in slope in the resistivity curve. This event can be interpreted rich grain boundary phase tn the stotchiometric alloy causes
as recombination under a hydrogen atmosphere. It was ob- the disproportionation and recombination rates ito be signifi-
served that, the higher the pressure, the higher the tempera- cantly lower. The Nd-rich phase not only acts ats a trantsp)ort
ture for .he de..orption event. The pressure changes at higher path for the hydrogen, but effccts in particular the
temperatures can be attributed to the desorption of the Nd- dcsorption/recomibination reaction. The onset of the dispro-
rich grain boundary phase (to be published) and this corre- portionation and recombination reactions under hydrogen at-
sponds with a fall in the resistivity. inosphere in a temperature range of 7'=780-880 *C depend

Starting front a recombined material, the hydrogen lpres- critically on the hydrogen pressure. Desorption at T=620) 0C
sure was increased step by step and the "equilibrium" resis- revealed the different stages during re-formation of the
tivity was measured at different isotherms. It was found that, Nd2Fe14B matrix phase, At this temperature the recombina-
at 7*=880 'C, for example, the 2-14-1-hydride shows a iion process ts a solid-solid reaction.
Sieverts'-type behavior before the sharp onset of the dispro- ACNW EG NT
portionation reaction at P (H2) =0.46 bar. These studies indi- ACNW E M NT
cate that the start of the disproportionation and recombina- Thanks are due to the SERC and the European Comimis-
tion reactions depend critically on the stability of Ndl-12, sion for support of the general research program of which the
which is determined by hydrogcn pressure and processing work forms part and for the provision of an EC-fullowship
tempetature. A hysteresis effect"t for the Ndl-1 2 was found as (OG).
the data for the onset of disproportionation and recombina-
tion were derived from absorption and desorption isotherms, 1. R.. I tarris, t'roceedings ot the 1 2111 Initerinatioiial Workshiop oni Rare-

resecivey.These results arec in agreement with work by Earth Magnets and their Appt ieations, Canherra, Australia. I 992, 1p.347.
respecively iT.~ Takeshita and R. Nakayama, I'roceedings of thie 12th International

Takeshita and Nakayama, 12who reported, on the basis of workshop on Rare-Earth Magnets and their Applications, Canbecrra, Ans.
x-ray diffraction measurements, that the disproportionated tralia, 199J2, p). 670.
mixture will recombine above 1000 'C under a hydrogen -1P. J MeGuiness, E. J. DevI in, 1. It. Harris, F. Rozendiat, aind J. Orninrod,

pressure of 1 bar. J. Mater. Sci, 24, 2541 (1989).
40. Guttleiseti, M. Verdier, and 1. It. H arris, J. Alloys Conip. 196, 1,19
(1993).

C. Low-temperature recombination In as-cast -ýO Gutikeiset, M. Verdier, 1. R.. Hlarris. ;and A. F. Ray. ItTbE 1raiis. Magn.
NdGF976BS MAGi-29, 2872 (1993).

"0. Guidleiseit, N. Martintez, M. Verdier. and 1. It. 1Harris, J. Alloys Comip.
At conventional I-IDDR-processing temperatures (750- 204, 1.21 ( 1994).

850) 'Q it can be assumed that the Nd-ri -h grain boundary 7X. J. Zhang, Ph.D. thesis. University of' Birmiiuighaim, UK, 1991.
paewill remelt after the hydrogen is fully d-:sorbed, "P. J1. Mc~uiiiess, X. J. Zttang, and 1. R.. Harris, J. less-Conimon Metals

phase 158, 359 (1991)).
whereas at T=620) 'C the microstractural changes wiil occur G6. Schineider, E. I. Ilenig, 0i. PletzoW, ait 11. H4. Staitelniajer, Z. Metallkd.
in a solid-solid reaction as the Nd-rich grain boundary phase 77, 755 (1980).

remains in the solid, bydrided state. Figure 4 shows the de- "R J. McGuiiiess, 1. R., Harris, U. 1). Scholz, and It. Nag,':l, Z. Pthys. Client.
of te Crie-oin anoalyby ealutingthere- Neiic Folge 163, 0i87 (1989).
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sistivity data during the heating stage of the cycling proce- 45, 937 (1982).

dure described in part 11. The ratio [p(T) -p(250 'C)JI 12T.) Takeshiita and 1.. Nakayama, P'roceedings of" tie I iti Itiiernational
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Study of desorbed hydrogen-decrepitated anisotropic Nd-Fe-B powder
using x-ray diffraction

G. P. Meisner
Physics Department, GM NAO Research and IDevelopmtent Cter; Warren, Michigan 48090-9055

V. Panchanathan
GM Magnequench, Andery•on, Indiana 46013

The intrinsic magnetic coercivity (Hci) of Nd-Fe-B-based permanent magnet material is profoundly
affected by hydrogen absorbed during the hydrogen decrepitation (HD) process for producing
anisotropic powders from bulk anisotropic hot-deformed MAGNEQUENCH (MQ) magnets.
Hydrogen (H) content and x-ray diffraction measurements clarify the effects of 1- and desorption
temperature (Td) on the intrinsic magnetic anisotropy (IMA) of the NdFe14 1B-typc phase and the
nature of the intergranular phases, both of which are crucial for high t1 ci, The Nd-rich intcrgranular
phase disproportionates during I-ID, initially forming a microcrystalline Nd-hydride phase, possibly
Nd2HA. For T7,1220 'C, H remains in the Nd 2Fe1 ,$B-type phase, severely degrading the IMA, which
causes a low 1d'i, For 220 °C•T,<-,250 0C, enough H desorbs from the NdFel 4B-type phase and
the IMA recovers its large prehydrided value, and the microstructure supports a high Hei< 10 kOc
in spite of the I-1 disproportionated intergranular phase. Only for Td>250 °C is ',i degraded by the
microstructure, corresponding to further I-I desorption and the microcrystalline Nd-hydride phase
becoming well.crystallized NdH,, The Ndl-12 phase decomposes with continued H1 desorption and at
"T'>580 'C recombines to re-form the Nd-rich intergranular phase of prehydrided MQ material. I-1
is completely desorbed above 580 'C and H i> !1 kOc, nearly that of the prehydrided MO magnets.

Anisotropic permanent magnet powder is of consider- anisotropic powders as a function of desorption temperature
able importance in high performance bonded magnet produc- (TO).
tion. The Nd 2Fe1 4B-type phase1' 2 of Nd-Fe-B-based magnets The Nd-Fe-B-bascdn material for this study was
has a very large intrinsic magnetic anisotropy 3 (IMA) that H-containing powder of HID"' MQ3-E alloy.2" Direct chemi-
orients the magnetic moments uniaxially in the tetragonal cal analysis 2t yielded the I-1 content in HD MQ3 powder as a
lattice, and such magnets potentially have a very large bulk function of Tj. These results along with the curve for Hci,|8

magnetic anisotropy. Melt-spun Nd-Fe-B ribbons are easily arc shown in Fig. I where four Ta, regions are quite apparent.
crushed into powder and used in bonded magnets directly but X-ray diffraction spectra,22 Fig. 2, correspond to the
are nearly isotropic, consisting of randomly oriented Nd 2Fc14B-type major phase plus a few diffraction peaks
crystallitcs. 4,5 -lot-pressing ribbons followed by hot- from minor phases. For T,I<•2 40 °C, Figs. 2(a)-2(c), the
deformation results in substantial crystallite alignment(',7  peaks for the Nd 2Fe, 4B-type phase are slightly broadened
without degrading the high intrinsic magnetic coercivity and shifted to lower angles. The shift is considerably less
(Hci), yielding highly anisotropic permanent magnets. Fabri- than for the fully hydrided state, Fig. 3(a), but quite evident
cation of hot-deformed magnets with specific shapes and from the position of the (301) peak. A small amount of H
alignment directions while achieving grain alignment evidently remains in the Nd 2Fecl 1 3-;ype phase until
throughout, however, is difticult, Powders produced from T,,ý240 0C.
hot-deformed Nd-Pc-B-based magnets remain anisotropic,
and bonded magnets using such powder can be made highly
anisotropic by aligning the powder grains in an applied mag-
netic field during the bonding process.8l'1 0.1 12

Powders of Nd-Fe-B-based material can be mechanically 10
15 o0.08ground, 8-t ' a difficult process' that degrades Hcj of the 2012 ,t l.,,,it IV 8 0

smallest powder grains, and the magnetic properties of the o V
powder are not consistent from lot to lot.'(' An alternate C . . 5

method is hydrogen decrepitation (HD)' 3 - 5 where hydrogen L 0.04 ,
C4((H) absorbing interstitially in the Nd 2Fe14B-type phase 0 4

causes spontaneous pulverization. Incorporation of H into •0L 2
the Nd2Fel4B-type lattice, however, dramatically reduces the _ _ __----- 0
IMA' 7 which in turn greatly degrades IHi. Desorption of ft 0 200 400 600 800
after IID is therefore necessary to recover high performance Desorptlion Temperature (C)
magnetic properties. In previous work,"8 we studied H de-
sorption and magnetic properties of HD hot-deformed Nd- FG. 1. lydrogen co)l and Ingnelic cuercivit 1 ., v, dcsptioe ter-

perature '"T, for II1) M03 powder. Verticat dashed liles delinette four re-
Fe-B-based (MQ3) magnets. In this paper we present chenii- gions of desorptiol temperature, vertical arrows indicate II contetits •reater
cal analysis and x-ray diffraction measurements on HD MQ3 than ().I wt %, and solid lines :ire guides for the eye.
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. Nd .I. samples, the 32.8' p)-ak is a broad shoulder and has low,

NdN Raintensity at low Td values, Figs. 2(a)-2(d). It becomes a true

) (g)() peak at 280 'C, Fig. 2(c), grows in intensity and sharpens,
m) Figs. 2(f)-20j), until 580 'C where it disappears, Figs. 2(k)-

VV"' 2(n). This dependence on Td of the intensity and shape of

W(d) content and H~j, Fig. 1. This minor phase peak corresponds
1"V LI)to a binary Nd-hydride phase and is evidence that H dispro-

tI~c (I)portionation during HD occurs for some part of the sample.j5 A Nd-rich alloy approximating the intergranular phase in
(Ib) 2I)V MQ materials, Nld-Fe28, Was induction melted and then

h) hydrided . 24 Thle spectra for this alloy after hydriding and

30 32 34 36 38 30 32 34 36 38 40 after desorbing at 240 and 520 0C consist of Nd-hydride and
Angle (two theta) iron peaks, confirming 1-1 disproportionation of this alloy.

The Nd-hydride peaks foi the fully hydrided Md7 2 Fc2 9 phase

FIG. 2. X-ray diffraction spectra for HD MQ3 powders dcaorbcd at (a) are broad and have low intensity, but as 1-1 is removed at
200 *C, (b 220 TC, (c) 240 Tc, (d) 250 *C, (c) 280 *C, (f) 350 *C, (g) higher 7'd I the peaks increase in intensity and move slightly
4W0 T, (hi) 475 -C, (i) .520 -C, (Q) 550 -C, (k) 580 -C, (1) 620 *C, (in to lower diffraction angles, Fig. 3(c). Although the Nd-
660 *C, and (n) 720 *C. The vertical line at 36.55' indicates the (301) peak hydride peaks increase their intensity by a factor of --7.5
of the Nd2Fe14B-type phase and at 35.2' indicates the (I 11) peak of NdN. compared to the fully hydrided state, the iron peak (not

shown) remains at a very low intensity, approximately that of
'rhe minor phase peaks are obvious from a comparison the peak at -~38.1' for fully hydrided Nd72Fe2gH,. H dispro-

of the observed spectra, Fig. 2, with a calculation for unhy- portionation of the Nd2Fel 4B-typc phase, however, results in
drided Nd2Fe1 4B, Fig. 3(b). The peak near 35.20, which in- a very high intensity iron peak .23- Because iron peaks are not
creases in intensity monotonically with Td, is the (111) peak observed in the spectra for any of thle desorbed samples, we
of NdN due to a small amount of nitrogen contamination, conclude the Nd-hydride phase in HD MQ3 desorbed pow-
and this has been observed previously in heat-treat~ed Nd-Fe- der is a disproportio nation product of the Nd-rich intergranu-
B-based materials. 2 3 Another mittor phase peak occurs near Jar phase and not of thle Nd2Fel 4B-type phase.
32.8'. In the fully hydrided material, Fig. 3(a), the (220) Thec coercivity of Hi~ of M03 materials arises from both
peak of the Ndt: 2Fe 14 B3-type phase shifts from -33.3* to the large IMA of the NdFel 4B-type phase that provides ri-
-33.0' and obscures this minor phase peak. In the desorbed gidity to the underlying magnetism, and a suitable micro-

structure involving grain boundaries and intergranular phases
that provide effective pinning sites for magnetic domatin

F~ll ýydldedMQJwails. 2 5 The independent effects of H on these two condi-
Full HydidedMQJtions for large H~t cause the dramatic H~1 behavior of HD

MQ3 powder as a function of Td shown in Fig. 1. In the HD

(a) processt
1
9 the Nd2Fe14B-type phase and the Nd-rich inter-

granular phase absorb a considerable amnount of H. The H
Nd 2 -el 4 ' content can be estimated from the total rare-earth (RE)

content 0 to be 0,43 wt % for a molar concentration REMl-
=1:2 (i.e., corresponiding to RE2Fel 4BH, with x=4). Con-

versely, with no I1I in the Nd2Fe14B-type phase and assuming0oN 72 Fe 28 H that the intergranular phase disproportionates into REH 2, thle

Desorbd U&CH content estimated from the amount of RE exceeding
TSobd ~' RE 2Fet4B stoichiometry in the MQ3 alloy is 0,074 wt %

Thus, the measured H content of' 0.055 wt %, region II of

aorbed 246 Fig. 1, is consistent with all the H desorbed from the
Nd2Fe14B-type phase and the residual I-I only in the inter-
granular phase. The profound degrading effect of H on j

Fulty Hydrlded\ Mc via the IMA of the Nd2Fe14B-type phase is therefore limited
1ý M to low T, region I, and this result agrees with our previous

30 32 34 36 38 40 conclusions based on first quadrant magnetization data for

Angle (two theta) these materials. 2 b

The nature of the hydrided intergranular phase also has a
profound effect on H~j The intergranular phase H dispropor-

FIG. 3. X-ray diffraction spectra for (a) fully hydrided HD M03 powder tionates during HD and only degrader, H,j slightly for
(not desorbed), (b) the Nd2Fc] 4B-tYPe phase (calculation) where (hki)'s are
the Miller indices of the diffraction peaks, and (c) H- disproportionatcd Td< 2 8O 'C, regions I and 11. The low H1 d in region I is due
Nd72FC2: fully hydrided, dcsorbed at 240 'C, and desorbed at 520) T. only to the low IMA of the hydrided Nd2)Fe 14B-type phase.
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The microstructural contribution to He,, i.e., strong domain Wingerden for technical assistance, and Dr. Jan F. H-erbst and
wall pinning, remains suitable for high H~j although different Dr. John J. Croat for much encouragement and] support.
from that of prehydrided MQ3 magnets. Once the IMA of the
Nd 2Fel 4B-type phase has recovered its large value, region 11 J. FP. I lerht, J. J. C'roat. r. E. Pinkerton, and Y. B. Yeton, Phys. Rev. 13 29,

41 7o ( 1984).
H~i regains a high value of _-10 kOc. The value ot Hiý- 14 2 For areview, Nee J. 1" Hlerbst, Rev. Mod. Phys. 63. 819 (1991).
kOe of the prehydrided MQ3 magnet is not quite achieved, 3R. Grossinger, X. K. Sun, R. rBibler, K. 11. J. Bu~shehow, and 11. R. Kirchi-

however, implying that H4 disproportionated intergranular mayr. J. Magn. Magn. Mater. 58, 55 (1980).

paemicrostructure is less effective in do anwall pinn . K. Mishra, J. Mitgn. Magn. Mater. 54-57, 450(19( 86r).
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G., P. Meisner aind V. Panetanattman, A. AppI. Phys. 74, 35 14 (11)93).
greater degradattun of H1et 24 Hydrogeni reacets with NdI., 2Pe2 g exothiernmically, causing selit-heating to

Above 580 'C, region IV, Ndl-12. diffraction peiks are well akbove 1100 'C. Our saimple was preparedt by furtther treaitiag in - I atin
absent, Fig. 2, H is completely desorbed, anmd Hcj is high, 12, to 5(1)00 anmd cool ing in 11, to room temperature in -- I10 imin.

2-the inicrostructure of tint-deformed rapidly soliditiedt Nd-Fe-li is such
Fig. 1 . Although Hdj is higher in region IIV than region I, it that the grain boundary inrd i ntergraau tar phase regions do not promtote
does not return to the prch ' drided vrtiue of ý- 1N kOc. We nucleation of reverse nvisgetic domainis. A strong-pinning model or I/,,
conclude that H disproportionation desorption and recombi- atgrees well witht obiserved imagnetic properties. See F F. Pinkertoa and C.
nation of the intergranular phase cause at nonrecovet able de- 1). Puerst, J. AppI.lbs. 67, 4753 (1090t); 17 1I. Pinkerton and C. 1).

Fuerst, A. Mago . Magn. Mater. 89, 1 39 (1 ')91)) and F. 1.. Pinkertonantud C.
crease in domain wall pinning strength of the intergranular 1). Fuerst, A. AppI. Phyi. 69, 5817 (29921).
phase relative to prehydrided MQ3 magnets. Also, the NdN 2"Absorbed 11I in tire Nd2Fe1 423-type phase at lows a hiigher degree of mug-
contamination indicates a nonrecoverable decomposition of netic saturation for randomrly oriented powders in moderate applied 11ong-
the Nd-rich intergranular phase has occurred and is ptesum- netic tietds compared -.o p-htydrided material and saniples desnOrbd above

~-220 *C. See Ref. 1P.
ably detrimental to 11j Finally, the drop in H1, at 800 'C in 27 P. Knappe, 11. Muile., and 11. W. Mayer, J. Lecsý;-Conrmon Metals 95, 323
region IV of Fig. I is undoubtedly due to the detrimental (1983).
effects of annealing and grain growth on the in icrostructuLre "'J U. Bonnet and A. N~. tlaou. .J. AppI. Phys. 48, 96i4 (1977).

of MQ3 material generally. "'ItR. K. Mistrra. E. (i. Brewecr, and R. W. Lee, A. AppI. Il'hys. 63, 3528
(1988).
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The electrochemical hydrogenation of NdFeB sintered alloys
Kuo En Chang and Garry W. Warren
Department of Metallurgical and Materials kngin tring, The Univ ,rity of A labama, P0. Box 870202,
"Thscaloosa, Alabama 35487

The absorption of hydrogen by NdFeB alloys in aqueous solution has been investigated using dc
electrochemical methods and x-ray diffraction. Immersion of the NdFcB alloy in (0.1 M H 2 SO4

results in the formation of the Nd 2Fe14BH2.7 hydride phase as indicated by x-ray diffraction analysis.
The hydrogen entering the NdFeB lattice is believed to result from the preferential acid dissolution
or etching of the Nd-rich phase. The hydrogen absorption and desorption behavior of sintered
NdFcB alloys, (Ndl)y) I5FC7e..AlI,.TB(, and (NdDy) jFe, 7Co5V4Al 2B7, have been compared with that
of a LaNi5 alloy utilizing an electrochemical technique. LaNi5 is capable of absorbing extremely
high quantities of hydrogen as a metal hydride. The level of hydrogen absorbed by the three alloys
was compared by "charging" electrodes of each alloy in 6 M KOH at a constant cathodic current,
followed by a constant anodic "discharge" current. An arrest in the resulting potential versus time
curve during discharge indicates the oxidation of the hydride, i.e., of absorbed hydrogen, formed
during the cathodic charging process. Results indicate that both NdFeB alloys absorb hydrogen in
aqueous solution. Similar experiments performed on a set of samples with varying total rare-earth
(TRE) content showed that the amount of hydrogen absorbed is proportional to TRE content. Anodic
potentiodynamic polarization after charging shows that the corrosion rate increases as the level of
absorbed hydrogen increases.

I. INTRODUCTION where x represents the number of hydrogen atoms absorbed
by the alloy and MH1, is the hydride phase of the alloy. A plot

The magnetic properties of Nd FeB and similar alloys are of the potential versus time during discharge shows an arrest
significantly affected by the hydrogen absorption (of the (a region of constant potential) characteristic of materials
Nd 2Fe14B phase.'--' Therefore an understanding of the by- which absorb hydrogen and which represents the oxidation
drogen absorption behavior of NdFeB materials is important. of the hydride. The charge passed during this arrest is a mea-
Cast NdFcB alloy can absorb significant amounts of hydro- sure of the hydrogen absorbed.'"- 2

gen relatively easily at room temperature even at hydrogen This technique has been used to examine the tendency of
pressures as low as 1 bar.4 The reactive nature of the NdFeB NdFeB alloys to absorb hydrogen from aqueous solution, to
alloy with respect to hydrogen has also been attributed to the compare NdFeB with the known behavior of LaNij, and to
presence of the neodymium-rich phase at the grain bound- examine its potential effect on the corrosion behavior of
aries, and the amount of hydrogen absorbed by the NdFcB NdFeB. Results presented here show that the corrosion
alloys increases with rare-earth content.-' It has also been mechanism of NdFeB must involve hydrogen and th:l ab-
suggested that the poor corrosion resistance of the sintered sorbed hydrogen has a detrimental effect on. corroion resis-
NdFeB alloys is due, at least in part, to the presence of the s

Nd-rich phase."'7 However, until now a correlation between

hydrogen absorption and corrosion behavior of the sintered
NdFeB alloys has not been demonstrated. 11. EXPERIMENTAL MATERIALS AND TECHNIQUES

The preferential dissolution of the Nd-rich phase in the Four types of materials were utilized in this investiga-
grain boundaries in acidic solutions, due to its lower electro- tion, as follows: (1) (Ndl)y)I5 Fe75 ..Al().-B(, in both pcwder
chemical potential with respect to the Nd2FeIB phase, 7 re- and sintered form, subsequently referred to as NdFeB alloy,
suits in the simultaneous evolution of hydrogen. Results pre- (2) (NdDy),sFec, 7CoSV 4AI2 B7 in both powder and sintered
sented in this work suggest that part of this hydrogen is form, subsequently referred to as NdFeB-Co-V alloy, (3) cast
absorbed by the Nd2Fe14B matrix, producing a lattice expan- LaNis, containing about 0.14 wt % of a catalyst, and (4) a set
sion of the NdFe,4B unit cell which can be measured by of four sintered NdFeB alloys, similar to those in (I), but
x-ray diffraction analysis." with varying total rare-earth (TRE) content (29, 31, 33, and

Hydrogen absorpiion of similar rare-earth materiols, e.g., 37 wt %). All samples were supplied by Rhone Poulenc Ba-
LaNi,.',<") have been widely examined using an elce'tro- sic Chemicals Co. A Rigaku D/Max-2BX x-ray diffracto-
chemical charge/discharge technique. The method involves meter with Cu K,, radiation was used for structure determi-
the application of a constant (galvanostatic) cathodic current nations of NdFeB powders before and af'ter etching in 0. 1 M
resulting in hydrogen evolution, a portion of which forms a IHI,SO 4 . A Nikon optical microscope with image analysis sys-
metal hydride. Stored hydrogen can then be removed by re- tem was used for microstructural observations, dcleetro-
versing the current flow. This reaction can be represented by chemical techniques were performed using an EG&G model
the redox equation 273A potentiostat, and a three electrode glass cell. Working

electrodes were prepared using samples of the sintered or
M+xH1O+xe MI-,+xOi , cast materials described above. The reference electrode was
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FIG. 1. X-ray diffraction patterns for (NdDy)lFe7 ,.AIn,7 B,, powders beforeand after etehin~g in 0,.1 M HSO4 . FIG. 2. (Gadvanostat ic charge/discharge data for NdFeBl, NdFeBI-Co-.V, anld
"n LaNij alloys in 0 M KO,.

saturated calomel, and the counterclectrode was Pt. The 6 M Oesterreicher.13 Based on these results the hydride phase
KOH electrolyte was purged with nitrogen for at least I It formed after etching in 0.1 M l12SO4 is close to
prior to each experiment. The working electrode was pol- Nd2Fet 4I3H 2.7.
ished to 600 grit, rinsed, dried, immersed in the electrolyte,
and the open circuit or rest potential allowed to equilibrate B. Electrochemical absorptlon/desorptlon of
for at least 1 h. Current densities were obtained by dividing hydrogen
measured current by the geometric cross-sectional area. The relationsh~p between the charge/discharge process

for the sintered NdFcB and LaNi5 alloys was compared using

III. RESULTS the galvanostatic charge/discharge technique. Samples were

A. Hydrogen absorption from aqueous solution charged for 5 Ii at a constant cathodic current oi -0.5 mA,
immediately followed within 30 s by the application of a 0.5

Upon immersion of the NdFeB alloy powder (38-53 p.m mA constant anodic current until the sample was fully dis-
diameter) in 0.1 M sulfuric acid solution, gas evolution was charged as indicated by an increase in potential to about 0.45
observed to occur. After filtering, the powders were thor- V, Additional cycles were obtained by repeating the process.
oughly rinsed with distilled water, and dried in a dessicator Experimental results for the first cycle of the NdFeB,
for 24 h. D)ry powders were then pressed into pellets for NdFeB-Co-V, and LaNis alloys are shown in Fig. 2. The
x-ray diffraction analysis. Figure 1 shows x-ray diffraction lengthy arrest in potential of the LaNis alloy at -1.0 V is
data of NdFeB alloy powders after immersion in H2S0 4 for 1 characteristic of the discharge of stored hydrogen and is the
and 10 min. For comparison, patterns are also included for basis for the proposed use of this material in metal hydride
as-received powder and Nd2Fe1 4 B. As can be seen, the pat- batteries. 14 By comparison, the NdFeB and NdFeB-Co-V al-
terns are similar but show a distinct shift toward smaller loys also show evidence of hydrogen absorption, though to a
diffraction angles as etching time increases. This shift reveals lesser degree than LaNi5 in this measurement.
that the overall tetragonal structure of the NdFeB is retained
but with measurably larger lattice parameters. Lattice con- C. Effect of total rare-earth content
stants were calculated from the x-ray data and are presented Sst
in Table 1. Results indicate that the amount of hydrogen ab- Since previous researchers have shown that hydrogen
sorbcd by the NdFeB powder increases in the first minute, absorption increases with TRE5 and have suggested a con-

rapidly achieving "saturation" and relatively constant a- and nection between TRE and corrosion resistance," this effect

c-axis lattice parameters. The changes in total volume during has also been investigated. Results of the microstructural ex-

the etching process for as-received and hydrided NdFeB al- amination and image analysis of a set of samples with vary-

loys are in good agreement with those reported by

TABLE II. The volume fraction and the average grain size of the Nd 2Fe14B
phase for sintered NdFeB alloys with varying TRE.

TABLE 1. Crystallographic data for NdFeB alloys and their hydrides.
- TRE TRE Vol. fraction of the Avg, oi grain size of

Compounds a (A) c (A) V (WI) a V/V (%) (wt %) (at. %) Nd,Fe1 .113 phase the Nd:FelB phase

(NdDy)15Fe781.3AI).B,, 8.80) 12.29 951 '.. 29.0 12.9 0.83 25.0(t9.5 gon

(NdDy)1sFc7j.3A.t1 .7 Bj, 8.94 12.39 99(0 4.1 31.1 14.0 (0.79 19.5± 5.8 Ani

Nd 2Fel 4B (Ref, 13) 8.79 12.17 94(0 33.0 15.2 (1.77 18.5 ±5.8 Ain
Nd 2Fe14BH 2., (Ref. 13) 8.93 12.36 985 4.8 37.0 17.5 (0.73 15.8±4.8 gun
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PIG. 3. Potential vs time for sintered NdFuB (29 and 37 wt % TRE) during FIG. 4. Anodic polarization curves for sintercd NdFlB (37 wt % TRE) in 6
anodic discharge (I mAr) in 6 M KOH with and without prior cathodic M KOH; scan rate=2 mV/s.
charging.

ing TRE (29, 31, 33, and 37 wt %) after polishing to 0.05
Am and a 10 s etch in 10% nital are given in Table II. As on the change in lattice constants the level of hydrogen ab-
expected, the volume fraction of the Nd 2Fet 4B phase de- sorbed corresponds fairly closely to an overall composition
creases with TRE, corresponding to an increase in the Nd- of Nd 2Fe1 4BH 2.7.
rich grain-boundary phase,5 A slight decrease in grain size of (2) This study clearly shows that the sintered NdFeB and
the Nd 2Fel 4B matrix with increasing TRE was also observed. NdFeB-Co-V alloys both absorb hydrogen during the appli-

These samples were also subjected to a charge/discharge cation of a cathodic current. Furthermore, these results sug-
process. Charging was accomplished with a cathodic current gest that the amount of hydrogen absorbed increases with
of -1.0 mA for 30 min, followed by discharging with an increasing TRE as has been suggested by Scholz.5

anodic current of 1.0 mA. The potential during discharge was (3) A comparison of anodic potentiodynamic polariza-
measured and results are shown in Fig. 3 for sintered NdFeB tion on samples before charging, after charging, and after
alloys with 29 and 37 wt % TRE, respectively. For compari- complete discharging shows that the corrosion resistance of
son data are also shown for the same samples but without the sintered NdFeB alloys is degraded upon absorbing and
prior cathodic charging. Interestingly, the samples without desorbing hydrogen.
cathodic charging show some evidence of a discharge pro-
cess, which likely indicates the presence of a small amount
of absorbed hydrogen even in the as-received state. Figure 3
also shows a clear increase in hydrogen absorption *with in- K. 1t. J. Buschow, in Ferromagnetic Materials, edited by E. P. Wohlfarth
creasing TRE. Over the range of TRE contents examined, the and K. H. J. Buschow (Elsevicr Science, North Holland, Amsterdam,

increase in hydrogen absorbed is roughly linear with TRE. 1984), Vol. 4, p. 109.
2F. Pourarian, M. Q. Huang, and W. E. Wallacc, J. Less-Common Met. 120,

D. Effect of hydride formation on anodic polarization 63 (1986).
D. EoM. D. Cocy, A. Yaouainc, D. Fruchart, R. Fruchart, and P L'llritier, J.

Anodic potentiodynamic polarization curves were also Less-Common Met. 131, 419 (1987).
41. R. Harris and 1P J. McGuiness, in Proceedings of the Eleventh Interna-

measured for the four alloys with varying TRE before and tional Works/aop on Rare Earth Magnets and their Applications (Carnegie
immediately after the charge/discharge process. Results for Mellon University Press, Pittsburgh, PA, 1990), p. 29.
the 37 'vt % TRE alloy are shown in Fig. 4; behavior of the 5U. D. Scholz and H. Nagel, in Concerted European Action on Magnets,
other samples was generally the same. Three curves are edited by 1. V. Mitchell (Elsevier Science, London, 1989), p. 521.6 A. S. Kim and F. E. Camp, J. Mater. Eng. 13, 175 (1991).
shown in Fig. 4: (1) as-received, without charging or dis- 7 H. Nakamura, A. Fukuno, and T. Yoneyama, in t'roceedings of the Tenth
charging, (2) with charging only but without anodic dis- International Workvhop on Rare f-.arth Magnets and their Applications
charging, and (3) with charging and discharging. As can be (Society of Non-Traditional Technology, Tokyo, 1989), p. 315.
seen, after a complete charge/discharge cycle the observed 8 B. Rupp, A. R. Resnik, D. Shaltiel, and P. Rlog, J. Mater. Sci. 23, 2133

(1988).
current at low applied potentials is significantly higher than 9J. J. G. Willem;, Philips J. Res. Suppl. 39, 1 (1984).

that of the as-received sample. This suggests that the corro- 'eC. Iwakura, T. Asaoka, H. Yoneyama, T. Sakai, I1. Ishikawa, and K.
sion resistance of the sintered NdFeB alloys is degraded Oguro, Nippon Kagaku Kaishi 1988, 1482 (1988).
upon absorbing and desorbing hydrogen. "J. H. N. van Vucht, F. A. Kuijpcrs, and H. C. A. M. Bruning, Philips Res.

Rep. 25, 133 (1970).
'2 H. F. Bittner and C. C. Badcock, J. Electrochem. Soc. 130, 193C (1983).

IV. CONCLUSIONS '"K. Oesterreicher and H. Oesterreicher, Phys. Status Solidi A 85. K6I
(1984).

(1) The (NdDy)15mFC78 3Alo,.7Br ?owder has beer, shown 14 C. lwakura, Y. Kajiya, H. Yoneyama, T. Sakai, K. Oguro, and H1. ishikawa,
to absorb hydrogen upon exposure to 0.1 M H 2S0 4 . Based J. Electrochem. Soc. 136, 1351 (1989).

6264 J App! Phys Vol 76, No, 10, 15 November 1994 K. E Chang and G W Warren



Relation of remanence and coercivity of Nd,(Dy)-Fe,(Co)-B sintered
permanent magnets to crystallite orientation

A. S. Kim and F. E. Camp
Crucible Research Center, Pittsburgh, Pennsyhamia 15205-1022

H. H. Stadelmaier
Departnent of Materials Science and Engineering, North Carolina State University, Raleigh,
North Carolina 27695-7907

For sintered permanent magnets based on NdFe14B having magnetically oriented crystallites, a
simple method of measuring the degree of alignment by x-ray diffraction is described, using the
inverse pole figure technique. The results are related to a distribution function for the easy axis
which is a direct measure of remanence. The fraction of the ideal [001] texture component in both
Nd-Fe-B and Nd,Dy-Fe,Co-B magnets is enhanced by doping with oxygen, resulting in a
measurable increase in reanence and improved loop squareness. The observed increase of the
intrinsic coercivity il,. with better crystallite orientation is also discussed.

I. INTRODUCTION ticated analysis in which two reference directions are used,

The remanence in sintered permanent magnets based onl They have also shown that calculated powder intensities are

the phase Ndr elaen is maximized by aligning the powderd in good agreement with those measured on a random powder
Faximi yaligneic fel pow d sample of Nd-Fe-B, and our analysis will use the former.

particles of the magnet alloy in a magnetic field before press- Thi method has been described by Tenaud etcd,4 and used
ing. While this results in a large fraction of crystallites with Th i et as 5een dection by axial t c l a n
the easy axis in or near the field direction, the orientation is by Kawai etat." in connection with axial to conical spinnever pe~rfect. The purpose of this study is twofold: (i) t reorientation in Nd-Fe-B. The technique has been known to
describe a simple method of tessu the degree of aligii metallurgists for some time as the "inverse pole figure"

desrieafmeasuring m . It uses a single reference direction (the axis of the
ment and relate it to the remanence and (iH) to report a anisotropic magnet), which is assumed to be the direction of

method of enhancing the fraction of the ideal 1001] texture the scattering vector. In the present study, the fraction of

component by doping with oxygen. In particular, it will be

shown what improvement in the remanence can be expected (001) in a direction tilted by a given angle from the scatter-

when the easy axis lies within a cone described by an orien- ing vector is determined from the set of available (liki) and
is used to determine the cause of remanence enhancement

tation distribution of a given angular width. The effect of

orientation on the intrinsic coercivity ill,. will also be dis- resulting from the addition of oxygen under otherwise equal

cussed, experimental conditions. It should be pointed out that the
texture difference between specimens observed here can be
seen by visual inspection of a pair of diffraction patterns. The

II. TEXTURE goal is to make this observation more quantitative and, spe-

The methods of quantitatively assessing the crystal ori- cifically, to determine whether the improvement in rema-
entation in a sintered magnet arc essentially twofold: (i) The nence can be accounted for by the sharpening of the texture.

As for the distribution function used in Sec. IV, it has not
intensity of an x-ray reflection corresponding to the easy

axis, i.e., (001) for Nd-Fe-B iagnets, is iniasured directly been suggested previously but has the advantage of math-

as the magnet axis is tilted out of the refewJ11ce orientation, ematical Simplicity.

the normal to the magnet surface, The angle at which the Ill EXPERIMENT
intensity drops to 1/2 is a measure of the textural quality. A
way of doing this by using a pole figure device for full ori- Sintered magnets were prepared with two compositions,
entation has been described by Chang et aLt1 A simpler modi- in wt %, 30,5Nd, 2.5Dy, 63,4Fc, 2.5Co, 1.11B (in at, %
fication of this technique utilizes the decoupled 0 scan for an 14.ONd, 1.0Dy, 75.4Fc, 2.8Co, 6.8B) referred to as A and B
(00l) reflection and describes a line through a p:.Ic figure and 32.5Nd, 66.4Fe, 1.IB (14.9Nd, 78.4Nd, 6.713), ,ipeci-
which is assumed to be that of a fiber texture.2 Again, the mens C and D. Of each composition one batch (A and C)
width of tilt at half maximum is a measure of texture. (ii) A was prepared by conventional methods, employing rigid tool
specimen with the reflecting surface normal to the magnet compaction of the powder, and another batch (B and D) was
axis is subjected to a standard Bragg 20 scan. In an aniso- subjected to additional oxygen pickup during powder pro-
tropic magnet only reflections with low (h,k) and high (1), cessing prior to pressing. The final oxygen analyses of the
including (001), are observed. Then the orientation is de- magnets (in wt %) were: A (0.22), B (0.50), C (0.24), D
rived from the known angles between the observed (hki) (0.41). The method of adding oxygen was apparently not
and (001), or their poles, and the orientation distribution is critical to its effect on grain orientation and it could be in-
derived by comparing their intensities to the corresponding troduced during jet milling or following milling. The hyster-
intensities in a specimen with random orientation of the crys- esis loops were measured oil a hysteresisgraph, indepen-
tallites. Meisner and Brewer 3 have performed a more sophis- dently at both laboratories, The x-ray diffraction patterns
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TABLE 1. Ratio.l,/J, of rentancnce to saturation polarization for orientation 1.0
distributions f(0)=cos" 0 having cone angle width 0.,', at f(o)= 1/2. 0 ^ A
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were taken on a standard diffractometer (Cu Ka radiation). FIG. I. Hlypothetical and experimental distribution of tetragonal (001)
The specimen surface that was perpendicular to the magnet poles.

axis was placed in the Bragg reflecting orientation to provide
a measure of the deviation from the ideal grain orientation.
No useful intensities are obtained unless the samples are
inetallographically polished to remove the surface layer dis- range 01•tO<-'r/2, let this distribution b~ef(0). Then the nuin-
turbed by grinding (it is known that the 2-14-1 phase can her of poles in a ring of width dO on the surface of a unit
undergo plastic deformation8 ). The intensities of the six sphere is 2irf(O)sin OdO. The contribution of these poles to
prominent reflections were normalized to calculated intensi.- tihe magnetization in the direction of the magnet axis is oh-
ties for a random orientation of the crystallites following the tamed by multiplying with cos 0. It follows directly that the
procedure for obtaining inverse pole figures.", ratio of remanence to saturation polarization for an assumed

IV. ORIENTATION AND REMANENCE square hysteresis loop must be

If the magnet were a single crystal, or had an ideal grain f'/2f( 0)sin 0 cos OdO
orientation with the easy axis normal to the surface, the dif- f /2f(O)sin OdO
fraction pattern would show only reflections (001) with even
values of 1, namely (004) and (006) in the range investigated
(Bragg 20,50'). Because of the imperfect orientation, addi- where the denominator serves to normalize the expression to
tional reflections having low (h,k) and high I are observed a constant total number of poles iti the hemisphere, A useful
and permit the assessment of the preferred orientation. In a distribution function is cos" 0 because for it the integrals
cylindrical magnet the crystal orientation represents a fiber have simple solutions so that the ratio J,.I, takes on the
texture with the magnet axis as the fiber axis. For a given form (n + I )/(mn + 2). It is immediately obvious that for
(hkl) the corresponding tetragonal c axis (001) lies on a in = 0, J,1.., = 1/2 (familiar result for random orientation)
cone with half-angle 0, where 0 is now the colatitude in and for In--' ,,r/Js 1 (delta function, perfect orientation).
spherical polar coordinates. Therefore the observation of re- Table I gives some examples of JrU.,i for various orientation
flections having high 1 that are aligned with the magnet axis distributions f(0) characterized by the cone angle a! half
contain information on the distribution of the (001) poles. maximum (f= 1/2). It shows the improvement in rernanence
This is necessarily so because in the tetragonal system there that can be expected from sharpening the orientation. For
exists one and only one off.-axis (001) pole for every pole example, when the cone angle is decreased from 18* to 9.50,
(hkl) that is in line with the magnet axis. J,1.1, increases by 4.6%. A corresponding set of plots of

The distribution of (001) poles can be modeled to de- f(t0)=cos'" 0 is shown in Fig. 1; the significance of the data
scribe the impact of misorientation on the remanence. In the points is discussed in the next section.

TABLE t1. Observed retlections with low (h,k) and high I showing Wi) calculated intensities for a random
orientation, normalized to I/Ia= 1010 for the strongest reflection (14(0), (ii) angles between (hkl) and (00t1)
poles, and (iii) experimental intensities treated as inverse pole tigure data,

Intensities normalized to random oricntation
Intcnsity Cone angle-

hkl (random) 00 A B 1) D

(M04 9 0 1.00 1.00(1 .HXt 1.00

124 89 37.8 0. 11 t).0t4 t. 17 0. I0
0t15 511 15.5 0,75 0.49 0.87 0.71
115 25 21.4 (0.31 0.20 0.40 0.34
11W6 25 0 I .oo 1.t00 1.t1(t 1.(10
116 8 18.1 0.41 01.19 0.85 0.59
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15 - domain particle. The detailed model of Schrefl et al.") de-
12 ---- scribing the reduction of the nucleation field for reversed
9 !/a domains at tile grain boundaries of Nd 2Fe1 4B also predicts
6 [AJA Bthis orientation effect for coercivity. The crossing of the

Z0 3 magnetization curves C and D in Fig. 2 is contrary to this
15 -behavior so that the curve with the higher remanence and the
12 better alignment now has the lower intrinsic coercivity. Un-

0 6 like the pair A and B, magnets C and D apparently have anS6 orientation dependence of the critical field for magnetization
0 Treversal that does not decrease with the loss of alignment. It

.24 .16 -8 0 8 16 24 has to be conceded that the influence of oxygen on coercivity

FIELD tkOe] may well be a more complex one and simply results from
changes in the "grain boundary phase," which is known to

FIG. 2. Hysteresis loops of undoped (A and C) and oxygen-doped (B and D) be fcc rather than hexagonal in many magnets, an effect that
sintered mnagnets, has long been attributed to the oxygen impurity, see e.g.,

Yang et al.'

V, EXPERIMENTAL RESULTS VII. CONCLUSIONS

The intensities as processed for an inverse pole figure It has been shown that by using a simple powder diffrac-
are proportional to the volume fraction of grains with (liki) tometer technique, information on grain alignment in sin-
poles in the direction of the magnet axis and, conversely, to tered magnets can be obtained without resorting to a full pole
the volume fraction of (001) poles in a direction tilted away figure determination. The trend cf permanent magnet prop-
from the axis by 0. Therefore they can be plotted directly erties found in the Co-, Dy-containing magnets is already
over the distributions of Fig. 1, Table II shows the angle 0 by present in Stoner-Wohlfarth theory for single-domain par-
which the easy axis: 1001] is tilted against the magnet axis for ticles. For it the remanence goes with .,. cos 0, and both
a given (hkl), It is derived from tg 2 0=(cla) 2(h 2 +k 2)/12 , remanence and coercivity decrease together when the orien-
and obviously the higher the (/i,k) and the lower the 1, the tation deviates from 0=0. Therefore it is plausible that the
larger 0 will be. Table i1 also contains information on the remanence enhancement resulting from the oxygen treatment
four test specimens A, B, C, D: calculated intensities for a is an orientation effect, and the x-ray diffraction data support
powder pattern9 with a random orientation of the crystallites this interpretation. To what should the observed ability of the
and inverse pole figure intensities normalized by setting a oxygen-treated magnets to show improved orientation be at-
weighted average intensity of (004) and (006) equal to 1. The tributed? This call only be speculated, but it appears to be
reduction in the non-(0()/) reflections by going from A to B based on the ability of the powder particles to better maintain
and from C to D is evident. It is also seen that the particle their magnetic orientation in the pressing operation. This
alignment in the Co-, Dy-containing magnets A and B is might be loosely described as a reduction in friction between
superior to that in the simpler ternaries. 'File reduced inten- the particles that results from the oxygen treatment of the
sities in Table 11 represent a distribution for which the data powder. 11 is remarkable that the ability of the powders to
points are plotted in Fig. 1. It is obvious from Fig. I that the retain their orientation during pressing is so sensitive to alloy
experimental data show considerable scatter and do not fol- chemistry, as seen not only in the effect of oxygen doping
low the cos" 0 distribution closely (nor do they fit a Gauss- but also in tile difference between the alloys containing Co
ian distribution function) but tend to have steeper flanks. and Dy and the simpler ternary alloys.
Nevertheless, the trend is clear: untreated specimens A and C 1 W .C n . W u, and K. S, Liu, J. App). i'hys. 63, 3531 t1989).
have a broader orientation distribution than the correspond- 2s. Z. Zhou, Y. X. '.hu,,, and C. 1). Graham, Jr., J. Appl. Plhys. 63, 3534
ing oxygen-treated specimens B and D. Fitting the data to the (1988).
curves allows a rough estimate of the expected improvement 3 G. R Meisner and E. G. Brewer, J. Appl. P'hys. 72, 2659) (1992).
in remanence A--.'B and C--.D, namely, 3.6% and 3.9%, re- 4 'licnaud. A. Chamberbord, and F. Vanoni, Solid State C(ommun. 63. 3103

(1987).
spectively. The corresponding experimental increments are ''. Kawai, 13. M. Ma, S. G. Sankar, and W. E. Wallace, J, Appl. i'hlys. 67,

4.2% and 4.7%. Supporting magnetization curves are shown 4610 (19901).
in Fig. 2. The improvement in loop squarene-is in the "I.. K. Jelter, C. J. Mcl[argue. and R. 0. Williams, J. Appl. Phys. 27, 368

oxygen-doped magnets B and 1) is evident. 71956,).
7B. D. Cullity, Elenments oJfX-ray l)iffracon (Addison-Wesley, Reading,

MA. 1978). p. 319.
VI. COERCIVITY 11. 11. Sladelmajer and N. C. I.iu, Mater. Lett. 4, 304 (I1996).

`W. Wong-Ng. It. McMurdie, 13. Paretzkin, C. Hlubbard, and A. I)ragoo,
The coercivity is also affected by the oxygen treatment JCI'DS Card No. 39-473, iti. Center for Diffraction I)ata, Swartlihtore,

that causes the sharpening of the orientation. In the Co-, PA. 1989.
Dy-cntanin speimes Aand B, one sees a concomitant "Ti. Schtreil. It. F. SchmidIts, J. Fidler, and It. Kroantiinler, J. App). Phys. 73,65110 (1973).

increase in ilJ,. that is intuitively plausible from the orienta- ''J-P. Yang, S. II. Pi, Y. 1'. Kim, and Y. G. Kim, J. Magn. Magn. Mater. I10,

tion effect in the Stoner-Wohlfarth theory for a single- 1,261 (1992).
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Comparison of magnetic methods for the determination of texture
of permanent magnets

G. Asti and R. Cabassi
Dipartimento di Fisica, Universita 'di Parma, Italy

F. Bolzoni
Istituto MASPEC del CNR, Parma, Italy

S. Wirth, D. Eckert, P. A. R Wendhausen, and K.-H. Miler
Institut ffir Festkorper- und Werk'tofforschung Dresden, P.O. Box, 01171 Dresden, Germany

The singular point detection (SPD) technique as well as a least-mean-square procedure of fitting trial
texture functions to demagnetization curves (DMC) were applied in order to determine the
orientation density of the tetragonal axes of the Nd 2Fe14B crystallites in sintered Nd-Fe-B magnets
with different degrees of grain alignment. Both methods are less complicated than calculating the
texture function from x-ray-diffraction data. The orientation densities obtained by both methods
agree fairly. Analytically, they can be described as a Gaussian or a sum of cosine-power functions
of the angle between the local tetragonal axis and the texture axis. This agreement is a test for the
DMC method which can also be used for materials showing much larger anisotropy fields than the
maximum available measuring field. The SPD and DMC methods can also be applied to measure the
temperature dependence of the anisotropy field HA of the magnetic main phase in noncompletely
textured polycrystalline materials. By means of the DMC method additionally the spontaneous
polarization J., as well as the anisotropy constants K1 and K, can be determined. As expected, the
values of HA of our sintered Nd-Fe-B samples, measuied up to 140 'C, are nearly independert of
the degree of texture and are in agreement with those reported in literature. This confirms. that SPI)
as well as DMC can be used to measure intrinsic magnetic properties for materials which can iiardly
be prepared as single crystals, such as interstitial compounds made by gas-solid reactions.

I. INTRODUCTION f(a)-exp( -a!/2rr ), 0__r <0 (2)

In typical modern permanent magnet materials such as
sintered Nd-Fe-B the magnetic main phase is crystallo- was fitted to major demagnetization curves in the first quad-
graphically uniaxial and the crystal c axis is a magnetically rant of the J-H plane, where H is the applied field corrected
easy one. The orientation density of the easy axis is rotation- for demagnetization effects. Additionally, this fitting proce-
ally symmetric in a good approximation and can be de- dure yields the anisotropy constants K 1, K2 and the sponta-
scribed by a texture function f(a), normalized by neous polarization .I, (if the volume fraction of the main

phase is known) and works even for measuring fields H con-
i/2 siderably smaller than HA = (2K, + 4K•)/.)I,. It was success-F da sin a f(a)= 1, (1) fully applied to bonded Sm 2 FeA7N,4" and sintered Nd-Fe-B.7

Jo Fitting parameters such as cry, from Eq. (2) are texture

where a is the angle between the local easy axis and the parameters summarizing the information included in f(a).

texture axis.' The classical procedure to calculate f(a) from
an adequate set of x-ray-diffraction data2 is expensive. Alter-
native methods, based on magnetic measurements, have been 0.6 0.3

reported.1' 3
.
4 The angular dependence of remanencc induc-

tion B, can be used, as described in Ref. 1, if B, is controlled
by rotational demagnetization processes only. Unfortunately, 4 0.' 0.2
the renianence of nucleation controlled materials such as sin- 'GO)

tered Nd-Fe-B or Zn-bonded Sm 2FetjN:, is affected by the
presence of domains in the grains of the samp!e surface. This 0.1
difficulty is avoided by the singular point detection (SPD) 0.2 .1

technique- which was applied to texture analysis in Ref. 3. In
fact, by this method one detects a sharp peak in the second
derivative d JIdH2 of the polarization J versus the applied 0 30 60 90
magnetic field H, exactly located at the anisotropy field "IA . angle ,-, y (deg.)

The amplitude of the peak is proportional to the volume
fraction of crystallites oriented with their easy axcs perpen- FIG. I. SI'T) pcak inpiliude (;(y) of the sintircd Nd1 ,Fc7 xII6 sample A2 arid

dicular to H1. In Ref. 4 the width (Y. of a Gaussian density, its fiited tcxture function ](J ) 01.1034 (1-.34 cos0' a -11.22 cos':" a.
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Internal field j.±0H (T) FIG. 4. Antisotropy field HA and texture param-2tei co from Eq. k'3). Open

symbols: values from a fit to the demagnetizatiot. vit,"Cs of the samples
A I-A4 for different temperaturcs; closed symnbots: thc corresponding room-

FIG. 2. Demagnetization curves of the sintered Ndt6Fe15t31, samples Al1-A4 temperature .alues obtained from SPID data.
with different teg,;_s of texture, measured at T=20 'C. paraltet (11) and
perpendicular (I) to 'he texture axis. The solid lines are fitted dernagnetiza-
tim c!.tves based on the trial text-ire ftunction from E~q, (2), tomnatic measurement of the amplitude of tht SPD peak. The

adopted criterion is to measure the difference in the slope of

The definition of a texture pairamieter may also be indepen- d 2j~dH 2 at the two inflection points located at both sides of

deat of the special type of f (a), as in the case of the standard w~e peak. The applied field H forms an angle y with the
deviýtio G-,whih isgive bytexture axis z and is in the x-z plane. The SPD peak ampli-
devi!io ~; hic is ive bytude G(y) is proportional to the volume fraction of crystal-

IT/2lites having their c axes in a plane p~erpendicular to H. If 0
S2 fda sin a f~~ý' (3) denotes the azimuth of the c axis with respect to x-z plane,

0t we have cos a= cos 0 sin y and

11. EXPERMIMFTAL AND THEORETICAL METHODS G( y) =2/7r Jo do~ F(cos o sin y), (4)

Sinterod Ndlr)Fe 7gB0 magnets were prepared in the usual
;-r~wd,, ii,.,'tallm-gical wvay. To obta~i four samples AI-A4 where F(cos a) =f (a is the texture function fromn Eq. (1).
-, 'idi diffe.enit degrees of ti..xture, various values of the mag- The integral equation. (4) vwas numerically solved by fit-
netic field were used during, the compacting process. Mag- ting the power series
Ijetic properties from rooma temperature up to 140 'C were
meai..ured by a vibrating. iamplc magnetometer vwith applied F(cos (0)> bi Cos 2 nt a (5)
fields op to 8 T.i

The '3?L meas- ements were performed as describod i1 to MeaSUied values of G(y), where a small number of terms
Ref. 3. A compuieý programi has been dcvoýlcped for the au- turns out to be sufficient.

Trial demagnetization curves were computed taking into
consideration only coherent rotational processes based on an-
isoitopy constants up to K,, neglecting the internal magnetic

C20 ~ 4--DM0
0i

r 3 A4
A A3 1.1 ~v A~'12

S10 A3 - ~ -~'

0o.8

o LA2 ~~-
0 30 60 90 0. .

Angle cy (deg.) 0 20 60 100 140

Temperature T (00)

1 lextule fenCti0-. t'or sanpicls A2, A3, anid A4. SPD: f(a) bi
b 1 c~s'a- b2 cos", (Y fittcet to SPI) data. DMC: fPa) FIG. S. Temperature dependence of the anisotropy constants K, and K2 of
-- ep(-& ...)ed to the curives of' Fig. 2. samples AtI -A4, calculated fjinn ftlted demagnetization curves.
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stray fields, using the trial texture function of Eq. (2). Then TABLE 1. Texture parameter ir [from Eq. (3)] fitted to SPD and DMC

the calculated J vs H curves, depending on trial values of measurements. In the case of SPD data Eq. (4) was approximately solvcd

(Tg, J, K 1, and K-, were fitted by a least-mep"-square fit to using the series expansion (5) as well as the Gaut;sian (2).

the experimental curves, measured above AP/= 1.5 T in or- Sill) SIT I
der to avoid domain-wall processes. Three criteria were used Vh, cosa' t Gaussian Gaussian
to test the applicability of the trial function: (i) the remaining Sample (deg) (deg) (deg)

variance of the numerical fit should be sufficiently small, (ii) Ideally
the texture parameter must not depend on temperature, and isotropic 61.2
(iii) the fitted vwlues of KI, K2 , J., must not depend on the Al -61 -61 60.7

degree of easy-axis alignment. Finally, the fitted texture A2 45.8 47.5 45.4

function as well as the obtained anisotropy field HA were A3 27.8 28.6 29.2

compared with those determined by the SPD method. A4 15.7 15.8 18.6
Ideally
textured 0.0

IlU. RESULTS AND DISCUSSION

In Fig. I the angular dependence of the measured peak analysis the influence of internal magnetostatic fields has not

amplitude G(y) of the little textured sample A2 and the cor- yet been systematically investigated.

responding fitted texture function f(a) are shown as a typical The DMC results of the anisotropy constants KI and K2

example for the SPD analysis. determined from differently textured samples yield suffi-

The Gaussian texture function (2) yields a very good fit ciently small variations for all investigated temperatures

for the demagnetization curves (DMCs) of our samples Al- (Fig. 5). The temperature dependence of K1 and K2 is in

A4, measured perpcndicularly and parallel to the texture axis good agreement with the data from Ref. 9. The rood:i-

(see Fig. 2). A typical vatue of the residual variance of the temperature value of HA is comparable to that presented in

numerical calculation i.; 1(0-7 T2. Ref. 10 for a single crystal, but K2 =0 at T=293 K was

The texture functions obtained from demagnetization obtained there.

curves are fairly similar *o those calculated from SPD data, In summary, DMC as well as SPD analysis yield fairly

as shown in Fig. 3. This is an encouraging result because correct data on texture and intrinsic magnetic properties be-

very different experimental procedures are used. Due to the cause both techniques are based on reversible rotation of the

normalization factor sin a in Eqs. (1) and (3), the deviations local magnetic polarization. Contrary to other elementary

of fo(a) at ae0 in Fig. 3 have only a small weight for physi- magnetization processes, reversible rotation is not very sen-

cal quantities. sitive to chemical and topological details in the nanometer

As a consequence of this result, the values of standard range of microstructure.

deviation u" summarized in Table I do not much depend on
the type of the applied measuring procedure. 'S. Sht.ikman and D. Treves, J. Appl. Phys. 31, 58S (19601).

Figure 4 presents the temperature dependence of the an- 2 D. Givord, A. Lienard R. Perrier de la Bathie, P. Tenaud, and T. Viadieu,
Jf Phys. Paris Colloq. 46, C6-313 (1985).isotropy field HA and the standard deviation o-, both obtained 3G. Asti, F. 'Bolzoni, and L. Pareti, J. Magn. Magn. Mater. 83, 270 (1990).

from demagnetization curves, as well as the corresponding 4 M. Kattcr, J. Wecker, C. Kuhrt, L. Schultz, and R. Gr~issinger, J. Magn.

room-temperature values calculated from SPD data. For all Magn. Mater. 117, 419 (1992).
the samples, c shows a small temperature dependence as -G. Asti and S. Rinaldi, J. Appl. Phys. 45, 360(0 (1974).

"K.-H. Miller, D. Eckert, P. A. P. Wendhausen, A. Handstein, S. Wirth, and
expected for a correct texture parameter. The small differ- M. Wolf, IEEE Trans. Magn. MAG-30, 586 (1994).
ence in the values of 1A obtained from SPD and DMC mea- 7D. Eckert, A. Handstein, K.-H. M6ller, R. Gr~issinger, and M. Katter,
surements, respectively, may be due to the magnetostatic in- Proceedings of the 12th International Workshop on RE Magnets and their
teraction between the N(12 Fc1 4B particles, which was Applications, Canberra. 1992, p. 18(0.

8Gc. Asti, F. Bolzoni, and R. Cabassi, J. Appl. Phys. 73, 323 (1993).
neglected in this study. The effect of this interaction on SPD ')K.-D. Durst and 1-1. Kronniiller, J. Magn. Magn. Mater. 59, 86 (1986).
measurements was considered in Ref. 8. In the case of DMC "'.. Bolzoni, 0. Moze, and L.. Parei, J. Appl. I'hys. 62, 615 (1987).
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Magnetic-field orientation and coercivity
Brandon Edwards
Mathematics Department, Portland State University, Portland, Oregon 9'7207

D. I. Paul
Materials Science and Engineering Department, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139

The relationship between the coercive force and the angle of the applied field of an infinite magnetic
medium containing a planar defect have been analyzed. A domain-wall pinning dominated
coercivity was assumed and the spatial dependence of the magnetization in the direction normal to
the plane of the defect was taken into account. The results show that the coercivity must be about
two orders of magnitude smaller than the anisotropy field for the inverse cosine curve to be a good
approximation. Some of the results with experimental work on Fe77Nd1 5 B., are compared. In
addition, the existence of a decrease in the domain-wall pinning coercivity as a function of the angle
between the applied magnetic field and the anisotropy for certain ranges of parameters-a behavior
previously thought to have only occurred in the angular dependence of a nucleation dominated
coercivity-is shown.

A central issue in tile study of permanent magnets such ing the host magnetic material containing a defect lying
as NdFeB and SmCo has been the understanding of the mag- within the region x= -D/2 to x = D/2, The host matrix has
netic reversal mechanism at the coercive field H,. 1'2  uniform magnetization M 1 , first-order anisotropy constant

An important aspect of this problem is the angular de- KI , and first-order exchange energy constant A i. The im-
pendence of the coercive field. The angular dependence in pediment has entirely independent magnetic properties K2 ,
sintered RFeB magnets has been measured by the group at M 2 , and A 2. The easy axis of magnetization is in the direc-
CNRS in Grenoble. 3 They find that for H,. = 10 kOe at room tion of the z axis and an external magnetic field H is being
temperature the increase of 11,, with 01, the angle of the applied at an angle 01, as measured from the z axis in the y-z
applied field with respect to the easy direction of magnetiza- plane. The orientation of a given dipole in the array is taken

tion, corresponds approximately to a 1/cos(011 ) relationship, as the angle 0 measured from the z axis in the y-z plane. We

a theoretical derivation of which had been carried out in a assume a one dimensiona! spatial dependence for the angle

previous paper. 4 For H,. - 17 kOe, there is a reduced increase 0. The orientations of the end dipoles are fixed with 8=00 at

in H, with 0,1. Finally, a decrease in H,. as 0n increases x= -- and 0=1800 at x= -, signifying the presence of a

occurs at small Ol values in PrFeB magnets. The authors of Bloch wall along the array. We wish to find the value, He, of

Ref. 3 state that they are unable to understand the last result the external magnetic field for which the wall can no longer

on the basis of either coherent rotation or domain-wall be held by the impediment and thus magnetic reversal of the

propagation. entire medium occurs. This model has already been dis-

Results by both Sakuma et al.5 and Kronmuller et aL.' cussed for the case in which the external magnetic field is

indicate that there exists ranges of magnetic parameter values applied in the same direction as the easy axis of magnetiza-

wherein coercivity limited by the nucleation of domain walls tion (0q =0o).7.8

The total energy for the ith region (i = 1,2,3) is given by
shows deviations from the l/cos(0,,) or inverse cosine angu-

lar dependence, but it is generally accepted that coercivity d 2

limited by domain-wall pinning follows the inverse cosine Ej= IKi sin2(o)-HMj cos(O-0u)±+A -_d ]dx.
relation, thus yielding insight into the mechanism of mag- "x
netic reversal through analyzing the angular dependence of (1)
the coercivity of different materials. We shall show that this
is not so, that there also exist strong deviations from the Minimizing the energy in the three regions using the
inverse cosine relation when domain-wall pinning is the boundary conditions that 0= C and 1800 at x= -- and -,
mechanism limiting magnetization reveisal. respectively, and that A(dO/dx) is continuous at x= -1D/2

In 1990, Sakuma et al.15 presented theoretical deriva- and D/2, we get Eq. (2) where 7 is given by Eq. (3):
tions of the coercivity as a function of the angle of the ap-
plied field for the case of a domain-wall nucleation domi- cosl0e)
nated coercivity in a material containing a defect. Their W= (sin 0) '[sin 2 (O)-hFE 1 cos(O-0,,)
methods, first introduced by Friedberg and Paul,7 took into ''., o
account the spatial dependence of the magnetization. + 7)] I12 d cost 0), (2)

In this paper, we derive the angular dependence of the
coercive force for domain-wall pinning. We also take into
account the spatial dependence of the magnetization.

Let us consider an array of magnetic dipoles represent- +IE 1 cos( 01t). (3)
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FIG. 1. Ratio of the normalized coercive forces h,(0U)/h,(0) as a function FIG. 2. Same as Fig. 1 with the normalized defect width W=2. Curve (1) is
of the angle of the external tield with respect to the anisotropy axes 0o, ,for for E=F-0.1, curve (2) is for E=F=0.05, and curve (3) is for E=F
a constant normalized defect width W=2 and constant ratio F=0.8. Curve =0.025.
(1) is for E=(t.4, curve (2) is for E=0.5, and curve (3) is for E =0.6. Curve
(4) shows the I/cos(0,,) angular dependence generally accepted to be char-
acteristic of a domain-wall pinning dominated coercivity. The solid circles
are measurements on the angular dependence of Fe77Nd1 SB8 (see Ref. 6). normalized defect width W and ratio F are held constant at

values 2 and 0.8, respectively. The ratio E ranges from 0.4 to

The relationship between the quantities 01 and 02 (the orien- 0.6, corresponding to a large change in the magnetic param-

tation of the dipoles at x -D12 and D/2, respectively), are eters Ai and/or Ki across the boundaries x= -D/2 and

given by x=D/2. We have included for comparison the normalized
angular dependence h,( OH)/hc(O) = l/cos(OH ), generally ac-

(1-E-) sin2(02) + hE(- 1 - F)cos( 02- 01) cepted as the angular dependence curve characteristic of a
+ hE cos( 011) + 77= 0, (4) domain-wall pinning dominated coercivity. We notice that

our curves deviate significantly from the inverse cosine
along with the condition cos(0t)>cos(0 2). curve for this range of E and value of F and W with the

Here we have also introduced the dimensionless param- deviation decreasing as E approaches unity. Also included in
eters E, F, h, and W: this figure are measurements of the normalized angular de-

A 2M 2  HM, D pendence of the coercive force for Fe77Ndi 5B8 done by
E'--A 2K2 F= -- h W=-- Kronmuller et al.6

AKI, t KI TIn Fig. 2, the ratios E and F take on very small values

vsed in Ref. 8, where 0 is the actual width of the defect and ranging from 0.025 to 0.1 and the normalized defect width W
8= (A 2/K2)"2 is the domain-wall half-width within the defect is again held constant at the value of 2. This range for E and
region. F corresponds to differences within the material parameters

Given a value for the normalized external field h and A,, Ki, and Mi between the host matrix and the defect
0,1, there is a set of 0t's for which a 02 in (61,180°) satisfy- region of up to two orders of magnitude. For these small
ing Eq. (4) will exist and W(01, O0)<-, where W( 0 ,02) is values of E and F, we see a very pronounced decrease in
determined by Eq. (2). This gives rise to a set {WOI} of h,.( 0)/h,.(O) as 01, increases from zero. Physically, the ex-
normalized defect widths. These are values of W for which ternal field required to drive the domain wall across the de-
there exists a static domain-wall solution that satisfies the fect is decreased when applied in directions deviating from
given boundary condition. In particular, ý--o)>0° and 0(-) the anisotropy axes, with the minimum required field occur-
= 180' are satisfied and thus a domain wall is still present. ring at 01.,,50'. Note that for E = F = 0.025, applying the
Thus, for all widths W in {WO,}, the field h is insufficient to external magnetic field at 550 with respect to the anisotropy
drive the wall over the defect. axes will reduce the coercive force by approximately one

The minimum W, of the set {WO} corresponds to the half that required to demagnetize the material with a field
critical width at which It is sufficient to drive the wall over parallel to the anisotropy axes.
the defect region and magnetic reversal begins. As one The last figure, Fig. 3, plots h, vs W rather than
would suspect, it was found that W, increases as a function h,( 0,)/h,.(OI vs U,1 . We do this for the values of OH ranging
of h. Thus any field smaller than It would be insufficient to from 5' to 80'. The ratios E and F are held constant at 0.5
drive the wall across a defect of width W,(h) as contrasted and 0.75, respectively. Notice that for a given value of On,
to a field greater than h. Therefore h, =h is the coercive when W is greater than approximately 1.5, there are essen-
force corresponding to the given defect width W,(h). tially no further change,, in It,.

Figure 1 shows the tatio of the normalized coercive In Fig. 1 as well as in subsequent work we see that as E
forces h,(0,,) and h,(O) versus the angle of deviatiot, 6,, of and F approach 1, the angular dependence approaches the
the external field with respect to the anisotropy axes. The inverse cosine relation. Physically, the parar'cters E and F

6272 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 B. Edwards and D. I. Paul



0.8 We have found that little or no dip is seen in the angular
dependence when either E or F has value close to unity. It
appears that both E and F must be small together in order for

(2 a significant dip to be present. This suggests that the ex-

v.--- change energy, present in both of the parameters E and F,
. 0.4 / takes on a dominant role in the cause of this dip.

0/ ( It has been shown by Friedberg and Paul 7 that as W0/ 'V-' approaches zero, the value of HC(O)/HA approaches zero.
0/ VV Therefore we would expect that for small values of W, the

/' , 'l angular dependence curve will be close to 1/cos(O,1 ). How-

o.C ) . ever, the "critical width" above which the angular depen-
0 2 dence significantly deviates from 1/cos(011) will depend on

VV the values ofA:/At1 , H21/t, and M 2/M. - In particular, we
have found that if A 2/A decreases from 0.75 to 0.03 (a
factor of 25), this critical width is reduced by one order of

FIG. 3. Normalized coercive force h, as a function of the normalized defect magnitude. Calculations along these lines suggest that it is
width W for the values E =0.5 and F=0.75. Curve (1) is for OH = 8 0', curve n s fe
(2) is for OH =65', curve (3) is for OR•=35% and curve (4) is for O0il necessary for H,. to be approximately two orders of magni-

tude smaller than HA for 1/cos(On1 ) to be a good approxima-
tion for the angular dependence.

approach I when the changes in the magnetic parameters A The normalized angular dependence of the coercivity
measured as a function of the applied field angle forMr, and Ki between the host material and defect become Fe77NdtsB8 6 has been included in Fig. 2 for comparison with -

negligible. This is the basic criterion for the 1/cos(Of) angu- te ordticas been inlude noFig. 2 for omparis with
lar dependence to take over. In the analysis of the normalized our theoretical curves. As will be noticed, the fit of this data
coercive force for - done by Friedberg and Paul, 7 it to our curves leaves something to be desired, as was the case

cowhenfrc this data wase copae toeder othe theretca wok 5,6

was shown that as E and F converge to 1, HC(O)IHA goes to when this data was compared to other theoretical work.

zero. Therefore the criterion mentioned above is similar to There needs to be more experimental work.

the arguments made in previous works for the occurrence of The nucleation dominated angular dependence curves
a 1/cos(61H) curve for values H,<•Ha .4,6,9 derived in Ref. 5 as well as the pinning dominated curves in

We find that a change in A, between the host and defect this paper show a decrease in hc as a function of OH for

material, causing a decrease in both E and F, produces the certain parameter values. Although for given values of E, F,

greatest deviation from the inverse cosine curve while a and W, the model in Ref. 5 and our model may give entirely

change in K1, causing a decrease in E alone, produces a different looking curves; as a whole one cannot look at an

slightly smaller deviation, and finally, the smallest deviation angular dependence curve to determine the coercive force

is produced by a change in Mi between the host and defect mechanism without explicit knowledge of the parameters E,

material, causing a decrease in F alone. Therefore the ex- F, and W. These qualitative similarities are seen to be true

change energy seems to be the most influential in determin- when comparing our curves to nucleation dominated angular

ing the appearance of the inverse cosine angular dependence. dependence curves derived from other models as well. 6 '9

As seen in Fig. 3, at any given On, h,(On1 ) as a fuiction This indicates that caution must be used if one is trying to

of W becomes essentially constant for W> 1.5. This asymp- determine whether a certain material's coercivity is pinning

totic behavior in hc(OH) as a function of W was shown for or nucleation dominated by comparing its angular depen-

0n=0° by Paul.8 We see now that it is exhibited at values of dence curve with theory.

OH other than 0' and from this conclude that the behavior of 1M. Sugana, S. Fuyimoia, N. Tagaua, H. Y-i:nomoto, and Y. Matsura, J.

an angular dependence curve, h,(OH)/h,(0), is only a func- Appi. Phys. 55, 2083 (1984).

tion of W for W less than approximately 1.5. 2j, j, Croat, J. F. Herbst, R. W. Lee, and F. E. Pinkerton, J. Appl. Phys. 55,
2078 (1984).

Figure 2 shows a "dip" in the normalizu~d coercive force '0D. Elbaz, D. Givurd, S. Hirosawa, F' P. Missell, M4. F. RoSNignol, and V.
as Oq increases. Indeed, not only is the increase with On Vilas-Boas, J. Appl. Phys. 69, 5492 (1991).

shown in our model not as great as that predicted by the 4D. Givord, P. Tcrnaud, and T. Viadieu, J. Magn. Maga. Mater. 72, 247

inverse cosine curve, but for small E and F (<0.5 if W- 2), (1988).
'A. Sakuma, S. Tlnigawa, and M. Tokunagi., J. Magn. Magn. Mater. 84, 52

h, actually decreases as 0,q increases from 0W. Physically, (1990).
this means that for these values of the parameters E, F, and ('1 t. Kronmullr, K. D. Durst, and G. Martinik, J. Magn. Magn. Mater. 69,

W it is easier in general to demagnetize the material by ap- 149 (1987).
the external field in directions other than along the R. Friedberg and D. 1. Paul, Phys. Rev. lUtt. 34, 1234 (1975).

plying h x a e. I. Paul, J. Appl. Phys. 53, 1649 (1982).

anisotropy axes. The maximum decrease in h, for small E "). Givord, Q. Lu, M. F. Rossignol, P. Tenaud, and T. Viadieu, J. Mag. -
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Magnetic Multilayer-Coupling I R. Beach, Chairman

Magnetic structures and interactions in Ho/Y, Ho/Lu, and Ho/Er superlattices
(invited)

R. A. Cowley, D. F. McMorrow,a) A. Simpson, D. Jehan, P. Swaddling, R. C. C. Ward,
and M. R. Wells
Oxford Physics, Clarendon Laboratory, University of Oxford, Parks Rd., Oxford OXI 3PU, United Kingdomt

Ho/Y and Ho/Er superlattices have been grown by molecular-beam epitaxy using a Balzers UMS
630 instrument. The superlattices were grown on a sapphire substrate with an Nb buffer and Y seed
layer. X-ray-diffraction techniques were used to characterize the crystallographic structure and
neutron-diffraction techniques to determine the magnetic structures. The results for the Ho/Y
systems were consistent with long-range order being formed coherently through the whole
superlattice. The moments in the Ho layers were aligned in the basal plane and most of the structures
could be described by helical structures with a turn angle between holmium planes of elti and
between nonmagnetic Y planes Ty. AIy is found to be largely independent of temperature or
superlattice, while Iel decreases with decreasing temperatures and at low temperatures takes a
commensurate value, so as to take advantage of the basal plane anisotropy. The results for the Ho/Er
superlattices differ because the Er has a magnetic moment and the anisotropy favors alignment
along the c axis. Between the ordering temperature of bulk Ho and bulk Er, the results are similar
to those of the Ho/Y superlattices. The ordering propagates through the Er layers but the Er
moments are not ordered. At lower temperatures the Er moments order in a cycloidal (a/c) structure
with the basal plane components having fairly long-range coherence with the Ho moments, but the
c-axis components having no coherence from one Er layer to the next.

I. INTRODUCTION seed layer before the superlattice and capped by a 300 A Y
layer to prevent oxidation of the magnetic material. The

Rare-earth superlattices show a number of novel and in- chemical and crystallographic quality of the superlattice is
teresting properties as has been reviewed by Majkrzak et al. 1 then determined using x-ray diffraction. Typically the super-
We have extended this work particularly to the superlattices lattices have a mosaic spread of 0.16', a chemical coherence
containing Ho, and have studied superlatlices of Ho with the length of about 2200 A, and an interface width of about 5
nonmagnetic elements Y2 and Lu,3 and also Ho and the mag- atomic planes.
netic element Er. Bulk Ho orders magnetically below 132 K The magnetic structures were determined by neutron-
into a helical magnetic phase in which the momznis align scattering techniques using triple axis spectrometers at the
ferromagnetically in each basal plane but rotate from one DR3 reactor of the Ris6 National Laboratory. Typically, 5
plane to the next by an angle !,, which decreases on de- meV incident neutrons were selected with a pyrolytic graph-
creasing temperature from 520 at the TN to an average of 300 ite monochrometet, and second-order contaminant neutrons
below 18 K, when the moments also tip out of the basal were suppressed with a cooled Be filter. A pyrolytic graphite
plane to form a cone phase. One of the interesting aspects of analyzer was used to ensure that only elastically scattered
Ho is thL existence of a series of long period commensurate neutrons were detected. The collimation was typically from
spin-slip structures, 4 due to the basal plane anisotropy. Our reactor to detector 60'-30'-30'-120' and gave a resolu-
choice of Ho superlattices was therefore made to see if H-lo/Y tion in the scattering plane of 0.(01 A 1. The samples, whose
superlattices behaved similarly to tile Dy/Y superlattices pre- growth direction is always perpendicular to the c axis, were
viously studied, to determine the effect of the basal plane aligned with the (hol) plane in the scattering plane and
anisotropy on the magnetic structures, and to determine the mounted in a variable-temperature cryostat so that the tem-
structures of the Ho/Er superlattices in which the Ho and Er perature could be controlled to 0.1 K. The scattered intensity

have competing anisotropies. was determined as the wave-vector transfer was scanned
The superlattices were grown by molecular-beam epi- along the (001) and (1(01) directions. The former provides

taxy in Oxford using a Balzers UMS 630 facility. The tech- information about the basal plane ordering of tile magnetic
nique followed was developed by Kwo et al." and has been moments, while the latter gives intensities dcpcndcnt on both
described in detai;.2 The superlattices are grown on a sap- the basal plae and c-axis moments.
phire substrate with a 500 A Nb buffer layer and a 1000AY IL) RESULTS FOR HO/Y SUPERLATTICES

"Pernanen address: Physics Dept., Danish AEK, Ris6, Roskilde, I)K 4000 TFile results for the 14o/Y superlattices have heen
Denmark. published2 and so the result,; will only be briefly summarized
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FIG. 1. The neutron-scattering intensity (Ref. 2) observed from a 0 10 20 30 40 50
(Ho 40YI5)50 superlattice along (001) al a series of temperatures at intervals Lattice planes of Ho
of 10 K from 130 to 10 K. The nuclear (002) scattering is temperature
independent and the magnetic scattering grows with decreasing temperature.
Note that even at 120 K, the magnetic scattering is two peaks showing FIG. 3. The turn angle (Ref. 2) 1/P, for Ho in various superlattices showing
long-range coherence. that at least for thick superlattices, '4', is largely independent of the Y

thickness and that T'4', is close to a commensurate spin-slip value. The solid
line is a guide to the eye, and the errors are about the symbol size.

here. The neutron scýattering as a function of temperature
from the Ho 40Y15 superlattice is shown in Fig. I and shows while the block lengths and interface thicknesses were taken

the growth of the magnetic scattering with decreasing tem- from the x-ray results.

perature. The magnetic scattering at every temperature shows The model gave a good description of the results and the

several separate peaks showing that the ordering is always parameters for the Ho 40Y15 sample are shown in Fig. 2. The

coherent through the nonmagnetic Y blocks. In this respect Y turn angle Ty ts independent of temperature and was in-

the result is similar to that found for the Dy/Y system.t deed found to be the same and constant for all the Ho/Y

A more detailed description requires a model. We have superlattices. The Ho turn angle 'PN, was found to decrease

used a model in which there is a turn angle between the with decreasing temperature but less markedly than for a

magnetic moment direction on successive Ho planes qt4 H, pure Ho film or bulk Ho. Presumably the decrease with de-

and one between successive Y planes Wy, and moments on creasing temperature arises largely from the effect of the

both the Ho and Y planes. The fits showed that the data were ordering on the turn angle 6 as in bulk Ho, while the differ-

consistent with no moment on the Y planes, and the same Ho ence between the behavior of bulk Ho and the Ho superlat-

block lengths and interface widths as the crystallographic fits tices is due at least in part to the clamped lattice parameters

to the x-ray data. Consequently, in the final fits, o0ly 1 TH, and consequent strain of the Ho in the superlattice, as found

WY, and the moment on the Ho planes were allowed to vary in Dy/Y superlattices.'
The low-temperature Ho turn angles for several Ho/Y

superlattices are shown in Fig. 3, and are largely independent
of the Y block thickness and increa'se steadily with decreas-
ing Ho block thickness. The sampl:.s with more than eight
Ho planes, for which interdiffusion is not too severe, all have

b.55 -', • , "i close to the turn angle for a commensurate spin-slip

structure, 400, 42.90, 450, and 480. These spin-slip structures

50 A also show higher harmonics of the magnetic satellites, but
QA interestingly these did not show the separate peaks of the

4 A5- main magnetic satellites, only a single broad peak, whose
width was consistent with the scattering from an isolated Ho

Q 40 A ^ block. The conclusion is that, while tne primary magnetic
satellites show coherence in phase and chirality through the

0 35 00 nonmagnetic Y blocks, the extra spin-slip features of the
-, structures are not coherent from one magnetic block to theS30 "next.

Similar measurements3 have been made for the Ho/Lu
25 system. The basic results are very similar to those obtained

0 Temperature (K60 ) for the Ho/Y system except for:
(I) The Lu turn angle (K) is 40 and possibly varies more

FIG. 2. The temperature dependence (Ref. 2) of the turn rengles lt Ty from system to system than that of Ls 'a p,

(0) for the H0o4 Y15 superlattice. Also shown is 1PI' (0) for an epitaxially

grown H-) film and for bulk Ho (solid line). The eirors of the fitting are (2) The turn angles for V1',/ are less than those of bulk Ho at

shown oy the point size. the san.L, temperature.
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FIG. 4. The temperature dependence of the coherence length for the basal 0.70 0.80 0.90 1.00
plane ordering of Ho/Er superlattices. The data were obtained from the (170 0.80 0.90ansf 00
scattering along (001) and have been corrected for the resolution effects Wave-v ector Transfer (X-')
(Ref. 10).

FIG. 5. The scattering (Ref. 10) observed for a scan along (101) for the
1o21oEr22 system at 8 K. The fit is to a series of Gaussian peaks; the narrow

(3) A basal plane ferromagnetic phase with 'qi',0 was oh- peaks arise from the basal plane ordering and the broad peak from the

tained at low temperatures below 30 K in samples such longitudinal ordering. The latter peak gives a correlation length of about the
thickness of a single Er layer.

as Ho2oLul 5 , and successive Ho blocks then ordered par-

allel or antiparallel, dependent on the number of Ho lay-
ers. This structure does not occur in bulk Ho and prob- in Fig. 5. Fits to Gaussian peaks show that the widths of the
ably results from the strain of the Ho in Ho/Lu sharp components increase in the same way with decreasing
superlattices as shown for Dy/Lu superlattices.7 temperatures as the peaks observed along (001), while the

broad peak has a width corresponding to scattering from a
Ill. RESULTS OF Ho/Er SUPERLATTICES single Er block and a position to a turn angle similar to that

of bulk Er at the same temperature, see Fig. 6.
The Ho/Er superlattices are of interest because the A model which accounts for this behavior assumes that

crystal-field anisotropy for Er favors alignment of the mag- the Ho moments align in a basal plane helix, while the Er
netic moments along the c axis. Bulk Er has a longitudinally moments align in an a/c cycloid with the basal plane corn-
modulated structure below TN=8 4 K, which on cooling be- ponents of the cycloid coherent with the Ho moments, but
low 52 K becomes a cycloidal phases with the moments the sense of rotation of the cycloid is randomly clockwise or
largely confined to the a/c plane above 18 K and a cone anticlockwise, destroying any coherence of the c-axis mo-
phase below 18 K. Thus, between 84 and 20 K, the crystal
fields in Er and Ho favor alignment in different directions.

We have studied several different Ho/Er suporlattices. At
high temperatures, above the ordering temperature of bulk 0.3 0

Er, the results are qualitatively similar to those of the Ho/Y . . ..

systems. There is a long-range coherent basal plane helical 50 -

structure, and fits suggest that there is a negligible moment o.B.
associated with the Er atoms and that the turn angle in the Er 025 - 0 4'

is 51±t1'. The turn angle associated with the Ho is similar to 0-

that of bulk Ho. This result shows that the long-range basal o 40

plane order propagates through the Er layers even without - •
simultaneously ordering the Er moments. The magnetic co- Q) 0.20 * 35
herence length of the structure is many superlattice periods • £ *

-600 A. Similar rcsults9 have been found in Dy/Er superlat- 30 .
tices above 85 K.

On cooling below the erbium transition temperature the 0.15 o ' 0 0 o 0
0 20 40 60 80 t00

scattering changes. First, the width of the peaks along (001) Temperature (K)
increased, showing that the correlation length associated
with the basal plane structure decreases; see Fig. 4. Second, FIG. 6. The turn angles qIt, and '1: for the holmium and erbium moments
the scattering along (101) consisted of sharp peaks, presum- (from the broad longitudinal peak). The Ho values are the filled symbols and

solid line for the bulk while the Er values are the dashed line and open
ably associated with the basal plane structure and, in addi- symbols. The symbols correspond to -o 21r0 2  (s), Ho1 Er25 ('1, and
lion, a broad peak, as shown for the Ho2e/Et22 sample at 8 K Ho04 Ert1 1 (0).
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ments between the different Er layers. This model is clearly largely independent of the Y layer thickness.2 They are con-
consistent only if the Ho and Er turn angles have values such sistently higher than those of the llo/Y alloys with the same
that the different structures match up at the boundaries of the average composition. Finally, when the Ho/Lu supcrlattices 3

layers. Full details of the models will be published or the Gd/Y or Dy/Y superlattices' order into basal plane
elsewhere.10  ferromagnetic layers, the ordering through the Lu layers

The lack of the long-range coherence, particularly for changes from propagation of a helical ordering to an order-
the c-axis, was surprising because long-range coherence has ing which is either ferromagnetic or antiferromagnetic. This
been observed in the Er/Y system. 11 change in the effect of the Y layers is inconsistent with tile

simple RKKY interaction, and not convincingly explained by
IV. SUMMARY AND DISCUSSION existing calculations.12

The magnetic structures of Ho/Y, Ho/Lu, and Ho/Er su- The results for the Ho/Er system are also not readily

perlattices have been determined using neutron-scattering understood. How does the order propagate through the Er

techniques. Ttie results for Ho/Y anid Ho/Lu superlattices are layers above TN for Er without producing ordering in the Er

qualitatively similar to those of Dy/Y and other superlattices, layers? Once the Er moments begin to order, it is difficult to

in that long-range (.oherent magnetic structures are produced understand why the coherence length of the basal plane or-

in which the order propagates through the nonmaguelic lay- dering decreases, or why there is no propagation of the lon-

ers. As for Dy/Y and Dy/Lu superlattices, 1' 7 the strain in the gitudinal ordering through the I-IH layers, as would be ex-

Ho/Y layers means that the Ho turn angle is larger than in pected if the interaction had the simple S1 .S, form.

bulk Ho, while in the Ho/Lu layers it is smaller. The basal One possible explanation of the results is to consider the
plane anisotropy leads, at low temperatures, to spin-slip band structure of the magnetically ordered structure, when

commensurate structures within each Ho layer, but there is the electrons at the new supcrzone gaps must have

no coherence of the spin-slip aspects of the structure from conduction-band spin-wave functions associated with the na-

one layer to the next. In the case of the Ho/Lu superlattices, ture of the magnetic ordering." This then leads to a long-

there is a new phase in which the Ho forms basal plane range interaction only if tihe metals have similar band struc-

ferromagnetic layers which are oriented either ferromagneti- tures and for only the spin ordering which forms ihe initial

cally or antiferromagnetically with neighboring layers. spin-density wave, We intend exploring this model else-

The Ho/Er structures are more complicated because the where.
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Epitaxial ferromagnetic MnAs thin films grown by molecular-beam epitaxy
on GaAs: Structure and magnetic properties

M. Tanakaa) and J. P. Harbison
Bellcore, 331 Newman Springs Road, Red Bank, New Jersey 07701

M. C. Park, Y. S. Park, T. Shin, and G. M. Rothberg
Department of Materials Sciences and Engineering, Stevens Institute of Technology Hloboken,
New Jersey 07030

We have studied structural and magnetic properties of epitaxial MnAs thin films with various
thicknesses (L = 1.0-200 nm) on GaAs substrates. The MnAs thin films were grown at 200- 250 'C
on an As-rich disordered c(4x4) (001) GaAs surface by molecular-beam epitaxy (MBE). The
growth direction of the MnAs was found to be along the [Iil00] axis of the hexagonal unit cell.
X-ray spectra of the MnAs at room temperature have two peaks, indicating that the present
MBE-grown MnAs films consist of the hexagonal ferromagnetic phase and orthorhombic
paramagnetic phase. Magnetization measurements revealed that the MnAs thin films have perfectly
square hysteresis characteristics with relatively high remnant magnetization Mr = 300-567 emu/cm3

and low coercive field H,=65-926 Oe, compared with those of epitaxial MnGa and MnAI thin
films reported previously.

Epitaxial ferromagnetic thin films grown directly on temperature of the ferromagnetic aMnAs is 40 'C, slightly
semiconductors have generated much interest, since (1) high above room temperature. The crystal structure of the aMnAs
structural quality and submicrometer uniformity is expected is hexagonal of NiAs type. with lattice constants of
in epitaxial monocrystalline thin films, leading to high reli- a =0.3725 nm and c =0.5713 nm, as shown in Fig, 1. At the
ability in small scale devices and (2) such heteroepitaxy of stoichiometric composition, this ferromagnetic MnAs phase
dissimilar materials can lead to a new class of device appli- extends up to 40 'C, and paramagnetic flMnAs of a MnP-
cations having properties both of ferromagnetic materials type orthorhombic structure (with lattice constants of
and of semiconductors..' Among a number of material a=0.366 nm, b=0.636 nm, and c=0.572 nm) and paramag-
choices, using Ill-V compound semiconductors like GaAs as netic yMnAs of a NiAs-type hexagonal structure exist at
a substrate allows the coupling of magnetism with high- 40-12S 'C and above 125 'C, respectively.
speed semiconductor electronics/photonics, offering a wide The MBE growth was performed in a conventional Ill-V
range of possibilities for the fabrication of new hybrid MBE machine (Riber 2300) with a Mn effusion cell. After
magnetic-semiconductor devices. However, none of the el- growing a 100 rni thick undoped GaAs buffer layer on a
emental metals can meet the following stringent require-- (001) GaAs substrate at 580 'C, the substrate temperature T,
ments: the ferromagnetic metals must grow epitaxially on was cooled to -200 'C, watching the reflection high-energy
GaAs, must be thermodynamically stable with no reaction electron-diffraction (RIHEED) patterns. During the cooling
with GaAs, and must be morphologically stable on GaAs. 2  process, the surface reconstruction of the GaAs changed

We have found that some metallic compounds can sat- frorn (2x4) to c(4X4) in the RHEED. When the As., flux
isfy these requirements. 3-6 Ferromagnetic tetragonal MnAI13 .4

and MnGa,5 , Mn-based metallic compounds having con-
mon Ill-column atoms with AlAs and GaAs, have been
grown by molecular-beam epitaxy (MBE) on GaAs sub- Hexagonal MnAs Unit Cell
strates. Furthermore, very recently, we have successfully x(H)l I
grown another ferromagnetic metallic compound, MnAs, by a ,m3,725A
MBE on GaAs substrates. 7 This magnetic binary compound t

based on arsenic is more compatible with conventional iI1-V
MBE. Though we have reported the initial results on the T
MBE growth on MnAs thin films on GaAs,7 no detailed and ,=5_ I 1A
systematic studies have been done on the MnAs/GaAs svs- ]
tem. In this paper, we present structural and magnetic prop-
erties of the epitaxial MnAs wiiih various thicknesses (L,

1.0-200 nm) giown or, (001) GaAs subs4trates.
In the bulk Mn-As system, MrAs at the stoichiomctric Growth direction

composition (Mn.5 Ass,)) has a thermodynamically stable fer- .. . .
romagnetic phase (cy phase) at room temperature." The Curic 0-A

iFIG. I. The crystal sticitnc of tihe crronomagnctic MnAs is hcxagoinal of
"TPresent address: Department of Flectrical Engineering. University ot 'l'- NiA,, type. with lattice constants i to a 1.3725 am1 and " 0.5713 ni. Thc

kyo, 7-3-1 Ilongo, IBhtikyo-kn, Tokyo 113. Japanl. growth direction is also shown in tthe figure.

6278 J. Appl. Phys. 76 (10). 15 November 1994 0021-8979/94/76(10)/627813/$6.00 ,i, 1994 American Institute of Physics



MnAs (50 nm) / GaAs
2 MnAs 50 nm

200C
GaAs (002) M,=507 eru/cnr•

C5

0)

€-MnAs --

_ dn . 2 m1 // [U 201 M nA s
c::=-0.321 rim 2//[1101GaAs

-0.8 -0.4 0 0.4 0.8
X Magnetic Field (kOe)
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34 32 30 28 26 24

2-theta (deg)
various azimuths during the growth. The RHEED measure-

FIG. 2, X-ray spectrum of a MBE-grown 50 nm thick MnAs film along the ments showed that the in-plane lattice constants are very
direction perpendicular to the substrate, measured at room temperature close to those of hexagonal aMnAs, and the epitaxial rela-
(20 C). tionship was found to be [1120] [0001] MnAs//[110][110]

GaAs.
We have performed magnetization measurements on the

was supplied to the c(4X4) GaAs surface for a few minutes MnAs thin films, with the thicknesses ranging from 1 to 200
at 200 °C, the surface reconstruction changed from c(4x4) nrn, at room temperature using vibrating sample magretom-
to disordered c(4X4) surface [d(4X4)], where the half or- etry. All the MnAs films have strong magnetic anisotropy,
der streaks in the RHEED are weakened, indicating disorder and the easy -magnetization axis was found to be in plane,
caused by the accumulation of extra As atoms.9 Then the Mn along the [1120] axis of the hexagonal lattice of MnAs,
shutter was opened to grow MnAs thin films with various which is parallel to the [110] axis of GaAs. Almost perfectly
thicknesses (L = 1.0-200 tm) on the d(4X4) GaAs surface at square hysteresis characteristics were seen as shown in Fig.
200--250 °C with a growth rate of -50 nm/h. The As/Mn 3, which is taken from the 50 nm thick MnAs, when the
ratio was set at 2.0-5.0. Under these growth conditions, the magnetic field was applied along the [1 i20] axis of MaAs
growth rate of MnAs is determined only by the Mn flux as in (//[110]GaAs), whereas almost no hysteresis w'as observed
the growth of GaAs and related III-V semiconductors. when the field is applied along the [0001] (c axis) of MnAs

Figure 2 shows an x-ray spectrum of a 50 nm thick (//[il0]GaAs) or perpendicular to the film plane. This indi-
MnAs along the direction perpendicular to the substrate, cates that the MBE-grown MnAs thin films have strong mag-
measured at room temperature (20 °C). Similar x-ray results netic anisotropy. We find this to be true for all thicknesses
were obtained for all the other MnAs thin films grown under studied (1.0-200 nm). The values of remnant magnetization
the same growth procedure and conditions. A huge peak at M, and coercive field H, of the 50 nm MnAs are 567
31.6' is the (002) reflection of the GaAs substrate. The other eniu/cm 3 and 396 Oe, respectively, as shown in Fig. 3. This
two peaks around 28' are from the MnAs thin film. The M, value is slightly lower than that of bulk MnAs (600-700
stronger peak shows a lattice spacing of d=0.321 nm, cor- emu/cm 3), but much higher than the best values (225-270
responding to the (1100) reflection of hexagonal aMnAs. emu/cm 3) we have obtained for MBE-grown MnGa 5 and
This indicates that the growth direction of the ferromagnetic MnAlI t° thin films. The H, value of the MnAs is much lower
MnAs is along the [1100] (see Fig. 1). A minor peak is also than that (. 1-5.0 kOe) of the MnGa and MnAI. The high
seen at the shoulder of the major peak, showing a lattice Mr and low H,. with perfect squareness in the hysteresis
spacing of 0.317 nm, which corresponds to the (020) reflec. characteristics are very attractive for future device applica-
tion of the orthorhombic 83MnAs. In bulk MnAs, the tions including magnetic digital memory.
hexagonal-orthorhombic transition is known to occur at the Figure 4 shows the thickness dependence of the room-
Curie temperature (T,=40 °C) through very slight lattice temperature (20 'C) magnetic properties, saturation magneti-
distortions, since the two structures are very similar. In the zation M., and coercive field H,: of the epitaxial MnAs thin
present MBE-grown MnAs films, the paramagnetic f3MnAs films on GaAs Tie thickness dpendence of the M, is pecu-
coexists with ferromagnetic aMnAs at room temperature liar, hav!ag its maximum value at a thickness of 50 nm. The
(20 °C), though the major part of the film is the a phase. The decr-ase of Mf, when the thickness i:, greater than 50 nm
reason for the existence of the f6 phase below T,. is unclear, c'juld be related to the increase of sutlace roughness and
but its formation might be the way MnAs relaxes the strains deterioration of the epitaxial quality, as observed in the
caused by the misfit to the GaAs substrate. RHEED. The value of H,. increases from 65 Oe at I rim to

To investigate the cpitaxial relationship in the present 926 Oc at 10 nm, taking the maximum value, and then de-
MnAs/GaAs system, RHEED patterns were observed along creases again to 108 Oe at 200 tim. Sonic very thin films of
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600--- "- "" - 'r ' -' . 1000 ments revealed that the MnAs thin films have perfectly
. /square hysteresis characteristics with relatively high remnant

s00 /". \a.oo•800 magnetization M,=301-567 emu/cm3 and low coercive field
H,.=65-926 Oe.
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Co/CoAl magnetic superlattices on GaAs
J. De Boeck, C. Bruynseraede, H. Bender, A. Van Esch,a) W. Van Roy, and G. Borghs
IMEC, 75 Kapeldreef, B3001 Leuven, Belgium

Co/CoAl multilayers are grown by molecular beam epitaxy on AlAs/GaAs (001). CoAl is used as
a template for the epitaxy of Co. From RHEED and lattice matching considerations bcc Co is
expected, but thicker Co layers are probably fcc with stacking faults. The crystallographic structure
of the Co layers is unclear at present. Room-temperature magnetization and magnetoresistance data
are presented. Co/CoAl multilayers with various CoAl thickness all show in-plane magnetic
anisotropies along (110). Uniaxial anisotropy along (110) is found to increase with increasing
thickness of the CoAl layers in the multilayers. The magnetoresistive effect as a function of the
orientation of the current path and the applied field is ascribed to domain-wall effects and internal
Lorentz magnetoresistancc.

I. INTRODUCTION high-temperature cell is used with either a Be() or A1203

crucible. For the III-V growth, standard K cells and an EPI
Metal epitaxy on semiconductors has received great in- valved As-cracker source are employed.

terest over the past years, motivated by the need for stable The structure of the samples is characterized using trans-
ohmic contacts and Schottky barriers for submicrometer de- mission electron microscopy (TEM) and the magnetic prop-
vice structures and buried metal layers for novel devices.1  erties are studied using an alternating gradient field magne-
Recently, progress has been made in epitaxy of ferromag- tometer (AGFM 2900, Princeton Meas. Corp.) in addition to
netic metal thin films on Ill-V's such as elemental Fe2 and magnetoresistance measurements.
Co 34 and Mn-Ill compounds such as MnAI,s MnGa" on
GaAs. The combination of ferromagnetic thin films and
semiconductor heterostructures is expected to lead to novel III. RESULTS AND DISCUSSION
device concepts. Epitaxy of elemental metals on III-V is a
problem because single-variant epitaxy, morphological Prior to the metal epitaxy, a GaAs buffer is grown on the
smoothness, and thermodynamica3 stability are never simul- GaAs (001) undoped substrates. On top of the GaAs buffer
taneously achieved. Fe and Co are known to react with the an AlAs layer of 10 nm is grown, the thickness of which is
semiconductor at relatively low temperatures and buried thin controlled using RHEED oscillations. The substrate is sub-
films coalesce upon regrowth. Intermetallic phases, however, sequently cooled to about 150 'C while the As background
are more suitable as candidates for stable metal epitaxy on pressure is reduced by shutting the As valve and reducing the
semiconductors and a lot of effort has been invested in the temperature in the cracking zone to about 300 'C. At that
study of transition-metal aluminides (TMAI) such as NiAI time the Co cell temperature is increased to the operating
and CoAl.7.8 The lattice parameter of, e.g., CoAl (a1 =0.2861 point. Co and Al beam equivalent pressures are equalized for
nm) is close to half the lattice parameter of GaAs and to that CoAl growth using a Bayard--Alpert gauge. The background
of bcc Co (a0=0.2819 nm), while the large fraction of pressure was reduced below 3X 10- 1(Torr.
group-Ill elements reduces the reactivity at the metal/Ill-V For the CoAl template, we have adopted the grow'h se-
interface. Furthermore, the use of TM aluininides as tern- quence as described 8 by Tanaka et al. Upon the AlAs ,'001)
plates and interlayers in magnetic superlattices has shown to c(4 X 4) reconstructed surface, a ML of Co is deposited, fol-
be successful in ferromagnetic/metallic thin-film heterostruc- lowed by CoAl codeposition. Although CoAl can be grown
tures such as MnAI/NiAI on AIAs/GaAs.' In this work we at 350 'C on AlAs, the lower substrate temperature (150 0C)
study the use of CoAl as a template for Co epitaxy on GaAs is chosen in an attempt to stabilize Co "bcc." 4 In this paper
and as interlayer in a magnetic Co/CoAl multilayer and we report on a set of samples with a heterostructure of
present data on the magnetic properties of multilayers with 10X(6 /Y Co/t A CoAl) with 2.5 A<t< 15 A. The Co thick-
varying CoAl thicknesses, nesses are estimated from CoAl RHEED oscillations and as-

suming a0 (Co)=0.2819 nm. All samples are terminated by a
CoAl layer.

The growth of the heterostructure is monitored using
II. EXPERIMENT RHEED. The intensity of the RI-IEED specular spot de-

creases during cobalt deposition at 150 (C on the AlAs
The samples were grown using a Riber 2300 molecular- buffer. Upon deposition of the CoAl layer, the intensity re-

beam epitaxy system equipped with a 10t keV electron gun covers and clear oscillations are visible. CoAl adopts the
for reflection high-energy electron-diffraction (RHEEDI oh- structure of the ordered variant of the bcc CsCI (a(,)=0.2861
servations during growth. For the evaporation of Co an EPI nm). Initially, the RIIEED streaks are relatively broad, sug-

gesting that initial roughness is present, probably due to in-
')LTHV-Caiholic University Lcuven, Cclestijlicnlamn 201),(113001 Leuvej, teraction of the Co with the As present on the AlAs ((4 X 4)

Belgium. surface. The RIHEED patterns demonstrate the desirabIe ep-
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FIG. 2. AGI0M 'niaglictilalito, Illasu re lenlx (300) K) for- iI xl(o (o AyIFG1.RHEED ilqcs of I )-(c) Co an 1(d) If) ( Al layer%, forig uhe The0 CoAl thickness I is varied: S (No. 1)I, 10i (No. 2). and I S A (No. 3).Iasi Periodi )f it U A Co/S A CoAl)X 10 mtinllayei oil AlAs/GaAs. Theimages art, taken along different azimuths: (it) and (d) (t00ll (M Mhid (C)(I10),X and (e) and (f) (1I0i). The samples wihh 5 A CoAl spacers [Figs. 2(a) and 20b),
No. I I exhibit at steplike M-i1 behavior with very little renia-
nence in all direction,;. A difference between tile two or-itaxial relation (001)[ 1101 CoAII1fOOI )[ H ()AIAs. Both the thogonal (110) directions is visible. One of these directionsinterface roughness and the epitaxial relation are cnimd has a saturation field which is a factor or 3 larger (Hs-]Js IOJby EM, = 12(0 Ge, 9.55 kA/m) compatred to the orthogonal [11it)1A first Co layer was subsequently deposited oil the CoAl With increasing thickness of tite CoAl spacers (No. 2: I 0 Atemplate whilie rotating thle sample holder for optimium uni (.(c),(d)j and No, 3: 15 A lte)jf)I'l1, the uniaxial anisotropyforityuntl cmpltio oftil literstrctue. he estof' becomes more pronounced. Thie reniallence of the [l1t)] di-

the structure is fabricated by keeping thle Co cell open and] Aeto inrae onal 0% AiAs o olshutting the Al periodically. The deposition times for each A, while a steplike hysteresis with small rerranence is oh-layer are in the range of 30-90 s. Thle RHEEI) images dur- served ill the orthogonal direction, The (1010) directions rep-ing growth of all multilayer samples are indicative (of epitaxy resenlt a hlard magnetic axis of tile thinl fi1111 as illustrated by
in a cubic phase for tboth the Co and CoAl layer~s. Figure I
shlow,% a set of RI-Ei3D pictures taken from Co .Pigs. l(a)-
I (c)] and CoAl [Figs. 1 (d)- It (f], tormni tg the last period ofit a_ IJ0X(6 A Cu5A CoAl) multilayer. (a) GoAl (b) CoAllThle crystallographic structure of tile Co layers is pres- 0.5
ently still unclear. Given the close lattice match to CoAl and
the Ri-EED data suggesting cuibe--on-cube epitaxy, one
would expect tile bcc Co phiase to appear. Prelinminary ..
NMRl'] data on multilayer samples withl thiciker Co (-9 A)
layers whvlere RHEED showed adlditional spots around thle 1- ,tcentral streak for Co suggest that the Co structure is tee withI (C) GO (d) Costacking faults, whlich is surp~rising given tile lattice constant aS
of fcc Co (a,1 =0(.3545 urim) which does not correspond 0closely to CoAl (misfit-14%). A more detailed structural
investigationl is under way'Figures 2(a)-2( f) show the results of tile room-
temp~erature in-plane magLnetizatioll measurements (MAl/Mv) -05 o 0 U.0 5 .1 0 5as a function of crystal lograph ic direction. ('or samples with Field tkOe) Field (kOe)different CoAl spacer thicknesses. F-or all tile samples we 1:16. 3. A( tM roalicti,,lo j:i (II) I mu' IctKI2; 13111 K) mid for (ill la1d (11) 60lfind an anisotropy in thte plane. The saturation nmagnetization A (IA) Will (C lol (di 36, A OI~~ h 1 ( C)I~ I: Io ci l and IIill) ;1111) (di(Als) typically rahnge;; between 65(0 -,nd 7001 emai/ec. (1.
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0.4 msistance of the film does not change appreciably around

0.3 1H=0. For the measurements repeated at 77 K identical re-
suits were observed, This resistance behavior is attributed to

0.2 a combined effect of domain wall and carrier interaction and
0.i_ (a) () Lorentz magnetoresistance.'' In thle case (if resistance de-

(b) crease, the internal Lorentz nmagrietores-stance is removed at

0.0 (b saturation. In the case of resistance increase. a larger Lo~rentz.

ccI action is present at saturation. The influene of the domain
0 3 ~(wall) structure oin thle resistance canl bie important. but thle

02aCt ual domain con figurait ion is uniiknow n .tt presewn.

01-(C) (d) IV. SUMMARY

0ý0yLiThe epitaxial growth of Co'/CoAl multilavers" on AlAs,'

cafat present. From RIill-I) and lattice matching

FiG 4.Rorn-crpL'atre lanetreistne daa romtw CoCot oul Considerations lice C'o is expected but thicker (o layers arc
tilayers [(a) and (h), No. I and (0) and Wd). No. 2; see text and Fig 21 with probably fcc. ('oI(oAl multilaycrs with variotus ('oAl thick-
different CoAt thicknesses. In alt cases the applied magnletic field (11) is ness. all show inl-plane m~a"10gneti toic log( 1)
orthogonal to the easy axis ([I t ljl, and either (a) and (M orthogonal or (h) Magnetoresistive effects at low fields are ascribed to domlain-
and (d) parallel to the current direction. % all effleets and intte rnal Lorenutz magne toresistat c.
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Investigations of the interplay between crystalline and magnetic ordering
In Fe3O4/NIO superlattices

D. M. Lind, J. A. Borchers,') R. W. Erwin,') J. F. Ankner,b)ý E. Lochner, K. A. Shaw,
R. C. Miari, W. Portwine, P. Stoyonov. and S. 0. Berry
De'partment (if Centet.( '?hr for Attaterial I .aar,/r and b' hlinorlogAl 'PARR II (h and till/r 't i mVauna i / 11
Afaignefic Field Laboruators Ilarida St(ateUticnait'ltt Jffii~ha/nisre I lorul,, 3.1300010,io'

Using SQUID) miagnctone t. \ and both v rat - and tieuLt a ii- dii tract it n I cchntlio qu \% A: h1; A. st idlkicd
the structural and magnetic ordering ot aI %cries (it Fe ,( ), Ni()supcrlaiticcN grown h% M lil-. Via\s
diffraction revezil% that the supertait ices are coherent. single phasei~ crst~il, "lilt Ii artn, iv inter t,ice
Symmetry ditferences between thec Fe ,( ) spinet and N it rocksiilt slitluclu cs lead lit Interfacial
stacking fault,.. rnanit'i-Jed Iin samen dittraction intensities. Anal\, ss at thle nurndtrit pcr
%how that the N i( antiet erromnagne tie ordet r g is co he rent t h rough se' e at slupc rat tice h a.cs
while the Fe A(), magnetic ordLe rI ig isý cantfined I(IIMa I(I I Wd' i Ia iiitel\r Ctn' staNLckIn.IIg fIlt ii III al

%iipcrlattices but those wkith thinnest 4 IttM At Nit) miuitela' rs Neritrirn dittraictiorn anti Sol-it))
inagnetonictrN huve been used 1a stud%. thet ICA,( ) Vrs!IN'V phasek trallsition iii tIla'.ered~ct
%upcrlattices. "Ile chairge rdering Iin s-uperaIti %es U0h asjI e ,( 17s A .Ni () i1 A11C et' Ih

Vcrwev tranitiloll. drciits1 obser'.ablein II4 . i). 1 2) ncutioll intensit~lie. lildicaties 011 hIlto h1gighe
tMperx at ure a t the charge oreitnii tg Itrans IitIntI trm t(1e 11IulMIk I L j( ), / ' , it1 1-2 1 K WeA 1lso desrt'%tI h
oiigflingi effolts ito esvwct thk momentil distributionl In these4 supilclatices Itrain field depeidlirtic
hiigh -angle ne utrt '0 dill ract it l

1. INTRODUCTION lit: tact thlat Iiti ps-~iL' tit) not 111oadeni .% lilth iiieeasýIig Q is, a

We re;io10 receni t %tidie. lit thle nIagne it.e ordln ill luvnll gf in ihria cuimofteýlVlIIc

niu Iti tavers L~oin;l isd of Inol oitt at atid II~kc isleusilde I hec g0AIasI Iililtidic andt st11011tic tLiit t hese fit ii is ir e Jim st %tid tt

tirln Oxide is prepared Ill thle iagnetite spine iIc ,( ), hae oirg \ r~i\. iit'tiffior. Mill In %ti vit-Ltiiiii diffractionl. AsItiI

which torders J err oinagnet icatl I\~. anid the ritel oetxide Ilit w.i %ppot r t is ewi rk doiii ke usng ei"olec a 'it n cr isCII I A WC c

rtocksal f-structured cubic phasec Mu c h order s, .aiitit er'tiO1.1 lXI 'Imtite f thle chlar a("ctri Ia t iii til our tilins \%lilt h thee mnet I

net icalt v. Niti of theswrta tat slA mit er inaigncteticah \i11 od% antt.iiid then addtress- tll hpiewit t s\ot k
X rit and ,iiu cutani tilt I I actiol nIindicate that Iindividual

short-range coupling, allowinig u, it siuNtftsfleetsitle toI tile l.is ci' Ltt'mii lti .1 S A thick gioss sincle ci stnlltinc. %,%ilt the
local inr,.-rtaeial Magnetic etUIiuping 3rid 11iritertictll-dtisk iI ir plane11 .1Laiti e spac.ing spiimildco ito align Ilin :egis %tissill thle
strain. Studies ofttile structural andmfiiagnetic tirdein of9" I()'ihIjcltie11' 1 colpiclh 1-tallt r
these layered rma terial Is have beeni lItt ir med hf, comiitil ig t Ii tL ness de ic titleti t tl cr a goia rii lattcti slotr ito i dile ii' t11e
SQUlI) rnagtietrilltetr withi tIcurtirll antd l a% -itfttriciloll
techri ucs.

11. CRYSTAL GROWTH AND CHARACTERIZATION. .

For this woirk oriented sigei's.ticittim titni% tif All"
Ni() .1id F-eO . and %upctefatflce structuresN omulils.'.eu ot
thise twit miatrials, have been farown arit lsh~LsfittIlti APP,

itrierited Mg() substrate% sitiing oAs~gi plsnia .-o issstd
mole'cuata-hearit epirass.v Nil . Mg( . atid I-c A),Ca. c 1A, ti cuill- _

crystall inc stlructures. e s habin soitid etd i'u ha'r'. itt,

each tither due to thc smttall laiticc orisotait Iill V, 11W 1' V i.

arntiong the cublic rro ksatt situcittic oft Nit a .nd %Igo wd out h
halt spacinig ot the cub~it spinet I c,), sir us ure I hes cv \-,.*

single-crys.tal structuit S hasC CeCIVI esclleit eat icgitail, M~said

high erssrallinle caieeoe higth degree fl %tipeIt1111Iti
coherence is otisei610 bl inatat takike till \ ri.I 14)(11 aind A.

recultrti lx21paks,. ill I Ig I. foIm i' A(Atoii: Oth% I\ \.t.1

growsth direction tirt . It A: -%I~ Nit )li' kVI... s1judipitt, .",, . , .. , .... , * ., 5

tree 111 t he s lI t-pis t h i rfIit iterfaki'd sIriljkkirus taf f". . ** . .*

Indicated 11% Ific Ltige niiuiahci Al t siip'ikati idtit~id,~tTt uAnd A.... I',

62.4 J Arp~i Phys 76 10 5 iNose"'rIx.' 14<44 5) tt7 4 . 'K.I hIt t $, iA. .... '.".. " ~-i~



Sin the (IIl) and (022) neutron reflections, comprised in part(a) (b) from the magnetic scattering from the individual Fe,( 4 and

zero field 5 5lesla NiO layers. These changes suggest that the spins reorient
(remnance) with respect to the applied field direction in a manner con-

_ sistent with bulk results. Figure 2 shows intensity profiles
_k ._..Jalong l1(X)] for the 1111) reflection from a IF, (33

iA)IN iO (67 A) .J supe rla itic e (a) at zero applied field (in

06S 1170 O'S oI ON 6 061 i"0 01'1 •' 0S remnance) and (b) at 5 T.
Q(x) Q(x) Because of the short-range magnetic ordering of the

1:e 104 layers and the long-range ordering of the Nit) lavers
HG 2" Intenrily ptofflc% fot (H I I) ncuultim icttcin aling [tIOM] frim a within the superlattices. the (I 1) neutron reflection intensit%
IFkt 4  )I3 A)NiO467 A)1w., %uper,•aticc at "'I K (ia at zero fkld (in rcm- can be separated into two overlapping profiles, one ,hort and
nanetI aWd (h) al 5 "1 a picd fild The daLbed line i% the (Jauuanfi t C broad, and the other tall and narrow. The former ha% a
inicmiiV 4 the hra lptO n) eonit. and the wiod ti .e , large
the ,tw (NiO and ]:,C%)41 (;au,%uan fmt Noic the tie'dh in the broad (t-c%0 4 1, contribution from the F c(), ferrinmagnetic ordering. and the
and naruow NiOl twnlptcnt with field latter is due entirely to NiO antiferrornagnetic ordering. hi

the superlattices. the NiO peak intensity decreases. and the
I :Ce0 4 intensity increases, with incteasing applied field.

cpitaxial and interfacial lattice mismatches.' Tcti changes .in intensity maT indicate ay in-field lowi-
colherence of the layered structures arc long range i-15(M)
A).' altlhough cohcrencc of the I:c,O, laycrs across inter- cnicgy state ftr the Nit layers with momentsr aligned ilr-
vening NiO interlayers (of thicknc,., , 15 A) is limited by pendicular to the applied field (and probe direction., while i

interfacial %tacking faults. Although the underlying oxygen
sublattice in the NiO and Fc1•O structures is continuous Neutron scattering also indicales that the saturation fields for

across the interface., alignment of Fc tetrahedral sites in these samples are larger than in bulk. In addition, in the

Fe,0 4 is not uniquely defined with respect to that oxygen superlattice spectra. FeO. neutron linewidths show no

sublattice. and thus there is not a unique alignment of FceOe change with field, but the NiO peak shows a small but con-

unit cells across the intervening NiO %pacer layers. The ac- sistcnt broadening trend with increasing field. This broaden-
companying ,eduction in FcO 4 coherence has been ing indicates a reduction of NiO coherence length and do-
mxleled" using a Hendricks--Teller description of the stack- main size with increasing field. An equivalent broadening of
ing faults." neutron reflections with increasing field is not seen in either

bulk or single-thin-film NiO samples.
Ill. NEUTRON DIFFRACTION Another sequence of studies we performed dealt with the

influence of superlattice layering on the Verwey transition
Neutron diffraction indicates that the NiO orders antgifer- manifested in the iron oxide layers. The interlayer coupling

romagnetically in alternating (11l) planes with a magnetic and strain of the superlattice structure affects temperature

coherence that extends over several superlattice bilayers, and and form of the e3pVrwe trastion a ma etio
thatcoulingto djacnt e.10 laers itha hiher and form of the Fe-104 Verwey transition, a magnetic, con-

that coupling to adjacent Fe.3O4 layers with a higher ductivity, and structural transformation that accompanies a
(T, =858 K) ordering temperature causes an enhancement in charge ordering of the Fe+3 and Fe+2 ions in magnetite. The
the NiO Niel temperature above bulk TN (520 K) in thin-

at Te mFe 30 4 Verwey transition in the bulk (- 123 K) is highly sen-layeredsitive both to the exact stoichiometry of the iron oxide and tolimited to individual layers in all superlattices but those with the presence of srain, and is accompanied by a lattice dis-
the thinnest NiO intcrlayers by the structural stacking faults. tortion o an istactur e, a la tte d is-
The nature of this extended coherence in thinnest NiO- tortion to an orthorhombic structure, a large step downward
layered superlattices is not entirely understood. Although the in electron conductivity, and a shift in magnetic anisotropy,
highest temperature accessible with those studies (675 K) is as the sample is lowered below the ordering temperature in
far Wtlow the Fe3 0 4 Curie Temperature in the films, the re- the iron spinel materials,
suits indicated that the NiO ordering enhancement is consis- Recently, Aragon et al.5 have used neutron-diffraction
tent with a mean field-type model that includes strong mag- technique- to investigate the Verwey transition in bulk
nctic c)upling across the interfaces.3  Fe30 4 , on single-crystalline samples of about 1 cm 3 volume.

In the present work, one of our studies focused on the One sample in their study was prepared with exact Fe30 4
magnetic ordering of layered Fe30 4 and NiO structures as a stoichiometry, while another was deficient in iron (Fe3 _O 4
function of applied field between 0 and 5 T. The studies were with 8=0.006). The charge ordering was manifested by the
performed on BT-9. a triple-axis spectrometer at the National presence of reflections which appear below the Verwey tran-
Institute of Standards and Technology reactor. During the sition (T-123 K) at the (4n, 0, 1/2) positions. The line
experiments, the superlattices and thin films were aligned shapes and temperature dependence of these peaks were used
with the surface normal 14M0] and one of the [022] in-plane to study the nature of the charge ordering of the below-
ar.is in the ,,cattcring plane to allow access to the (222), Verwey state. The charge ordering present below the transi-
till). avid tO22) reflections. The normal to the wcattering tion temperature loses its long-range coherence due to lack
plane (the (12t')2 direction) is chosen to be the externally of available charge in the nonstoichiometric sample, as evi-
applied field direction. Wc find changes with increasing field denced by a broadening of the peak line shape, and a smear-
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O0) of the moment in the film, a technique for probing the
Verwey transition first employed by Weiss and Forrer.7 This

Smethod also gives a transition temperature for the superlat-
S)7AN Al tice increased to about 128 K. Since only a depression of the

rsUNrIa•tl,/ transition temperature due to nonstoichiometric samples has

(4.0. 1/2) been previously observed, either by Aragon et al. 5 or in ear-
",\\ ,I,,' ','I ",' hlier work by Ilonig and co-workers,5 we feel it is likely that

I t'inli•.rl ic i K) the increase seen here is due to the strain in the superlattice,

an effect which is being studied furff- ,r." For other superlat-
tice samplcs. the orderiog due to the Verwey transition with
increasing NiO layer thickness is found to be entirely sup-

,.pressed by the superlattice structure, and may be further evi-
"'".- dencc of increasing strain in the [c ()4 layers.

-,T - '-,,* ; We conclude that neutron diffraction, when supported by
)y,•, ,,11,41,O,, ohrcnplnetr techniques, shows stronag evidence fo~r

the influeucc of' interfacial coupling and strain ontilhe mag-
nelic and ftructural ordering of layered iron oxide and nickel

FIG 3 lwo.ddinilniontl plot of thc inlen,,,ity oi# ntitrl t htkctiuow ilouiid oxide heterostruclures. The magnetic-field response of the
the 14. t0. 1'21 pejk at Ni) K for ,.'lttcignl litit ;I [Ik(2175 AIINC "19 A) .,, ordering shows modifications from bulklike behavior influ-
,uperI tl 11 w • t, reflecilon 1% partially d4.u rt)t l fl y a ridge of IIIleU I title
it)the il40[l) retlectin trim the MIgt) srtit¢ai. antd apia.;i% a,, ou; er I II enced by interfacial coupling. Also, the Verwey transition,

the edge of the ridge lhaded area). IIhti klenrllrature dcikcnticnr-e ot thre 4. clearly associated with both structural and magnetic ordering
0l. 1/21 telcctlon. The total interniv dcecav to the ridge backgrpund mien. effects, is shifted to highe'r Ieteperature in the thin NiO-
%it tvda%1wd line). indicating the 127IiAor tit tilection peak K layered supcrlatticc, and entirely suppressed in thicker NiO-

layered samples.
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Magnetic characterization of epitaxial Y5FeeO12/IBi 3Fe 50 12 and
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Epitaxial Y1 Fe.,5O-,(YlG)/Bi 3FeO 1 2(lBIG) and YlG/Euj Bi2FeO(Ij2(EBIG) heterostructures have
been grown on [I1 I] oriented single-crystalline gadolinium-gallium-garnet substrates by pulsed
laser deposition. The effects of the layer thickness ratios on the composition. microstructure, and
magnetic properties of the films have been studied employing :-ray diffraction, Rutherford
backscattering spectroscopy, vibration sample magrnconietry, and Kerr magnetometry. All filmis
under investigation are single crystalline. in the I I 1 I orientation. The multilayered heterostructures
displayed superior magnetic properties in comparison to their single crystalline mnonolayer
counterparts, deposited at the same conditions. The YI(;/BI(; heterostructurcs indicate increased
in-plane saturation magnetic moments, approaching the maximum saturation value in bulk Yi16. The
YI(;/EIBIG heterostructures s5iow a definite reorientation of the magnetic moment in the
out-of-plane direction, a lie\w set o )f increased saturatiion inagnetization values that go even above
that recorded for the bulk YIG, as well as an increase in coercivity.

The magneto-optical rewritable media embody the coni- of these systems offer attractive features, while displaying a
binafion between the relatively infinite writing capability of a series of disadvantages.

magnetic material with the mechanical system stability of an The rare-earth iron garnets have the highest magneto-
optical reading device and the high recording density of an optical response in the green blue rangv, display an unsur-

optical medium. However, this imposes new constraints oin passed corrosion resistance, and the rather loose structure,

the properties of these novel materials, as well as raising new while extremely complicated, is calable of accommodating a

challenges from a materials science point of view. Such re- large variety of ionic species. Furthermore, the position of'

quirements as perpendicular magnetic anisotropy. large rtag- the ions in the structure, being sorlely determined by the ionic

netic coercivity, stable material structure, good corrosion re- radius, is completely unamlibiguous tsuch as in the spinel

sistance, low medium noise, fairly low ('uric temperatures, structure). Among the disadvantages. one can cite tle higi

and high magneto-optical effects are just a few in a large list. dfeposition temperature of the garnet phase and the relatively

The launch of the first generation of commercially viable lov signal-to-noise of the polycrystalline garnet films.

rewritable magneto-optical devices has already increased the A large variety of chemical species may be substituted ii

storage capacity of the 3.5 in. disk format by an order it' the garnet lattice, resulting in different inagnetic and
mlagneto)-optical prolperties. IBecause the garnet structure con-

magnitude, c,)mpared to magnetic floppies. Yet this first get- tains four subhlttices, of which the oysgen sublattice is con-

eration of magneto-optical media is operating in the long-

wavelength (infrared) range of' the spectrum. intrinsically Inm to all garnets, an epitaxiai deposition of layers of gar-
lnets with different compositions Can easily be achieved.

implementing a density limit on the read information (since We have grown by puled laser deposition (P1,I)) a se-

the physical size of the data unit is diffraction limited by the ries of thin-filn superlattice hcterostructures of rare-earth
wavelength of the reading radiation). The operation of the iron garnets. on 1Ill1 oriented single crystalline paraniag-

present media in a lower wavelength regime (such as green netic gadolin6iu-gallium-garnet ((i(i(I)substrates. Layers

or even blue radiation) is made impractical by the low with the following stoichionletrics were grown:

magneto-optical effect response of the material. Ilence new YN'.c,Ol( )(Yl(;)i. lii e0( )1(Bl(G), and l-uI Bi ,lc() 12(-BICli).
materials are being considered for the next generation of A 248 nln KrF cxcinier laser, with anl energy density of 3.3

magneto-optical storage media. J/cmn and a ficqtUcicy of 0 (1 1 Ilz, was used for film deposi-
Three material systems are considered the front runners tions. The depositions were carried out in (), ambient at pres-

on the list of new potential candidates for magneto-optical surcs between I1)0) and 7011) in'lbrr. and temperatur•s were

applications: tihe rare-earth transitional metal alloys. t le between 5f)00 anrid 8(00t "( for all sirgle IlaycI structures. The
(Co/Pt multilayers, and the ferr;magnctic iron garicts. F~ilch inllutilavcr fillms were all gxn wn at 000 ft('V tf reasons out-
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FIG. 1. Typical two layer YIGIBIG hetetostructure with the corrorp((tding

unit cell.

lined elsewhere.I Ail films were cooled at an average 10 °C/
min, in an 02 ambient with a pressure of I atm.

Figure 1 shows a typical two layer YIG/BI(i heterostruc- .o
ture with the corresponding unit cell. For simplicity, only the
positive ions positions are shown. Note that in going from
the YIG layer to the BIG lay;'r, the composition changes .2M) I I I41X1 .: .) )) 2(X) 4(X)

solely by substituting Bi3 ions in all Y" positions, without Aphai 1161 ((k)
changing the unit-cell symmetry from one film to another.

Before growing thin-film heterostructures, we had to
calibrate the laser system and optimize the different garnet tI(i. 2. The three hys.teresis hIps for in-plane tVSM) nieasureLnents.
structures' deposition conditions, As part of the initial cali-
bration experiments we tried to replicate the results of a simi-
lar study on epitaxial growth of YIG on single crystalline talline YIG films grown at 8(X) °C on GGG substrates. Hence
GGG by PLD announced previously in the literature,2 In we carried all our depositions at 100 mTorr ambient pressure.
their report, Dorsey et al. indicated that the variatio. -f The x-ray 0-20 measurements were made normal to the
deposition ambient oxygen pressure affected the anisotropy film surface. As indicated elsewhere.- the x-ray spectra con-
direction, such that a low oxygen pressure growth generated sistently contained only two peaks: the [4441 peak of the
an in-plane magnetic anisotropy while a high-pressure depo- garnet film phase and the [4441 peak of the garnet substrate
sition led to an out-of-plane anisotropy. We have deposited phase. The conclusion of these experiments is that, even if
single crystalline single layers of YIG on GGG, at 8(11 QC. the films are polycrystalline, all the grains are oriented such
and at ambient pressures of I(X). 2(M). and 7(M mTorr. respec- that the [ 111 direction is normal to the film surface.
tively. Figure 2 shows the three hysteresis loops for in-plane It was noted that the saturation magnetizations of the
(VSM) measurements (made by applying a magnetic field multilayer heterostructures do not follow the rule of mixtures
parallel to the s:urface of the film). A close study of the figure using as limits the bulk values (of the single layers grown at
reveals that while the saturation magnetization of the low- the same temperature). but rather using as the upper limit the
pressure specimen (1(XI mTorr) is the lowest of the three, its bulk value for YIG grown at 8(W) TC. A close study of the
hysteresis loop displays the most squareness. The saturation x-ray-diffractiion pattern also shows that the out-of-plane lat-
magnetization values of the three films do not show a sys- tice parameter of the YIG layers varies with the YIG content
tematic variation with pressure. Dorsey c't al hinted that the of the 6(X) 'C heterostructures. approaching the lattice pa-
reduction of the in-plane magnetization loop squareness rameter of the YIG monolayer deposited at 8(M) °C. not of the

could be associated with a change in anisotropy direction as one grown at 6(M) (7.1

a function of deposition ambient press.re. The YI(/BIlG series, while generating some very en-
Figure 3 nhows the results of the out-of-plane VSM inca- couraging results, could not be considered as potential mate-

surement of the three variable deposition pressure samples. rials for magneto-optical applications, since the anisotropies
The comparison of thLse hysteresis loops with the ones in of all of the samples were in plane.
Fig. 2 indicate that for all three specimens the anisotropy is The role played by partial substitution of the ions occU-
in plane. Although the 7(X) mTorr film displays a relative pying the dodecahedral sublattice of 11w garnet structure with
squareness of the loop, the low saturation values and the high rare-earth atoms has been widely investigated. 45, Of the rare
applied field required to achieve an out-of-plane saturation eartl:s. Sin, l-u. and Tb are known to give high positive K0

suggest that the increased O pressure during dcposition is values in substituted garnets R1 ,Bi,[:Ie) Oj. while Y, Gd.
negatively affecting the magnetic behavior of the single crys- and I)y generate small K,, values. We have attempted to sub-
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.2I•X .•1) .I(1M -i0 0 SM 0(XX) 1 Sl 2(XX) A magneto-optical hysteresis loop of a thin-film super-
Applid held ((k) lattice which has a ratio of EBIG to YIG layer thicknesses of

3:1 showed the best Kerr effect response in the series. The
maximum rotation angle measured is 13 250 deg/cm, whileFIG. 3. Tle depotis of the sut-of-plane VSM .easurement (If the three the coercivily is 1. l( kOe. The values measured for coerciv-variable deposition pressure sam~pls. fity during the Kerr rotation analysis are usually larger than

those measured by VSM. This can be explained by the highly
localized interaction with the specimen of the Kerr measure-stitute one Eu-' ion/formula unit, and deposited a new liet- ment and by the averaging character of the VSM analysis.

erostructure series by growing alternating YIG and EBIG The exact effect of Eu addition on the magnetic and
single crystalline layers. magneto-optical properties of the YIG/EBIG series are not

The immediate effect of replacing one third of the Bi completely understood at the present time. In contrast to the
ions in the BIG structure by Eu ions is the change in anisot- YIG/BIG series, the x ray of the YIGiEBIG series did not
ropy direction of the EBIG films, of similar thickness, from show any kind of structural fluctuation as a result of thick-
in plane to out of plane. The addition of Eu also seems to ness n dodifications in the constituent layers. The tendency of
increase the coercive field, the EBIG rich heterostructures to have high coercivities and

Figure 4 shows a comparison of out-of-plane hysteresis a distinct out-of-plane anisotropy can be linked to the Eu
loops of four multilayer EBIG/YIG films. Similar to the substitution. However, further detailed measurements of new
YIG/UIG series, the overlaying of YIG and EBIG monolay- films must be carried out before we can conclusively decide
ers produces increased saturation values. The increments ap- if the observed effects are due solely to the Eu addition, to anpear to linearly follow the content of YIG. The highest satu- increased stress in the film structure, or to a comhination of
ration value is achieved for a ratio of 5:1 between the YIG factors.
layers and the EBIG layers thicknesses, while the lowest Part of' this work was supported by the Director. Office
saturation magnetization is achieved for the film containing of Energy Research, Office of Basic Energy Sciences, Mate-
excess EBIG in a ratio of 3:1 to YIi. Note that while the rials Science Division of the United States Department ofvalue of the saturation goes up with the YIG content, the Energy under Contract No. DE-AC03-76SF(XXX)98.
squareness of the hysteresis loops is also reduced, indicating
an apparent change in the magnetic anisotropy direction
from out of plane to in plane. This is consistent with the total 'I. M. Simion, R. Ramesh. V. (U Keramidas, R. I.. Plefter, and G. Thomas
composition of the film, which approaches the YIG single (unpublished).

V' C. lDorw.y. S. F. Bushell. R. G[ Seed, hhid ('. Vittoria, J. Appi. Physý. 74,layer condition. In contrast, the films containing excess 1242 1193).
EBIG show decreasing saturation magnetization with the iii- '1. M. SiIion. R. Ramesh. V. 6i. Keramidas, R. I.. Plefter, (0. Thomas, and
creased EBIG content, as they approach the EBIG single IF. Marincro. inI I.ita.ml (.wileh Thin Ildmn.%, edited by t). K. Fork. J. M.
layer condition. At the same time, the films containing excess Phillips. R. Ramesh, and R. It. Wolf (Matcrials Research Society, Pitts.h•urgh., 19941. pl). 07 72.
EBIG have displayed increased coercivity values in compari- 'S. (i¢lh,. Z. Kristallogr. 125, I (197).
son to the specimens with large YIG content. '1. linii.n, C. R. Klagcs, aid K. Witter. J. Appl. Phys. 63, 2058 ( 198M).
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Interlayer correlations and helical spin ordering in MnTe/CdTe multilayers
(abstract)

V. Nunez
University of Maryland, College Park, Maryland 20742 and National Institute of Standards
and Technology, Gaithersburg, Maryland 20899

T. M. Giebultowicz
George Mason University, Fairfax, Virginia 22030

W. Faschinger, 0. Bauer, and H. Sitter
J. Keppler Universitat Linz, Austria

J. K. Furdyna
University of Notre Dame, Notre Dame, Indiana 46556

Mn-VI/II-VI supýilattices belong to the family of artificial multilayered structures composed from
zinc-blende II-VI semiconducting compounds and Mn chalcogenides using MBE and ALE. While
all naturally existing crystals of MnTe have the NiAs (hexagonal) structure, the zinc-blende form is
a fcc Heisenberg antiferromagnet with dominant nearest neighbor interactions. The magnetic
properties of such frustrated systems are strongly influenced by lattice mismatch strain. For
example, tensile strain produces an incommensurate helical antiferromagnetic phase with an
in-plane axis.' The strain and therefore helical period increases with thickness of CdTe, but in the
presently studied samples is weak enough to allow investigation of the onset of incommensurate
helical effects. In previously studied MBE-grown Mn-VI/Zn-VI systems, '2 the nonmagnetic spacers
were too thick to allow interltyer coupling. We report neutron diffraction studies of new MnTe/CdTe
superlattices prepared by ALE with extremely thin CdTe spacers (from 2 to 6 monolayers). The
results indicate the formation of spin helices, consistent with the tensile nature of strain in the MnTe
layers. In addition, the widths of the AF diffraction peaks and the presence of satellite peaks clearly
indicate that the magnetic interactions propagate through the C'dTe spacers. introducing coherence
between the helices in different MnTe layers. The nature of the interaction responsible for this
transfer is not yet clearly understood. Some possible mechanisms are discussed.

Supp ertcd iii part by NSF ( irimti. No. I)VMR 9 121 11s3.

'T. M. (Oiehultfowic/ 't t! . PhIv,, Rev 11 46 120I76 f11 ',2).
T.1 ..(iiebultowict et al.. I'hy,. Rev it 48., 12M17 I H$)0.).
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Interlayer coupling in antiferromagnetic EuTe/PbTe superlattices (abstract)
T. M. Giebultowicz
George Mason University, Fairfax, Virginia 22030

V. Nunez
University of Maryland, College Park, MarYland 20742 and National Institute of Standards andl k'chnolog.,
Gaithersburg, Maryland 20899

G. Springholz and G. Bauer
J. Keppler University at Linz, Linz, Austria

J. Chen and M. S. Dresselhaus
Massachusetts Institute oj Technology. Cambridge, Massw/husetts 02139

J. K. Furdyna
University of Notre Dante, Notre Dame, Indiana 46556

We report neutron diffraction studies of magnetic correlations in MBE-grown (111) EuTc/PbTe
multilayers. Bulk EuTR is a type-lI fcc antiferromagnet. This structure consists of ferromagnetic
(FM) sheets of spins on (I1 l)-type planes which are coupled antiferromagnetically to one another.
In EuTe/PbTe the lattice mismatch strain selects an arrangement of the FM sheets parallel to the
multilayer plane. Thus, in the case of an odd number of EuTe monlayers, there should be a nonzero
magnetic 'noment-in other words, such superlattices are expected to behave as ferrimagnets, not
anitferromagaets. This has been confirmed by recent SQUID studies.' As suggested by the above
model, the dipolar fields arising from the lack of total moment compensation may introduce
interlayer magnetic ccupling, even though in this system there are no carriers that can transfer
magnetic interactions across the nonmagnetic spacers through the RKKY mechanism, which is
usually the case in coupled magnetic multilayered systems. Our experiments have indeed revealed
clear magnetic superlattice peak patterns in several samples. The results of measurements in high
external fields (up to o T) bring further support for the dipolar nature of the observed interlayer
coupling. However, in some contrast to the expected scenario, the most pronounced coupling effects
were seen in the case of an even number of monolayers. Possible explanations of this fact (e.g.,
higher-order terms in dipolar fields, or structural imperfections) are discussed.

Supported in part by NSF Grant No. DMR 9121353

1J. Chen, Z. Wang, M. Dresselhaus, G. Dresselhaus, G. Spririgholz, and G.
Bauer (ii press).
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Heat capacity measurements of antiferromagnetic CoO/NiCoO
superI.3ttlces (abstract)

E. N. Abarra
Physics Dep~artmient 0319, Univ'ersity of California, San Diego. I a Jlolla, C'alifornia W209.3-0319

K. Takano
Physics Dcp~artmcent 0.319, University of California, San Diego, La.1olla, California 92093-0319
and Center for Magnetic Recording Research, CMIRR-040J. UniversitY of California, San Diego,
La Jolla, California 92093-0401

FR Heilman
Physics Department 0319, University of California, ,Sant IDiego, La ,hlla, California 92093-0319

A. E. Berkowitz
Physics Department 0319, University of California, San Diego, La Jolla, California 92093-0319
and Center for Magnetic Recording Research, (JMRR-0401, UniversitY of California, San Diego,
La Jolla, California 92093-0401

We present heat capacity and magnetic measurements of antifermmnagnetic (AFM) CoO/NiO_5 CO0.5O
superlattices grown by reactive sputtering. X-ray data verify thle structure and the high quality of the
superlattice. Neutron-diffraction studies of similar supcrlattices have shown AFM ordcring through
several bilayers despite the short-range nature of the spin interaction in the constituent materials.1
We have recently developed a unique thin film microcalorimieter capable of' measuring thin films
from 1.5 K to well above room temperature, 2 permitting specific heat measurements on these
superlattices for the first time. Magnetic measurements were miade by coupling the superlattices to
a 30 nm Nij 1 e11) overlayer and measuring the temperature deper'dence of the exchange anisotropy
field, We examine the effect of exchange coupling at the interfaces by varying the thickness of the
bilayers and their constituents. When the layers of the CoO/Ni0 5.Co,).O superlattice are thin, we
observe a single broad heat capacity peak at a temperature between the Nu60 temperatures of bulk
CoO and Nio~sCo0 5O., This peak is at a temperature that corresponds to the superlattice magnetic
blocking temperature, the temperature at which the exchange field goes to zero. For thicker layers,
we observe the disappearance of the superlattice peak, and the emergence of' two broad peaks close
to the individual N&el temperatures of CoO and NiOCo4 ,..O. We compare the temperature
dependence of the specific nieat of the superlattices to various models.

Work was supported by NSF Grant Nos. 98-10374 and DMR-9tt-l1908,

1J. A. Blorchers, M. 1. C'arey, R. W. Erwin, C. K. Majkrzak, and A. E.
Becrkowitz, Phys. Rev, Lett. 70. 1878 (19)93).
D. W. Weinger, E. N. Abarra, K. Allen, P. W. Rooney, M. T. Messer, S. K.
Watson, and F. Htellman, Rev. Sci. Instrum. 65, 9i40 (1994).

6292 J1 Appi. Phys. 76 (10), 15 November 1994 0021 -8979/94/76(10O)/6292/1/$6.00 CO 1994 American institute of Physics



Exchange coupling, interface structure, and perpendicular magnetic
anisotropy in Tb/Fe multilayers (abstract)

J. Tappert, J, Jungermann, B. Scholz, R. A. Brand,
and W. Keune
Laboratoriun ji" Angewiadte Physik, Univetrsi•at Duisburg, 1) 47048 Duisbwrg, Germzany

Tb/Fe multilayer films are known to show perpendicular magnetic anisotropy (PMA), which is
interesting for potential applications in magneto-optical data sterage. We demonstrate by using 5 7 Fe

M6ssbauer probe layers and x-ray diffraction that part of the Tb-deposited-on-Fe (Tb/Fel inturfacc
remains chemically sharp and crystalline bec Fe. This part is associated with an unexpectedly strong
antiferromagnetic exchange coupling of the Fe to the Th layers. We find by using both conventional
and circularly polarized radiation that part of the interfae and core bcc Fe but none of the
amorphous Fe is strongly coupled to Tb. This behavior is qtualitatively explained by a s;tructural
model including regions with a sharp Tb/bcc-Fc interface, where PMA originates from Tb ions that
experience the broken symmetry of the crystal electric field at the interface. The extrapolated isomer
shift at T=0 K of the amorphous phase located at the Fe-deposited-on-Tb (FcfFb) interface was
found to be different from that of the amorphous phase located at the Tb/Fe interface, suggesting a
different amorphous structure at both interfaces.
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Interfacial contributions to magnetic anisotropy in metal/semiconductor
systems (abstract)

B. T. Jonker, H. Abad, and J. J. Krebs
Naval Research Laboratory, Washington, D.C. 20375-5343

It has been empirically established that the net anisotropy exhibited by even a simple metal epitaxial
film is strongly effected by the interactions at the metal/semiconductor interface, although the
mechanisms have not been systenatically addressed and remain an open issue. An Fe(001) film, for
example, is expected to exhibit a four fold symmetry in the in-plane magnetic anisotropy, consistent
with the crystalline surface symmetry. Such films grown on a bulk GaAs(001) surface, however,
exhibit a significant uniaxial anisotropy (twofold symmetry). It has been speculated thit this
uniaxial anisotropy arises from the strongly directional bonds of the substrate surface, based on a
model that assumes a bulk-terminated, unreconstructed zinc-blende (001) surface.' This mode! fails
to explain, however, the nearly ideal fourfold symmetry observed for similar Fe(001) films on the
ZnSe(001) surface,2 which has an identical crystalline structure as GaAs and differs in lattice
constant by only 0.25%. We propose here a conceptual model to account for these pronounced
differences, which describes how contributions to the net magnetic anisotropy ,arise from the
formation of 'he interface and early stages of the metal film growth. We suggest that these
contributions originate in the initial metal adsorption sites and subsequent bond or site filling, and
are strongly dependent on the semiconductor surface reconstructi, 1,. We compare this model with
results for Fe growth on several surface reconstruction,-

This work was supported by the Office of Naval Research.

1 J. J. Krebs., B1. T, Jonker, wnd U. A. Prinz, J. Appi. Plhys. 61, 259(: ( 1H,7).
"2B.T. Jonker, J. J. Krebs. G. A. Prinz, and S. B. Oadri, 1. Crst,. Growth 81,
524 (1987); J. Appl. Phys. 61, 3744 (19)87).
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The magnetization density profile of a grain boundary in nickel (invited)
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G. S. Smith and R. Pynn
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We report the measured atomic and magnetization densities of a nickel twist grain boundary
averaged over its lateral dimensions as a function of distance from the interface plane. The pre.,ence
of a reconstructed interface region (the grain boundary) sandwiched between two single-crystal
nickel films that were hot-pressed together was confirmed with grazing incidence x-ray diffraction.
From reflection data taken using unpolarized neutrons, the atomic density profile of the grain
boundary was determined to be (85-±5)% of the bulk density when averaged over twice the
grain-boundary width of (8 ± 1) nm. Using this information in conjunction with the reflectivity data
taken from the nickel sample with polarized neutrons reflection, the magnetic moment of a nickel
atom was found to be between 18% and 52% larger in the twist grain boundary than in the bulk. The
enhancement of the magnetic moment at the grain boundary is believed to result from the reduced
atomic density of the interface region. Owing to this reduction in density, the magnetization density
of the nickel interface is only somewhat enhanced, about 10%, compared to that of bulk nickel.

I. INTRODUCTION fault. Schaefer 7 has deduced from magnetometry measure-
ments of consolidated ultrafined-grained nickel that the mag-

Interesting magnetic behavior with great technological netic moment of nickel in the interfacial regions is reduced
potei-tial nas been observed in a number of matejials, par- compared to bulk nickel. In the present work, we report an
ticularly those containing a large fraction of internal inter- enihancement in the magnetic moment of nickel atoms in a
faces. For example, interfaces play an important role in the planar grain boundary that we believe to be related to its
giant magnet(,;. .istance1 and magnetic anisotropy 2 of some reduced atomic density.
nanocrystalline and multilayered systems that may be used in
future recording media or in magnetic reading and writing II. FABRICATIK;. OF THE NICKEL TWIST GRAIN
heads. The magnetocrystalhine anisotropy of grain bound- BOUNDARY
aries may determine whether a material is magnetically
hard--making a good permanent magnet, or soft4-making A. Bicrystal sample preparation

a good transformer core. The grain boundary was manufactured by hot-pressing
Considerable emphasis has been placed on studies of two thin single-crystal films of nickel to form a nickel bi-

interfacial magnetism i,'-ing calculational methods. In one crystal. An electron-beam evaporator was used to deposit
calculation, Tersoff a'.d Falicov"5 report a 3a% enhancement nickel [Ni(l) in Fig. 1] onto the polished surface of a
in the magnetization u the (001) nickel surface compared to (001)MgO substrate heated to 825 K in a vacuum chamber
the bulk. The enhanci .,-ent is a consequence of a narrowing with a base pressure of 10-5 Pa. 8 A second deposition of a
of the d-orbital density of states and a dehybridization of the mixture of naturally occurring nickel and 62Ni was made
sp-d bands of nickel. These effects are attributed to the re- onto a cleaved (001)NaCI single-crystal substrate. 9 The mass
duced coordination of a nickel atom at a (001) surface. Re- fractions of the natural nickel and 62Ni used in the second
cently, Chrzan et al.6 have calculated a reduction in the mag- deposition were chosen so that the average scattering length
netization of a {111} stacking fault in nickel of about 2% density of the nickel mixture was close to zero. By making
compared to the bulk. They attribute the reduction to a the second film [Ni(2) in Fig. 1] nearly transparent to neu-
broadening of band states caused by the close proximity ot Irons, tie neutron reflectivity of the grain boundary was en-
atoms in the [111] direction in the region of the stacking hanced. During the second deposition, the NaCI crystal was
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FIG. 1. Schematic diagram showing radiation incident on the nickel bicry•- 2e [degrees]

tal at an angle of cri, and reflected from the sample by a1 . The rotation t1
the sample about its surface normal is w, and the rotation of the detector
about the surface normal is 20. The crystal labeled as Ni(l) was grown on a (b)
MgO single-crystal substrate. The [W01] edge of this crystal is misorientcd
by O,= 19.7' relative to that of the lower nickel crystal Ni(2), which was
grown on a NaCI substrate, •

heated to 600 K, and a potential of + 1 kV was applied to the

substrate relative to the vacuum chamber. After deposition, 0

the two nickel films, with lateral dimensions of 3 cm by 3 _ 0.5 7
cm, were placed face to face in a pressure cage such that the % * o %
[100] edges of the films formed a twist angle of 0,= 19.7' in-- 0

the (001) plane. The twist angle for a %=37 twist grain 0
boundary, in which the positions of 1 in every 37 atoms 42.0 42.5 43.0 43.5 44.0 44.5 45.0 45.5 46.0

coincide when projected onto the interface plane, is 18,9'. 0) [degrees]
The small difference between the twist angles of the sample
and that of a Z=37 boundary suggests that the boundary 200 -- , ,-r r-,---

studied here is likely to have a special geometry with a high (c)
degree of symmetry, i.e., one with a relatively small unit cell.

After heating the substrates to 333 K, carbon monoxide 150
was introduced into the oven at a pressure of 1 atm for 20
min. During this time, the native oxide on the nickel films - 0
was reduced into nickel carbonyl (the Mond process). t 0

Next, the carbon-monoxide and nickel-carbonyl gases were
evacuated, restoring the base pressure of the oven (10-' Pa),
and the bicrystal sintered at 773 K for 3 h. After cooling to
room temperature in vacuum, the sample was removed from
the pressure cage, and placed in water to dissolve the NaCI Ksubstrate. The resulting sample consisted of a grain boundary 0 1 2 3 4 5 6 7

sandwiched between the two nickel crystals on the MgO sub- czf / Cr
strate (see Fig. 1).

FIG. 2. The x-ray intensity measured under conditions of grazing incidence
and integrated over departure angle af is shown as a function of (a) scatter-

B. X-ray-diffraction measurements of the bicrystal ing angle 20, when the sample was optimized to excite a Bragg reflection

and grain boundary from the grain boundary, and (b) sample orientation o, when the detector
was positioned at the intensity maximum in 20. (c) The x-ray intensity

X-ray-diffraction measurements were made under condi- measured as a function of a1 normalized to the critical angle a, for nickel
tions of grazing incidence, using the HASYLAB synchrotron and the radiation used, when 20 and to were optimized to produce a maxi-

mum of diffracted radiation. The smoothly varying profile beyond a//a,= 1
in Hamburg, Germany, in order to characterize the quality of is characteristic of a thin interfacial region.
the bicrystal and grain boundary." The mosaic spread of the
nickel film on its MgO substrate was 1.3', while that of the
upper film, which was grown on NaCI, was 0.3'. Transmis- tained voids. No modulation of the diffuse scattering with
sion electron microscopy of the latter film showed it to be departure angle (af in Fig. 1) was observed, suggesting that
relatively free of microtwins. The diffuse scattering of x rays the bicrystal interface was free of voids.it

reflected from the bicrystal was observed in order to deter- A plot of the x-ray intensity integrated over the length of
mine whether the interface between the two nickel films con- the position sensitive detector, i.e., af, as a function of scat-
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0 0.05 0,1 0.15 0.20 0A"] Ill. EXPERIMENTAL RESULTS AND DISCUSSION

A. The atomic density profile of the nickel grain

FIG. 3. The unpolarized-neutron refleetivitics of the nickel films on (a) boundary
NaCI (<C) and (b) MgO (0) substrates, and (c) the nickel bicrystal (0). The The reflectivities of two nickel films, which were grown
solid lines for (a) and (b) were calculated from the scattering length density
profiles shown in Fig. 4. The solid line for (c) was calculated using the under conditions identical to those used to make the bicrystal
atomic density profile of the grain boundary shown in Fig. 5(a). The but on different NaCI and MgO substrates, were obtained
polarized-neutron reflectivities for the R - (0) and R. (1) cross sections with unpolarized neutrons at the Manuel Lujan Jr. Neutron
arc shown in (d) and (e). The dashed lines were calculated using a magnetic Scattering Center (LANSCE).14 These reflectivity curves are
moment for nickel that was constant throughout the bicrystal, The solid lines
were calculated using an enhanced magnetic moment [Fig. 5(b)] at the grain shown in Figs. 3(a) and 3(b) (open symbols) as a function of
boundary. scattering vector magnitude, Q -4rr sin(ai)/X, where X is

the wavelength of the radiation (determined using the time-
of-flight technique), and a, is the angle of incidence of the
radiation onto the sample surface. The scattering length den-
sity profiles /p(z), deduced as a function of depth into the

tering angle 20 (see Fig. 1), w hen the sam ple w as oriented to nic e films from th e refle ctivt d t a e ps h in F g 4
excie agrai-bonday relecion(onecorespndin tothe nickel films from the reflectivity data, are shown in Fig. 4.

excite a grain-boundary reflection (one corresponding to the The solid curves in Figs. 3(a) and 3(b) were calculated from
12,12,0 reflection indexed in the coordinate system of a the density profiles using the Parratt formalism.15 From the
1=37 grain boundary) is shown in Fig. 2(a). A plot of the fit to the nickel-MgO data, and using the published scattering
intensity measured as a function rotation angle about the length for natural nickel (10.3X10- 5 A•t6), the average
normal to the sample surface, w (see Fig. 1), when the de- atomic (number) density of the nickel film,
tector is positioned at the intensity maximum in Fig. 2(a) is n0=0.0895±0.0005 A- 3, was deduced. This density is
shown in Fig. 2(b). These measurements demonstrate that somewhat less than the density of bulk nickel, 0.0913 A- 3.
Bragg reflection is well localized within the reciprocal-lattice Similar reductions in the densities of thin films compared to
plane corresponding to the projection of atom positions onto their bulk counterparts have been observed in other metal
the interface plane of the bicrystal. When the detector posi- systems.t1'1 7 Using the value of n(, the neutron-scattering

tion and sample orientation were optimized to produce a length of the null scattering 62Ni-nickel mixture was deduced

maximum of intensity at the position corresponding to the to be (4.8±0.5)X 10- 6 A (more than 20X smaller than thatof natural nickel) from the fit to the nickel-NaCi data. This
12,12,0 grain-boundary reflection, the rodlike intensity pro- inforalinicked later.

file shown in Fig. 2(c) was measured as a function of depar- information is used later.
tureis The reflectivity of unpolarized neutrons from the nickel
tureangleristic ofascatterin fromt e su iac. Telikted orm tbicrystal is shown in Fig. 3(c). In determining the scattering
characteristic of scattering from spatially limited or thin re- length density profile of the nickel bicrystal, the air-nickel
constructed interfaces. The presence of the rodlike distribu- and nickel-MgO interfaces of this sample were assumed to
tion of intensity at the position of a grain-boundary reflec- be identical to those previously determined. This assumption
tion, and its absence in single-crystal films containing no is reasonable, since no significant differences between the
grain boundary, is evidence that the bicrystal interface had air-nickel and nickel-MgO interfaces of other similar!y pre-
reconstructed during the sintering process to form a grain pared samples have been observed. The portions of the scat-
boundary.- t1 3  tering length density profile for the bicrystal that were per-
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S. The magnetization profile of the nickel grain
S220boundary

Tile reflectivitic.s of' a nickel-Mg() sample anid the hic-
I . *- ry-.tat were reme.w tired alt I ANS( l using neutrons with po-

(a) nietic field applied along the sample surlace.2 The field
a-0.09' strength is considerably larger than that needed to saturate

00samples. whose saturation magnetizations are much less than
0o7 iron. should have been fully saturated during the reflectivity

* measurements. Two reflection cross sections, R - and R , ,22
.*-corresponding to the two neutron polarization states (antipar-

0.05 .allel and parallel), were measured for each sample. In the
-150 .100 -50 0 50 100 150 case of the nickel-MgO sample, the difference in Q between

si~ance from Interface Plane [A) the critical edges for the R and R , reflectivity curves was

FIG. 5. (a) The atomic density i, thle grain bolundtary eeduced asit function used to calculate the average magnetic moment of
of distance away from the interface plane tront a lit o•t the ticrystal mnidel iLN,-(0.7- -)0.l) p.11 for the sample, This value is in good
(described in the text) to the reflectivity data in Vig. 3tc). (h) The ,naglietic agreement with the literature value of 0.6 All for bulk
moment of nickel deduced as a function of distance from the interfacc plane nickel. 2 3

for modet t tsotid curveh, ntotct 2 tda.•hed curvet. ald nnodel 3 t•) de-foriedl I(soin therte)t ni( l 2he (dashedin tcurve). ofd itrifiodl 3Wary Sinice the polarization state of the reflected radiation wassredin the text. (c) The nmagnetiTralion demity nIf the grain NIundary

calculated for the three models. not determined in this study, the reflectivity cross sections
R and R, may be contaminated by scattering processes
occurring within the sample that actively change the polar-

turbed to fit the data were those belonging to the overall ization state of the neutron radiation. These processes may
thicknesses of the two nickel films and the atomic density of' occur ii, samples that are not fully saturated, or have a large
the grain-boundary region. The atomic density profile de- degree of magnetocrystalline anisotropy.22 In the latter case,
duced for the grain boundary is shown in Fig. 5(a). The the magnetic moment deduced from R, and R_ woild rep-
reflectivity curve calculated for this model is shown as the resent the component of the total moment in the direction of
solid curve in Fig. 3(c). The minimum density of the grain the applied magnetic field. Measurements of the polarization
boundary, occurring at the interface plane, is (60)_-6)% of the state of the reflected radiation, i.e., all four scattering cross
film density. The full width 1', where the density is halfway sections of the sample, are in progress at LANSCE.
between the minimun and bulk densities, is (8±_ 1) nm. The The R and R, cross sections for the nickel bicrystal
mean grain-boundary density, when averaged over twice its are shown as the open symbols in Figs. 3(d) and 3(c). The
width, is (85t5)% of no. dashed curves in this figure were calculated from a model

The mean density is similar to those calculated from that used the atomic density profile previously determined
atomic structures of gold grain boundaries, which have been for the bicrystal, the nuclear scattering lengths for each
deduced from quantitative x-ray-diffraction measure- nickel film, and the value of AMNi, to calculate the nuclear and
meuts; t 2t 3 however, the nickel boundary is considerably magnetic contributions to the scattering length density profile
broader than the gold boundaries. The boundary widths de- of the bicrystal. For Q>0.07 A- t , no splitting is discernible
duced for the two gold grain boundaries are believed to be between the calculated profiles (dashed curves), when a clear
about 1 nm. t12, 3 Since the twist angles of the two gold grain splitting is seen in the data. Since the large-Q region is most
boundaries (0= 36.9' and 22.60) were larger than that of the sensitive to spatially limited features like the grain boundary,
nickel grain boundary (0,= 19.7°), the nickel boundary is ex- poor agreement here suggests that the magnetic moments of
pected to be broader than the gold grain boundaries, although atoms in the grain boundary may be different from the bulk.
perhaps not as broad as observed. Interestingly, grain- The agreement between the calculated profiles and the
boundary widths in nanocrystalline nickel also appear to be data could be significantly improved when the magnetic mo-
quite large. Recently, Aus et al.t8 have reported boundary ments of nickel atoms in the grain boundary were made to be
widths of 5 tim deduced from magnetometry measurements, larger than /-Ni. By varying only the decay of the magnetic
while Valievt'9 has measured widths of 10 nm using high- moment from a maximum at the interface plane (correspond.-
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Ing to .an aIbs.it,,a , aluc of /ero In I 1g. ;) to p", at a lioton b hN the reduction of its atomic density to yield a Pnagnetiza-

whcre the grain-tbound,.r\ dcniLll\i CqtLak it,, much better ro10n € u11nit thatis only about I()¢ greater than the bulk.
agree ment '.& a •'hi amcntd |I I|,, variattion Iin agnm IC." moclte|

is ,hown by the sohd line In I tg. 501 and i'. called maodel I. IV. CONCLUDING REMARKS
The optitmum ,alue tit i I to , (0.3) j, at the tncrta'ce plane We believe that reduction of atomic density and change
produced the m)lid ctiurvc, in Figs. 3(dt and 31e . When ;vcr- in s,.vmmctry at a grain boundary will alter its density of
aged over t1 ice tile grain-boundary w% idth. 21'. thle imagnetic staie,, (of d orbitals in nickel), leading to the observed en-
moment., of nickel atoms In thie :tcrl *racial regii in are about hancmicnt in the magnetic moments of nickel atoms in the

(52 1 12)" larger than the m,1gnctic moment tii caisrcd for grain boundary. In support of this hypothesis, we point out
the film. that ('hrzan e.t al." have attributed a calculated reduction in

A second model (nmodel 2). which repre•scnted the varia- the magnetic moments of nickel atoms at a J 11} stacking
tion of the magnetic moment of nickel by' a aiussian tung- fault to the close proximity of atoms near this interface. An-
tion centered at the interface plane. was also explored. In this other calculation has shown that the reduced coordination of
model the height and width of the (iaussian function were ;a ideal (1(0)( nickel surface alters its density (if states,
optimized to produce the diashcd curves in Fig. 5. A peak which produces a 32% enhancement in the magnetic mo-
moment of ( ,.5±0.2) A,, was obtained. The full width at halt ments of nickel atoms at the surface compared to the bulk.s
maximum in the profile of the magnetic moment was (3- I ) The trend in the two theoretical calculations is in agreement
nm. In this model the magnetic width of the grain boundary with our observations of an enhanced magnetic moment and
is considerably smaller than its structural width of t'- I ) nm. reduced atomic density of one particular nickel grain bound-
Theoretical calculations suggest that changes in symmetry, ary. Nickel grain boundaries with different twist angles and
coordination number, and density can alter the magnetic ano- crystallographic orientations will have different crystal struc-
ments of atoms. If these predictions arc correct, then the tures, and so might have different magnetic structures. Corn-
magnetic moments of the atoms closest to the interface plane parisons between these structures, measured with techniques
would be most affected by the change of atomic structure developed for this study, with calculations of theoreticians
that occurs at grain boundaries. In particular, the coordina- for a variety of grain boundaries will lead to a better under-

tion number of an atom would be expected to remain un- standing of interfacial magnetism, and its effects on the mac-

changed unless it were located quite closely to the interface roscopic magnetic properties of materials like multilayered

plane. If the magnetic moment of an atom is most affected by and nanophase systems which contain many interfaces.

its coordination number, rather than changes in atomic den- Interestingly, Schaefer 7 has reported a reduction in the

sity. then the magnetic width oi a grain boundary might be magnetic moment of nickel at grain boundaries in samples

smaller than its structural width, composed of consolidated nickel crystallites with grain sizes

In a third model (model 3), the magnetic moment [(0) in of 10 nm. This conclusion was made based upon magnetiza-

Fig. 5(b)] for each step in the atomic density profile [Fig. tion measurements using a SQUID and vibration magneto-

5(a)] was perturbed independently to yield a good tit to the meter. The difference between the conclusion reached by
data. Even though the magnetic moments of nickel atoms Schaefer and that in the present study, where evidence for andata Evn toug themageti moentsof ickl aoms increase in the magnetic moment of nickel at a grain bound.-
away from the grain boundary were no longer constrained to ireaseint magne d oento niel atarai b
be /Z, as in the earlier model, the magnetic moments of ary was seen, may be due to several factors.
theseN, ats, inevetheerlies, tded, toweard ethis vaue.nth of First, the magnetometry technique measures the magne-
these atoms, nevertheless, tended toward this value. The op- tization of the entire sample, and so does not specifically

egrain-boundary plane was measure the magnetization of interfaces. If, for example, a
still enhanced [a value of (1.4±0.2) B was obtained] coim- portion of the nanocrystalline sample were not magnetic
pared to the bulk, although the increase was not as large as when the entire sample was thought to be magnetic, then a
that deduced from the previous models, reduced magnetic moment would be calculated for the

All the models predict an enhancement of the magnetic sample, since its measured magnetization would not have
moment of nickel at the grain-boundary interface. When av- been as large as would have been the case had the entire
eraged over twice tile grain-boundary width, we find en- sample been magnetic. We note that antiferromagnetic order
hancements in the magnetic moment of nickel ranging from is suppressed in 11 nm grains of chromium (to at least 20
a low of 18% for model 2 to a high of 52% for model 1. The K). 24 If magnetic order can also be suppressed in ultrafine-
enhancement deduced from the best-fitting model, model 3, grained nickel, then a portion of the sample studied by
is (38±3)%. Since the magnetization density is the product Schaefer may not have been ferromagnetic, possibly result-
of magnetic moment and atomic density, which is reduced at ing in a diminished sample magnetization. Depending upon
the nickel grain boundary, the magnetization density of the the amount of material which was not ferromagnetic, a di-
interface is only sightly enhanced compared to the bulk. The minished magnetization might be measured for the entire
magnetization densities of the interfaces [Fig. 5(c)] calcu- sample even if the magnetic moment of nickel is generally
lated using models 1 and 3 are 20% and 10% greater than the increased in the grain boundaries.
bulk, respectively, when integrated over the grain-boundary Second, microstrain introduced into the nanocrystalline
region, while a small decrease of 6% is predicted from model sample during high-pressure compaction, which was not
2. In other words, the large enhancements in the magnetic likely to have been relieved at ambient temperature used dur-
momnents of nickel at the grain boundary are mostly negated ing the compaction process, may affect the magnetic proper-
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ties of the material in a manner that may not have occurred controlled amounts of impurity solutes can be fabricated and
in the bicrystal sample. For example, strain is known to af- studied to determine how lith! magnetic properties of inter-
fect the magnetic anisotropy and inagnetoelastic energies of faces change as impurity atoms segregate to tile bicrystal
ferromagnets 2- and the magnetic structure of coarse-grained interfaces.
chromium. 24 Considerable microstrain is usuatly found in
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Magnetic and magnetocaloric properties of melt-spun GdxAg1oo-x alloys
C. D. Fuerst, J. F. Herbst, and R. K. Mishra
P3hysics Department, General Molor, NAO Res'earc'h and lDvehloptment (Center, .30500 Mound Road, Warren,
Michigan 48090-4055

R. D. McMichael
National institute of Standards and Technology, Gaithernihurg, Maryland 2080 V

With the object of assei;sing their magnelocaloric properties, we have prepared Gd,Ag1 ,1(1 , alloys
(x = 50, 70, 75, 77.5, 80, 100) by melt spinning. The microstructures of the melt-spun ribbons were
investigated by x-ray diffraction and traossmission electron microscopy. Data from field- and
temperature-dependent magnetization measurements were used to calculate the field-induced
entropy change AS. The Gd-only ribbons are characterized by a single AS peak near 280 K. For the
Gd,Ag110) . (70_xx180) materials AS contains another peak in the 100-120 K range which we
ascribe to an amorphous, ferromagnetic Gd-Ag component. We find melt-spun Gd 11Ag,,, ribbons to
consist primarily of crystalline GdAg (cubic CsCI structure), which is antiferromagnetic.

It is well known that the field-induced entropy change orientation along the [0(111 direction since the (t002) and
AS of a magnetic material can be exploited as a basis for (0(4) reflections are of greater intensity than those calculated
solid-state refrigeration, with potential for aoplication in the for an isotropic distribution [vertical bars in Fig. 1(a)]. Se-
room-temperature range as well as at cryogenic letted area diffraction in the TEM confirms this interpreta-
temperatures.'- 3 Recent calculations 415 and experiments" 7  tion. Figure 3(a) shows that the Gd ribbons consist of irregu-
have shown that materials containing nanometer-sized mug- lar grains approximately 0.5 A.m in size and have some

netic regions can produce larger values of AS than conven- alignment along the [001] dirc-tion, which was normal to the
lional ferromagnets or paramagnets over certain intervals of surface of the quench wheel, hii addition to [l00]-oriented

temperature (T) and applied field (I1). To maximize this hexagonal Gd crystallitcs, the x-ray diagram of the GdH,8 Ag21•

effect, it is important that the magnetic phase have a large
intrinsic magnetization and, to minimize heating due to hys-
teresis, low magnetocrystalline anisotropy. Both of these de-
mands are satisfied by gadolinium. Furthermore, it is desir- Ga
able for the magnetic particles to be at least partially rG
separated by nonmagnetic material to reduce magnetic inter- "(vS-UnVs)
actions between them.

With these considerations in mind we have investigated, (
and here report, measurements of AS(T) for GdAg1 ,1() ., -
alloys which were prepared by the rapid solidification tech-
nique of melt spinning. We chose a rapid quenching method .
with the objective of forming small magnetic particles or (b)
clusters, and the Gd-Ag system was selected since its equi-f Gd 80 Ag2 0

librium phase diagram indicates that ferromagnetic Gd (Cu- (vS-2,m/s)
tie temperature 7",=-293 K) and antiferromagnetic GdAg
(Neel temperature T,,- 140 K) are essentially immiscible. -

Ingots of GdAg1(,_.t (.k=50), 70, 75, 77.5, 80) were
prepared by induction melting high-purity elemental con-
stituents. Each ingot was melt spun, again under argon, by , -- ,- ,
ejecting molten alloy through an orifice (0.6 mm diameter) in (C)

a quartz crucible onto the surface of a chrome-plated copper 3d77.5A922.5
disk (25 cm diameter). The quench rate was varied by chang.. (vS=20rr/s)
ing the surface velocity us of the disk. A quench rate corre-
sponding to us=20 m/s was used for all the silver-containing
alloys, and vs=30 m/s was used to produce the Gd-only
m aterial. _ _ _ ._

Ribbon microstructures were examined by both x-ray 20 30 40 50 60 70
powder diffraction and transmission electron microscopy 20 (deg)
(TEM). Figures 1 and 2 display Cu K,, x-ray diffractograras
for the x = 100, 80, 77.5 and x=75, 70, 50 materials, respec- FIG. 1. Cu K,, x-ray powder-diffraction patterns of nelt-spun GdAg,111.•
tively. It is clear from Fig. 1(a) that the Gd-only ribbons arc ribtions. (a) Gd. the vertical bars detlot' line positions and intensities for
comprised of hexagonal Gd grains with some preferential isotropic, hexagonal Gd metal. (b) (id8 ,Ag1 •1. iC) (;d77 5Ag, ..
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(a)

Gd 5Ag2o

Gd7 5 A92 5  .4

(v;-2Om/s)

(VS..20m/s) 1

Gd7 0Ag 3• 0  (bi] | det

Gd5rAnuG0

(vS-20rm/s)

20 30 40 50s 69 70 1IG. 3. TIN inhcrographu oftel-spun (a) Gd (G denotes it hexagon-l Gd

20 (deg) grainl and C indicate., a cubic form of Gid situated at the grain boundarics)
and (h) Gdg cAgo.a (regiona labeled A arc aagorphous Gd,,Agýo ; hexagonal
Gd particles tire signified by Gi.

FIG. 2. Cu K, x-ray powth: 'o!ffrrction pattern% of mlie rg-apun fd, Ag1 " "
ribbons. (a) Otd7,Ag 23. (h) (Id70 gt( (c) Gjdj41Agj5 ) lthe vertical liars denote
fine po~sitions anid intensities fot isot ropic, cuibic (idAg.

ribbons [Fig. 1(b)] also suggests an amorphous Gd-Ag com-
ponent. Rihhons melt spun from the cutectic composition ~___
Cd77.sAg22.5 contain a substantial amorphous traction, as Jgt[ GdAg,,, Ribbons1

shown by Fig. 1(C); the corresponding TEM micrograph oif 250....*. Gd Ingot

Fig. 3(b) reveals small (<I(X) A) Gd grains embedded in an x.100 ,.
amorphous matrix having an overall composition near
Gd,,Ag511 estimated by microchemical analysis. 200 "

From the x-ray pattern for the Gd1 .Ag15 ribbons, Fig.
2(a), we itfer that the amorphous fraction is even larger than
that of the Gd77V.Ag22.5 sample since the features are more 3 150 __

diffuse than those of Fig. I (c), Some hexagonal Gd is still
present and persists in the Gd7TAg.,g 1 ribbons as well [Fig. X.75
2(b)]; comparison of Figs. 2(a) and 2(b) indicates less amor-
phous Gd-Ag phase in the Gd70Ag311 ribbons. Similar to Fig. 100 s40

3(b), TEM analysis of the Gd70Ag93 ribbons again reveals Gd
grains interspersed in an amorphous matrix having a compo-
sition near GdsAg511, in addition to a small amount of crys- 50

talliP2 GdAg. No gadolinium component is apparent in the
x-ray diagram of melt-spun Gd.,(Ag.1,, Fig. 2(c); the ribbons
are principally composed on fine-grained crystalline OdAg, 0 _=507

.vhose reflections are illustrated by the vertical bars in Fig. I I _ _I - 1 .
2(,). TEM of this material shows GdAg grains with an av- 0 100 200 300
erag- diameter of - 100 A. Temperature (K)

Magnetic moment versus temperature curves for the
melt-spun ribbons investigated here, as well as for a bulk Gd FIG. 4. Magnetic moment vs temperature for melt-spun GdAg1 1 , rib-

ingot sample, are displayed in Fig. 4; the measurements were bions (x=550, 7(1, 75, 77.5, 80, 100) and for a Gd ingot sample measured in

performed in a maximum applied field 'f 9 kOe, which was an appliCd magnetic field of 9 kOe.
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bons is amorphous, while Gd.,,Ag.•l melt spun at the same

3.0 - GdAg,., Ribbons Ingot quench rate (us= 2) m/s) is crystalline. To satisfy one of our
original objectives it would have been preferable for the

.Gd Ingot : former materials to contain crystalline GdAg [which would

2.b he paramagnetic at T,.(Gd)] to magnetically isolate the Gd
particles.

We calculated the field-induced entropy change AS from

2.0 .the magnetization data (measured as a function of both ap-
plied magnetic field H and temperature 7) by making use of
the Maxwell relation (VS/dfl) = (9M//7T),1 , which implies

X AS = T d X'.(1

1.0 Figure 5 displays AS vs T for the melt-spun 70(lx-l(X)
ribbons and for the Gd ingot sample. The Gd-only ribbon

X.8 x-77.5...- /material features a single peak near 290 K which corre-
0.5 sponds well with T,. of bulk Gd, as comparison with the Gd

ingot curve in Fig. 5 demonstrates. The four other ribbon
curves in Fig. 5 exhibit two peaks. One is centered in the
1(X)-120 K interval and is generated by the ferromagnetic,

0 100 200 300 amorphous Gdst(Ags component; the variation of the maxi-
Temperaturn (K) mum with x is relatively small and is undoubtedly associated

with compositional variation in the amorphous fraction.
FI. 5. Entropy change 4S of mnct-spun Gd,Ag1 uj4 ., ribbons (.=70, 75, Most pronounced in the x =77.5 and x=g8) ribbons, the sec-
77.5, 80, 100) and of a Gd ingot sample in a 9 kOe applied magnetic field, ond peak occurs at T-280 K and arises from the Gd con-

stituent; the -100 A particle size reduces T, somewhat from
the bulk value of 293 K.

sufficient to saturate the magnetization in each case. The Both AS structures for the 70O-x-80 ribbons in Fig. 5

observed low-temperature moment for the Gd-only (x= 100) are quite broad; the height of each is considerably smaller

ribbons, -215 emu/g (-6.1 /UBIGd), is 20% lower than the than that of the Gd-only ribbons, which is in turn somewhat

268 emu/g (7.55 /AsIGd) value for elemental gadolinium reduced from that of the Gd ingot. These results reinforce

metal, as comparison with the bulk Gd curve in Fig. 4 shows, earlier findings4- 7 that a fine-particle morphology can mark-

The disparity is puzzling. Some of it can be attributed to edly modify the temperature distribution of AS. Figure 5

nonmagnetic contaminants such as oxides, but our TEM suggests that the x =70 and x = 75 materials may be of inter-

work indicates that secondary phases comprise no more than est for magnetic refrigeration in the 100 K regime. While the

5 vol % of the ribbons, We speculate, therefore, that particle x=77.5 and x=80 ribbons do contain small Gd particles,

size effects may also contribute to the moment reduction. further effort is required, at least in the Gd-Ag system, to

Gadolinium moments in the 5-7 AB range have been re- separate them in a nonferromagnetic matrix. We intend to

poi ted in several amorphous binary alloys, 8 and a moment of explore heat treatment as a possible means for converting the

only 3 /ztGd has been observed in clusters containing fewer amorphous Gd5sAg5(0 component into antiferromagnetic

than 100 Gd atoms. 9  GdAg while minimizing growth of the Gd grains.

For the GdxAgtl(0 _- ribbons with 70-x-80, the data of 1G. V. Brown, J. Appl. Phys. 47, 3673 (1976).
Fig. 4 strongly suggest the presence of two ferromagnetic 2H. Oesterreicher and F. T. Parker, J. Appl, Phys. 55, 4334 (1984).

components, one with a Curie temperature in th. ,icinity of 'J. A. Barclay, Adv. Cryogen. Mater. 33, 719 (1988).
T4R. D. McMichael, R. D. Shull, L. J. Swartzendruber, L. H. Bennett. and R.100 K and a second near the Tc0293 K value for bulk Gd E. Watson, J. Magn. Magn. Mater. 111, 29 (1992).

metal, Hauser1° prepared amorphous GdAglt)._, alloys in -t'. H. Bennett, R. D. McMichacl, L. J. Swartzendruber, R. D. Shull, and R.
the 20--x-100 interval by sputtering and found them to be E. Watson, J, Magn, Magn. Mater. 104-107, 1094 (1992),
ferromagnetic, with T, essentially linear in x with T,.-100 K 'R. D. MeMichael, J. J. Ritler, and R. I). Shall, J. Appl. Phys. 73, 6946

(1993).at x=50. We conclude, therefore, that the amorphous com- 7 R. D. McMichael, I. 1). Shull, L. H. Bennett, C. D. Fuerst, and J. F.

ponent detected by x-ray diffraction and TEM in our Herbst, NanoStructured Mater. 2, 277 (1993).
70--x80 melt-spun ribbons is ferromagnetic Gd.Agtoo_ K H. J. Buschow and N. M. Beckmans, in Rapidly Quenched Metals IIf,

with x--50. Proceedings of the Third International Conference on Rapidly Quenched
Metals (The Metals Society, London, 1978), Vol. 2, p. 133; K. It. J. Bus-

In contrast, the magnetization curve for the Gd9(Ag. 0  chow, Solid State Cornmun. 27, 275 (1978).
(20 m/s) ribbons in Fig. 4 mirrors the susceptibility versus 9D. C. Douglass, J. P. Bucher, and L. A. Bloomfield, Phys. Rev. Lett. 68,

temperature carve reported by Walline and WallaceII for 1774 (1992).
crystalline, antiferromagnetic GdAg, consistent with our mi- Oj". J. Hauser, Phys. Rev. B 12, 5160 (1975).

"11 R. E. Walline and W. E. Wallace, J. Chem. Phys. 41, 3285 (1964). These
crostructural analyses of that material. It is quite surprising authors emphasize that the susceptibility behavior of GdAg below 2(K1 K
that the x-50 component of the Gd-richer 70--x-80 rib- is anomalous.
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Nanlocornposite Fe811(SiO,)2,1 films with thickness from, 1 50 to 5000 A have been prepared hy ri
magnetron sputtering from a composite target. The crystallites in the Fe,11(SiO,)211 films have a bcc
structure with the average size of 40-66 A which was determiined 1)y trnss1o electron
microscopy. As indicated by the thickness dependence of resistivity. the stacking and connectivity
of the crystallites depend onl the thickness ot'the films, The magnetic properties also depend onl the
microstructure which changes with the thickness of the films. The magnetic coercivity of the lilms
increases with the thickness of the film, reaches a maximum, and then decreases. Thle maximum
coercivity of 400 Oe at 300 K and 1 20t) Oe at 5 K was observed for a film with a thickness of about
7t00 A.

1. INTRODUCTION sion electron microscope It RTVIEM) and electron diffraction.

Nanoconiposite materials have the form of small crystal- The magnetization and the coercive force were measured us-
lites dispersed in a matrix which may he insulating or metal- ing at commercial alternating-gradienit force miagnetometer
lie. The magnetic properties of' nanocomposite materials de- and a SQUID mnagnetomieter. Thle resistivity was measured in
pend on the microstructure of the films which can be a standard four-point probe conhig'iration.
controlled by either changing the size of crystallites and/or Ill. RESULTS AND DISCUSSION
the separation distance between the crystallites. It has been
shown that the crystallites size and the intererystallite dis- Thle elect ron-di ffraction pattern of the Fe84((SiO2)20 flIms
tance of the nanocomposite Fe:SiO, system can lie system- with a thickness of' 700 A is shown in Fig. 1. The electron-
atically changed by varying the Fe volume fraction.' " The
average crystallite size in the films for a fixed volume [rac-
lion can also be varied by changing the substrate 100 101
temperature. For the films with lower metal volume fracio 90
the crystalliter- are isolated whereas for the films with higher 90 S

inetal volume fraction the eryslallites are well connected." 7

For the Fe:SiO, films with a Fe volume traction near 50%,0
the crystallites begin to form a percolating network. As the so11
thickness oif the film is decreased, the number of crystallites 30.
connecting together in the film-normal direction decreases 20. 002 22103 213
and a chanmwe in the electrical and magnetic properties is 10 2021
expected. In this work we investigated the thickness depen- 0 2 0

dence of magnetic and electrical properties of the Fe:SiO,
films.

1I. EXPERIMENTAL PROCEDURE

The nanocomposite Fe :SiO, films were prepared by rf
magnetron sputtering from a composite target. The sputtering
targets were prepared by sintering a mixture of pressed Fe
and SiO2 powders. Thle sputtering gas was 5 mTorr of Ar,
and the filn..i were deposited on glass substrates at room
temperature. The films used in this study have a target corn-
position Of FC80(SiO 2)20 (55 vol. 0/ of Fe). The film thickness
ranged from 150 to 5000t A. The microstructure of the filmns FIG. 1. Hetctmon-difni~ction pittern of Pcj,1(SiO2),,, fitimi with itthickness- or
was studied by using a JEOL 2010 high**resolut ion transmis- 700( A.
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FIG. 2. HRTEM image for the Fem.)(SiO2 )211 film with a thickness of 7(M) A. 1000 2000 5000 4000 5000 6000
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diffraction pattern of the films show a a-Fe structure with the FIG. 4. Magnetic coercivities measured at 3WX and 5 K vs thickness for the

(110), (2(9)), (211), etc. rings present. The d spacing of the Fcvl(SiO,)2,, films.
(110) peak as deduced from x-ray diffraction is 2.03 A,
which is close to the lattice parameter of a-Fe. The electron- may be likely due to the change in stacking and connection
diffraction pattern of the film can be indexed to a-Fe and ma be l e to The in tk an connectionther isno vidnce f cntrbuton fom ny e oide of the Fe crystallites. The inset of Fi •. 3 shows the resistivity
thereversus film thickness for 700-4273 A thick films. As the film
phases; this is also confirmed by Miissbauer spectroscopy. thickness increases from 700 to 4273 A, the resistivity

The hyperfine field as calculated from the M6ssbauer spectra chang es from 5.6x 10 2 to 1.83 10 t4 r t cm.

is 330 kOe, whih is close to the value for a-Fe. The mor-

phology of the crystallites as revealed by the HRTEM image The magnetic coercivity measured at 300 and 5 K of the

for the Feg0(SiQ 2)20 films with a thickness of 700 A is shown Fe8()(Si0 2)2 0 films versus thickness is shown in Fig. 4. The
in Fig. 2. The v/erage particle size of the Fe crystallites is magnetic properties depend on the thickness of the film. It is
46-66 F and the Fe crystaglites are mostly isolated in an observed that as the film thickness increases the magnetic

amorphous SiO 2 matrix. The Fe crystallites have a clear coercivity increases, goes through a maximum, and then de-
creases. The niaximum coercivity of about 40t) Oe at 300t K

boundary w ith the SiO2  m atrix. The fringes on the crystal- cand 1 he mat 5.K as o ta forbot 400 wt a t 300Kn
lite reresnt te lttie spcin ofFe.and 1200 Oe at 5 K was obtained for a film with a thicknesslites represent the lattice spacing of Fe. of about 700 A. As the film thickness increases, the changeThe thickn -ess dependence of the resistivity for the in magnetic coercivity measured at 5 K is more pronounced

Fe80(SiO 2)20 filmns is shown in Fig. 3. It is seen that the in magnetic coercivity measured at 5 K iou
resistivity decreases as the film thickness increases and compared to the magnetic coercivity measured at 300 K for
above 700 A the resistivity decreases drastically, indicating Fims with thickesss den 10 a.
that the films form a better connecting network of Fe crys- Figure 5 shows the dependence of magnetic coercivity

tallites. The plane view HRTEM image shows that the Fe with temperatuie for Fe54(SiOb 12 films with different thick-

crystallites are isolated in the SiO, matrix, so the drastic nesses. The magnetic coercivity decreases as (le tenperature

change in resistivity for the films with thickness above 7(0 A
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FIG. 5. Magnetic coercivities vs temperature olf the Fcm)(SiO, (). films with
FIG. 3. Resistivity vs thickness for the Fe1(SiO 2)2(, filmus. different thicknesses.
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Calculation of magnetic moments in H02C3 nanocrystals
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A general approach to the computation of effective magnetic moments in rare-earth carbides is
described, and details of this calculation for Ho3- ions in Ho 2C 3 are presented. This calculation is
designed to explain the reduced magnetic moments, relative to free ion values, measured by dc
SQUID magnetometry for Ho 2 C3 nanocrystals. Crystal-field splittings of the rare-earth ion in a
particular symmetry site are determined by the operator equivalent method. Using the eigenvalues
and eigenfunctions of the crystal-field Hamiltonian, the effective magnetic moment is then
determined. For Ho 3 ions in Ho 2 C3 , this method predicts a reduced magnetic moment, but the
degree of reduction depends on the energy-level splittings and, therefore, the temperature, This
magnetic moment is compared with previous experimental results, and the implications of the
formal carbon charge, screening, and temperature are discussed.

I. INTRODUCTION the energy levels of the rare-earth ions inside C•,( molecules.5

Carbon-coated gadolinium and holmium sesquicarbide Here we use this information to calculate the effective mag-

na-iocrystals have been prepared in a carbon arc, and the netic moment per ion gzff for Ho 2 C3 .

details of their synthesis, structure, and measured magnetic
behavior have been reported previously.12 The gadolinium III. ENERGY LEVELS AND EIGENSTATES OF Ho3 - IN
ions in Gd2C3 have an 8S7/2 electronic ground state which is H02C3
unaffected by the crystal field. However, the Ho" ions
found in Ho 2 C3 do not show the free ion behavior. For a 5/ Ho 2C3 has a body-centered-cubic structure (143d) with

electronic ground state, the predicted effective moment, the Ho 3 -ions in positions of C3 site symmetry. To model the

g[J(J+l)]1/2, is 10.61 A,,, but ,iz,-:7.5 uB, was found crystal field experienced by a Ho"' ion in this solid, we

experimentally. 2 Here we present the details of a crystal-field included 11 neighboring ca bon atoms and the 12 closest

calculation for Ho 3
- ions in Ho 2 C3, aimed at understanding H-o3 + neighbors (Fig. 1). The atomic positions were taken

the reduced magnetic moment, and in laying the groundwork from published x-ray and neutron data for bulklike Ho2C3

for similar calculations for other rare-earth sesquicarhides, powder," and the only free parameter was the charge on the

dicarbides, and rare-earth-containing fullerenes. carbon atoms. In many carbide molecules6 and solids,7 bond-
ing occurs between the metal atom and C"- dimer units, and

II. CRYSTAL-FIELD CALCULATIONS the formal charge varies with the material.7 Previous results
for HooC 3 suggest that the holmium ions carry a 3+ charge,

The free ion energy levels arc perturbed by a crystal and the carbon dimers have a reduced charge because they
field. The Hamiltonian for this perturbation, HCF, can be donate electrons to a conduction band." In our calculations
written in terms of operator equivalents, OT', the formal dimer charge was varied between 2- and 4-.

The calculated latti-e sums y,,, over the near-neighbor Ho34

B , 0,, m - n. (1) ions shown in Fig. 1 contributed only about 10% of the total,
,.,m showing that the carbon dimers dominate the crystal field of

The crystal-field intensity parameters, BT1 , are given by the a holmium ion in Ho 2 C3 .

expression Since the holmium ions have C3 site symmetry, only
sonic of the operator equivalents contribute to the crystal-

B~ ,,"[ - e/4 re1 ](r")e,,y,,,,N,,,,- . (2) field Hamiltonian:

Here (,") is the expectation value for the nth power of the H(.F(C3)=BO ". n, + B' O B,
f-electron radius and 0, is the Stevens' factor, both of which 2 2 4 4 6 6O4+ 4 0+B

3 0
3, -,y3 j3' +3 3ii+ B(iO 3

are tabulated for various rare earth ions.3'4 N,,,, is the coef- 4+BO , +B3  + O" . (3)
ficient for the Tesseral harmonic Z,',, and y,,,,, is the lattice
sum over the neighboring ions, which have fixed positions Here BI refers to the imaginary part of B3', and the crystal
and charges for a particular structure. The operator equiva- axes were chosen to minimize the contributions from the 6li
lents O'," are functions of J, , J J, J, and J. The eigenstates and Bi terms.
for the ion perturbed by the crystal field are generated fron Using the free ion basis set, IJM), with 1=8, the 17x 17

superpositions of free ion IJMJ states. This method, re- matrix was diagonalized to determine the energy eigeavalucs
viewed by Hutchings, 3 has recently been used to calculate Ei and the eigenfunctions Iti):

"Author to whom correspondence should be addressed. 1'11) = E a,MI.IM). (4)
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FIG. 2. Energy levels of I Io' as a function ot carbon dimer charge mag-

(b) nitude, Energies are relative to that of a free Ho3 ' ,on. A more detailed

FIG,1.1 otion whith I I ar-neigthor Hot ios. (h Hot ion with description of the energy cigenstal'SC for the dimcr charge of - 2.0) is foundFIG, I, (I 'hI 1 ' iliihIIntrs-•ih~rlo o s h)HJ'inwt iiTble l,

12 nearest-netghbor carbide ions.il-

sisted predominantly of M = +8 and -8 states, and the next
Hor group theory, thSpi =8 el1ctrntat ground state for a tree lowest doublet was mainly ±=+7 and --7 states. For all

Ho3 ' ion should split iunt five t' states and six ", slate,, formal charge values there is significant population of cx-

when perturbed by a C3 crystal field, As shown in Table I, tile cited states at 30() K.
formal calculation did indeed result in six doublets and live

singlet states. While the energy-level splittings varied with
the formal charge on the carbon dimer, the relative ordering

was the same (Fig. 2), and the makeup of the energy cigen- In the limit of small 11/T, the paramagnetic susceptibil-

statcs was not significantly affectcd. The lowest doublet con- ity is given by

"TABIE 1. Ilo.(, cigenvectlors for CQ.

-igenvector (energy)

I~l,.a •-U ,•~ i_.8 (-,0 I. 142-().(15fil _'5). [h. I,/k --... 00( K]

1P _.)--t 49)67I-_) ( 1--0.149( tt.0163i1) 4). Il:,..,k - 18.31) KI
1,. -10.5115 (0.479)016) ( 0).117 -1.040i)13) (-0.lll2i[i)) 1 t( .1 12 Rl 5lifl - ,) , 1 (969 .-o), [l-,,k 72.87 K)

, .:: 1.•.)7 16) 4 M (1AW) - 0.1014903) (1 . 01)2 (1. Il14i) 1o) I ( 0.(113 (1.4(i)i -3) 1-0.506. -0.4791i ) (0. J ,, k 72.()(, K )

P.�).-=0. 0012 l.(l-4) 1(0 (.022 441 4 i l(.((1 1 ))0..'104 16.(-7t)il 2 .2 (l) 9711, 45) 1()0.142- - 1.t)5 i(l- ), ).I/ k 283. 5 7K )

04,1)---1.136 4 0 -.0570117) -(.) 2-, 0l.k0 2i)15) " .M014)4( 01 0)1 0.1112)1(0.154K-).081011) (0.078 0.0 1 1 D '(0t 032 1I.007012)
t(- 0).3210 1 1).234i11 4) 1 {(0.06O.)0ol|(ill 5), 1 ( 0.0)354 0.057/)[ 7), 1t.,,/k=217.0() K[

11110•):(-0.00 1 1 0.00li~S 101 ) .1 ' 10)3 .00(8i)12) ý-( ().1 (it) (1.i ti( l! I ) 1 .90•71 -4)f(0). 149 0.0063i) 1 7) l~, 1! k 2 17.00IK I

ITl) ---) 0. 112 0.0(49i116) (4.0 113) f ((.(0.076 0. 194i )0 ) 1 (((. 177 -(.4010)1)- 3) 4 (0.115 1[(.01411i)j ). 6 L, 1.l k A 275.36 KI

IT30)to.8112 0.0470•6)A P 0.46, 4 765,3i) o 10o,1 fl.Nvembe 1994 .) • 0•0841 3) 1 (0.110- .. (li) (,). IhI., k 283.13 K
1+,&ý-(0.000-~~~~ 0.09 IX 1 .0 .7 05)1W Q 2 .1-1- .0 2i)j 1) -1 .( l-011-(I.(138t~l 4), ( 0).004 0).003013 7).[1-. ,/k 326.111 KI

IP 14):.-(0.00)3 0.00.10{i17) ( 1 (0.0) 11 -1 0.38i)14)-1 (0).001) 10).00101i 211 ( 0).181 -0.0)82011) 1 0.96(21 2)-(). 5 1 M O (1.7o•ill 5)

I-( - 0.0}04 - 0.003i0] - ), I[l'lj.k -320.6,1 K I
,IT ,)-(o.ofl om lil).1()• i(o.oo(l I 0|.()02iii5), 0A .79--01.(85i)12)' ;0.9611- I) |1 0.172--(1.0862i) -4).1 (0).0mle 01.(14iij 7). I:•/ 355.s4 Ki

14~,,) (0.000 10. 0 .(14i 1,) T) (O.(O l I i .oo I i)j5)• , 0. 172 01.0181014)-1 1 0.0 14+-1 .002012) 1- 0.9,5911) 1(0I.055 0_0(3Xi 1 )! I 10. 171,) 0).(85o1 2)

1-(0.0017 0).011llt) 4) 1 (0.(001 0).025i 1 ) 1 ' ( 0.(0O i)l 7) 1 t 0.001) (1.0) 1ill 8). [l-•,.•,/k 355.s,l, KI

I't'17) (().[)5 i o.o()1 ji •)4 ( 0I.177 0.085i)13) I w n.g,()10) 1 (0).177 0).0850)1- 3) 1 t( ) 1 005 - |.O lit l[ (,). IF:, ,[k 36,5.73 K I
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Earlier SQUID magnetometry measurements 2 yielded a
.o,, temperature-averaged value of jiff= 7 .5 AB . There the data

• were scaled as a function of HIT, and results from all tem-
peratures were fit simultaneously."t Experiments are under-
way to study the degree of temperature dependence in order

S* to place limits on the carbon dimer charge. Refinements in
the crystal-field calculations to incorporate screening of the
conduction electrons will also have an impact on the energy-

14level splittings, and therefore on the temperature dependence
of the magnetic moment.

V. CONCLUSIONS
010 1-0 200 2 o Crystal-field calculations were performed to determine

"Temperature lK) the ground-state energy-level splittings for H-Io"' ions in
FIG. 3. Effective magnetic moment for Ho"• with a carbon dirmier charge or H0 2C 3. The energy eigenstates were used to calculate the
-2.0 as a function of temperature, with assumptions concerning off- low-frequency paramagnetic susceptibility and the effective
diagonal elements as noted in the text. magnetic moment. In comparison with SQUID magnetom-

etry measurements, this calculation underestimates the re-
duction of the magnetic moment. However, information con-

Xpm=N/ g2gJ(J+l )I3kT=NMz2/3kT, (5) cerning important fitting parameters may be obtained by

for a free rare-earth ion with ground-state angular momen- detailed temperature-dependent measurements of eff.

turn J. I tore 1A is the magnetic moment of the free ion. in the Note added in proof: A marked increase in the magnetic

full quantum-mechanical treatment, 8 X depends on the statis. moment with increasing temperature has been observed ex-

tical averaging over the energy eigenstates. While there are perimentally, thought the error bars for tits of the high-

several contributions, 9 the effective magnetic moment deter- temperature data are quite large. When the data taken at dif-

"mined from the magnetization curve measured with a ferent temperatures are scaled and fit as a group, the low-

SQUID magnetometer is related to the low-frequency term temperature contributions dominated in the determination
that /Alf= 7 .5 /tB.
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Kramers's rate theory, broken symmetries, and magnetization reversal
(invited)

Hans-Benjamin Braun
Department of Physics, Simon Fraser University, Burnaby, British Clumbia V5A IS6, Canada

The theory of thermally induced magnetization reversal in small particles is reviewed. The
conventional N&el-Brown theory for uniform magnetization reversal and its derivation from
Kramers's rate theory are first discussed. For sufficiently elongated particles, however, a nonuniform
energy barrier ("nucleus") has lower energy than the uniform barrier and thus yields a lower
coercivity. This coercivity reduction is shown to occur also for vanishing hard-axis anisotropy when
the nucleus breaks the rotational symmetry around the easy axis. The prefactor of the Arrhenius
factor is calculated for uniform and nonuniform barriers.

I. INTRODUCTION outside this central region is reversed. This obstructs the way

Recent years have witnessed tremendous progress in the do' ,i from the putative saddle point of curling symm'Ary by
preparation of magnetic particles on the scale of a few na- an additional energy barrier of topological origin which innometers. Such particles typically exhibit two degenerate the case of a continuous magnetization distribution is even
netersibr Suc parecticles oftypmagneticaly e it two h dg rae infinitely high. This can only be avoided by breaking the
equilibrium direction, of the magnetic moment which are rotational symmetry of the magnetization distribution at the

As the thermal energy kBT approaches the barrier en- cylinder center, For small particle diameters, we are then led
ergy, thermal fluctuations drive. the magnetization from the to an effectively one-dimensional model 5 that will be de-ergy thrma flutuaion drve te mgneizaton romthe scribed below.

metastable state over the lowest-energy barrier into the adja- The purpose of this article is twofold. We start with a

cent anisotropy minimum. Recent experiments on a single The theory of unifor tici twof rersal with
particlet or lithographically produced arrays2 of even smaller review of the theory of uniform magnetization reversal with

particular emphasis on the difference between the rotation-
particles reveal a coercivity that is substantially smaller than ally symmetric case of a single easy-axis anisotropy3.4 and
that predicted by standard theories of magnetization reversal, se t case of ansiongle eas-axis anisotropy7." 8 nd

The most widely used theory is that by N~el 3 and the case of an additional hard-axis anisotropy.7' These re-
B 4 mt iseae on theopitur that al spins w n sults have been derived by a variety of methods and unfor-Brown. It is based on the picture that all spins within the tunately no recent review exists in the literature. Therefore,
egrain arTe stin g a te liko f the metlarge magnetic Kramers's rate theory is presented in the Appendix in a form

emonient. The switching rate out of the metastable state is which can be readily extended to nonuniform situations orthen given by the Arrhenius factor exp[ - Es/kB T] where the systems of interacting particles.
barrier energy E, is proportional to the total anisotropy en- In Se . IV it is shown that in elongated particles a spa.
ergy and thus to the particle volume. tially localized deviation ("nucleus") from the metastable

With increasing aspect ratio of the particle, this assump- tate locid deviation (u e frme metstale
tion of a uniform magnetization becomes questionable. A state provides the lowest barrier. The same nucleus also ex-

recent study5 which includes the exchange interaction of ists for vanishing hard-axis anisotropy where it breaks the
rotational symmetry. This symmetry breaking gives rise to a

magnetic moments along an idealized long particle with con- rotatione mme Tf symmetry which gives to a

stant cross section has indeed shown that the energy exhibits Goldstone mode of zero energy which corresponds to an in-

a saddle point corresponding to a localized deviation finitesimal rotation of the saddle-point structure around the
("nucleus") from the initial metastable state. This nucleus easy axis. By taking advantage of this symmetry, the statis-
("nucleus")frombe thewed iasaso t-abntstate. This.6 tical part of the prefactor is evaluated exactly for all values
can also be viewed as a soliton-antisoliton pair,6  of the external field.

These exact results showed that several previous con-
cepts have to be thoroughly revised: For sufficiently elon. II. MODEL
gated particles, the barrier energy is proportional to the
cross-sectional area of the particle rather than the particle Let us first consider an elongated particle of constant
volume. Second, the concept of an " ictivation volume" is cross section. -e. The energy of a one-dimensional (ID) mag-

misleading: Even if the nucleus represents an already re- netization configuration M(x,t) of constant magnitude
versed domain delimited by two domain walls [see Fig. JMI=M 0 is given by

1(0)], the barrier energy is not proportional to the volume of fL/2 a A F ,i 2+M 2  + Mv\ 2 IaM 2\ 21
the reversed domain but rather equals the total energy of the E dx -I; 7 '
delimiting domain walls. Third, it can be shown that the ,-L - -• + -- ax

energy decreases monotonically from the saddle point until Kh 2 K, -,

the magnetization is reversed. This is in contrast to a saddle + A M' -M F-HMx1. (2.1)
point of assumed curling symmetry (where the radial com- 0I
ponent of the magnetization vanishes). Such a constraint re- The particle length L is assumed to be considerably larger9
quires the magnetization at the "backbone" in the cylinder than the domain-wall width xIA-K,,. For particle diameters Gf
center to remain in the initial state even if the magnetization the order of .4/K,, or smaller, transverse fluctuations are
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i) damping. For small values of the damping constant, the a
-- dependence of the left-hand side (lhs) can be neglected.

-y -____,The uniform configuration (c" = "r, 0, = ir/2) antiparallel
__,_,______._._ - to the external field represents a metastable state while the

Y . . state (0o=0, 0o=ir/2) parallel to the external field is the

M .", minimum of the energy (2.1). In the following we investigateix) ______ -----_____ext the energy barriers that separate these two states.
ii) Z X" Y• ýIz ..... x

Ill. UNIFORM MAGNETIZATION REVERSAL
S \'___ __• If the dimensions of a magnetic grain are smaller than a

ý z domain-wall width, the exchange energy dominates over de-
magnetizing contributions. The individual atomic magnetic

FIG. 1. The nucleus (3.2) for nonuniform magnetization reversal at (i) large moments are aligned and the system can be described by a
external fields (h -1) and (ii) small external fields. For vanishing hard-axis uniform magnetization M=const. The energy of an arbi-
anisotropy, this configuration is degenerate with all configurations that arise trarily shaped particle of volume V is then given by
by a rotation around the casy axis. E=V[-K,,( sin2 0 cos2 "k- 1)+K,, cos2 0

-He5 tM0(sin #9cos 0±+ I )]. (3.1)
suppressed and a ID treatment is justified. The first term in For O<h <1, the metastable state (0,, ,0,,) is then separated
the integrand of Eq. (2.1) is the exchange interaction be-
tween adjacent magnetic moments along the particle. The fr te s by
next two terms are effective easy and hard-axis anisotropies
of strengths Ke ,Kh;>O, respectively. They incorporate both cos 0(o)= -1, 0(0)= =7r/2, (3.2)
crystalline and demagnetizing contributions.10 For example, which have the energy

for an infinitely long sample of circular cross secti(:n, we

have Ke = Kecryst + "TM2, Kh Kh,cryst, where ke,cryst, ..E() -= VK,(1 - It)2 . (3.3)
kh,cryst are crystalline anisotropy constants. The last term in
Eq. (2.1) describes the interaction with an external field He,, In the vicinity of the saddle point, the energy (3.1) can beexaded to secondodri h lcutos•=(b••)
along the easy axis, which is conveniently expressed as p = l rut2 - 0,

h=HUxtMo/2Ke. (2.2) E-E("' + V[-Ke( 1 -zh 2 ) p 2 +K0p2]. (3.4)

It is appropriate to use spherical coordinates, The p fluctuations are thus unstable while tho out of easy-

MIMe= (sin 0 cos 0,sin 0 sin ,,cos 0), plane fluctuations are stable. In the vicinity of the metastable

where 0=0(.x,t) and 0=Oqx,t). The energy (2.1) then takes state the energy becomes

the form E= V{K,,( I -h)) , + [K,,( 1-h)+ Ki,]p}, (3.5)

,A2+ cos2 
2 where ýp,,, , 0,~ are now the stable fluctuations away from the

/ Vmetastable point, ie., 7, - ir, p,1 = 7r/2 - 0.

The uniform magnetization M obeys the equations of

K~sin2  COS' 0 -c 1 a -lI ,Mt(sin 0 cos ± 1+ motion (2.4) with ;' replaced by the energy density E/V and
-K,(s with the functional derivatives replaced by partial deriva-

(2.3) tives. The dynamics near the saddle point is obtained by
inserting Eq. (3.4) into Eq. (2.4). In particular we are inter-

which is measured relative to the metastable state antiparallel ested in the motion away from the saddle point, i.e.,
to the external field. The magnetization is assumed to obey (X >O),
the Landau-Lifshitz-Gilbert equations

dM _(a-f+ a M which obeys
-- O"-T - yM xlHef+ MX.--7,M

(a + 2 ) O X+ - Khp , + aK,.( I -h 2 ),p.,

with H 6f6=-,b/6M, which can be expressed as
(., a4 8K a &' 2) M0 (3.6)
(I(l sin 0(=a2) - Xp+=-K,,( i 2) -acKj,.p .

y at 80 sin 0 60'

Ma dO 1 &; (2.4) Note that the Landau-Lifshitz equation (2.4) is not con-
(1a-) T (T- asistent with the fluctuation-dissipation theorem since it lacksy at sini 0 &,a 0' ~ random forces which result from the coupling to the heat

where K=EI. /, is the energy per area and (5b denotes a bath. Without such random forces, the magnetization would
functional derivative. The terms containing a>O describe never be driven out of a metastable state. Such a term could

J. Appl. Phys. Vol, 76, No. 10, 15 November 199-4, Hans-Benjamin Bra.,i 6311



be added as a random field4 to the right-hand side (rhs) of (i) E, is proportional to the sample cross-sectional area
Eq. (2.4) to form a Langevin equation. However, it is only and ths energy 8 AK, -/ ,of two 7r Bloch walls. This is in
necessary to consider the stochastic dynamics near the saddle contrast to the uniform barrier energy (3.3) w;vhich is propor-
point, and we give a derivation of the corresponding tional to the volume. For sufficiently elongaied particles, this
Fokker-Planck equation in the Appendix. leads to a lower coercivity than theories discussed in the

Using the result Eq. (All) of the Appendix, we obtain previous section.
for the switching rate7

,
8 out of the metastable state (ii) For small external fields (R--+-), where the nucleus

X F (K,!K ) (1-h)+10 + 2 1 consists of a reversed domain delimited by two domain
I + h (3.7) walls, the barrier energy is twice the domain-wall energy.

?T (h This shows the invalidity of the "activation volume" concept

where we have included a factor of 2 due to the existence of which assumes that the barrier energy equals the total anisot-
the two equivalent saddle points (3.2). The escape rony energy of the reversed domain.
frequency7'8 follows from Eq. (3.6), (iii) The saddle point is connected to the stable state via

a path of decreasing energy. Consider the sequence of con-y/M0

I += {-a [Kh+Ke(h2 -1)] figurations that arise from Eq. (4.1) if we fix 6 at the value
lAa AIK, coth Ro but vary R between 0 and -. The energy of

+ V/ a 2 [K, + K,(I -_h2 )1 2
4- 4K,,K,(1 -h2)}. such configurations is

(3.8) E=8 jAIKfA -.(tanh R-R sech 2 RO),
For weak hard-axis anisotropy, i.e., f6VKh<l and

Ke>Kh, the out of easy-plane fluctuations become large and which incteases from 0 (for R =0) to E, at R =R0 and then

the system behaves as if K, =0. In this case, there is a de- decreases monotonically until the domain walls leave the

generate class of energy barriers which arise from the con- sample and the magnetization is reversed. The way down
figuration (3.2) by rotation around the easy axis. Equation from the saddle point is thus not obstructed by intermediate

(A12) then yields the switching rate3'4  saddle points. As mentioned in Sec. I, this latter problem can

a 2 312 12 )2arise for saddle points of curling symmetry.
r F= +--+• M _ (1 +h)(1-h) e " e . We are now going to investigate the energy near the

0 r (3.9) saddle point q5. Expanding Eq. (2.3) to second order in the

(3.9 fluctuations o(x) = 46(x)- 46•(x) and p(x) =ir/2- 0(x)
Although Eq. (3.9) has been derived in the moderately around the saddle point, we obtain
damped regime, it is proportional to the damping constant a
which is a characteristic of underdamped theories. E=E.+, f dx ýp. f dx p. k"p, (4.3)

with the operators

IV. NONUNIFORM MAGNETIZATION REVERSAL d2 (x )]

Let us now return to the case of an elongated particle as A Wx1 +.6V IV ,R- (4.4)

described in Sec. 11. The metastable state ( 6', 0,) along the d2

sample and antiparallel to the external field is now separated 71xp=A - +-2VJ-,RI+K. (4.5)
from the stable state (0,, ( ¥) by the nonuniform energy bar- dx
rier (see Fig. 1), The potentials are defined by

S6bs cosh[(x-x 0 )/5] 2( 2(tan-02 sinh R '(4.1) V2(,R) =-2 sech f+R)-2 sech (-R)
--+2 sech( •+ R)sech( •- R). (4.6)

where sech2 R=h and 6 = A _IKe cothR. 28R is the dis-

tance between the soliton and antisoliton constituting the Two eigenfunctions of the eigenvalue problems
nucleus (see Fig. 1). We have restricted ourselves to one of . , are exactly known: the Goldstone

the two equivalent saddle points ± . The arbitrary position mode
x0 of the nucleus along the sample gives rise to a Goldstone x•°oc sech(x/8-R)- sech(x/ +R)
mode of zero energy in the spin-wave spectrum. 4b, solves
the Euler-Lagrange equations, of zero energy which corresponds to a translation of the

-(A IK)d 2 dX+Sin 0 cos 0+1t sin 0=0, nucleus, and the ground state

with the boundary condition that 46 merges asymptotically X4"'o sech(x/S- R) + sech(x/,5+ R)

into the metastable state. The corresponding barrier energy is of energy E')P= Kh, . Since the former eigenfunction has one
=R-R sech2 R), (4.2) node and the latter eigenfunction represents the ground state

E=8A, . -(tanh -Rshof.."4v, there is exactly one eigenfunction with negative en-

where the first term is the defo, nation energy and the second ergy. This proves the instability of the nucleus. Inserting Eq.
term is the Zeeman energy of the nucleus. Equation (4.2) has (4.3) into the Landau-Lifshitz equations (2.4), we :ecognize
three important features as follows, that the decay mode of the nucleus
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[p+(x,t),p+(x,t)] =e'+t[ o+(x),p+(x)], particlediameter=100 X aspect ratio=lS:l

with \+>O obeys the following eigenvalue problem:
M010 nonuniform

(1+c2) -Lo X. + q0 .T•Sp + -.sp ot•qp+ • ° •utr
M0 (4.7)

(1 +a) -• X +p + =. .*`g, /•+ - Ut'A, Pp +.
2y 10.

For the derivation of the switching rate we refer to the 1o.4

Appendix. For h--+l, Eq. (All) can be evaluated exactlyl'

and we obtain the switching rate 0 . 0 0 0.8
0 0.2 0.4 0.6 0.8 1

6)'12 8 yKe L )7/4 -OEs. external field Hit ,Mo/(2Ke)

V#.715TAk,(1 -h)7/e~E

(4.8) FIG. 2. Magnetization reversal rate for uniform and nonuniform reversal.
The dashed line is the approximation of "constant attempt fiequency"This result is plotted in Fig. 2 which clearly illustrates the F -(2 yK,1Mo)eW -_PE,).

coercivity reduction compared to uniform reversal. For smail
Kh, i.e., 83.,-1•-ýA1KKh < 1, this result is not valid and we Oe-1 s-1, T=300 K, Kh=KeI5, and a=0.05. Note that the
have to investigate an energy density with vanishing hard- value of the prefactor considerably affects the value of the
axis anisotropy Kh,=0. The energy (2.1) then exhibits rota- rate as is illustrated by the three curves for nonuniform re-
tional symmetry around the easy x axis. To account for this versal which all have the same Arrhenius factor.
symmetry, it is more convenient to measure the polar angle In view of recent experiments, one should keep in mind
from the external field, i.e., that the coercivity changes drastically12 with the angle be-

tween the external field and the pa-t;cle axis. A precise align-
MIMe= (cos •', sin " cos w, sin T sin •) ment of the particle with respect to the field is therefore

(see Fig. 1). rT(x)= 0,(x) solves the Euler-Lagrange equa- extremely important.
tions in these new parameters, but it is completely degener- Note that we have assumed a constant cross section of
ate with configurations that arise from Eq. (4.1) by a rotation the particle. If the particle cross section is not constant, non-
around the easy axis by an angle 0-o.<2• (see Fig. 1): A uniform barriers at different x0 are no longer degenerate but
given saddle-point structure (r-s, w,) thus breaks the rota- they form a distribution of energy barriers. A single particle
tional symmetry and there must be a corresponding (Gold- can therefore behave like an ensemble of many particles.
stone) mode of zero energy in the spin-wave spectrum which So far we have neglected effects that occur at the particle
corresponds to an infiitesimal rotation of the nucleus around ends. The present treatment, however, also allows a first es-
the easy axis. As is shown in the Appendix, this rotation is timate for nucleation occurring at the particle ends. Assum-
equivalent to the ground state Xyj' of .7,•, which acquires ing that the anisotropy persists to the very end of the particle
zero energy for Kh=O. The explicit knowledge of the rota- and that the magnetization obeys open boundary conditions
tional and the translational Goldstone mode allows the evalu- dM/dx(±L/2) -0, the nucleus (4.1) with x,= -L12 re-
ation of the statistical prefactor for all values of h,I1 and we stricted to x>0 describes the nucleation of a domain wall at
obtain from the Appendix the sample end at x = -L/2. The corresponding barrier en-

. 64yK, (14- y)2 ergy is then half that of the nucleus E,/2. In a real sample,

1 + a . ,L e•- PE-, (4.9) however, the demagnetizing energy will lead to a decrease of
It the easy-axis anisotropy from K, = Ke,,.yst + irM• to Ke

where for ea 1, •+ = aIE Inserted into Eq. (4.9), this vlaue = Ke,crys, at the sample end and thus lead to a modification of

for X+ also provides a good approximation of the switching this picture. Finally, it should be noted that this behavior
rate for a~l. The prefactor in Eq. (4.9) remains finite since could be investigated experimentally by artificially pinning
for small h,'1 we have E1= -2hK,, and for h-l the sample ends by, e.g., a high-coercivity material.
ESV= - 3(1 -h)Ke, ACKNOWLEDGMENTS
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We have presented magnetization reversal rates for uni- This work has been supported by the Swiss National Science

form and nonuniform magnetization reversal. It has been Foundation and by NSERC of Canada.
shown that for elongated particles, a spatially localized APPENDIX
nucleus gives rise to a lower coercivity than a uniform bar- In this appendix we construct a Fokker-Planck equation
rier. This is also valid for the case of a vanishing hard-axis for the magnetization dynamics and derive the corresponding
anisotropy as is illustrated in Fig. 2, where the switching rate switching rate. We focus on the moderately damped regime
is plotted as a function of the external field. The following and barriers which are high compared to the thermal ene2rgy
material parameters have been used: A =5 X 10-7 erg/cm, kT. Since the prefactor is of the order 10 1o s-1, this condi-
Ke = irM 0 =7X I05 erg/cm 3, M0 =480 Oe, y= 1.5 X 107 tion is satisfied even for large switching rates.
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The present formalism which is based on work by Kram- lowest energy bet.,een the metastable and the stable state.
ers and Langer 13 allows us to rederive the results of Ziircher7  The goal of calculating the switching rate out of the meta-
and Klik and Gunther8 in a simple way. In addition, this stable state thus amounts to the evaluation of the total prob-
method can be readily extended to interacting particles and ability current of a stationary nonequilibrium distribution
nonuniform magnetization configurations.5 " through a surface near the saddle point.

To simplify notation, it is convenient to use dimension- Since we consider high barriers, tne desired nonequilib-
less units defined by [x] = AAAAKA , [EIV] 2K,, rium probability distribution p will thus approach an equilib-
[t] =(1 4 a 2)MO/(2yKe). Introducing the vectors •p=(p,p), rium distribution in the vicinity of the metastable state while
h= (hs, ,hsp) with h,,= h2 -1, hSP= k a/k,, the energy (3.4) it has to vanish beyond the saddle point. Following Kramers,
near the saddle point reads EýE(0°+ v 1ih-i. The equations the stationary nonequilibrium distribution is assumed to fac-
of motion linearized around the saddle point take the follow- torize as follows near the saddle point:

ing form: p=pqF(u), (A6)

0•i where F depends on the single coordinate u = Y. Ui i (even
-a----• Mq~hj~(t), (Al) in the case of arbitrafly many degrees of freedom), with

coefficients Ui to be detewmined. Inserting Eq. (A6) with Eq.
where M is a matrix with M 1i = M 22 = a, M1 2  - M2 1 1i. (A5) into Eq. (A3) and using (9pi t =0 we obtain
The unstable mode s(j) = ex+1tP/ with X+>0 [Eq. (3.6)] 2

thus obeys the equation - MijhibiUj d+ - MiUiU ý-= (A7)
ij du B ij du 2

- Mijhjý' (A2) where the above boundary conditions imply F(--)= 1, F(-)
=0. The consistency of the ansatz requires this to be a dif-

Rather than investigating the stochastic trajectories Oi(t) that ferential equation in u alone, and thus

arise by adding noise terms to Eq. (Al) we now focus on the 1
probability p(Itvi)li dqli of finding the system in a phase- I Mii iUj= KU, - MijUiUj= yK. (AM)
space volume element 711 dbip around the state qii. The dy- ij
namics of this probability distribution is then governed by First we note that ,ijMijUiUj = aiU and thus YK>0. To
the Fokker-Planck equation elucidate the meaning of K we remark that the first equation

Op in Eq. (A8) is solved by Uj=1hip7 and therefore
-+- - =0, (A3) K=-.\+<0. The constant y will cancel in the final result.
9t i Equation (A7) then takes the form

with the probability current -u dFldu + y d2F/du2 =0 and the boundary conditions on
F are satisfied by the solution

Ji=A- M4 hj)l+ P. (M) Fdu expl (A9)

Note that due to the structure of M only the diagonal part Inserting Eqs. (A9) and (A6) into Eq. (A4) we obtain
contributes to the second term in Eq. (A4). Equation (A3) I dF
can be formally derived from a Langevin equation with Ji= - M Mq jpcq--.
Gaussian white noise, but it is more instructive to consider - du
the following heuristic motivation: (i) The coefficient of ipi in The switching rate is then given by the total probability flux
Eq. (A) is constructed such that (The through a surface near the saddle point which we choose for
expectation value is defined as (f)=fFlIdoifp); (ii) the co- convenience to be u =0,
efficient of the derivative is determined such that the equi- ct
librium distribution near the saddle point, r= f dSE UlJ=\ I j2) 2 fl dip,,(,)pvq.

peq=Z-I expi -_ý'.• e + 111 ies) , (AM) (Alt))
i. The equilibrium probability density thus has to be evaluated

is a static solution of Eq. (A3) with vanishing current, where near the saddle point where it is given by Eq. (AM). Using
/=3V and e°) =EMI)/V. Z is the normalization with respect &(u)=f(dq/27r)exp(iqu) we perform first the integration

to the vicinity of the metastable state. over the stable directions and then over q. The coefficient of
Equation (A3) represents a continuity equation in phase the resulting final Gaussian integration over the unstable

space. The "leakage" of the system out of a certain region of mode is negative although the energy decreases along this
phase space, e.g., the vicinity of the metastable state, is thus unstable direction. This follows from Eq. (AS) which implies
given by the flux through the boundary of this region. Due to that EiUI/hi= -/y<0. Since p,, is strongly peaked around
the Boltzmann factor exp(-PfE), this flux will be maximal the metastable state, we can use a Gaussian approximation
around the saddle point which represents the connection of and obtain Z = 11, [,, 1 where I -,,, ! --h and
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hmP = 1 -h + KhIK, are the coefficients in a quadratic expan- For nonuniform configurations, we obtain by an adapta-
sion of the energy (3.5). We thus finally obtain for the tion of the previous method"t the following expression of the
switching rate switching rate:

X+ ( lih.i 1/2 . (_ ) / 8."/, 1/2( det .;Kmnp \ 1/2( det .;;3`mP 112r= -- , Ih, I S (All) F + .det' ,} ` det. /I d ,) e.-*,
(A13)

where X+ is the decay frequency of the nucleus and the re-

maining term is the ratio of the partition functions evaluated which is expressed in dimensionless units. Since there are

in Gaussian approximation at the saddle point and the meta- two degenerate saddle points to,, a factor of 2 has been

stable state respectively. In the derivation of Eq. (All) it has included in Eq. (A13). "det" denotes now the infinite prod-

been assumed that there is only one single saddle point. uct [see Eq. (All)] of the eigenvalues of the fluctuation op-
Since Eq. (3.2) defines two equivalent saddle points, Eq. erators and the prime denotes omission of the eigenvalue

(All) has to be multiplied by a factor of 2 to yield the result EI=0. _ d2Idx2 + I-h, .',,=.±Kh/K, de-

(3.7). scribe fluctuations around the metastable state (0,,, ,O ..) antu

Note that the result (All) is completely general and can Y. = L ýE arises from the integration over the
be extended to other situations with artibrarily many degrees translational Goldstone mode Xy°. In the limit h-4, Eq.
of freedom such as interacting particles and spatially nonuni- (A13) can be evaluated analytically11 with the result (4.8).
form situations. For vanishing hard-axis anisotropy Kh=0, the result

We now focus on the situation of a vanishing hard-axis (A13) fails since the ground state of .kP acquires zero en-
anisotropy Kh=O. In this case, h,,p=Kh/Ke becomes zero ergy and needs a special treatment in the derivation of the
and the formerly stable direction at the saddle point becomes rate formula: A rigid rotation around the easy axis by an
flat. There is now a completely degenerate class of saddle angle dw corresponds to the fluctuation d~p(x)=0,
points which is conveniently expressed in terms of r and w dp(x).sin 0,(x)d&o. Since sin kxo, we also have
as in Sec. IV. The saddle point is then given as in Eq. (3.2), dp(x) = Xo dp., and the integration over the mode ampli-
cos i 0 =- h, but as a consequence of the rotational symme- tude Po in the Gaussian integral in Eq. (AlO) can be ex-
try around the easy axis the azimuthal angle 0 _-.),•2ir is pressed as
arbitrary. f 2 1I/2 f frt

Since the previous treatment required the existence of a dpo = -I dx sin2 4 dw-w It
stable direction at the saddle point, the derivation of the
switching rate now proceeds along somewhat different lines. = 4 r(tanh R + R sech2 R,
The difficulty arises when we try to perform the integration
in Eq. (AlO) over the variable V/2-p which diverges since which replaces the factor 2r ,.E~p that arises for
h P0. The infinite integration domain in Eq. (AIt) is, how- Kh,0. This fact allows an analytic evaluation of the statis-ever, only sensible if the Gaussian approximation of the par- tical prefactor for all values of h. Using the exact results'1

tition function provides a sufficiently fast decay. Since this for the fluctuation determinants, we obtain Eq. (4.9) after
integration is related to the rotational degeneracy, it is inad- reinstating units.
equate to use an infinite integration domain. It rather has to M. lederman, D. R. Fredkin, R. O'Barr, S. Schultz, and M. Ozaki, J.

be replaced by a finite integration over the angle 0o). Since Appl. Phys. 75, 6217 (1994).
a rotation around the easy axis by an angle dw corresponds 2A. Kent, S. von Molnir, S. Gider, and D. D. Awschalomn (these proceed-

ings).
to a fluctuation dp/sin ) the correct value for the integral L . del. Ann. G06ophys. 5, 99 (1949).
is 4W. F. Brown, Phys. Rev. 130, 1677 (1963).

H511. B. Braun, Phys. Rev. Lett. 71, 3557 (1993).
2tl- •(H. B. Braun and 0, Brodbeck, Phys. Rev. LUtt. 70, 3335 (1993)._=si r(o d" w:(o1_ =. r i (o)) U

dp 2 =sin osin rs ,u. Zurcher, Diploma thesis, University of Basel, 1985.
_1. Klik and L. Gunther, J. Star. Phys. 60, 473 (1990).

which replaces the former term 2r_-/f6hs,, in Eq. (All). In 'In RWf. 12 it has been shown that below a particle length La,,,
dim nsinles nit th rte eco es= 27r, A/Ka•l,/T'-17" only uniform saddle points exist, provided that thc

dimensionless units the rate becomes magnetization obeys open boundary conditions dMldx(x= ±-L/2)=O.

h ,~hm-,1/2 1/2 0 PIn his criticism of Ref. 5, A. Aharoni (unpublished) overlooks that demag-
sin e (A12) netizing effects are already absorbed in the definition of Ke.

lh I / \ i 1 H. B. Braun, Phys. Rev. B (in press).
" 1-. B. Braun and H. N. Bertram, J. Appl. Phys. 75, 4609 (1994).

where ,-p¶O) is given by Eq. (3.2) and the dimensionless es- 1-H. A. Kramers, Physica 7, 284 (1940); J. S. LUnger, Ann. Phys. 54, 258
cape frequency X+=a(1-h 2 ) follows from Eq. (3.6). (1969).
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Magnetic properties of nanophase cobalt particles synthesized in inversed
micelles

J. R Chen and C. M. Sorensen
Department of Physics, Kansas State University Manhattan, Kansas 66506

K. J. Klabunde
Department of Chemistry, Kansas State University, Manhattan, Kansas 66506

G. C. Hadlipanayis
Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716

Cobalt particles were prepared with the microemulsion method in the binary system of DDAB
(didodecyldimethylammonium bromide)/toluene by reduction of CoCI2 with NaBH 4 . The average
particle size of the as-prepared samples could be varied from 1.8 to 4.4 nn by controlling the
concentration of CoCI2 in the solution of DDAB in toluene, TEM studies showed that the particles
were quite uniform and well isolated. The particle sizes determined from magnetic data were
consistent with those measured by TEM. The coercivity of the particles at 10 K increased from 640
to 1250 Oe as particle size increased from 1.8 to 4.4 nm. The blocking temperature of the particles
increased from 19 to 50 K for the same size range. The saturation magnetization or, at 2 K increased
with decreasing particle size. The value of or, of the particles with average size of 1.8 nm was about
200 emu/g, which is 20% higher than the bulk value. This implies that the magnetic moment per
atom is enhanced in the nanoparticle system.

I. INTRODUCTION When we studied the dependence of the spontaneous

Nanoscale materials show novel properties that are often magnetization on temperature at low field for zero-field

significantly different from the bulk due to fundamental cooled samples, we found that the particles were not pure

changes in coordinaiton, symmetry, and confinement. In metallic cobalt when the mole ratio of water to DDAB was

magnetic materials advantage has been taken, for a consid- much larger than one. Figure 1 shows the data for two

erable time, of the variation of magnetic properties of fine samples with the same preparation except the water content.

particles due to effects such as single domains, superpara- In sample A 60 (/i of 5 M NaBH4 , whereas in sample B 30

magnetism, and surface interaction. Only recently, however, /l of 10 M NaBH 4, was added to 10 ml of 0.01 M CoCI2
have magnetic studies proceeded into the ultrasmall regions solution in DDAB/toluene, Sample A shows two peaks in

where more fundamental changes will occur as the bulk Fig. 1, while its saturation magnetization was just 50% of

transforms to the atomic. In this work we describe the syn- that of sample B, which had only one peak in (r vs T plot.

thesis of nanoscale metallic cobalt particles using an in- The two peaks imply two magnetic phases in sample A. In

versed micelle synthesis method. A consistent set of size de- nonmicroemulsion systems we have shown3 how water
causes the borohydrate reduction to create Co2B whereas Co

pendent magnetic data are obtained, the most surprising of caues the bo sede on tate Cous w herea Cois created in the absence of water. Thus we interpret the
which show an enhanced, relative to the bulk, magnetic mo- results for sample A to imply that both Co and C0,B particles
ment per Co atom.

Ih. EXPERIMENTAL METHODS i.e , ,

Cobalt particles were prepared by the microemulsion 0.8 VB H=-50 Oe
method in the binary system of DDAB/toluene."'2 NaBH4
was used to reduce CoCI2 to produce Co particles. First 0.6CoCI2 61-20 was dissolved in a deoxygenated 11 wt % V
DDAB solution in toluene at concentrations of 0.005--0.02 £ 0.4
M. The reagent was trapped in the empty micelles and I
formed a blue transparent solution. Then a 10 M NaBH4  0.2 - -A
aqueous solution was added on the condition of V V V V V
[BH 4]:[Co2 1]=3:1 and stirred. It eventually turned from blue 0.01 V , ' ' V
to black and formed a stable colloid. The colloid was dried in 0 50 100 150 200 250 300

a glove bag with all the toluene evaporated and formed a T(K)
paste sample. The cobalt particles were uniformly distributed
in the DDAB matrix.

The x-ray spectrum of a paste sample showed only the FIG. 1. Tenp•perature dependence of' the spontahieous uagnolizntit nt
(111) peak of fcc cobalt. Since the concentration of cobalt in 1 --50 Oc for zero-itled cooled saniplesA and B. In sample A 601 J.I oft5 M

NaBH 4 , whereas in sample B 3(0 zi of 10 M Na'I1 4 , was added to 0).01 M
the sample is about 0.6 wt %, the other weaker peaks were in C:Cl, solution in DIAB/toluene. The peak ait 21) K in both A and B is due
the noise. t) Co; the peak at 6(1 K in A is due to ('oB.
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FIG. 4. Relation between the anisotropy constant and size of Co particles.
FIG. 2. TEM photograph of the cobalt particles with an average particle size
of 3.3 nm.

The magnetic properties were measured by a SQUID
magnetometer. All the particles were in the superparamag-

were produced. On the other hand, in sample B only Co is netic state at room temperature. The sample was cooled in
produced. There was, of course, water present in sample B. zero field to 2 K, and then magnetization was measured as a
But at low concentration (one H20 molecule per DDAB mol- function of temperature in a 50 Oe field to determine the
ecule in sample B) the water must be fixed by the hydro- blocking temperature. The relation between the blocking
philic part of the DDAB and unable to participate in the Co tempurature and the particle size is shown in Fig. 3. The
reduction. We remark that Pileni et al.4 found the oxidation blocking temperature increased as particle size increased,
states of copper metallic clusters changed with the change of which is consistent with the behavior of fine particles.
water content in the micelles. The blocking temperzture should roughly satisfy the re-

With the above results in mind, we controlled the ratio of lationship
[H20]:[DDAB] below 1.5 to make pure metallic cobalt. The KV
particle size was varied by changing the CoCI2 concentration Ta = (1)
in the DDAB/toluene system from 0.005 to 0.02 M. We have
also tried to increase the particle size by increasing the reac- where K is the anisotropy constant, k8l Boltzmann's constant,
tion temperature to 50 °C, but no obvious change was ob- and V the average volume of the particle, With the knowl-
served, edge of the blocking temperature and the particle size, we

calculated the anisotropy constant for the Co particles as
shown in Fig. 4. The calculated anisotropy is larger than the

Ill. RESULTS AND DISCUSSION bulk value of fcc cobalt (2.7x 10(' erg/cnm3)5 '•' and increases

A TEM study was carried out to size the particles and with the decrease of particle size.
study their morphology. The particle diameter changed from At 10 K, all the samples were in the ferromagnetic state.
1.8 to 4.4 nm as the CoCI2, concentration increased from The coercivities of different samples are shown in Fig. 5. As
0.005 to 0.02 M. Figure 2 is a TEM picture of one sample particle size increased, the coercivity increased, which is the
with an average diameter of 3.3 nm. The particles are well behavior of single-domain particles caused by thermal ef-
separated and their sizes are narrowly distributed. fects.
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FIG. 3. The blocking temperature as a function of size for Co particles. FIG. 5. Size dependence ot coercivity ot Co particles at I0 K.
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FIG. 6. Magnetic moment per particle determined from ar, and susceptibil- FIG. 8. Saturation magnetization of Co particles at T=2 K (bulk (r,= 160
ity and for different samples at temperatures higher than T, . cmu/g).

166 emu/g,7 An enhancement of the magnetic moment per
atom in cobalt has been observed in free cobalt clusters8 andultrathin Co/Ag(001) films,9 and has been predicted by theo-

ropy energy barrier of the single-domain particles is over- retical calculationslttll this is the first time that the enhance-
come by thermal energy and superparamagnetism occurs.
The magnetic moment per particle was calculated from the
susceptibility and saturation magnetization. The results are IV. CONCLUSIONS
shown in Fig. 6 as a function of the TEM determined size. We have successfully made cobalt fine particles with the

All the above results are consistent with the properties of size varying from 1.8 to 4.4 nm. The Co particles are single-
ultrafine particles. The saturation magnetization (a'.) of the domain particles and in superparamagnetic state at room
cobalt particles at 2 K (Fig. 7) showed surprising behavior, temperature. The anisotropy constants in our Co particles are
The particles wre not saturated even at 5.5 T despite their larger than that of bulk material. An enhanced magnetic mo-
large moments. To obtain o, we plotted or vs 1/H and ex- ment per Co atom compared to the bulk was observed. This
trapolated to 1/:1---0. Figure 8 shows the relation between enhancement increases with decreasing size to be -20%
the saturation magneti'Lation and the particle size. The mag- greater than bulk for 1.8 nm particles. This result is consis-
netizations are larger than the bulk value of cobalt and in- tent with theoretical calculations and experimental results in
crease with decreasing particle size. For the smallest par- free cobalt clusters.
tides, the saturation magnetization was about 200 emu/g,
about 20% larger than the bulk value of fcc cobalt, which is ACKNOWLEDGMENT

This work was supported by NSF Grant No. 9013930.

_J. P. Wilcoxon, US Patent No. 5147841 (1992),
ISO "" ' 0 ' '0 2j. P. Chen, C. M. Sorensen, K, J. Klabunde and G. C. liadjipanayis, J.

tO0o° 0 00 Appl. Phys. 75, 5846 (1994).

0 01G. N. Glavee, K. J. Klabunde, C. M. Sorensen, and G. C. Hadjipanayis,
- 120 - Langmuir 8, 771 (1992); Inorg. Chem. 32, 474 (1993).

.,4 oM. P. Pileni, J. Phys. Chem. 97, 6961 (1993).

so - W. D. Doyle and P. J. Flanders, in International Conference of Magnetism,
Nottingham, 1964 (The Institute of Physics andt [he Physical Society, Bris-

b Itol, 1965), p. 751.
40 0 T= 2K "W. A. Sucksmith and J. E. Thompson, Proc, R. Soc. London Ser. A 225,

o 362 (1954).

0----------------------------- ... M. Nishikawa, E. Kita, 1. Erata, and A. Tasaki, J. Magn. Magn. Mater.
0 1o 20 30 40 50 so 126, 303 (1993).

8J. P. Bucher, D. C. Douglass, an(d L. A. Bloomfield, Phys. Rev, lett. 66,

H(kOe) 3052 (1991).
9J. A. C. Bland, A. D. Johnson, R. D. Bateson, and 11. J. Lauter, J. Magn.

Magn. Mater. 104, 1798 (1992).
"'C. Y. Yang, K. H. Johnson, D. R. Salahub, J. Kaspar, and R. P. Messmer,

FIG. 7. Magnetization as a function of field at 2 K for a sample with the Phys, Rev. B 24, 5673 (1981).
average particle size of 3,3 rim. 'Z, Li and B. Gu, Phys. Rev. B 47, 13611 (1993).

6318 J. Appl. Phys., Vol, 76, No. 10, 15 November 1994 Chen ef al.



Magnetic and structural properties of vapor-deposited Fe-Co alloy particles
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The structural and magnetic properties of two Fe-Co alloy particles with composition
Fe1oO_,Co,(x=45,65) were studied using x-ray diffraction, x-ray photoelectron spectroscopy,
transmission electron microscopy, superconducting quantum interference device magnetometry, and
Mbssbauer spectroscopy. The particles were nearly spherical in shape with an average particle size
around 350 A. Particles formed long chains and showed a core/shell particle morphology. X-ray
diffraction and M6ssbauer studies showed the presence of bcc a-Fe-Co and CoFe20 4 phases with
the former as the majority phase in Fe55Co 45 and the latter the majority phase in Fe 35Co 65 . The
room-temperature coercivities of both of these samples were much higher than those in Fe particles
with values exceeding 2.2 kOe, The Fe 5Cot6 5 sample showed a drastic temperature dependence of
coercivity from 1.5 kOe at 300 K to 15 kOe at 10 K. The structural and magnetic data suggest a
core/shell morphology with the surface oxide layer having a very important impact on both the
magnitude and temlerature dependence of the coercivity of the whole particle.

Previous studies on Fe, Co, and Ni particles prepared by ,.. 2

gas evaporation have shown large coercive forces with val- XRI ..u... I

ues of 1050, 1200, and 100 Oe, respectively.' Transmission
electron microscopy (TEM) and M6ssbauer studies indicated
a corc-shell particle structure with a metallic core surrounded
by the corresponding oxide shell. Micromagnetic

calculations 2 and experimental studies3 on passivated and
unpassivated y-Fe20 3 particles have shown that the thickness .
and magnetic state of the oxide layer affects the switching 9 3.1... ,1 • •

fields and hence the coercivity of the particle. In passivated .....
Fe and Co particles the hysteresis behavior was found to be
strongly dependent on the amount of surface oxidation and
tWe magnetic interaction at the core-shell interface was " ' • ,•u ,,, .

claimed to be responsible for the high coercivity. Previous C .... 0...) .")..0
work5 on Fe-Co alloy particles has shown coercivities ex- (a)
ceeding 2.5 kOe which are much higher than those of either
Fe or Co particles, A similar behavior has been observed on
elongated Fe-Co particles prepared by electrodeposition6 and . Oil)

the high coercivity was attributed to the presence of a cobalt .... I

ferrite oxide layer on the surface of the particle. .
In the present paper we try to understand the origin of

the high coercivity of Fe-Co alloy particle samples by com-
paring their structural, microstructural, and magnetic proper- u

ties.
Two Fe-Co alloy particle samples prepared by the gas

evaporation method were obtained from Vacuum Metallurgi-
cal Co., Japan. i

The structure of the particles was determined by x-ray 0 d.

diffraction (XRD) and selected area diffraction (SAD) pat- . . ,
terns. The particle size was determined by transmission elec- ... .0 0

tron microscopy (TEM) and their composition was deter- (b) 21)

')Current address: Center for MINT, University of Alaba mna,Tuscaloosa, AL FIG. 1. XRD patterns of the Fe-CO sa mnples: (a) Fe •sCo ,5, (b) F c ,,Co4.•

35847.
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FIG, 4. Zcro-ficld-cooled (ZFC) and field-cooled (PC) hysteresis loop in an

Fc,,,Co(,.5 ;irnple.

The x-ray diffraction pattern of Fe55Co 45 was dominated
by bcc Fc-Co, with few extremely weak and broadened

1 .E peaks corresponding to CoFe 20 4 [Fig. 1(a)], while the pat-
FIG. 2. Bright-field TEM micrographs of (a) Fe~sCo4i and (1)) Fe.Co 1, 5. tern of Fe35Co65 showed strong and relatively broadened

peaks corresponding to CoFe20 4 [Fig. 1 (b)]. The asymmetric
broadening of the CoFe2O4 peaks may be due to the small

mined by energy dispersive x-ray analysis (EDAX). X-ray grain size and the off-stoichiometric composition of
photoelectron ,epectroscopy (XPS) was used to probe and CoFc204 , The presence of an Fe/FeCo phase could not be
characterize the surface of the particles. The magnetic prop- detected unambiguously due to the overlap of its d spacing
erties were measured by both a vibrating sample magneto- with that of the asymmetric broadened peaks of the CoFe204
mdter (VSM) and a superconducting quantum interference phase. Selected area diffraction (SAD) patterns agreed with
device (SQUID) magnetometer. Mi ssbauer spectroscopy the XRD results.
was p iso carried out to determine the type of the oxides Bright-field micrographs obtained for the two samples
present. revealed that the particles were about spherical in shape and

The two samples studied had a nominal composition formed a long chain-like structure. The average grain size of
Fethe xCo. with x=45 and 65, EDAX measurements gave the two samples was about the same and -350 A (Fig. 2).
the x values of 43 and 64, respectively. The particles in the Fe 5 Cou, 5 sample showed a very distinct

contrast between the inside core area and surface shell region
16 .- ---- as shown in Fig. 2(b).

14 -01 The magnetic properties of these samples were measured
in the temperature range from 10 to 300 K. FC35 Co5,5 showed

12 -0 Fe 5,Co 4 0 an M, around 30 emu/g while in Fe55Co4 5 M, was much
"oQ Fe 35Co 6

Satelhte
"100 of Fe 2 e Pet

"8000- a ,k e

0F F
4-

0 •-0 •00 i.'_ 200 .'0 300 3., 705

T (1. 1'1ding Energy ((r)

FIG. 3. 'Tnemperature dependence of coercivity in the two Fe-('o samples. l(j. i. X'PS spectra of Fc,(os.
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TABI.F. 1. Miisshaucr parameters. 5 is thc isomer shift. MQ~ is ffhc quadru-
100.00pole splitting. H is the hyperfine field.

99.70 Sample ftni/s) AEQ(mnm/s) H(k~e) AH*k00 % Phase

99.40 l'e59SCo4 S 0.4(1 (0.02 504 20 28 (FeCo) 304
0.14 -0.00)4 362 801 72 Fe-Co

17e1,C0, (0.37 0.018 506 1.5 A (Fe,Co).10.
9510 0.51 -0(02 529 12 B

100.0- 7:.Miissbauer spectra for Fe.SCo 4 .5 showed a mixture of
Fe-Co alloy and cobalt ferrite while the spectrum of FC35ICo65

99. 5D -showed only CoFe2 0 4 (Fig, 6). The ratio of Fc.1+ at the A and
is B site was 1.6:1 instead of 1:1, indicating an off-
W. 00 -stoichiometric CoFe 2O4. The M6ssbauer parameters are

I listed in Table 1, The fact that nou FeO has been observed with
so. soM6ssbauer indicates a small percentage of this oxide (<5%).

This is different in XPS, where a thin FeO layer on the
sq. 0 surface can result in a corresponding peak in the spectrum.F The XRD and Miissbauer results on the Fe-Co alloy par-
97.50 ticles indicated a core-shell particle morphology. In Fer,5Co4jIthe core is abec Fe-Co alloy while the shell consists of

- 12 -t0 -8 -6 -U -2 0 2 LL 6 8 10 12 Fe-Co oxides with CoFc10 4 as the majority oxide. In
VELOCITY 044SECt

FIG, 6. M6ssbauer spectra of the two Fe-Co samples (a) Fe5.jCo45s, (bI Fe35Co6 .9 the core/shell morphology is composed of stoichio-
Fc35Cof,5 . metric and off-stoichiometric CoFC2O4, respectively.

Based on the present and our previous experiments with

higher, over 170 emu/g. Such a difference in the magnetiza- passivated Fe particles,4 we believe that the CoFe2 0 4 oxide
tion of the two samples could be due to the presence of a layer plays an important role in the magnetic properties of
large amount of CoFe2 0 4 in Fe315Cots as compared to the particles. It results in a large surface-pinning force, which
Fe5 o4 ,adtposbesraesipinnintefre impedes the rotation of magnetization near the interface
because of a thicker cobalt ferrite shell. The decrease in M lyetoadheircon fteexralfladtust
with increasing T (10-300 K) was only about 5%. The re- leads to the high coercivty and nonsaturation effects even at
manence was about 0.5 in both the samples. The temperature 55 k~c. The anisotropy constant KI of CoFC2 0 4 is much

depndece f oeriviy fr he wo ampeswasquie df- higher than that of Fe3 0 4 (the values are 2X 106 and
ferent, as shown in Fig. 3. The coercivity of the Fe35ýCo~ 11Xl~egc 3 a omteprtrrsetvl 7sn
sample was -1.5 kOe at 300 K and increased to 15 k~c a .t has a strong temperature dependence: K1 (0 K) is almost an
10 K (about 900% increase) while the coercivity of the order of magnitude higher than K, (300 K).8 This large tem-

Re55Co45 sample was 2.2 kOe at 300 K and increased slightly perature dependence of KI explains the drastic temperature
to 2.7 k~c at 10 K (only 25% increase), dependence of the coercivlty in FeMCo6.5 -

FielcI-cooled hysteresis loops onl both samples showed a This work has been supported by NSF-CHE-9013930.
shift to the left (Fig. 4) with the value of the shift much The Fe-Co alloy particle samples were supplied by Dr, M,
larger in the Fce3.Co 6,. sample (about 3 kOe in Fc,1.Co~,. and Oda of Vacuum Metallurgical Co., Japan.
0.5 kOe in Fe~j 5Co45s at 10 K). The shift in the field-cooled
(FC) loops (H,.01=20 kOe) is believed to be the result of 'S. Gangopadhyay, G. C. 1-ladjipanayis, 11. Dale, C. M. Sorensen, and K. J,
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Extended x-ray-absorption fine-structure studies of heat-treated
fcc-Fe5 oCu 50 powders processed via high-energy ball milling
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K, M. Kemner and V. G. Harris
U.S. Naval Research Laboratory, Washington, DC 20375

The local structure and chemistry of a ferromagnetic fcc-Fe9 0Cus0 solid solution obtained through
high-energy ball milling were measured before and after heat-treatment-induced decomposition
using extended x-ray-absorption fine-structure measurements. The decomposition is first evident
with the phase separation of a-Fe after a heat treatment at 523 K. Analysis of the residual fcc
component revealed that the Fe atoms were predominantly surrounded by other Fe atoms,
suggesting that the Fe has coalesced within the fcc structure. The Fe atoms within the fcc phase
likely exist in low-spin clusters which provide an explanation for the reduced values of
low-temperature magnetization previously measured in annealed samples [P. Crespo et al., Phys.
Rev. B 48, 7134 (1993)].

Much research has been focused on the FcCul- sys- conversion electron mode after attempts to employ the trans-
tem since it was shown that the miscibility of Fe in fcc-Cu mission mode failed due to our inability to grind the powder
can be greatly enhanced, 0-x--0,6, through high-energy ball to the scale required for EXAFS measurements. In using the
milling." 4 In recent work,3'4 some of the authors have re- conversion electron technique we applied a generous amount
ported on the magnetic and structural properties of a ferro- of the powder over a still-wet coating of colloidal graphite
magnetic fcc-Fe.50Cuo) solid solution processed using high- on a substrate of commercial grade Al foil, As per this tech-
energy ball milling. Their findings indicate anomalous nique, the absorption spectra was measured as normalized
magnetic behavior for heat-treated samples in the intermedi- sample current (see Ref. 5 for details of the operation and
ate stages of decomposition. Specifically, a significant de- performance of the conversion electron cell used here).
crease of the low-temperature magnetization relative to the Following established EXAFS analysis proceduresO' the
value measured for the as-milled sample was observed in fine structure extending from 20 to 600 eV above the absorp-
annealed samples where multiple phases are present. This tion edges were first normalized to the edge step height and
behavior cannot be accounted for by a nucleation and growth energy, then fitted with a cubic spline curve to remove a
decomposition where the alloy separates into pure fcc-Cu low-frequency background oscillation, and converted to pho-
and bcc-Fe components, Alternatively, these authors have toelectron wave-vector (k) space. These data were then Fou-
suggested a spinodal mechanism to describe the decomposi- rier transformed to radial coordinates in order to obtain direct
tion process. In an attempt to elucidate the decomposition information of the structure and atomic symmetry around the
mechanism in this material we have measured the average Fe and Cu sites. Quantitative information of the local struc-
local structure and chemistry around the Fe and Cu sites ture and chemistry around the Fe sites were obtained by fur-
before and after heat treatments using extended x-ray- ther fitting the near-neighbor peak of the Fourier-transformed
absorption fine-structure (EXAFS) measurements. EXAFS data witii empirical and theoretical standards.

Powder samples, having a nominal composition of EXAFS data for the as-milled sample were fit using theoreti-
Fe50Cu%0, were fabricated by high-energy ball milling Fe cal EXAFS spectra generated by the FIT:E codes (ver. 3.11)
powder with Cu foil for a period of 400 h in a Fritsch vibrat- developed by Rehr and co-workers.7 Alternatively, the fitting
ing mill. X-ray-diffraction measurements of the milled pow- of data collected from annealed samples, where multiple
der revealed only Bragg peaks corresponding with a single phases were present, was performed using empirical stan-
fcc phase having a lattice parameter of 3.641 A. Samples of dards of bcc-Fe and fcc-.FeCu (simulated using the Fe
the as-milled FeCu powders were annealed under flowing EXAFS collected from the as-milled sample). These empiri-
argon gas to temperatures ranging from 523 to 923 K at a cal standards were chosen because the x-ray-diffraction inca-
rate of 20 K/min and were then allowed to cool. Details of surcments indicate that bcc-Fc precipitates from the solid
sample processing and characterization, including results of solution upon heat treatment. We assume that the remaining
x-ray-diffraction, M6ssbauer effect, and magnetization mea- fcc phase consists of both Fe and Cu atoms still in solution.
surements, have been reported in Ref. 4. All fits were performed in k-space using a least-squares-

A portion of the as-milled and annealed powders were fitting algorithm.
examined using the NRL materials analysis beamline, X23B, Information of the local structure and chemistry around
at the National Synchrotron Light Source (Brookhaven Na- the Fe and Cu sites is contained in the Fourier transform of
tional Laboratory. Upton, NY). The x-ray-absorption spectra their respective EXAFS data. These data for the as-milled
near the Fe and Cu K absorption edges were collected in sample are presented in Fig. I with similar data collected
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FIG. 1. Fourier-transformed Fe and Cu EXAFS from the a.-mil~ed Fe50Cu5 0
sample. Similar data collected from a fcc-Cu standard ame shown for com- FIG. 2. Fourier-transformed Fe EXAFS data for the as-milled sample and
parison. All data were transformed using k2-weighting ard k-ranges of 2.5- those samples annealed at T=523, 723, 823, and 923 K. All data were
12.5 A-'. EOectron phase-shift corrections have not been included, therefore transformed using k2-wpighting and k-ranges of 2.5-12.5 A-'. Electron
radial distances do not correspond directly with bond lengths. phase-shift corrections have not been included, therefore radial distances do

not correspond directly with bond lengths.

from a Cu foil used here to represent the fcc structure. Data
corresponding with the as-milled sample are shown to re- from an electronic interactien brought about by the filled
semble closely the fcc structure of the Cu standard in both d-band of Cu interacting with the unfilled d-band of Fe.
the relative amplitude and radial distance of Fourier peaks Figure 2 depicts the Fourier-transformed Fe EXAFS data
appearing over the range of 1--5 A. Slight changes in relative for the as-milled and annealed samples illustrating the evo-
amplitude and distance of these Fourier peaks between the lution of local structure around the Fe site as a function of
milled sample data and the fcc Cu standard can be attributed heat-treatment temperature. All the data presented in Fig. 2
to the increased structural disorder of the milled powder and are shown on the same x and y axes without offset or nor-
the smaller diameter of the Fe atom, respectively. malization to aliow for the direct comparison between

Fitting of the near-neighbor peak of the EXAFS data samples annealed at different temperatures. The as-milled
presented in Fig. 1 using FEFF generated EXAFS spectra in- sample and the sample annealed at 523 K have nearly iden-
dicates that the first coordination shell around both the Fe tical transform profiles, indicating that the loc;,,l structure
and Cu atoms consists of a mixture of Fe and Cu atoms around the Fe atoms remains largely unchangtd after this
which reflect a stoichiometry of Fe48Cu 52, a result consistent low-temperature anneal. However, the data corresponding
within the uncerto'rty of the EXAFS fitting analysis with the with the sample annealed at 723 K displays significant
nominal composition of the starting powder mixture. This changes in the Fourier features appearing over the r range of
analysis establishes that atomic level mi:,ing has occurred 3-5 A (uncorrected for electron phase shifts). This transform
around Fe and Cu sites due to the ball milling operation and illustrates features common to both bcc and fcc structures,
indeed Pn fee solid solution exists. Attempts to include a bce indicating that the Fe atoms exists in both phases after this
component to the fit resulted in a significant deterioration of heat treatment. Evidence for the bcc phase is seen in the
the least-squares-fitting parameter, as did attempts to simu- large peak appearing near 3.5 A which corresponds with the
late coherent fcc-Fe clusters with'n the Cu matrix. Further cube-diagonal unit-cell site and the body-centered site of the
details of this analysis will be presented elsewhere, adjacent cell. Anneals at still higher temperatures are seen to

Fitting of both the Fe and Cu EXAFS data found a further advance the chemical and phase separation: The
Cu--Fe(Fe--Cu) bond of 2.60±0.02 A, significantly larger Fourier-transformed data for samples annealed at 823 and
than the sum of the Goldsmidt radii (assuming a coordination 923 K closely match the bcc Fe transform presented in Fig. 2
of 12), 2.55 A. However, this result is consistent with x-ray- in both relative amplitude and radial distance of Fourier
diffraction measurements of the as-milled powder 2 which in- peaks.
dicate a larger latt,ýce parameter for the solid solution, Information of the local chemical environment -t differ-
a0 =3.641 A, than that of fcc Cu, ao=3.615 A. The Fe-Fe ent stages of decomposition would be very useful in provid-
and Cu-Cu bonds are measured to be 2.53_±0.01 A. Taken ing insight to the nature of the decomposition mechanism
together, the resulting EXAFS lattice parameter, 3.627±9.02 and in turn assist in our understanding of the magnetic prop-
A, matches within the EXAFS fitting uncertainty to the value erties. However, because the photoelectron backscattering
obtained by XRD. The distorted bond distance of the Cu--Fe amplitudes of the Cu and Fe atoms are similar, it is difficult
correlation is apparently responsible for the distorted lattice to extract information of the local chemistry from a qualita-
measured by XRD. However, at this time we can only specu- tive inspection of the data presented in Fig. 2. To this end, we
late that the repulsion between the Fe and Cu atoms arises have performed a quantitative fitting analysis of the near-
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neighbor Fourier peak for a) sa-riles whose data appear in I
Fig. 2. Because the Fe atom m. , cupy more than one .A f ",I
inequivalent site in thes( partially decomposed samp!es, de- 03 -

pending upon thl. nature of the decomposition and the an- 0.F CC
nealing temperature, it is diffikult to fit the EXAFS data us- -,

ing only FEFF generated EXAFS spectra. This difficulty '.
arises from the increasing number of independent variables
(used in fitting) corresponding with each inequivalent site. - -'-

Hence, we chose to fit these data using empirical standards 2 0.4
of bcc-Fe and fcc-FeCu. Through this approach multiple in- " ..
equivalent Fe sites in the annealed samples are simplified to ,!"t,, . (A' V I |
two, those existing in bcc and fcc symmetries. This modeling 0.2

does not take into account the variation in local chemistry
around the absorbing atom. It does, however, provide a
means of measuring the relative fraction of atom which oc- 200 300 400 500 601) 700 800 900 1000
cupies those sites differentiated by symmetry made possible
by the differences in local atomic symmetry between the bcc Annealing Temperature (K)
and fcc structures.

The results of the fitting analysis of the annealed FIG. 3. Atomic fraction of Fe atoms occupying bcc and fcc sites in heat-
.samples are presented graphically in Fig. 3. The inset plot treated samples as a function of annealing temperature. Results were derived

from EXAFS fitting of the neir-neighbor (NN) region of the Fourier.
illustrates the experimental Fourier-filtered Fe EXAFS data transformed data presented in Fig. 2 using empirical standards, The inset
of the near-neighbor region and the best-fit calculation for plot illustrates the experimental Fourier-tiltered NN Fe EXAFS data for the
the sample annealed at 723 K. The as-milled sample and the sample annealed at 723 K and the best-lit calculation. Error birs reflect a
sample annealed at 523 K are measured to contain only an 100% increase in the least-squares-fitting parameter. The lines connectingthe data points are presented to illustrate the qualitative trend with annealing
fec component to the near-neighbor environment of Fe. After temperature.
an anneal at 723 K, "owever, 30% of the sample exists in a
bcc phase with 70% remaining in the fcc phase. Anneals at residual fcc phase have coalesced within the Cu matrix dur-
823 and 923 K further advance the decomposition with a bcc ing the heat-treatment-induced decomposition. Furthermore,
atom fraction growing to 68% and 72%, respectively. The it is likely that th,:'.-e fcc clusters of Fe are sufficiently small
error bars presented in Fig. 3 represent a 100% increase in so as to exist in a low-spin state, thus providing an explana-
the goodness of fit parameter, indicating a significant dete- tion for the reduced magnetization at low temperatures re-
rioration relative to the best fit. The increase in error bar for ported in Refs. 3 and 4.
samples annealed at 823 and 923 K is attributed to the This work, in part, has been supported by the Spanish
gradual change in chemistry of the residual fcc phase with CICYT through Projects No. Mat. 92-0491 and No. Mat,
increasing annealing temperature. J:, these samples the em- 92-0404. A. Hernando acknowledges support of the BBV
pirical fcc-FeCu standard becomes a poor simulation of the Foundation. The EXAFS measurements were carried out at
fcc component. the National Synchrotron I ight Source (Brookhaven Na-

The observed magnetic behavior reported in Refs. 3 and tional Laboratory, Upton, NY), which is sponsored by the
4 cannot be explained by a simple nucleation of fcc-Cu and U.S. Department of Energy (Division of Material Science
bcc-Fe from the as-milled fcc solid solution. The decrease of and Division of Chemical Sciences of the Office of Basic
low-temperature magnetization (relative the value of the as- Energy Sciences). KMK acknowledges support from the Na-
milled powder) with the appearance of the bcc phase sug- tional Research Council-Naval Research Laboratory research
gests that a significant amount of Fe must exist in a low-spin associate program.
state, either as small clusters of fcc-Fe or dilute Fe in fcc-Cu.
To investigate this hypothesis, we have isolated the fcc com- 'K. Uenishi, K. F Kobayashi, S. Nasu, Ii. Hatano, K. N, Ishihara, and P. H.
ponent of a partially decomposed sample, namely the sample Shingu, Z. Metallkd. 82-3, 132 (1992).
anntealedf at 723aKr whichwas fepoud s prev ely tohesavle a 2 A. R. Yavari, P. J. Desre, and T. Benanieur, Phys. Rev. Lett. 68, 2235
annealed at 723 K which was found previously to have a (1992'.
30% bcc component. EXAFS modeling of the fcc component -. Hernando, P. Crcspc;, A. Garcia Escorial, and J. M. Barandiaran, Phys.
of this sample using FEFF generated theoretical EXAFS spec- Rev. Lent. 70, 3521 (l•01).
tra indicates itat the average environment of the Fe sites in 4p. Crespo, A. Hernando, it. Yavari, 0. Drhohlav, A. Garcia Escorial. J. M.
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this phase is dominated by Fe neighbors at a ratio of 1(0:1. In 5 D. E. Sayers and B. A. Bunker, in X-ray Absorption: Basic Principles of
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Structure analysis of coprecipitated ZnFe20 4 by extended x-ray-absorption
fine structure

B. Jeyadevan, K. Tohji, and K. Nakatsuka
Department of Resources Engineering, Tohoku University, Aramaki, Aoba, Aoha-ku, Sendai 980, Japan

Though the anomalous antiferromagnetism of zinc ferrite was a subject of intensive studies in the
past, the unusually high magnetization of coprecipitated zinc ferrite at low temperatures has drawn
renewed interest among researchers. The local structures of zinc ferrites around Fe and Zn atoms are
measured using extended x-ray-absorption fine structure and the results are discussed in correlation
with their magnetic properties. The structure around the Zn atom was found to differ between zinc
ferrite produced by ceramic and coprecipitation techniques. The position of the second-nearest
neighbor of the Zn atom for coprecipitated zinc ferrite was shorter than the one produced by the
ceramic method. This suggests the possible occupation of the Zn atoms in the octahedral sites and
the cause for the unusually high magnetization in coprecipitated zinc ferrite. Furthermore, the
intensity of the peak is weak compared to the one produced by the ceram'c method. This is thought
to be due to the deformation induced by the occupation of zinc ions in the octahedral sites, causing
a decrease in the structural periodicity.

1. INTRODUCTION slowly cooled to room temperature, and ground to powder
again.

Zinc ferrite (ZnFe20 4) is usually assumed to be a corn- (b) Coprecipitation technique--The coprcipitated

pletely normal spinel with zinc ions exclusively occupied in (b) w sprepareob the m e tho c red in R ef
the tetrahedral sites. This is described as an anomalous anti-4.
teetromahnedra sibstanes wthi is d tesriedrasuan anmousnt- 1(c) Coprecipitation followed by annealing-The copre-
ferromagnetic substance with a N~el temperature ariund 10 cipitated ZnFc2O4 is calcined at 1373 K for 3 h, cooled
K. The magnetic behavior of ZnFe 204 has drawn much in- slowly, and ground to powder in a grinder.
terest and has been a subject of intensive studies.' 2 To ex- The ferrites prepared by the above methods were exam-
plain the anomalous behaviors, it has been suggested that ined by x-ray diffraction. The local structure was analyzed
small amount of Fe ions occupy tetrahedral (A) sites and the using EXAFS by measuring the absorption spectra at Fe and
Fe(A) ions and their 12 nearest neighbors at octahedral (B) Zn K-edges. The sample was mixed with polythelene and

sites form a cluster. Each of the Fe (B) spins is coupled with pelles . Th e magnetia ith podutsere
the e () sinsby B iterctio whch s mch troger pellets were inade. The magnetization of these products were

the Fe (A) spins by AB interaction which is much stronger also measured in a vibration sample magnetometer (VSM) in
than the BB interaction. 3 These experiments have been car- the 5 K to room temperature range.

ried out on polycrystalline samples prepared by the ceramic

method. However, very recent research on ultrafine ZnFe2O4
prepared by the coprecipitation technique, 4 with a defect-free Ill. RLSULTS AND DISCUSSION
crystal structure,-5 has showed unusually higher A. Magnetization of ZnFe 204magnetization.' Furthermore, the magnetization was found to
vary with particle size and takes a maximum around 8 nm The magnetization temperature curves of ZnFe2 0 4 pre-
diameter.7,8 In this paper, we report the results of structure pared by the methods described in the previous section was
analysis of coprecipitated ZnFe20 4 using extended x-ray- measured using VSM in the temperature range 5-293 K at 6
absorption fine structure (EXAFS), in search of an answer to kOe are given ini Fig. 1. As can be seen, the magnetization
the high magnetization observed in coprecipitated ZnFe20 4. shows an increase with decreasing temperature and attains
This may solve the unresolved problem of scientific interest maximum around 20 K, in the case of ZnFe20 4 produced by
and provide clues to produce particles with high magnetiza- the ceramic method and coprecipitation followed by anneal-
tion. ing. But, in the case of coprecipitated ZnFe20 4 , the magne-

tization continues to increase with decreasing temperature
and the increase at 6 K is about 16X that of the value at

II. EXPERIMENT room temperature. The x-ray-diffraction analysis confirmed
that ZnFe1 04 produced by all three methods crystallized in
the spinel structure and the cation distribution in the structure

The ZnFe 20 4 samples were prepared by the following is believed to be the main cause for the differences in mag-
procedure: netic behavior among zinc ferrites prepared by different

(a) Ceramic method--The powders of ZnO and Fe203 of methods. The reason for higher magnetization has been sug-
chemical grade were mixed at a mole ratio of 1: 1 in a me- gested to be due to high concentration of magnetic clusters in
chanical mixer. The mixture was calcined at 1373 K for 3 h coprecipitated zinc ferrite. Neutron-diffraction studies have
in oxidizing atmosphere and cooled slowly. Then the product revealed a high concentration of Fe ions in the A sites that
was ground in a mechanical grinder for I h. After, it was form clusters with the Fe atoms in the B sites. It also has
calcined again at 1373 K for 3 h in the oxidizing atmosphere, been reported that the ZnO:Fe,03 ratio of coprecipitated
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FIG. 3. Fourier transforms of ZnFC2O 4 prepared by (a) the ceramic method,
(b) coprecipitatior, and (c) coprecipitated and annealed, at the Zn K-cdgc.

FIG. 1. Magnetization temperature curves of ZnFc20 4 produced by different
methods.

in the octahedral sites, the second-nearest peak is a result of

Z-TPe 2O4 is the same as that of the one produced by the the scattering from Fe-Fe atoms and Fe-Zn atoms, where Zn
ce.amic method, meaning that there is no density difference atoms are occupied exclusively in the A sites.
among the ferrite produced by different methods. Therefore Considering the peak intensities between ZnFC2O4

the concentration increase of Fe ions in A sites would lead to samples, it could be seen that the peak intensity of coprecipi-

the occupation of zinc ions in the B sites. To find an expla- tated ZnFe20 4 is weak compared to the samples produced by
nation for the above differences, structure information of other methods. As far as the peak positions are concerned,

zinc ferrites is necessary. the distance between the central atom and the second-nearest
peak is marginally greater in the case of coprecipitated

B. EXAFS of ZnFe 204  ZnFe 2044 .
EXAFS spectra of ZnFe2 O4 at the Zn K-edge were mca-

EXAFS is an ideal tool to investigate the local structure sured. Fourier transforms of the same are given in Fig. 3. The
of matter. The local structure information, such as inter- two intensive peaks in the Fourier transform are centered
atomic distances (in the case of spinel structure, this would around 1.5 and 3.1 A in the case of ZnFe20 4 produced by the
lead to the determination of the sites occupied by the atoms), ceramic method and coprecipitation followed by annealing,
coordination number, and the kind of surrounding atoms whereas, in the case of coprecipitated ZnFe20 4, the peaks
around a selected x-ray absorbing atom could be studied. centered around 1.6 and 2.8 A and the intensity of the peak

The EXAFS spectra of Zi.Fe20 4 prepared by the meth- at 218 A was very weak compared the ones produced by
ods described in Sec. II at the Fe K-edge are measured and other methods.
the Fourier transform of the above spectra are given in Fig. The Fourier transform of the spectra at Fe and Zn
2. The two intensive peaks in the Fourier transform are cen- K-edges for ZnFe204 produced by ceramic and coprecipita-
tered around distances of 1.45 and 2.6 A. In the case of tion methods showed considerable difference in amplitude of
ZnFe2O4, if we assume the Fe atoms to occupy exclusively radial structure function. A similar observation was made by

Maeyama et al.9 for ZnFe 20 4 of 56 and 5 nm diameters. The

141'1* .. . reduction in radial structure function, which is directly re-g lated to the coordination number, was considered due to the
*x= 1increase in the surface atomic layer for finer particles. The

12 Fte-Fe/Z'n F. I--edge

I0- .. • broadening of the metal-metal peak in the Zn K-edge has
been considered due to the amorphous state of the sample.

In our study, if we consider the second-nearest peak in
I It ithe Fourier transform of the spectrum at the Zn K-edge in all

S 6 -N () three samples, it is clear that the peak of coprecipitated
4-/ ,) ZnFe2O4 has become broader and the peak maximum lies at

""�/ / a distance shorter than in the other two cases. The peak
SV2 broadening can be caused as a result of (a) the disordered

I % *state of the sample and (b) scattering from atoms two differ-
2 3 4 5 6 ent distances; i.e., the peak is a result from the contribution

iRoa) of two different peaks. If it is true that the zinc atoms occupy
only the A sites, it is not possible to get a response at shorter

FIG. 2. Fourier transforms of ZnFe20 4 prepared by (a) the ceramic method, atomic distance than that of ZnFe20 4 produced by the ce-
(b) coprecipitation, and (c) coprecipitated and annealed, at the Fe K-edge. ramic method.
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FIG. 4. The inverse Fourier transform of the second peak (Zn-Fe) in Fig. FIG. 5. The inverse Fourier transform of the second peak (Zn-Fc) in Fig.

3(a) and the contributions from shells (a) Zn(A)-Fe(B) and (b) Zn(B)- 3(b) and the contributions from shells (a) Zn(A)-Fe(B) and (b) Zn(B)-

Fe(B). F,(B).

of the structure and may have caused the reduction in the
amplitude radial structure function.

AL -"ming that Zn atoms are occupied in both tetrahedral Furthermore, the occupation of zinc ions in both tetrahe-

and octahedral sites and the main contribution of the scatter- dral and octahedral sites may have led to a magnetization

ing to be only from shells Zn(B)-Fe(B) at 2.98 A and mechanism which is different to the one observed in antifer-

Zn(A)-Fe(B) at 3.48 A [even though the scattering from romagnetic substances, or on the other hand, the concentra-

Zn(B)-Fe(B), Zn(B)-Zn(B) at 2.98 A and Zn(A)-Fe(B), tion increase in Fe ions in tetrahedral sites due to the occu-
Zn(B)-Fe(A) Zt(.4-Zn(Bl atr possible], curve fitting as pation of zinc ions in octahedral sites may have caused anZn(B-FeA) t 348 shllsareposibl], urv fitin as increase in the concentration of magnetic clusters formed

well as individual contributions of these scatterings were ic reas intercon an of magneti zatiormed

evaluated. The values of the Debye-Waller factor and mean through AB interaction and leading to magnetization in-
free path were determined from the analysis of zinc ferritedistribution
freepathdwerthe deeramin method from the unised ofinc fere ain coprecipitated zinc ferrite is the cause for the higher mag-
prepared by the ceramic method and were used in the analy- netization.
sis of coprecipitated and coprecipitated and annealed zinc
ferrite. The best fit obtained for the second-nearest peak in IV. CONCLUSION
Fig. 3(a) gave a value of R =2.7%. The individual contribu- The results of EXAFS analysis on coprecipitated zinc
tion of the scattering from shells Zn(A)-Fe(B) and Zn(B)- ferrite have suggested that the zinc ions are occupied both in
Fe(B), are given in Fig. 4 and it can be seen that the scat- A and B sites. The resulted cation distribution is believed to
tering is contributed to almost only by shell Zn(A)-Fe(B). have caused the increase in magnetization, and the occupa-
But, in the case of coprecipitated zinc ferrite (fit R=2%), in tion of Zn ions in the B sites is believed to have led to the
addition to the contribution of Zn(A)-Fe(B) scattering, a deformation in the structure that reduces the periodicity of
considerable contribution from Zn(B)-Fe(B) is also ob- the structure, causing a decrease in radial structure function
served and is shown in Fig. 5. Also, when the coprecipitation amplitude.
followed by annealing sample was analyzed, it resembled
very much that produced by the ceramic method. V. Konig, E. F. Bertaut, V. Gros, M. Mitrikov, and G. Chol, Solid State

This suggests that the shift at; well as the broadening of Cfmmun. 8, 759 (1970).
2 F. K. LAtgering, J. Phys. Chem. Solids 27, 139 (1966).

the peak at a shorter distance is a result of the zinc atoms IS. Ligenza, Phys. Status Solidi B. 75, 315 (1976).

occupying the octahedral sites, too. In coprecipitated zinc 4 T Sato, IEEE Trans. Magn. MAG-u, 295 (1970).

ferrite, this may be possible, as the cation distributions are in -5 , Sato, K. Haneda, M. Seki, and T. lijima, Appl. Phys. A 50, 13 (1990).

a metastable state as they are prodaced at low temperature 'T. Sato, K. Haneda, M. Seki, and T. lijima, Proceedings of the Interna-
tional Symposium on the Physics of Magnetic Materials (World Scientific,

within a short period of time. If they are brought to higher Singapore, 1987), p. 210.
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Magnetic anisotropy of small clusters and very thin transition-metal films
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G. M. Pastor
Deparamento de Fisica de la Materia Condensada, Facultad de Ciencias, C-1Il,
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The magnetic anisotropy of 3d-TM clusters is studied in the framework of a d-clectron tight-binding
Hamiltonian including hopping, Coulomb, and spin-orbit interactions on the same electronic level.
Results for the magnetic anisotropy energy and spin-polarized DOS are given as a function of the
bond length for the Fe6 cluster. In particular it is shown that the MAE may be qualitatively related
to the projections of the orbital moment along the magnetization directions, and that the "in-plane"
anisotropy can be of the same order of magnitude as the "perpendicular" anisotropy. Using the sainie
Hamiltonian, the problem of the convergence of the magnetic anisotropy energy of very thin films
is revisited. By the choice of a basis which mixes spherical harmonics, it is shown that the irregular
oscillations of the MAE versus the band filling disappear. For Co(l1l) excellent stability of the
in-plane anise tropy as observed experimentally was found. Finally, the crystal-field effects are also
discussed.

I. INTRODUCTION systems 4 to include the spin-orbit interactions. This Hamil-

Considerable attention has been devoted during the last tonian includes hopping, Coulomb, and spin-orbit interac-
tions on the same footing and can be written as

years to the study of the magnetic anisotropy of low-

dimensional systems. The number of papers presented during
this meeting attests to the vitality of the research on thin H - +tC+c (tq hc ••j/~r+ Hc+ Hso. (1)

metallic overlayers. For clusters experimental results show
that the magnetic anisotropy plays an important role in the
observed relaxation of the cluster magnetic moments in an Here C (6a) refers to the creation (annihilation) an
external field.1'2 H-owever, from a theoretical point of view, erator of an electron with spin o" at atomic site i in the orbital
very little on the magnetic anisotropy of clusters is known, a (oexy,yz,zx,x e-y2 ,3z 2 -rb), and t"/3 to thes hopn g i
contrary to the case of thin films. The purpose of this paper is tegrals between the orbitals a andi/ at sites i and j.
to propose an unified theoretical framework able to describe The Coulomb interaction s c in the unrestricted
the magnetic anisotropy of clusters, i.e., of systems having a
finite number of inequivalent sites; the case of very thin film
can be seen as a particular simple situation. He=ya Aei~rhia,,-Edc, (2)

The calculations are performed in the real space by using i,-
a tight-binding Hubbard-type Hamiltonian. The magnetic an- where A e,,r= 1,,, U,r,,,( vi,/ - P()) are the site and spin de-
isotropy energy (MAE) is the total-energy difference for two pendent d-level shift due to the redistribution of the spin-
different magnetization directions which can be chosen with- polarized electron density (nit,r=6 th,,( jia,)' V1ir, ayiar)
out restrictions. For clusters we consider directions which do refers to the average d-electron occupation at site i and spin
not necessarily correspond to the symmetry axis of the clus- o" and vt the corresponding average d occupation in the

ter, which may result in Jahn-Teller instabilities. In analogy paramagnetic solution of the bulk. The correction due to
to magnetic thin films, we assume a perpendicular magneti- double counting is given by Ed,=0(l/2) U,,j,r UVia j,"3
zation direction as well as one or two in-plane directions. In Notice that the spin-quantization direction is taken to be par-
this way we can discuss not only the perpendicular but also allel to the magnetization direction (S). For the ! pin-orbit
the in-plane anisotropy. This is of considerable interest since interaction H the following single-particle, intraatomic ap-
so far very few quantitative results based on an electronic proximation is used:
theory are known about the importance of the latter.

so= - (L, . Si),,,r(U, 0,rY•, 6 iJ~r,. (3)
II. MAGNETIC ANISOTROPY OF SMALL CLUSTERS i,,a r, (

In this work we extend a theoretical framework origi- Here ( refers to the intraatomic matrix elements
nally developed to describe, without spin-orbit coupling, of L.S, which couple the up- and down-spin manifolds aild
clusters3 and it is used with success to study low-dimensional which depend on the relative orientation between (S) and the
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cluster structure. The spin-polarized charge distribution, and Z A

in particular the spin moments, are determined self-
consistently by imposing the global charge-neutrality condi-
tion 1,,Ivi, Nnd.

The electronic energy Ep, from which the MAE is de- / '\
rived, is calculated from "

E&8 lif epj,(c)de-Edc, (4)

where 8 refers to the magnetization direction (e.g., &-ix,y,z)
and pi, to the local density of states (DOS). The MAE is
obtained from the change in the electronic energy E,6 associ- F'
ated with a change in the orientation of the magnetization (S) .5 ....

with fixed position of the ions. The DOS pl,,(e) are com-
puted by using the recursion method.5 A special care must be
taken in the self-consistent treatment of the Hamiltonian, in 0 ......

order to avoid any numerical incertitude.6 In the case of a Y - 1
free-standing pure transition-metal mono- or bilayer, all sites 0.5 ,
are equivalent. For clusters it is no more the case and charge
transfers occurring. ' . i -

In these calculations we use parameters corresponding to X 7.

Fe as given in Ref. 3 ,,ith a spin-orbit coupling constant
ý=0.05 eV.7 Since in the clusters the value of the bond -1 .5 ---------

length d is somewhat uncertain, we have performed a sys-
tematical study in terms of didD, where dB is the bulk bond . 0, .

length. 0.3
In Fig. 1 the results obtained for the Fe6 cluster are re-

60ported. Other clusters have been studied.6 General trends 0' 0.2 . >
emerge. For all studied clusters the spin moment along the >
magnetization direction depends very weakly on the direc- Y0 -

tion of magnetization. Therefore only the results for perpen-
dicular magnetization are reported. Clearly it is found that 0 ........ ..... ........
the variations of the MAE versus d/d 8j are related to varia- 3 ,~.o-o-.o...o-0.*-*. o 41

tions of the spin moment and the resulting changes in the 3 2<S >

densities of states. However, no simple rule can be given to j. 2.8 .
explain these spin-flips. For very large values of d/d,?, the

S 2.6-magnetization is saturated as expected. Before the spin-flip,
the variation of the MAE and (Sz) are continuous functions 2A4
of did8 . This is no longer the case when a spin-flip occurs. .= 2.2 -

CL

As seen in Fig. 1 this charge redistribution can even change
the sign of the MAE. For other FeV clusters,6 many spin-flips 2 .

can be present. 1.8 ..... ...

The in-plane anisotropy can be defined here as the dif- 0.85 0.9 0.95 1 1.05 1.1

ference between E, and Ey. For Fe6, this in-plane anisotropy (I/d1i
is of the same order of magnitude as the perpendicular one. FIG. 1. The magnetic anisotropy energy per atom (meV), orbital moment,
Similar results have been found for other FeN clusters.6 The and spin moment of a Fe. cluster as a function of the bond length did8
value of the MAE for this Fe cluster (around I meV per (d8 =bt.k bond length). The assumed cluster structure and the considered
atom) is of the same order of magnitude as the corresponding directions of magnetization are illustrated.

values for very thin films. For a small value of did8 the
perpendicular orientation is more favorable, whereas for
d/dB larger than 0.95, it is more favorable to align the mag-
netization along the x direction. mentioned, the in-plane anisotropy is found to be important

Assuming that interactions between unlike spins can be (more than 0.5 meV for did8 larger than 0.95). This result,
omitted, Bruno found within a second-order perturbation which could seem surprising in comparison with perfect 2D
theory that the MAE is proportional to the difference of the film, is consistent with the large difference observed for the
projection of the orbital moment along the two considered projection of the orbital moment along the x and y direc-
magnetization directions. 7 Surpiisingly, the MAE is found to tions. The origin of these values is related to the very small
follow qualitatively this simple law, especially for large val- size of the cluster (six atoms here). Similar behaviors have
ues of did8 , where the spin moment is saturated. As already been observed for other FeN clusters.

J. Appi. Phys., Vol. 76, No. 10, 15 November 1994 Dreysue at al. 6329



III. CONVERGENCE OF THE VERY THIN FILMS' 4.0 -.-.-.----------.------------------------------.--

MAGNETIC ANISOTROPY ENERGY

Some calculations for thin films or multilayers indicate
that the MAE is very sensitive to band-structure details near 2.0 ,,-

the Fermi level and the MAE versus the band filling presents E ,
many oscillations.s According to other works, these oscilla- , , ,
tions are numerical artifacts. 9 In any case it is clear that the I ,. 1

I 

0.0I 

/problems can be traced back to the energy-band crossing in U Z-the Brillouin zone. Recently, we have studied the MAE for 8transition-metal free-standing mono- and bilayerst° by using

the tight-binding Hamiltonian used in this work. A formal 20
analysis, based on the moments theory, indicates that the "
MAE versus the band filling can be described by a "canoni-
cal" curve w hich crosses zero four tim es w hen the d-band .4.0 L-----------------------...... .. . . . . J
occupation varies from 0 to 10.10 In fact, the MAE curves 5.0 7,0 an

wer plgudBy regladociltinswhlhhvebene
were plagued by irregular oscillations which have been re- FIG. 2. Magnetic anisotropy energy per atom (meV) vs the d-band filling

lated to band crossings. Later, however, various tests on sys- for a (11) monolayer calculated in the M basis with 25 continued fraction

tems having little symmetry have suggested that this expla- levels. In the full (long dashed) line, the result for the exchange splitting of
nation is not valid. So we have reconsidered the problem. 2.9 (1.9) eV is given, The dashed line corresponds to the exchange splitting

In previous calculations we used, here as in the previous of 1.9 eV and nonzero crystal-field splitting of 0.4 cV, Negative values
correspond to the favorable perpendicular direction of the magnetization,section, a basis of spherical harmonics (the spatial parts arc

eigenfunctions of the orbital moment operator without a
spin-orbit interaction). We shall denote this basis as non- tions. However, complete self-consistent calculations must
mixed (NM). Without spin-orbit coupling for strong ferro- be performed. Since a real-space method is used, this ap-
magnetism, the partial density of states corresponding to the proach should provide a way to determine from the elec-
minority-spin is identically zero in a large part of the tronic structure the preferred magnetization direction of ad-
majority-spin band energy region. However, when any spin- sorbed clusters. Work is under progress.
orbit interaction is considered, this partial density of states
acquires a nonzero component in this region. In such a case, ACKNOWLEDGMENTS
the method used in our previous work to get the Green's
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Structure and magnetic properties of Nd2Fe 14B fine particles produced
by spark erosion (abstract)

H. Wan and A. E. Berkowitz
Center for Magnetic Recording Research, MIS 0401, University of California, San Diego, La Jolla,
California 92093-0401

At present Nd2FeI 4B is the best permanent magnet because of its extremely high coercivity and
energy product. Optimum properties of Nd2Fe14B magnets can be attained by producing single
domain particles, and then aligning and compacting them. Due to the high reactivity of the Nd
constituent, it is challenging to produce and handle a large amount of fine particles of this material.
We have prepared fine particles of Nd2Fe14B by spark erosion with various dielectric media. Yield,
size, size distribution, structure, and magnetic properties are discussed. The Nd2Fe14B particles were
made by the shaker pot spark erosion method.) Relaxation oscillators or a pulse generator were used
to power the spa'rk erosion. Commercial Neomax 35 was employed as the primary material. The
dielectric media were liquid Ar, Ar gas, and hydrocarbons, which provided an oxygen free
environment. Structure and size were studied by TEM, SEM, and x-ray diffraction. Magnetic
properties were measured by VSM with temperatures in the range of 4.2-1200 K. The particles
produced in these three different dielectric media had different microstructures and crystal
structures. The particles made in Ar gas were pure Nd2Fe14B phase. The particles made in liquid Ar
were a mixture of amorphous and crystalline Nd2Fe14B, because the liquid Ar provided a much
higher quench rate than Ar gas, which produced some amorphous Nd2Fe1 4B. Upon annealing, the
amorphous particles became crystalline. The fine particles produced in hydrocarbons, such as
pentane and dodecane, had more complex mixed phases, since the rare earth reacted with the
hydrocarbons during the sparking process. The phases were NdC 2, a-Fe, and amorphous and
crystalline Nd2Fe14B. The effects of power parameters, such as voltage and capacitance, on particle
size were investigated. Particle sizes from 20 nm to 50 Am were obtained. We concentrated on
Nd2Fet 4B fine particles made in liquid Ar and Ar gas. Particles were classified by centrifuging and
sizes were confirmed by TEM and x-ray diffraction. The size dependence of coercivity, anisotropy,
and magnetization of these Nd2Fe14B particles will be discussed.

'A. E. Berkowitz and J. L. Walter, J. Mater. Res. 2, 277 (1987).
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Thermal equilibrium noise with 1/f spectrum in a ferromagnetic alloy:
Anomalous temperature dependence

S. Vitale, A. Cavalleri, M. Cerdonio, A. Maraner, and G. A. Prodi
Department of Physics, University of Trento and Centro di Fisica degli Stati Aggregati ITC-CNR,
1-38050 Povo, Trento, Italy

We report on the magnetization noise in a soft ferromagnetic alloy for frequencies f< 10 Hz,
temperatures T< 4.2 K, and excitation field amplitudes < 150 ALA/m. The spectra agree, without any
adjustable parameter, with the fluctuation dissipation formula and the measured complex
susceptibility of the material. The spectra show a 1/f shape coming from a frequency-independent
imaginary susceptibility O. , is found to be proportional to T above -2.5 K but tends to be
indep,.ndent of T below this value. After annealing the sample to relieve the internal stresses, ('• is
found nearly temperature independent above -2.5 K and to sharply increase by decreasing the
temperature below that value. We discuss these findings in terms of the hopping of the
magnetization by activation or tunneling.

I. INTRODUCTION found to be temperature independent from 4.2 K down to
T-'100 mK. It is tempting to think that a temperature-

Thermal magnetic noise with 1/f power spectrum has independent A'• could occur if the hopping takes place by
been reported now in a variety of systems at low temperature some dissipative tunneling mechanism. 6 This interpretation
including soft ferromagnetic alloys,1 spin glasses,2 and high would be favored if one could observe a crossover from the
T. superconductors. 3 The noise originates from a frequency- observed temperature-independent regime to the
independent quasiequilibrium imaginary susceptibility X() temperature-dependent one due to thermal activation.
that produces, via the standard fluctuation dissipation for- In search of a mateiial where such a crossover is dis-
mulat to a magnetization noise with spectrum played within the temperature range accessible by our
SM(,.)=(2kBT/1.o)(Vx'dw), with T,V, and ca the tempera- method, we have studied the temperature dependence of /')
ture, the sample volume, and the angular frequency, respec- for a soft crystalline alloy that has already been reported7 to
tively. sh. magnetic viscosity and the related thermal 1/f noise at

A frequency-independent imaginary susceptibility 4.2 K.
translates,' in the time domain, to a logarithmic relaxation of
the magnetization after a stepwise field excitation. This is a 1I. EXPERIMENTAL METHODS
close analogue of the phenom,.'on detected in relaxation ex-
periments, and often referred to as 'agnetic viscosity, where The sample studied is a strip wound toroid made of 68
instead the sample is driven far from equilibrium by large turns of a -3-Aii-thick ribbon of Ultraperm alloy. Ultraperm
field steps. Magnetic viscosity is attributed to the existence is a soft alloy of nominal composition Fe1 2Ni77CuiMo 4.
of a collection of simple exponential relaxations with distrib- Measurements have been performed both before and after
uted time constants4 each one due to the escape of the mag- annealing the sample fu, 3 h at 950 °C in saturated atmo-
netization outside some local free energy minimum. If the sphere of hydrogen to relief stresses. The linear reversible
escape occurs by thermal activation, the logarithmic relax- relative permeability has been measured to be JAI = 180± 10
ation rate is predicted 4 to be proportional to T while any before the annealing and JI/.=210- 10 at 4.2' K after it.
nonthermal relaxation mechanism, like for instance quantum Complex susceptibility measurements have been per-
tunneling, would lead to a temperature-independent rate. formed as described in detail elsewhere.I'5" Here we only

At equilibrium this picture should be rep.nased5 in terms remind that they are based on the measurement of the coin-
of the hopping of the system between nearby free energy plex self-inductance L = L'i - L" of a superconducting trans-
minima with distributed lifetimes. The dependence of /') on former coupled to the sample on one side and to a commer-
the temperature is then related both the mechanism underly- cial rf superconducting quantum interference device
ing the hopping, whether thermal activation or not, and to the (SQUID) on the other hand.
energy differences A between the minima. If the lifetime of The ac field amplitudes used to measure the complex
each minimum is regulated by thermal activation and if A is susceptibility are always less than 150 AA/m and the sample
in turn distributed from zero to a value much higher than behaves for such small signals as a linear device,1' 7

kBT, then (see Sec. IV) )ý,oT, again in analogy with relax- The data for the phase (I)L of the transformer inductance
ation experiments. result from the subtraction of a proper blank measurement

This last prediction has recently been contradicted5 for obtained substituting the pick-up coil coupled to the sample
some amorphous ferromagnetic alloys where A/( has been with a test coil with the same value of self-inductance. In the
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FIG. 1. Spectral noise density at the SQUID output for some different I ..... ..... . ..

temperatures, The continuous noisy lines are the experimental spectral den- b Calculated
sities. The broken line is the SQUID background noise, Thc symbols repre- from noise
sent the noise calculated from Eq. (1) using the measured values of the 08 ,Measured
complex susceptibility. .

0.6
xo"

0.1 Hz/10 Hz frequency range the method achieves an accu- 0.4
racy for (DI, of _10-3 deg, while the modulus ILI is mena-
sured with a -0.5% relative accuracy, These figures trans- 0.2
late, for the sample discussed here, to an accuracy of about
0.005 for a', apart from the uncertainty irn the geometrical 0...... ,.....

conversion factor from inductance to susceptibility (see be- 0 2 3 4 5
low'\ 1T (K)

The data for L are converted to a complex susceptibility
X=X'-ix", using standard formulas for coils and trans- FIG, 2. The average imaginary susceptibility between 0.1 and 10 ltz O ,h as a
former cores. This conversion has a relative accuracy not function of the temperature. Closed symbols represent the values as directly
better than 10% but we stress that any inaccuracy in the measured. Open symbols are the values calculated from noise using fluctua-

tion dissipation formula. (a) Data for the sample before the annealing. The
conversion is of no consequence when calculating the ther- solid line is a linear least-square fit to data above 2.5 K. (b) Data after the

mal noise. In fact the flux noise at the SQUID output S annealing. The solid line is a linear least-squarc fit to data below 2.5 K.
depends on L as 8

S =2kaT(M2/1L 12) (L"/,,)±+So, (1)
both for the sample before the annealing [Fig. 2(a)] and for

where So is the SQUID background noise and M is the mu- the annealed one [Fig. 2(b)]. The values of ý(; as calculated
tual inductance between the SQUID and the transformer, from the noise by inverting Eq. (1) are also reported in

The spectral densities S and So are measured by standard Fig. 2.
fast Fourier transform methods. ' 5  Neither the data in Fig. 2(a) nor those in Fig. 2(b) can be

The sample temperature was regulated by lowering the fit to a single straight line in the whole temperature range
pressure above the liquid helium bath and was measured by explored, a chi square test of the linear best fit giving a
a calibrated germanium resistor. probability of random occurrence not larger than 10-6.

Above 2.5 K the data in Fig. 2(a) are well fitted to a
Ill. RESULTS simple proportionality law with a slope of 0.063± 0.004 K- ,

In Fig. 1 the spectral noise density S2 in the presence of Below that temperature the data show a much reduced tern-

the sample is reported as a function of the frequency for perature dependence.

three different temperatures. Also, in Fig. 1 the measured In Fig. 2(b) the data above 2.5 K are nearly temperature
background noise S} is shown. The noisy continuous lines independent while those below 2.5 K can be fit to a straight

line with a marked negative slope of-0,38±0.02 K-t.
are the measured spectral densities while the symbols repre-sent the noise predicted by using Eq. (1) and the measured The loss factor tan ,'5Ax'/x' in the frequency range
valutes ofse pred by A ufit g to .the exper aendta e nseaspreta 0.1/10 Hz, is easily calculated from the above figures to be invalues of L and So. A fit to the experimental noise spectra5_/X1(-

with a constant plus a power law gives always exponents in the range tan 855/10X 0 for both samples.

the range 1.00±0.03.
The imaginary susceptibility x' of the sample between IV. DISCUSSION

0.1 and 10 Hz is found to be frequency independent.
The mean imaginary susceptibility between 0.1 and 10 The good agreement between the noise calculated from

Hz A/' is reported as a function of the temperature in Fig. 2 Eq. (1) and the; measured one shows t 5 '8 that the sample is
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acting as a linear device at thermal equilibrium. This is of no independent " to a Lf above the crossover temperature
surprise as the applied field variation is less than a part in 105  T.. On the contrary, in the case of degenerate levels, the
of the coercive field of - 10 A/m -0.10 Oc. same crossover would appear as a transition from a l(•'I /T

If the susceptibility of the sample results from many low temperature branch to a temperature-independent Xti
contributions, 9 each one coming from an ordinary exponen- above T,..
tial relaxation with time constant r, X=k[ 1 + i-_] -- 1 a The data of Fig. 2 can be at least qualitatively explained
frequency-independent imaginary susceptibility is obtained if one assumes then that at T,.-2.5 K a crossover occurs
by assuming that ln(r) is uniformly distributed between two from a nonthermal to a thermal hopping regime of, e.g., a
values ln(rl) and ln(r 2) such that the angular frequency of the domain wall portion between two pinning sites; in addition
measurement o is l/Tr1io4 Il/,r2 . In this case one has also to assume that the annealing procedure, by re-
X-& ln-'(T'1 /T2) [-ln(0r1)-i(ir/2)] and xý'=i(7r/2) moving the internal stresses of the material, makes the dif-
[k/ln(r1/72)]. Notice that the loss factor is then ference of the pinning energies of the two sites much less
tan 6=-T4[2ln(oTrl)]. Even assuming that 1_l,10-12 s, a than k11T.
lower limit to any magnetic relaxation process, one gets tan S It is tempting to compare the observed T,.-•2.5 K to the
-0.06 at 0.1 Hz, a value much larger than the experimental one predicted by theoretical models for tunneling of domain
one. However the above one is still a reasonable model, pro- walls(''""-" in the bulk. These models predict that
vided that only a fraction of the total susceptibility is con- T,.-(hg/kl,)B,,•.l.3 K(B,,/I T) with g the gyromagnetic
tributed by the mentioned distributed relaxation mechanism. factor. B,, is an effective magnetic field that can be, for in-

Let us now discuss the observed dependence of ( on T stance, the internal saturation field B, for high anisotropy
within the model tiat assumes a collection of independent materials or B,,- iKao, with K the anisotropy energy den-
two levels systems, with distributed lifetimes and level split- sity, for low anisotropy ones like that considered here. The
ting. The complex susceptibility of each system is observed crossover corresponds then to B,,-2 TI a field

much larger than the value qK/t0,0,02 T typical of permal-
XA 8k,1 T cosh(A/2kl 1T)- 2 I +*ioor (2) loys but still of the order of the internal saturation field of the

sample. To ascribe the observed crossover to the model

where m is the difference in magnetization between the two above one would then require the additive hypothesis that
levels, some local or surface anisotropy field could exceed by a

In Eq. (2) r is given by r= r4/ (1 + e - A/k,T ), where T, large factor the average anisotropy of the material. We be-
is the mean lifetime of the upper energy level, This is given, lieve that a definitive explanation of the observations goes
for thermal activation, by r4 =,roe•/k1,,' with E the height of beyond the purport of the present data.
the free energy barrier that prevents the escape, while it is
expected to be a much slower function of the temperature for ACKNOWLEDGMENTS
a nonthermal hopping mechanism like, for instance, quantum This work was supported by the European Economic
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for thermal activation(' and it is expected to be instead almost many- enli sme ." dis a B. Barbsre A. E .
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Experimental observation of magnetostochastic resonance
A. N. Grigorenko and P. I. Nikitin
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Physics Department, Oakland University, Rochester, Michigan 48309

P. Y. Zhou
Knogo Corporation, 350 Wireless Boulevard, IHauppauge, New York 11788

We report an observation of magnetostochastic resonance (MSR) in bistable magnetic systems.
MSR manifests itself as a peak of a response of such a system to a periodic field as a function of
the noise strength. Bi-substituted ferrite-garnet films with uniaxial anisotropy were used as simple
examples of bistable systems. Noise was produced by (i) thermal fluctuations of an effective
magnetic field and (ii) externally applied "noiselike" magnetic fields. The position of the peak
depended dramatically on the magnitude of applied dc fields, so that dc fields of about I mOe in the
spatial scale of 10 /m were measured. MSR applications to various tunneling phenomena such as
tunneling of magnetization in small magnetic particles are discussed.

Recently, peculiarities of the response of a bistable mag- The experimental setup is shown in Fig. I. To model the
netic system to a periodic magnetic field in the presence of phenomenon a thin easy-axis ferrite-garnet film, with high g
noise have heen predicted.' It was shown that the signal-to- factor, was chosen as a bistable magnetic system. An addi-
noise ratio has a peak at some noise strength. This phenom- tional in-plane magnetic field Hi,, was used to lower the po-
enon was called magnetostochastic resonance (MSR) and tential barrier between minima and to remove domains out of
turned out to be an excellent tool for investigation of various the sample. A periodic field H,, was applied along the film's
tunneling phenomena. It enables us to evaluate basic tunnel- easy-axis z. The angle 0 between the net magnetization of
ing characteristics in case, e.g., of quantum magnetization the illuminated part of the film and the e•asy-axis z was cho-
tunneling and electron tunneling that depends upon magne- sen to be the generalized coordinate of the system. The
tization. Besides, MSR provides a new method for magnetic changes of the angle 0 were detected by means of the Fara-
field detection in the nanometer scale. day effect. The magneto-optical signal (MO signal) S is

To model the theory in a simple system we detect MSR given by S = KFO cos21[ý + a(MJM,,)], where K is a con-
in a bistable ferrite-garnet film. In this article detailed de- stant that describes photodiode efficiency, F0 is the total light
scription of experimental procedures is given and applica- flux, ýp is an angle between the polarizer and the analyzer,
tions of the phenomenon to magnetic field measurements arc M, = M ) cos 0 is the z component of total magnetization
discussed. M0 , and (z is a Faraday rotation angle of the film. In the

Let us recall main features of the magnetostochastic performed experiments the condition aM/IJM ýp was satis-

theory. Uniform magnetization dynamics of a bistable system fled. It means that the MO signal was simply proportionA! t-o
is considered. An angle 0 between magnetization and the the studied magnetization signal, which was defined in the
easy axis is taken as the generalized coordinate of the sys- introduction as a change of the angle 0.
tem. The system is located in one of the minima in the ab- It follows from the equation that the MO signal does not
sence of noise. An application of a periodic magnetic field depend upon the size of the light spot on the film in the

H., (the ac field) along the easy axis changes the potential absence of noise. However, thermally induced noiselike
energy of the system each half of a period as shown in Figs. magnetic fields depend upon the sample volume: the smaller

1(b) and 1(c). The change of the magnetization angle 0 will the volume, the bigger the strength of the effective fields

be referred to as a magnetization signal. In the absence of H1,rf, which influence the uniform magnetization dynamics.

noise this change is determined by the stiffness of the poten- It allowed us to register the film response to the ac field for

tial minimum in which the system is located. The presence of
noiselike magnetic fields of some origin results in magneti-
zation changes even in the absence of the ac field. These
changes are usually called noise.

In the presence of noiselike magnetic fields and the ac
field the transitions between minima are possible. It means '-•f2---Z1
that for one-half of a period the system will move over the 2 3 6

barrier from the higher minimum to the deeper one and for
the other half of the period the system will move back, if th,
noise strength is sufficient enough. In this case the magneti- 9

zation signal is determined by an "average" potential stiff-
ness and is much greater than that in the absence of noise. 't.. The experimental instil•tltios: ( I)---it laser, (2).a poihizcr. (3) -. iThis eandis toch a geak erthanthat in the signa iseno e onoise, lens, (4)-coils for niigneltic fields production, (5k--a Icleitc-garnut film.
This leads to a peak in the signal-to-noise ratio at some noise (6)-an analyzer, (7)-a photodetector. (81-- a itnarow li•idwidth z:,rv,,It

strength.1 meter, (Y)--magnets.
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FIG. 2. (a) MO signal in the absence of the ac field, (b) MO signal in the Noise strength, pV f-
presence of the ac field of 0.7 Oc and frequency 3 kHz, both vs the distance
between the lens and the sample. FIG. 3. (a) The MSR curve and (b) the change in the MO signal in the

presence of the ae field due to application of the de field of 0.2 0e. The
sample is the same as in Fig. 2,

various noise strengths by changing the size of the light spot
where magnetization changes were detected. For this a spe-
cial lens was used. Also, an external coil powered by ampli- position moved into the higher fluctuation strength region for
fled currents from a closed diode was used as a generator of a higher frequency of the ac field.
white noiselike magnetic fields H,,,. The most interesting result was obtained when an addi-

The measurements were carried out in the following tional dc magnetic field Hde was applied perpendicular to the
way. First, the amplitude of the ac field was set to zero, film, see Fig. 1. Such a field removes the degeneracy of the
H.c=0, and MO signals were measured by the photodetector minima of the magnetic potential and reduces the MO sig-
and the narrow bandwidth nanovoltmeter for various sizes of nals, which are measured in the presence of the ac field. The
the light spot on the sample. Then, the ac field was applied greatest MO signal in the presence of the ac field is observed
perpendicular to the film, see Fig. 1, and MO signals were when the total external field has only the in-plane component
measured in relation to the distance between the lens and the and the potential minima are degenerate. This fact was used
sample. The signal-to-noise ratio is the quotient of the MO to adjust the sample position between magnets, which were
signal in the presence of the ac field over the MO signal in exploited to produce the in-plane field Hi,.
the absence of the ac field. Using measured signals, we cal- The changes of MO signals due to application of the dc
culated signals-to-noise ratios for different samples and field were studied for various noise strengths and for various
found MSR curves. Analogous procedures were used in case amplitudes of the dc field. In these experiments the ampli-
of externally applied noiselike magnetic fields. In this case tude of the ac field was chosen to be 0.2-1.0 0e. Figure 3(b)
the noise strength was varied by a change of the amplifica- demonstrates this change for the dc field with an amplitude
tion gain of the noise generator. of 0.2 0e as a function of the noise -itrength. The change of

In Fig, 2(a) typical MO signals in the absence of the ac MO signal in the presence of the ac field due to the dc mag-
field are plotted as a function of the distance between the netic field as a function of the amplitude of the dc field is
lens and the sample. The distance of 7.7 cm corresponds to shown in Fig. 4. The curves shown in Fig. 3(b) and in Fig. 4
the minimal light spot size of 5 Am. As an example, the are the same for both directions of the dc field. This fact was
curves are presented for the sample with composition also used to position the sample in the external magnetic
(LuBi)3(FeGa) 50 12 and parameters: the thickness-7 jim, field.
the anisotropy field-1200 Oe, the domain period-22 .•m, It is interesting to note two important features of the
magnetization-70 G, the dimensionless Gilbert damping change of the MO signal in the presence of ac field due to the
constant---0.16. Figure 2(a) shows MO signals in the pres- dc fields. This change has linear dependence upon the am-
ence of the ac field having an amplitude 0.7 Oe and a fre- plitude of the dc field, see Fig. 4. In addition, the MO signals
quency 3 kHz. Using points from Figs. 2(a) and 2(b), the are very sensitive to the applied constant fields. For example,
signal-to-noise ratio can be calculated for various noise dc magnetic fields as small as I mOe were detected in our
strengths, which gave us the typical MSR curve shown in experiments. It means that MSR can be successfully used for
Fig. 3(a). Other films also demonstrated such dependence. sensor development.

MSR curves for the case of externally applied noiselike Let us consider results obtained in terms of the stochas-
magnetic fields were also detected. They have the same form tic theory2'3 and its particular application to magnetization
as shown in Fig. 3. dynamics.t There are two important parameters which de-

The podtion of the stochastic resonance peak depends scribe resonance: the energy barrier and the Kramers time.
upon the frequency of the ac field. It was found that the peak The energy barrier between the minima of the magnetic po-
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> Mo=70 Oe, v=1.4X10-t ° cm 3, a=0.16, Y=108 (Oes)-l',
E T = 293 K for the peak of resonance curve shown in Fig. 3(a),

we find that AU<5.2X10-t 3 ergs and VKr> 2 1 Hz. The en-
o ergy barrier and the Kramers transition rate in case of exter-
L. nal noiselike magnetic fields were AU<5.2X10- ergs and
o PK'>, 0- Hz. The effective magnetic field that corresponds
00 to the energy barrier Hcff= (Ha•e)/2 was Heff<10 4 Qe for
00.4 thermally induced magnetic fields and Hext<1 Oe for the

external noise. Since amplitudes of the periodic test fields
'5 were 0.03-0.7 0e, the resonance curves were detected in the

nonlinear regime, which means that the ac field made one
minimum of the bistable potential disappear for each half of

C 0.2 the period. The small value of Heff required to maintain the

1 in-plane field of the order of 1000 Oe with the accuracy
'• better than 0.2 Oe. For this, experimental installations were

a mounted on a stabilized optical platform. To loosen the con-
CM straint on the stability of the in-plane field, it is necessary toC) 0.00 "0.05' 0.10 o.1' '0.• detect the magnetization response in smaller volumes than

_C dc magnetic field, OeU. those of our experiments. The promising way to solve the

problem is to detect magnetization by means of the Kerr
FIG. 4. The change of the MO signal in the presence of the ac filed due to effect instead of the Faraday effect. In this case the effective
application of the dc field as a function of the amplitude of the dc field. The depth in which magnetization is detected can be as small as
lens position corresponds to the resonance peak. The sample is the same as
in Fig. 2. wavelength of the light. It allows one to reduce the detection

volume by a factor of 10. The best MSR application will be
the detection of magnetization tunneling in small magnetic

tential of an easy-axis ferromagnetic film in the presence of particles, since they inherently have small volumes.
an in-plane field Hi, is given by AU = (H,,Movc 2/2), It should be noted that samples vibrations in the external

where Ha is the anisotropy field, v is the sample volume, and magnetic field and random magnetic fields, which contrib-

E=1 HjnIHa. The Kxamfrs tranisition rate for the z compo- uted to the change of the in-plane field, lead to the change in

nent of magnetization in the effective potential' can be found basic resonance parameters (2), (3) and, hence, to the reduc-

as vK, = ( e yVH,a/.v2"7r) exp[ - (Ha,,Mov e/2kT)], where a is tion of the resonance peak. Mechanical vibrations and ran-

the dimensionless Gilbert damping constant, y is the gyro- dom fields, which result in the magnetic field perpendicular

magnetic ratio, kB is the Boltzmann constant, T is the tem- to the film, contributed to the independent upon volume

perature, and e is assumed to be small. (The definition of the magnetization noise.

anisotropy field differs in factor 2 in comparison with that of Finally, we would like to emphasize the important influ-

Ref. 1.) ence of the dc magnetic fields applied perpendicular to the

It is necessary to know the value of the in-plane field in film on the magnetization response to the ac field in the

order to calculate AU and VKr. The in-plane field was pro- presence of noise. Such a field removes the degeneracy of
duced by two magnets (h 5 cm, 1800 0) mounted on mov- the energy minima, changes the system distribution in the

able holders, whereas the sample was placed in the region of absence of the ptriodic test field, and changes the hopping
the maximum homogeneity of the field. To evaluate the in- rates between the energy minima. Thus, the magnetization
plane field, the response to the periodic ficlzl has been used. response to the ac field depends upon the presence of small
This response has the peculiarity at the magnitude of the dc magnetic fields and noise. The theoretical treatment of the
in-plane field which is equal to the magnitude of the anisot- bistable system susceptibility to the dc field in the presence

ropy field. It was found that the difference between the in- of the ac field and noise is beyond the scope of the article.

plane field applied in resonance experiments and the anisot- The authors are indebted to Professor Chudnovsky for
ropy field of the sample was smaller than 0.2-0.4 Oe for sending copies of his papers and for helpful discussions. One
thermnal "noise" magnetic fields, which was detertined by author (A.N.G.) acknowledges the financial support of the

the accuracy of measurements of magnets positions and the Soros International Science Foundation, by Grant No.
magnitude of the in-plane field. Since the anisotropy fields of M8L000.

studied films were of the order of 1000 Oe, it means that
e=l-Hin/Ha,<4XlO0-4 in our experiments. In case of exter-nalnoiseliema ine oure xperiments-. IncaseofA. N. Grigorenko, V. 1. Konov, and P. 1. Nikitin, JETP Lett. 52, 593
nal noiselike magnetic fields c<3XI 10'. (1990).

It allows us to put bounds on the energy barriers and the 21. McNamara and K, Wiesenfeld, Phys. Rev. A 39, 4854 (1989).
Kramers transition rates. Taking Ha=1 20 0 Oe, E=3x10- 4, 3R. F Fox, Phys. Rev. A39, 4148 (1989).

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Grigorenko et al. 6337



Critical Phenomena, Spin Glasses, G. Williams
and Frustrated Magnets and E. D. Dahlberg, Chairmen

Critical magnetic susceptibility of gadolinium
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An extensive analysis of ac magnetic susceptibility measurements of single-crystal gadolinium is
presented. The demagnetization-corrected c-axis data are analyzed on the basis of a power law of
the form xc =At- Y where t is the reduced temperature above Tc. Our results yield effective values
of T, =293.57 K and y= 1.327. The basal plane susceptibility is expressed as a parametric equation
in terms of the c-axis susceptibility Xa) =B' -C'xc Y/ . The exponent y, which is related to the
critical exponent associated with the specific heat a as y = 1 - a, is determined by our analysis to be
y = 1.01(2). This gives a temperature scale associated with the anisotropy as tunis=2.0× 10-3. These
results are interpreted in the context of the effects of dipolar interactions in the critical region.

I. INTRODUCTION The c-axis susceptibility in the critical region is defined
for t-•0+ by the power law of the form

The critical magnetic properties of gadolinium have re-

cently been reported by several authors. 1-8 Although early xc=At-u, (1)
measurements on Gd 9-'2 led to certain ambiguities concern-
ing the proper universality class for this ferromagnet, recent where the reduced temperature t is defined in terms if the
studies using a variety of experimental techniques have pro- Curie temperature T, as
"!ided a consistent picture of the critical behavior which has a
firm foundaition on modern theoretical predictions. This be- t ,= (2)
havior has been shown to be complex and to be dominated in
the critical region by the presence of magnetic dipole-dipole In contrast to the c-axis susceptibility which diverges as T,
interactions. The recent analysis of basal plane ac suscepti- is approached from above, the basal plane susceptibility re-
bility by Stetter et al.8 is contrary to this interpretation and mains finite and is described by
these authors have suggested the Gd exhibits three-
dimensional Ising behavior and that sample imperfections XaI B ± Cty, (3)
limit the asymptotic critical behavior. It is the purpose of the where the exponent y is related to the critical exponent for
present investigation to consider the reasons for these appar-
ent inconsistencies, to provide a new analysis of experimen- the specific heat a by7

tal results and to interpret these data in the context of recent y 1- a. (4)
theoretical predictions in order to provide a consistent and
comprehensive understanding of the static critical magnetic The susceptibilities given in the above expressions are intrin-
behavior of gadolinium, sic quantities and are independent of sample geometry. The

actual measured susceptibilities are the demagnetization lim-
ited external quantities and are related to the intrinsic quan-

II. EXPERIMENTAL METHODS AND DATA ANALYSIS tities by the demagnetization factor N as, e.g.,

A single crystal of high purity gadolinium with a resis- 1 1
tivity ratio of p(295 K/p(4.2 K)=156 was cut into the form - -+N (5)
of a cube with an edge length 0.249*0.0O5 cm and the X,,ext Xc.int

c-axis oriented along one of the cube edges. Further details and similarly for the basal plane susceptibility. Since, in our
of the sample preparation have been reported in Ref. 6. Mea- experimental measurements the sample geometry was cho-
surements of the ac susceptibility have been performed6'7 for sen to he cubic, the demagnetization factors for the c-axis
two crystallographic orientations; with the c axis along the and the basal plane susceptibility were identical. Equation
applied ac field direction and with one of the basal plane (5) may be used in conjunction with Eqs. (1) and (3) to
axes along the field direction, express the extrinsic quantities as
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TABLE I. Fitted parameter values for the critical susceptibility of gado-\t0-001 ii m
1.0 Parameter Value Uncertainty

t00 A 1728 1.0
.-- 0.8 B 0.524 0.005

*' t=0.003 N 3.84 0.02
t=0.003 y 1.327 0.002

0.6 a9 t=0.004 y 1.01 0.01
:E " 0.005 T, 293.57 0.02

0.4 1-t=0.007

r-t=0.0l III. RESULTS AND DISCUSSION
0.2- Measured basal plane susceptibility as a function of c-

axis susceptibility measured at the same temperature is illus-0.0

0.0 1.0 2.0 3.0 4.0 trated in Fig. 1. Parameters obtained from least-square fits to

XC'.=t (arbitrary units) Eqs. (1) and (8) are given in Table I along with uncertainties
based on a statistical analysis of the fits.

Although the use of a cubic sample in our studies results
FIG. 1. Measured basal plane susceptibility as a function of measured c-axis in a large demagnetization correction, it is precisely the use
susceptibility. Each point represents measurements of the susceptibility of this geometry which allows for a direct comparison of the
along the two directions at the same temperature. The reduced temperature
scale as obtained from a fit to Tc for the c-axis data is indicated in the figure. c-axis and basal plane behavior in the critical region without

the need to apply these corrections. Perhaps the ideal sample
geometry in this respect would be a sphere. However, the
likelihood of introducing additional defects during the ma-

xCextA -tY+N, (6) chining is an important consideration in the choice of a cubic
sample. The anisotropic nature of the critical behavior is

and readily apparent from our measurements for reduced tem-
peratures less than about 10-2 and this, in itself, provides

XCX=B + C t+N. (7) evidence to support our choice of the model based on dipolarinteractions as described above for the analysis of these data.

In these expressions the coefficients A, B, and C and the A direct measurement of the importance of the dipolar inter-

exponents y and y are fitted rameters. While the Curie actions may be obtained on the basis of the above treatment.

temperature may be c tp dependent methods and A reduced temperature scale for the dipolar interactions is

the demagnetizatioi. _ .-_ : ýtimated on the basis of expressed in terms of the coefficients in Eqs. (2) and (3) as 7

geometric considi, ...ons, , '.al to determine the val- t anis= (BIA) t/. (9)
ues of the parar -ýer, itn. ' and (7) in a consi. Lent
manner. It is cle~.t f1 -fle o Eq. (7) that the values of Using fof h ve of these parameters as tgiven inTable I, tami-
B and N cannot be ,I. rermined -dependently from the basal is found to be 2.2 b 0- This corresponds to an actual tem-
plane data. It should 4,lso be noted that since Ia1[1, then perature difference between Twith and T,. of 0.65±0.10 K.
y -1 and the value of C is highly correlated to the value of This is in good agreement with theoretical predictions 7ab aio 4

B +N. Because N is the same in Eqs. (6) and (7) it is pos- for the crossover temperature to anisotropic dipolar behavior
sible to combine these two expressions and to fit the c axis in this system; AT--Tp,,id-T n =0.45 K, and previous investi-
and basal plane data simultaneously. Solving both expres- gations involving an independent analysis of c-axis and basalS sions for t gives plane susceptibility data.
SIn a comparison of recent experimental studies of Gd it

NlY/- is essential to consider differences in sample quality and ge-

x-l "_-=B'+Nj, (8) ometry and their effects on measured magnetic properties. Of
LabNext particular relevance in this respect is the relationship of the

sample used in the recent study by Stetter et al.8 and that
where B' is given by B+N and C' may be expressed in used for our own investigation. Stetter et al.8 have used a
terms of C and A. This expression is valid for a given value 300 A film grown with the Gd basal plane parallel to the
of t and requires that experimental measurements for the c (110) surface of a tungsten substrate. It is clear from the
axis and basal plane orientations be made for the same values annealing studies reported by these authors that their as-
of temperature (as is the case for our measurements). This deposited films show magnetic behavior which is severely
expression allows B', y, and y to be determined in a consis- influenced by the presence of defects. Even after annealing at
tent manner for both the c axis and basal plane data without 870 K these autaiors base their data analysis on a model
the need to know Tc. Fitted alues of these parameters may involving the existence of imperfections which cause a
then be used to obtain T, from a fit to Eq. (1) for the c-axis spread in Curie temperatures of I K. No further improve-
data. ment in the sharpness of the transition was observed for
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higher temperature anneals. Stetter et al.8 have suggested The present analysis provides additional evidence for the
that the behavior which we attribute to dipolar effects may behavior described above and indicates that, by the proper
actually be the result of sample imperfections as they occur choice of sample geometry and measurement of data at
on a temperature scale comparable to the T, smearing ob- proper temperature intervals, meaningful results which dem-
served in the thin-film experiment. The following evidence onstrate the anisotropic dipolar character of gadolinium can
would seem to be against this interpretation for the following be obtained without the need for an independent knowledge
reasons: of the Curie temperature or the sample demagnetization

(1) The samples used in our studies and in those of Stet- factor.
ter et al.8 have been prepared by different methods and it
would be highly coincidental if the level and type of imper- ACKNOWLEDGMENT
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Monte Carlo simulation of Ising models with dipole interaction
U. Nowak and A. Hucht
Theoretische Tieftemperaturphysik, Universitat Duisburg, 47048 Duisburg, Germany

Recently, a new memory effect was found in the metamagnetic domain structure of the diluted Ising
antiferromagnet Fe.,Mg -XCl 2 by domain imaging with Faraday contrast. Essential for this effect is
the dipole interaction. We use a Monte Carlo method to simulate the low-temperature behavior of
diluted Ising antiferromagnets in an external magnetic field. The metamagnetic domain structure
occurring due to the dipole interaction is investigated by graphical representation. In the model
considered, the antiferromagnetic state is stable for an external magnetic field smaller than a lower
boundary B,,1 while for fields larger than an upper boundary B,.2 the system is in the saturated
paramagnetic phase, where the spins are ferromagnetically polarized. For magnetic fields in between
these two boundaries a mixed phase occurs consisting of ferromagnetic domains in an
antiferromagnetic background. The position of these ferromagnetic domains is stored in the system:
after a cycle in which the field is first removed and afterwards applied again the domains reappear
at their original positions. The reason for this effect can be found in the frozen antiferromagnetic
domain state which occurs after removing the field at those areas which have been ferromagnetic in
the mixed phase.

The three-dimensional Ising model with an antiferro- cooling the system in an external field from the paramagnetic
magnetic exchange interaction undergoes a first-order phase high-temperature phase or by decreasing the field corre-
transition from an antiferromagnetic to a paramagnetic satu- spondingly, The mechanisms which are responsible for the
rated phase for low temperatures during an increase of the hysteretic properties of the DAFF have been investigated
homogeneous external magnetic field. Because of demagne- experimentally, '5 theoretically, 7 and in computer simu-
tizing field effects in experimental systems like FeCI2 there lations. 8-11 In the following, we will show that the under-
occurs a mixed phase for external fields B,.I<B<B,.2.' In standing of the hysteretic behavior of the DAFF is essential
theoretical considerations the existence of a mixed phase is for an understanding of the memory effect.
often neglected since dipole interactions have to be consid- The Hamiltonian of an Ising model with dipole interac-

ered in order to investigate the mixed phase. Especially in tion in units of the coupling constant reads

Monte Carlo simulations, the dipole interaction can hardly be
taken into account for lattices large enough to investigate H= e Ej jTcri-B f (7J
domain structures due to its long-range nature: for each spin OJ

flip the number of operations to calculate the change in en- .i.j(Ti(rJ

ergy scales with the number of spins in the system. However, + dr r---- (1 -3 eos2 0.,)
we used a specially adjusted algorithm to do these calcula- fj

tions efficiently. The details of our method will be published where (ri=_ 1 are the spins and the e1 =0,I represent the
elsewhere, dilution p = 5%. In the first sum (i,j) means all combinations

In this paper, we perform simulations in order to get a of spins which are nearest neighbors. The exchange interac-
deeper understanding of a new memory effect that was found tion favoring antiferromagnetic alignment of spins is set
recently in the mixed-phase domain structure of the diluted equal to one. The second sum represents the interaction with
Ising antiferromagnet Fe,,Mg, -,C'2 by domain imaging with the external magnetic field B. The third sum is over all coin-
Faraday contrast.2 The position and shape of paramagnetic binations of spins and d represents the strength of the dipole
saturated domains which grow within the antiferromagnetic interaction (d=0.5 in this case). rij is the distance between
state while the field is increasing, is stored in the sense that two spins on sites i and j and 0 is the angle between the z
the domains reappear even after a cycle in which the field is axis (the direction of the external field) and the distance vec-
first removed and afterwards again applied. Essential for an tor r, In order to simplify the model we restrict ourselves to
investigation of this effect is obviously the dipole interaction, a two-dimensional system with open boundary conditions
since it is this long-range interaction which is responsible for representing one plane of the experimental system. As we
the occurrence of a mixed phase. will see the qualitative behavior of the experimental system

The diluted Ising antiferromagnet in an external niag- is well described by our model as far as the domain structure
netic field (DAFF) is an ideal system to study random field is concerned, which is responsible for the memory effect.
behavior theoretically as well as experimentally since it is We use an antiferromagnetic long-range ordered system
believed to be in the same universality class as the random as the initial spin conliguration. The simulation is done at
field Ising model (RFIM). 3 A well-known feature of the very low temperature, T=0.1. The system builds op a
DAFF is the formation of a domain state with extremely long saturated-domain state for a field ot B =2.65 which is within
relaxation times (for an overview see Ref. 4). This domain the mixed phase, then we investigate the development of this
state is frozen even for zero field and it is obtained by either domain state during a field cycle to zero field, B = 0, and
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FIG. I. Spin configuration and column magnetization of the simulated sys- FIG. 3. Spin configuration and column magnetization of the simulated sys-
tem as explained in the text: a metamagnetic domain configuration in the tern: the metamagnetic domain conliguration after applying the tield again.
mixed phase.

e bwhich have been paramagnetic saturated in the field now
then hack to the mixed phase, a=2.65 The time that is consist of an antiferromagnetic domain structure correspond-
needed to equilibrate the system is a few hundreds of Monte ing to the domain state of a DAFF after field decreasing.
Carlo steps per spin. Why does this happen'?

The system has a size of' 190×0 (xx z), i.e., 190 col- In a field-decreasing procedure the antiferromagnetic-
umns and 50 rows. The figures show spin configurations of paramagnetic phase boundary is crossed in a direction from
the simulated system as well as the mean magnetization of the paramagnetic to the antiferromagnetic phase. In this case,
the columns of the system, The externa! magnetic field is due to the unconventional dynamics of the DAFF which fol-
aligned with the easy axis of the spins, the z direction. Each lows from random-field pinning, the system cannot develop a
site of the two-dimensional square lattice is represented by a long-range ordered state, Instead, it freezes in an antiferro-
square, the vacancies of the system are shown as black, up- magnetic domain state, This effect is the reason for the un-
spins as grey and downspins as white squares. The mixed conventional structure of the system after removing the ex-
phase (Fig. 1) consists of antiferromagnetic domains (check- ternal field. In regions of the system which have been
erboardlike) and paramagnetic saturated (ferromagnetic) do- paramagnetic saturated in the mixed phase, a frozen antifer-
mains (grey, "spinup"). In the latter domains the spins are roniagnetic domain state develops while in the regions of the
aligned with the field. The domains have the form of stripes, system which have been antiferromagnetic nothing changes,
This follows directly from the nature of the dipole interaction the long-range order persists. The nonexponential dynamics
which favors those spins to order ferromagnetically which of antiferromagnetic domains in a DAFF after removing the
are on lattice sites placed along the direction of the easy axis external field has been investigated earlier (see Ref. 12; and
leading to the development of' ferromagnetically ordered col- references therein). The domains are frozen and remain prac-
umns. Also shown in the upper part of Fig. I is the column tically constant on time scales accessible for observation.
magnetization, i.e., the mean magnetization of each column Note that due to the existence of antiferromagnetic domains
of the system. This quantity corresponds to the Faraday con- and domain walls, respectively, there is a finite column mag-
trast that is observed in experiments. Since the domains are netization. This magnetization is small compared to the rag-
striped there is a sharp contrast between antiferromagnetic netization of a saturated domain but it is larger than the mag-
domains (magnetization- 0) and paramagnetic saturated do- netization of an antiferromagnetic column which is also not
mains (magnetization- [/per spin), exactly zero due to fluctuations of the vacancy distribution in

Lowering the field to zero the saturated domains vanish our finite system,
(Fig. 2) and the magnetization decreases to nearly zero. After applying the magnetic field again, once more a
However, an accurate analysis of this zoro-field spin configu- configuration of striped antiferromagnetic domains arises
ration shows that it is not completely antiferromagnetically (Fig. 3). Comparing this configuration with the original do-
long-range ordered. Instead, those regions of the system main configuration (Fig. I) one finds that the original domain

configuration is nearly reproduced, at least in that sense that
paramagnetic saturated domains grow first at those places
which have been paramagnetic saturated before. This is the
memory effect. Its origin is the antiferromagnetic domain
configuration of the system after removing the field (Fig. 2).
The regions which consist of an aniiferromnagnetic domain
state are less stable than the long-range ordered regions since
the first contain domain walls. These regions are the first in
which saturated domains during an increase of the external
field occur, restoring the original nmetamagnetic domain con-
figuration.

1IG. 2. Spin conliguration and colutmi magnetization of tlte hitultatcd Sys- This work was supported by the Deutsche IForschttngs-
tern: an antiferromagnetic domain configuration after removing the ficid. gemeinschaft through Sonderforschungsbereich 166.
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Magnetic phase diagrams of NdRu 2Si2 and TbRu 2Si2 compounds
M, Salgueiro da Silva and J. B. Sousa
Centro de Fisica Universidade Porto and IFIMUP (IMAT), Portugal

B. Chevalier and J, Etourneau
Laboratoire Chimie du Solide-CNRS, UniversitW Bordeaux 1, France

Here we report a detailed study providing complete H-T phase diagrams for both NdRu 2Si 2 and
TbRu2Si2 intermetallic compounds, based on high resolution SQUID magnetization measurements,
in the temperature range 2-300 K and in applied magnetic fields up to 5 T, using c-axis
magnetically oriented powders. For NdRu 2Si2, our results are in good agreement with recent
neutron diffraction work under applied magnetic fields, confirming the appearance of an
intermediate (temperature and field) ferrimagnetic phase responsible for the two-step metamagnetic
process observed in the temperature range 16-22.5 K Our isofield magnetization curves provide
unambiguous evidence on the decomposition of this ferrimagnetic phase into ferromagnetic and
antiferromagnetic components. Furthermore, at low temperatures and low fields, we observe, in this
compound, the presence of thermal irreversibility effects. For TbRu2Si2, we present an experimental
account, on its H-T phase diagram, which shows striking differences with respect to that of
NdRu 2Si 2 , In particular, the ferrimagnetic phase, which sets in at 50 K, persists down to the lowest
temperature. In addition, we observe reentrant ferrimagnetism in this compound (ferri-ferro-ferri)
under applied fields in th. range 28-31 kOe,

I. INTRODUCTION FE component and [0,23, 0, 0], [0.23, 0.23, 0i AF modula-
tions has been observed at 4.2 K.3

The ternary intermetallic compounds NdRu2Si2 and The aim of our present work was to determine the com-
ThRu2Si 2 crystallize in the tetragonal ThCr2 Si2-type crystal peemgei hs iga fbt opud hog

structure, with magnetic moments only at the rare-earth sites. peIte magnetic phase diagram of both compounds through

Due to their strong crystal field magnetic anisotropy, they SQUID magnetization measurements. These measurements

behave as uniaxial materials, with the moments always di- were performed in powder samples whose grains were mag-

rected along the tetragonal c axis. netically oriented, The original samples were prepared as

The first neutron diffraction measurements on these described in Ref. 1.

compounds, at zero magnetic field, have shown interesting A. NdRu2S 2
sequences of magnetic phases at low temperatures, specially Typical isothermal magnetization curves of NdRu2 Si2 ,
in the case of NdRu2Si2 It

At the 1460 point, TA= 2 3 .5 K, NdRu2Si2 undergoes a are presented in Fig. 1. We see that for magnetic fields in the

second-order phase transition from the paramagnetic state range 5 kOe <11<8.5 kOc a Fl phase stabilizes from 22.5 K

into a pure sinusoidal amplitude modulated phase, with down to 16 K, the temperature at which the zero-field AF

modulation vector [0,13, 0,13, 0J. As temperature decreases phase starts squaring-up.t Below 16 K, a single-step AF-FE

below approximately 16 K, the growth of higher-order har- magnetization process is observed. This suggests that the

monies takes place and the structure squares up, reducing its metamagnetic transition to the Fl phase is only possible
entropy, This process is completed at T7'.8 K, at which the when the nearly pure sinusoidal amplitude modulated struc-
system becomes partially ferromagnetic (FE), through a ture is the starting phase at zero field.
second-order phase transition. Below this temperature, the According to Ref. 2, this FI phase has a complex struc-
coexistence of both the FE and square-wave modulated ture consisting of a FE and two AF components, [0.13, 0.13,
phases was observed, 0] and [0.26, 0, (0]. Such decomposition of the Fl phase is

At zero field, TbRu2Si 2 orders below TN=55 K, through consistent with our isofield magnetization curves (see Fig.
a first-order phase transition, in a [0.23, 0, 0] modulated 2). Indeed, the usual AF cusplike behavior of the magnetiza-
phase which squares up at low temperatures. tion near TN persists for fields up to -8.5 kOe. Starting at

The application of a magnetic field along the tetragonal -5 kOe and up to -8.5 kOc, the shape of the isofield mag-
c axis induces the appearance of new phases through the netlization curves can be viewed as a superposition of an AF
inversion of moments at those sites where the internal field is (cusplike) contribution which is partially masked by an in-
small. At intermediate fields, similar ferrimagnetic (FI) creasingly important FE one, Above -8.5 kOe, no AF be-
phases stabilize in both compounds. In NdRu 2Si 2, a Fl phase havior is seen to exist and the system behaves as a typical
consisting of a FE component and antiferromagnetic (AF) ferromagnet.
modulations [0. 13, 0.13, 0] and [0.26, 0, 0] in the tempera- At low fields (H1<I kOe), as temperature decreases be-
lure range 16 K<T<23 K, for magnetic fields from 5.5 to 8 low It) K, the magnetization increases in a FE-like way,
kOe, has been reported. 2 In rbRu2Si,, a Fl structure with a reaching a maximum around 5 K. Besides, it shows thermal
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irreversibility effects, such a-, the difference between the zero 0. TbRU2SI2
field cooled (ZF'C) and field cooled (FC) measurements. A clear two-step metamagnetic process is observed,
Such magnetic behavior may !- the result of the competition characterized by two critical fields, H,1 and H, 2, which per-
between FE Iand AF phases which were reported to coexist in sists from the lowest temperature up to about 50 K, iLe., in
this region., almost all tWe ordered temperature range (see Fig. 4). We

The magnetic phase diagram (Fig. 3) was completed also observed the existence of magnetic hysteresis above
with both isothermal and isofieki results, We notice that the He 1, At this field, the magnetization jumps to an intermediate
phase line separating the AF and Fl regions is not horizontal, FI plateau with approximately half the saturation moment,
as in Ref. 2. All other features of our phase diagram are in jumping again at H, 2 towards saturation. The intermediate
good agreement with Ref. 2. phase in the range H,.I <H < H, 2 has been identified at 4.2 K
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by neutron diffraction 3 as a complex two-dimensional modu- II. CONCLUSION

lated structure with a FE component and AF modulations The H-T phasc diagrams of NdRu2Si 2 and TbRu 2Si2
[0.23, 0, 0], [0.23, 0.23, 0]. were obtained from SQUID magnetization measurements on

The observed regular increase of the magnetization be- powder samples.
low H,1, characteristic of the development of a FE compo- While in NdRu 2Si2 , the high field Fl phase exists only
nent, is attributed to the growing of higher-order harmonics for intermediate temperatures, in the case of TbRu2Si2 the Fl
in the AF [0.23, 0, 0] structure as H approaches H.t.' The phase persists down to the lowest temperature and behaves
sudden enhancement of this FE component is made possible as a reentrant phase for 28 kOe<H<31 kOe.
only at He1 where an additional [0.23, 0.23, 0] modulation A common feature of both diagrams lies in the fact that
sets in. the respective intermediate Fl phases set in through the ap-

The obtained H-T phase diagram (',ee Fig 5) is divided pearance of an additional AF modulation. In the resulting FI
into three main ordered regions: AF f',r H<Het and T< TNt; structure, a larger number of magnetic moments is expected
FI resulting from the superposition of two-dimensional AF to detect a reduced exchange field and thus flip in a smaller
modulations and a FE component, for Ht<H<.H, 2 and applied field.4

T<50 K; FE for H>H, 2. As shown in Fig. 5, this compound
exhibits reentrant ferrimagnetism (FI-FE-FI) under applied ACKNOWLEDGMENTS
fields in the range 28-31 kOe and the F1 phase is seen to
persist down to the lowest temperature. The isofield curves We acknowledge Dr. T. Shigeoka for kindly sending us a
near this field range also illustrate this phenomenon (see Fig. copy of his manuscript on the 1-1-T phase diagram of
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magnetization increases regularly with decreasing tempera- Project.
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FE phases, at about 15 K. The magnetization reacheF, a maxi- 21". Shigeoka, N. iwata, 1T. Kishino, M. Nishi, Y. Ouhara, and H. Yoshizawa

mum at a lower temperature which coincides with the tran- (private communication).
""T. Shigeoka, S. Kawano, N. Iwata, and H. Fujii, Pthysica B 180-181, 82

sition from the FE back to the FI region. At H-=22 kOe.. the (1992).
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Study of critical properties of the Potts model by the modified variational
cumulant expansion method

N. G. Fazleev,a) Hao Che, and J. L. Fry
Department of Physics, University of Texas at Arlington, Arlington, Texas 76019-0059

D. L. Lin
Department of Physics and Astronomy, State University of New York at Buffalo, Buffalo, New York 14260

The modified variational cumulant expansion (VCE) method valid for the whole temperature range
and for arbitrary fields is developed to study the critical properties of the general q-state Potts model
used to stimulate various magnetic systems. The series expansion is generated directly in terms of
the Potts Hamiltonian. The free energy and the internal energy are calculated up to the third-order
cumulant terms for the d-dimensional hypercubic q-state Potts model. The expression for the critical
temperature T, is derived in a closed form which allows to determine T, up to arbitrary order
cumulant terms. The modified VCE method eliminates the unphysical first-order phase transition at
the mean-field critical point in the internal energy of the Potts model which plagues the conventional
VCE method.

As a generalization of the Ising model to more than two cumulants. The action for the system is defined as S = -HI

components, the Potts model has become a subject of intense k T. Our trial action So= - HoI/kT is chosen as follows
theoretical studies. In the absence of an exact solution for the
general q-state Potts model, series expansions remain one of So= E'kr•(o'i,k) (2)
the most powerful tools in the theoretical studies of this • k=k(
model,1 However, the critical behavior of the Potts model
has been studied by generating series expansions only in the where k=Il+(q-l).s for k=0 and ek=l-s for
limiting cases of low and high temperatures.' In this paper, a k= 1,2,..,q-1. Here s is the variational parameter which
modified variational cumulant expansion (VCE) method is serves as the order parameter of the system. The asymmetric
developed to study the critical properties of the general state ýi (i = 0) is chosen to account for the symmetry break-
q-state Potts model in the whole temperature range. This ing below the critical temperature T.'(H) (s=0). When
modified VCE expansion is generated directly it- terms of the T>T,(H), symmetry should be retained, i.e,, C,=const, (k
Potts Hamiltonian. The expressions for the free energy and =0,1,2,....q), which implies that s =0. The VCE of the free
the internal energy for the d-dimensional hypercubic q-state energy up to the order m can be expressed as2

Potts model are obtained up to the third-order cumulant
terms valid for the whole temperature range. A procedure is 1
developed to eliminate the unphysical first-order phase tran- W. = Wo- Y, ((S-So)"),, (3)

sition at the mean-field critical temperature for the correc-

tions hifher than the first order, which plagues the VCE where W,, is the free energy of the corresponding trial system
method. This procedure is tested for the Potts model with and the symbol (...),. denotes the cumulant average of the
second- (q=2, d=2) and first- (q =4, d=3) order phase tran- enclosed quantity over the Boltzmann weight exp(So). The
sitions. order parameter s is determined as a function of J/kT by

The Hamiltonian of the general Potts model can be ex- minimizing the first-order free energy with respect to s.
pressed as1  The free energy and the internal energy are calculated up

to the third order in the cumulant terms, The results of cal-
culations within the VCE method of the internal energy of

H=-J I Y•(i,aj)-H &(,rim, (1) the Potts model with a second-order phase transition (q=2,0,j) i d=2) are plotted in Fig. 1. It follows from Fig. 1 that the
first .order internal energy is continuous as it should be, while

where r,= 0,1, 2 ,...,q-1 specifies the spin states at the site i, the second- and third-order internal energies have disconti-
J stands for the coupling constant, and H is the external nuities which occur at the mean-field critical point
field. In applying the VCF method2 one first introduces a [kTC( l)IJ= 2]. As it follows from the comparison with the
trial Hamiltonian H0(4ý) with variational parameters ýi and exact results, this is the unphysical phase transition which
expands the free energy of the Hamiltonian H of a real sys- plagues the VCE method. 2

tem as a series of cumulants averaged over exp(-H 0/kT). The central issue for the VCE method is how to deter-

The first-order expression for the fret; energy is minimized to mine the variational parameters (s for the present case).

determine the variational parameters, which are then substi- Within the VCE method the value of the order parameter is
tuted back into the free energy expansion or higher-order calculated only to the first order.2 This is actually the pure

variational result which gives the mcan-field results when the
')Permanent address: Kazan Stale University, Kazan 4200(0M, Rus-sin. trial action is chosen in the nmcan-field fornm. 3 Thus, tile ex-
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FIG. 1. VCE results for internal energy vs temperaturm for the q-2 and FIG. 2, Modified VCE results for internal energy vs termperaturc for the
d-2 Potts model. The curves 1, 2, and 3 arc the internal energy calculated q= 2 and d=2 Potts model, Curves !, 2, and 3 are the internal energy
up to first-, second-, and third-order cumulant terms, respectively, Curve 4 is calculated up to first-, second-, atnd third-order cumulati terms, respectively.
the exact result. The exact residt is curve 4.

The internal energy of the Potts model with the second-order
pansions with the order higher than one would carry the fea- (q = 2, d = 2) phase transitions is recalculated by means of the
tures of the first-order expansion. This leads to the appear- modified VCE method up to the third order in the cunmulant
ance of the unphysical phase transition at the mean-field terms and the results are plotted in Fig. 2. As it follows from
critical point. Fig. 2, the unphysical phase transition at the mean-field criti-

To eliminate the unphysical phase transition we use a cal point has been eliminated and the overall features have
procedure based on some conjectures for the location of the been much improved although the hitigler-order internal en-
true critical temperature Tj(m) for the mnth order VCE. From ergiesstill have discontinuities, which are shifted to TI'(san)
the general symmetry consideration, the order parameter s and are strongly reduced. The results of calculations of the
should take value zero when T> T,(m) for the mnth order internal energy of the Polts niodel with the first-order (q -4,
expansion. It is therefore reasonable to expect that the values
s =0 corresponds to the global extremum (not necessarily the
global minimum) of W.,(T,s) for T>T,(rn) and that st=
remains to be the solution as temperature decreases until it 0-
reaches the critical temperature when this solution becomes
"unstable," and then s changes to another solution which -0.5-
becomes "stable." These considerations lead to the follow- 2

ing two equations which determine the critical temperature
T,(m) ard critical order parameter s, U/d

Wm(T. ,0)= Wm(T,.,s.)
(4) .5 -

s ~-2-
with

852Wm,(T,s) X &2Wm(T,s) 0(5 2.5--3 - I I I

For systems with the second-order phase transition s, =!) and ob5 1 1.5 2.z5 3

the equality (5) holds. The order parameter s(T,,m) within kT/J
this approach is determined by

FIl(t t. IMvudified V(-l esult foi intemat energy vs temperature tor the q=4
0 for T>T(ni) (h) dand d 3 P'otts imodcl. Umlrves I, 2, and 3 are the internal energy calculated

s(T m)= Is(T,1) for T<T,.(mn)" up tI tirstN-, second-. aind third uider cuuihitait otris, respectively.
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2-. model with q varying from 3 to 20. The results of the calcu

lation together with the exact ones are presented in Fig. 4. As
it follows from Fig. 4 the results of calculations converge to

1 the exact one, thus supporting our conjecture.
In summary, we have developed the modified VCE

method valid for the whole temperature range to study criti-

1.2 cal behavior of tile general q-state Potts model. The free

J/kTC , energy and the internal energy for the d-dimensional hyper-
/ ,/" cubic q-state Potts model are calculated up to the third-order

0. 1/ cumulant terms. It is shown that by analyzing the cumulant
0.8- / expansions the expression for the critical temperature T,. is

exact derived in a closed form which allows to determine T, up to

-. - mean fioel arbitrary orders. It is found that the first-order cumulant terni
0.4- --- 3th order gives results which coincide with the inean-field results as

expected. The modified VCE method eliminates the unphysi-
cal first-order phase transition at the mcan-licld critical tent-

0 20 perature in the internal energy of the Potts model which
0 4 a 12 1' 20 plagues the conventional VCE method. Calculation t i(, for

q iq varying from 3 to 20 shows that the results obtained up to
the first- and third-order cumulant terms converge toward the

FI. 4. Inverse of the critical temperature vs q for the d=2 Potts model, exact results.
This work was supported by The National Research

d=3) phase transition are presented in Fig. 3. It follows from Council (The Cooperation in Applied Science and Technol-

Fig. 3, that the discontinuity in the internal energy, which is ogy Grant), the Texas Advanced Research Program, The

a characteristic feature of the first-order phase transition, is Rology Program.

present to all orders, As a test of our conjecture on the defi-

nition of the critical temperature, which is crucial for the 1Y. Wu, Rev. Mod, Plhtv. 54, 235 (1482),
modified VCE method, we calculated the first- and third- 2x. Zhetng, Z. 6. Tan, and D. C. Xian, Nuel. 11hys. 13 287, 171 (1987).

order critical temperatures for the two-dimensional Potts 'L. Minag mti M. J Stephen, .I, lhys. A 7, I 101) (N17,4).
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Phase transition in a system of interacting triads
H. T Diep and D. Loison
GroupcI- Phe Ihvsique Statistique. Universitu. de Cergy-Pontoise 49, Avenue des Genottes. I.P 8428, 95806
Cergy-Pontoise Cedes, 1 ran'e

The present work is motivated by the controversy on the nature of the phase transition on the
Hcisenberg stacked triangular antiferromagnet (STA). In particular, the renormalization group with
4- u expansion suggests a new universality class, while the renormalization group with 2+E
expansion using a nonlinear o- (NL-S) model shows that the transition, if not mean-field tricritical or
first order, is of the known 0(4) universality class. In order to verify this conjecture, we study here
an equivalent system obtained from the STA by imposing the local rigidity as has been used in the
NIL.S modcl. The results show that none of the scenarios predicted by the NLS model is found. The
critical exponent v=0.48±_0.05 is quite different from the original STA withou! local rigidity,
indicating that the local rigidity changes the nature of the transition. It is also different from that of
0(4). It nmcans that successive transformations used to buildup the NLS model from the original
STA may lead to the 0(4) universality class.

I. INTRODUCTION Ih. MODEL AND METHOD

Phase transitions in frustrated spin systems have been Let us consider the STA with nn interaction. The ground

extensively investigated during the last decade.' In particu- state (GS) is characterized by a planar spin configuration

har, tile nature ofthe phase transition in the stacked triangular where the three spins on each triangle form a 1200 structure
antiferroagnets (S'ItA) with Heisenberg spins inleracting with either left or right chirality. Thus, the GS degeneracy is
via ntearro einagnts (nnIA) wit sh a l enbeesns inderacstudin, twofold in addition to the global rotation. The Hamiltonian is
via nearest-nJeighbor (nn) bonds has been widely studied, gvnb

This system belongs to a general family of periodically given by

canted spin systems known as helimagnets. Recent extensive
Monte Carlo (MC) simulations which are more precise than .(
early MNC works2 have shown that the transition in STA is of
second order with the critical exponents quite different from where Si denotes the classical Heisenberg spin of unit length
those of known universality classes.3-5 The body-centered at the ith site, J(>0) is the interaction between two nn spins,
tetragonal helimagziet has also shown almost the same criti- and the sum runs over all nn pairs. The Hamiltonian (1) has

cal exponents.' 6Using a renormalization group (RG) tech- been used in previous MC simulations 3-5 which all give the

nique in a 4 f.- perturbative expansion, Kawamura 7 has sug- same critical exponents within statistical errors: v=9.59

gested a ncw universality class for that transition. However, -0.01, /3=0.28±0.02, y= 1.25.±0.03, and a=0.4 0±0.01.

bv uising RU technique for a nonlinear u- (NLS) model with Following Azaria et al. t) we take the continuum limit at
o -sin 1 f techns ique fret al?-"' showed that the transition, each triangle by putting the three spins at its center. In doing
i [nt J f-iransion, Azaria l -trihwdthat is of asec on , so for all triangles, we generate a new superlattice [see Fig.
if nost oi tirsI order or mean-field tricritical, is of second order (a)]. In the NLS model, the local rigidity was assumed, i.e.,
with the known 0(4) universality class. This situation is em- the sum of the three spins on each triangle is set to
barrassing since the RG technique with 2 +E and 4- expan- zero!Wt- mj3 Tlhe resulting model is a system of triads each of
sions usually yields the same result in three dimensions for which i, defined by the three orthogonal unit vectors
nonlrustrated systems. Furthermore, it is clear that none of ei(x)(i= 1,2,3) which replace the spins at the center of the
the scenarios predicted by Azaria et al. was verified by the xth triangle in Fig. V(a). The original spins at the xth triangle
above-mentioned independent MC simulations of the are obtained by a linear combination of ei(x)(i= 1,2,3). The
Heisenberg STA.:i-- system of triads is shown in Fig. I(b). Note that the third

The purpose of this paper is to find out the reason of the vectors e3(x) which are perpendicular to the figure sheet are
disagreement between the 2+e and the MC results. To this not shown for clarity. Since there is no mort, frustration by
end, we study by the histogram MC simulation geometry, one can take indifferently ferromagnetic or antifer-

technique,2'12 the approximated system used in the NLS romagnetic interaction between nn triads with the following

model"() and to compare the MC results with those per- Haamiltonian

formed on the original STA.3-> The approximated system, as
seen in Sec. I1, is in fact, obtained from the STA by neglect- H,= - K(.,y)C(X).Ci(y), (2)
ing local fluctuations while keeping the symmetry of the IV , 1.2.3

original Hamiltonian. where Ki(x,y) is the interaction between the two ith unit
Section II is devoted to the description of our model and vectors sitting at the nn, xth, and v th, triads. The original

method. Results are shown and discussed in Sec. 1l. Con- STA is now transformed into a tmiad system which is defined
eluding remarks are given in Sec. IV. oin a simple cubic lattice. StrictlY ;peaking, the STA corre-
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(FIG. 2. ((In 0)') vs InL. The slope is 1/v= 2.08.

FIG. 1. (a) The continuum limit of the ground state of the STA is taken by (E 4 )
putting the spins on each triangle at its center (b) system of triads which is (V) = 1 -

2 ) 2 , (9)
equivalent to the Heisenberg STA with local rigidity. The third unit vectors 3(E
perpendicular to the figure sheet are not shown. (04)

3(02(10)

sponds to the case where the interactions between one of the ((U)') = (UE)-(U)(E), (11)
unit vectors, say e3(x), are zero.' 0 We will consider in this where E is the internal energy of the system, T the tempera-
paper not only th~s case but also the symmetric case where ture, 0 the order parameter, C the specific heat per site, X the
all Ki(xy) are equal. Since the interactions in (1) are site magnetic susceptibility per site, U the fourth-order cumulant,
independent, all interactions for the triad system are also site V the fourth-order energy cumulant, (...) means the thermal
independent, i.e., Ki(x,y)=Ki. average, and the prime denotes the derivative with respect to

Before showing our results, let u6 emphasize that the 0=1/(kBT). Using the energy histogram at To, one can cal-
model considered in this paper is equivalent to the Heisen- culate physical quantities at neighboring temperatures, and
berg model on the STA only within the so-called local rigid- thus the transition temperature at each size is known with
ity condition. precision.1112

The method used here is the histogram MC technique
which has been recently developed by Ferrenberg and III. RESULT
Swendsen to study phase transitions.1' 12 The reader is re-
ferred to these papers for details. In our simulations, we use Let us show the results for the two following cases.
a simple cubic lattice of linear size L=10,12,14,16,18,20 A. KI=K2 =K, K 3=0
sites with periodic boundary conditions. In general, we dis-carded 500 000 MC steps per triad for equilibrating and cal- The system in this case is equivalent to the STA with
cuatded the energy histogramp s we l tras fotr phylicrai uandc- local rigidity. The transition is found of second order. Usingc u la te d th e e n e rg y h isto g ra m a s w e ll a s o th e r p h y sic a l q u a n - t e f n t i e s a i g f r t e m x m , o C ,( ) ( n 0 )
tities over 1-2 M MC steps. We first estimate roughly the the finite se scaling for the maxima of (C), (x), ((in 0)'),
transition temperature To at each size and calculate at To the et we obtained the critical temperature for the infiniteenergy histogram as well as the following quantities: system which is T(coo) = 1.5325_±0.0020. The exponent v can

be obtained from the inverse of the slope of ((In 0)') [and
(CE2) - (E) 2 ) ((In 02)y)] versus In L. This is shown in Fig. 2 where v=0.48

(C) = NkBT 2  (3) -0.05. The critical exponents -Y and P are obtained by plot-
ting In(O) and (ln(x)) vs In L, respectively (not shown here).

N((0 2)- (0)2) They are /3=0.22_+0.04 and y=1.15±0.07. These exponents
x= kBT (4) are completely different from those of the original STA

(without local rigidity) (see values of exponents given in the
((O)')=OE) -(0)(E), (5) preceding section). They are also different from those of the

0(4) universality class which are v=0.74, /3=0.39, y= 1.47.
(2 '= E)-O (E), (6) There are two things we learn from these results: (i) the

local rigidity changes the nature of the phase transition; (ii)
(OE) when one starts with the local rigidity, one does not find the

((n 0)') (0) -(E), (7) scenarios predicted by the NLS model in 2+ e expansion. t1 It

means that the subsequent approximations used in the theo-
(0 2E) retical calculation,t'( for instar.ce, the continuum limit per-

((In 02)t)= .-•~--.-(E), (8) formed at some steps, may alter the nature of the transition
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.. 00 0 -- ' --- T.:-3080- At this stage, it is interesting to note that there should be
P (E) LI20 1 ý 9

12000 ( T... 20 0 a critical value of K3 between 0 and 1 where the transition
2 undergoes a crossover from second to first order. The deter-

10000 mination of this tricritical point is left for a future study.

0000 IV. CONCLUSION

000 Here we have studied a system of interacting triads
which is equivalent to the STA if one neglects local fluctua-

0000 . tions by imposing a local rigidity on all triangles. In the case
Q"° %°o .... q •which is equivalent to the Heisenberg STA (K,=K =K,

2000 " ..... o K3=0), we do not find the same critical exponents as those
found for the STA. It means that the local rigidity changes

-. 1.the 'ature of the transition. The obtained critical exponents
are, in addition, different from those of 0(4) found in the

LS calculation. We think that during the successive trans-

FIG. 3. Energy histogram P(E) for L = 12 at T=2.3080 (diamonds), for formations of the initial STA to build the NLS model,10 some
L =14 at T=2.2970 (crosses), and for L =20 at T=2.2904 (squares). Bimo- ingredients may have been lost, though the system symmetry
dal distribution characteristic of first-order transition is seen. E is internal is preserved. In the case where K1 = K 2 = K 3 = K, we find
energy per unit vector e,(x)(i= 1,2,3) that the transition is unexpectedly of first order, though the

symmetry of the system does not change with respect to the

found by MC simulation for the discrete lattice system. We case where K, =K2 =K, K3=0. We hope that this work will

believe that the continuum limit used in the NLS model ex- stimulate further theoretical investigations on the nature of

eludes possible topological defects which can change the phase transition in helimagnets.

transition nature.
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Critical behavior of the random Potts model
B. M. Khasanov, S. I. Belov, and D. A. Tayurskii
Physics Department, Kazan State University, Kazan 420 008, Russia

The phase transition in the continual random n-component Potts model is studied by the
renormalization group method. It is shown that for the three-dimensional model and n = 3 the phase
transition is to be of the first order. In the case n-=2 which corresponds to the random Ising model
the stable fixed point exists as early as in the one-loop approximation of renormalization group
equations.

In the Potts model each lattice site can be in one of n random way. In general, the third- and the fourth-order ran-
possible states. The energy of interaction between neighbor- dom potentials should be included in the reduced Hamil-
ing sites is equal to eo for the sites being in the same states tonian. In this paper, we shall consider the critical behavior
and to ej>e in the opposite case. The Landay theory pre- of continuous analogy of the random lattice Potts model and
dicts the first-order phase transition due to the third-order take into account local changes of all effective parameters in
vertex in the Hamiltonian of continual Potts model with ten- Hamiltonian.
sor order parameter. On the other hand, it was shown in Refs. Earlier it was shown that for the random P-model (the
1 and 2 that the strong fluctuations can lead to continuous system with symmetric nondiagonal and traceless tensor or-
transition in pure Putts model. der parameter) its critical behavior was experimentally un-

The static point defects which do not cause the matrix distinguishable from pure model. The reason for it is that the
ordering in their localization lead to the local change of the stable fixed points of renormalization group equations in ran-
effective Hamiltonian constants. One of the most simple de- dom and pure systems are located very closely to each other.3

fects is the defectlike "random temperature," but there are a For the model we consider the Hamiltonian has the
number of situations where coupling constants may vary in a form: 4

H= 1 fqqv2(qjq2)Qaf3(qJ)QaIg(q2)+ " fq 2q3v3(qlq2q3)Qai(qi)Qi3,(q2)Qav(q3)=2.! Mq2 3 qq

+ #-q , lI~ q4q4 v4(qiq 2q3q4 )Q p(qi)Qq ('j)2"'(q 3 )Qya (q 4)± i-4 v4(qlq 2q3q4)
4! Jqq 2 q~q4  4! j 1 q2q3 (14

X Q ((q1 )Q1 y(q2)Q y,(q 3) Qes,(q 4). (1)

Here Qp,(q) is the Fourier transform of symmetric, diagonal, (Svi(qj q2) 5•ij(q 3q4)) = A0 ( C1 + q2 + q3 + q 4 ),

and traceless tensor of rank n, fq = fddq/(27r)d, v2 ,1,3,v 4 are
the random fields for which we suppose the translational AiE (rA,, A BI, ,ArC ,ArU). (3)
invariance of all averages and the absence of the long-range
correlations. The average value of v is transformed according The functions B(T)=F 3 and C(T) -r (i is a number of the

to the full space group of the ýystem without impurities and fourth-ordcr invariant) are the irreducible vertices at zero

can be obtained by the averaging over a probability distribu- momentum for the Hamiltonian (1). Besides those vertices

tion of fields v in the Hamiltonian there are a number of effective impurity vertices: the vertex
A,, has the same dimension as F4, the vertex ArB is equiva-

'2(qlq2)) = (r +q 2) 5(q, + q2), lent to the fifth-order invariant in the Hamiltonian, and ver-
tices ABR ,AC,Aru are equivalent to the sixth-order invari-

( V2(qjq 2 q3))=B,5(q 1 +q 2 +q 3 ), ant. For the continuous transition all vertices depend on
( +correlation radius K by means of the power law
( v4 (ql q2q 3q4)) = C3(ql + q2 +q 3 +q 4 ),

F k'cg k 2k - d k - 2)-0 1/E, (4)
(v4(qlq 2q 3q4))= US(qt +q 2 + q3 + q4 ). (2) where r is the Fisher critical exponent. One can obtain the

The renormalization group transformation change also aver- Gell-Mann-Low-like equations for dimensionless invariant
ages (&v&v) as well as parameters B, C, and U. Here iv charges gkE(B,C,U,Aij)
denotes the deviation from the translation invariance v= v
+-v. In the three-dimensional space it is necessary to con- d•k=+,(g). (5)
sider the following cumulants: (W
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TABLE I. The fixed points of renormalization group Eq. (5) for n =3.

0(2) A, A __ 0'(2) A', A' A Ar2  U

B2 0 2 18 2.27 0.54 0.19 5.64 0
C 3 i H 0 o.3 0.44 0.33 1.47 0
A.r 0 0 0 16 0.03 -0.12 0,04 0.1
AIn 0 0 0 0 0.004 -0.05 0.01 -0.45 0
ASH 0 0 0 0 0.04 -0.03 0.02 1.43 (
AIC' 0 0 0 0 -0.008 -0.03 0.0007 -0.31 0

where t=ln K2. For arbitrary n there are eight such equa- related with the lattice model mentioned at the beginning are
tions. For n=3 the two fourth-order invariants in (1) are discussed. By means of functional integration, the lattice
connected by means of equality TrQ 4 =(TrQ 2)2/2. In this model may be presented as a field theory with a nonpolino-
case the number of equations is reduced to six, but they are mial interaction potential in which all bare constants are con-
still rather complicated. The numerical solution gives the nected. It is not obvious that the expansion up to the fourth-
fixed points with positive B2 and C that is summarized in order invariants in (1) is sufficient to describe the phase
Table I. transition in a lattice model. However, if that is the case then

The first three fixed points with A=0 earlier obtained in Hamiltonian (1) will correspond to the lattice model only
Ref. 1, describe the critical behavior of the Potts model with- with the definite correlations between the bare parameters in
out impurities. The fixed point A + is the saddle point while (1). After that the critical behavior of a lattice model will
th,, stable point A - is the stable focus. The Hamiltonian flow described only by the same phase flow of renormaliztion
of renormalization group equations that is going through the group equations. Probably, this flow line will go near the
fixed point A 4 divides the phase diagram into two parts. fixed point A.- or A '. In this case, one can obtain the critical
Flows from the one part are going to the line 01 of the Fig. 1 exponent of susceptibility y from equation
on which the first-order phase transition occurs, and flows 11 + 1 -2)
from another-to the fixed point A _, where the second-order I - y- = C - B - 2 (6)
phase transition takes place. For the random Potts model the 3 2n

only one stable fixed point is the A '. In the real physical Therefore y- 1.3. If the flow line passes near A + or A ', then
system the cumulants Arr and Aag are by definition a posi- y=0.6. In order to investigate the critical properties for n >3
tive definite quantities. The flow lines make it impossible for one has to solve eight equations like (5). Tihis problem is
a point that starts in the region with A,>0 to flow after rather complicated in comparison with the three-component
renormalization into the region with i<0 (Fig. 2). Thus, system. Therefore, we will discuss only impurities of "ran-
the fixed point A'- is inaccessible to physical systems. dom temperature" type, i.e., Arr,0. In this regime the un-
Hence, the phase tran-.tion in the random three component stable fixed point for n =4 and the stable fixed point for n >5
Potts model described by the Hamiltonian (1) is the phase with B2, U>0, and C,Arr<( could be obtained. There are
transition of the first order. It is important to note that the not stable fixed points in the physical region with B2 ,A r>0.
fixed point A- cf the pure system is unstable with respect If we take B =0 in the Hamiltonian (1) and consider the
only to ABB and Arc'. All given fixed points in Table I are in limit n--+- (in this case, the condition TrQ =0 becomes ir-
the region of values B 2 and C that is stable about condensate relevant), then the stable unphysical fixed point with U =1/
separation. Presently, results for the continual model are cor- 12, C = 1/(4n), Arr - 1/48, and the stable fixed point U = 1/

6, C= 1/(2n), A,=0 appear. The latest point describes the
critical properties of the spherical model with cubic anisot-

B I1 ropy. Calculating the exponent y for it

/A,/
A • A.'

A,

A.A.A.A.'A

A.'

(10
____.. _________________ 0.(2) O(2) A,,

_0 0(2) C

FIG. I. Flow diagram for pure model, n =3. 1:G. 2. The fixed points on the (B, A,,) plane for n=3.
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_=n scaling relation laws, One can use two approaches in order to
1 3 C+ U, find the value of - in the three-dimensional renormalization

perturbation theory: (i) to substitute into (6) the fixed point
we have Y=3/2. In the three-loop approximation the stable coordinates and to reverse the obtained value; (ii) on the first
fixed point is equal to nC=0.480, U=0.176, Arr=O, and inverse Eq. (6) and to expand y as a series of C and Ar,, then
y= 1.43. It happens that in the zero order to 1/n the renor- the fixed point coordinates into obtained expressions are sub-
malization group equation for vertex U and the critical ex- stituted. As a result, we find for y and the heat capacity
ponent 17 depend only on U, so the value of 7; for the spheri- exponent a the following values, calculated in the following
cal model with cubic anisotropy is equal to 7 of the Ising ways, respectively: y=1.4, a= -0.1, and y=1.29, a=0.07.
model, The same results were obtained in Ref. 5 where the Higher-order terms of perturbation theory (it is necessary to
perturbation theory on vertex C was used. Note that if one consider the three-loop approximation) lead to the small in-
can take only CO0 in the Hamiltonian (1) (spherical model) crease of y and can essentially change the value of a. Even
then the well-known result in three-dimensional space y=2 in the one-loop approximation, two ways of calculations give
follows, The limit of large n considered here is of conse- the opposite signs of a. Hence, the obtained results do not
quence with the statement that for n--o and d>2 the inter- allow to estimate reliably estimate the value of the random
action of fluctuations C disappears while the value nC re- exponent a. It is a very reasonable possibility that this cannot
mains finite and the expansion over 1/n can be effective, also be made in the three-loop approximation as it was

The case n =2 that corresponds to the Ising model is the shown in Ref. 6 for the "random temperature" impurities.
subject of special interest. Here, the third-order vertex B Using Harris' arguments 7 it is possible to show that two dif-
does not influence the critical behavior, and corresponding to ferent kinds of the disorder variables Ar, and Arc do not
it, charge g3 drops out of Eqs. (5). This circumstance follows change the statement6 that critical exponent a must be nega-
from the symmetry of the Potts model for n =2. Besides, tive.
here as well as for n =3, there is only one fourth-order in- The work of B.Kh. was supported, in part, by a Sloan
variant in (1), so the total number of variables is reduced to Foundation Grant awarded by the American Physical Society
three: C and two cumulants A,, and ArC,. If ArC=0, Eqs. (5) and the work of P T. was supported, in part, by a Soros
are degenerated in the one-loop approximation and do not Grant awarded by the International Science Foundation.
have nontrivial solutions, There is no degeneracy in the two-
loop approximation, but at the same time the fixed point
describing the critical behavior in the pure Ising model is 'A, L, Korzhenevskii Zh, Eksp, i Teor. Fiz, 75, 1474 (1978) (in Russian),

2A. L. Korzhenevskii, Fiz. "'verd, Tela. 20, 359 (1978) (in Russian).
absent. The pure and random fixed points appear only in the -13, M. Khasanov and S. I, Belov, Fiz. Tverd. Tela. 36 (1994) (in Russian).
three-loop approximation. 6 Assuming that ArcO0, one can 4R. G. Priest and T. C. Lubensky, IPhys, Rev, 13 13, 4159 (1976).

get nontrivial random stable fixed point even in the one-loop 'A. Aharony, Phys. Rev. LWtt. 31, 1494 (1973).
approximation: C=0.390, Arr,=.051, ArC=-0.002, Using 'A. 1. Sokolov and B. N. Shalaev, Fiz. Tverd. Tela. 23, 2058 (1981) (in

Russian); 1. 0. Mayer, A. 1. Sokolov, and B, N, Shalaev, Ferroelectrics 95,
(6) it is easy to find susceptibility exponent y. Other critical 93 (1989); 1, 0. Mayer, J. Phys, A 22, 2815 (1989).

exponents are expressed through y and y with the help of the 'A. B. Harris, J. IPhys, C 7, 1671 (1974).
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Influence of exchange bond disorder on the magnetic properties of
(Pdl -xFex) 95Mn5 near Tc

Z. Wang, X. Qi, H. P. Kunkel, and Gwyn Williams
Department of Physics, Uniwersity of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada

A summary of a detailed study of the field and temperature dependent ac susceptibility of a series
of ternary (Pd, _,Fe,) 95Mn 5 alloys near the ferromagnetic ordering temperature T, is presented. By
following the behavior of the crossover line (a line of maxima in the field dependent susceptibility
above Tc, the maxima moving upwards in temperature but decrea'ing in amplitude with increasing
field) it is possible to catalog the influence of exchange bond Cisorder on aspects of the critical
behavior. These ternary systems are not soft ferromagnets and thus asymptotic critical exponents are
difficult to estimate using this technique. Nevertheless, effective exponents (i.e., obtained away from
the critical point) clearly reflect the presence of significant variance in the distribution of exchange
bonds.

I . INTRODUCTION II. EXPERIMENTAL DETAILS

(Pd1 -,Fe.) (0.01-<x<0.25) is a well-known Samples were prepared individually in an argon arc fur-
nace from high purity starting materials using a well-

ferromagnet' and Pd9 .Mn. is a spin glass.2 In the frequently established sequence of inverting, remelting, cold rolling,

referenced approach3 in which the exchange bond distribu- and annealing steps," 9 to ensure homogeneity. Field- and
tion that exists in such metallic systems is approximated by a temperature-dependent ac susceptibility data were collected
Gaussian, the mean value of this distribution thus exceeds its continuously using a previously described1 phase-locked sus-
variance in the former system, while in the latter this in- ceptometer on samples of typical dimensions (17X2x0.1)
equality is reversed, mm; 3 both the ac excitation field (50 m Oe rms at 2.4 kHz)

Binary Pd1 .-,Fe5 (x-0.014-0.016) is a nearly ideal ex- and static biasing fields up to 1 k Oe were applied" along the
ample of a soft ferromagnet.' Internal fields as low as H,-I largest specimen dimension, The data were corrected for
Oe are capable of revealing structures normally associated background and demagnetizing effects, as described
with critical fluctuations at a second-order phase transition, previously.'

and a detailed analysis of this structure yields critical
exponents' (y=1.36±0.03, P=0.39(5)±0.015, 6=4.5 III. RESULTS AND DISCUSSION
±0.15) close to the values predicted by the isotropic, three- Figure 1 reproduces the zero-field susceptibility in bi-
dimensi-mal Heisenberg model4 using renormalization group nary Pd-l.6 at. % Fe [Fig. 1(a)], and in ternary
techniqu,•s (y=1, 3 8 6 , 3=0.365, 8=4,8). Binary Pdl- .Mn, (Pd_,Fe,)9_sMn.s (x=0.0035 [Fig. 1(c)] and 0.016 [Fig.
(x-0.05) is a spin glass, characterized by a divergence in the
nonlinear susceptibility-5 '6 (the associated exponents having
been most recently reported 6 as y=2.0±0.2, )3=0.9±0.15, 5
8=3). Ternary (Pd,_.Fe1 )95Mn 5 (x=0.0035) remains7' 8 as , ,

- (C) 0.4
one possible example of a system exhibiting sequential phase
transitions following detailed studies,s viz. near T7=9 K the E -0.2
field- and temperature-dependent susceptibility exhibits fea- .)
tures associated with critical fluctuations near a second order 0 ..)
paramagnetic to ferromagnetic transition (but with some in- 4 8 12 .

dication of the influence of variance in the exchange bond
distribution), while at lower temperature, Tso-4.1 K, the 0.4
nonlinear response displays a marked (but not divergent)
anomaly. (b)

Here we present a summary of comparable measure- 02 f(b)
ments on ternary (Pd, _Fe,),_5Mn 5. At rather higher Fe con- -
centrations (x=0.016-0.022), these samples have corre-
spondingly higher ferromagnetic ordering temperatures, and
the "reentrant" transition is also suppressed. For this reason 0 ,
we have focused attention on the detailed behavior of the 0 T() 50
field- and temperature-dependent response near T,,, and on FIG. 1. The zero-ticld su,,eptibility X(O,T) (in emu/g) plott against ton-
the influence exerted on this response by the exchange dis- perature (in K) for (a) Pd+ 1.6 at. % F7, (1) (Pd+ 1.0 at. % Fe),5Mn5, and

order expected in such systems. Wc) (Pd+-0.35 at. % Fe),,mn,.
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FIG. 2. The susceptibility X(H, T) (in emu/g) plotted against temperature T 10 2 .10
(in K) for (Pd+ 1.6 at. % Fe)95Mn3; the numbers marked against each curve

are the estimated, superimposed (internal) fields H, (in Ge). Te dashed line FIG.3. The peak susceptibility X(HT.) (in emu/g), taken from data similar
to that shown in Fig. 2, plotted against the internal field H, (in Oe) on a
double logarithmic scale for (Pd, -. Fex,)gMnj, with x 1L6 at, % Fe (0), 1.8
at. % Fe (A), 2,0 at. % Fe (V) and 2.2 at. % Fe (M). The lines drawn yield

1(b)]), so that the general features of the behavior of these the 5(H) values listed in Table 1.

systems can be compared and contrasted, While the charac-
teristic structure usually associated with reentrant behavior is
evident in Fig. 1(c), the lower (reentrant) transition is sup- X(0 ,t)t-, t (4)
pressed in both binary and ternary samples with higher Fe have provided the basis for a detailed analysis of the critical
concentration. Nevertheless, as is clear from a comparison of behavior in a variety of systems.11 0

Figs. 1(a) and 1(b), the ferromagnetic ordering temperature Here, however, two factors conspire to preclude such a
T, is lowered by the addition of Mn. Figure 2 details the detailed analysis; (a) fields in excess of -i-15 Oe are re-
influence of superimposed static biasing fields on Fig. 1(b) quired initially to resolve critical peak structure, and (b),
near 40 K; such fields suppress the principal (Hopkinson) even when these peaks are resolved they are considerably
maxinium enabling a secondary peak structure to be ob- broader than those in the corresponding binary Pdt._1 Fe
served. These latter peaks decrease in amplitude and move samples. The influence of point (a) can be seen in Fig. 3
upwards in temperature as the applied field increases; they which tests Eq. (3) via a double logarithmic plot of the peak
are a characteristic signaturet't° of critical fluctuations at a susceptibility X(H, T,,) (evident in Fig. 2) against internalsecond-order paramagnetic to ferromagnetic transition, and field (Hi); in the case of the 1.6 and 1.8 at. % Fe samples the
their locus defines the crossover line.' 0 "' In terms of the line drawn at low field corresponds to the 3D-Heisenbeig
usual12 scaling law expression for the field (h) and tempera.- model value of 8=4.8 while the higher field slope yields an
ture (t) dependent susceptibility A(h,t) effective exponent 5*(H)-3 (the mean-field value). This fall

Ih) _ h\ in the effective exponent 6*(H) with increasing field is well
x(h,t)=t-vFYv ' -ý (1 ltv0--), (1) cataloged1 "0( in systems with exchange bond disorder. Thefield dependence of the effective exponent 6*(H) is not so[with h -Hi/T, and t = (T- T,)/Tc in the usual notation], evident in the 2.0 and 2.2 at. % Fe specimens as even larger

the temperature T,, of these critical (secondary) peaks varies fields H0 (listed in Table I) are required to resolve critical
with fields as 1.10 peak structure in them.

t/H lI(v+ P) Figure 4 tests the predictions of Eq. (2) and also illis-t (TT,)/Tc , (2) trates the difficulties introduced as a result of point (b)
above. Briefly, in the most favorable cases," (t tM can be

while the critical peak amplitude X(h,tm) behaves as plotted against Hi on a double logarithmic scale, the slope of
x(h,t,)•)° h (3) which yields the crossover exponent (y+f8). Here the diffuse

nature of the critical peaks renders this procedure inappro-
Equations (2) and (3) along with the more conventional de- priate since Tm (and hence 1,,) cannot be established withpendence of the zero-field susceptibility on (reduced) tem- sufficient accuracy. The best that can be done is a linear plot
perature above Tc, viz: of the peak temperature Tm against (Hi)01 57 ([y+#]-1-=0.57
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TABLE 1. A compilation of paramieters deduced from ac susceptibility data
on (Pd, ~Fq)95Mn3.Q

TT, H,, Lnw High
(at. % F0) (K) (K) (0e) field field

0.35- 9.3±0.02 7.5t0.03 3 4.1±0,1 4.12:0.1 2
1.6 38.0±0.2 61.5 ±0.2 15 4.8±0.2 3.0±0.2/
1.8 41.6±0.3 69t 1±0.2 25 4.8±0.4 3.0±0.2
2.0 44.9±t0.5 75.4±0.3 28 3.7±0.4 3.0±0.21
2.2 47.9±0.5 806±0.5 35 3(0±0.2 3.0±0.2t

'For the corresponding binary (Mn frec) PdFe sample (Ref. 1). 00.2 0.4

FIG. 5. The Kouvel-Fisher effective susceptibility exponent y*(t) plotted
against rcduced temperature t for the (P'd+ 2.0 at. % Fe)y5Mn~s specimen.

for Hieisenberg model exponents), which indicates that these i-0,16-is well documented in systems with bond
data are generally consistent with such model exponents disorder,t1,10,14 confirming the conclusions drawn from the
within the rather appreciable scatter evident here. The inter- data shown in Fig. 3.
c-.pt from such plots yields the T, estimates listed in Table 1. IVSU M R

Further effects of exchange bond disorder are provided IVSU M R
in Fig. 5 where, rather than to test Eq. (4) directly, the effec- A detailed study of the field- and temperature-dependent
tive Kouvel-Fisher susceptibility exoet3ac susceptibility near the ferromagnetic ordering temperature

exponntt3 T, in (Pd, _.,.Fe,)vsMn 5 indicates a significant suppression in
Y*(t)=d ln[X(0,t)]Id ln(t) (5) the value for T, following the addition of Mn, Within the

framework of an S-K like model,3 this represents a marked
is plotted against tfor the 2.0 at. % Fe sample. The non- reduction of the me~an value/second moment ratio for the
monotonic variation of this effective exponent with exchange bond distribution. The field and temperature de-
temperature-specifically the peak in V*(t) above T, near pendence of the effective exponents 6*(H) and y1*(t) indi-

cate that this distribution retains a substantial width/second
moment although the width cannot exceed the mean value as
the reentrant transition is suppressed.
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Magnetic transitions at high fields in (Fe,Mn) 3Si alloys
H. J. AI-Kanani and J. G. Booth
Joule Physics Laboratory, Salford University, Salford M5 4Wr, United Kingdom

J. W. Cable and J. A. Fernandez-Baca
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6393

In the series of ordered DO3 solid solutions Fe 3 -_,Mn.Si, field-induced transitions have previously
been found to occur for antiferromagnetic alloys with values of x near 1.70. The present work has
determined a region of composition in which antiferromagnetism is the low-field, low-temperature
state and gives the variation of the critical field as a function of temperature and composition. The
critical field decreases approximately quadratically with temperature and rises to beyond 6 T in the
range of composition from 1.6--x - 1.8. Neutron diffraction indicates that the antiferromagnetic axis
is shifted from the [Il1] direction and that in a 5 T field the antiferromagnetic component of the
scattering is reduced considerably from that in zero field. However, no corresponding increase in
ferromagnetic component is observed within experimental error and Arrott plots suggest the
high-field state is still largely antiferromagnetic.

I. INTRODUCTION from 0 to 12 T and back to 0 within about 20 minil The

Fe3Si and MnjSi are knowni to form solid solutions with critical field was taken to be that at which the differential

the DO 3 ordered structure. The substitution of Mn for Fe in susceptibility dn dH was a maximuml. Neutron diffraction

forming the series Fe3 _x MtnSi results in a selective site - measurements as a function of field and temperature were

cupation which has been fully described in earlier papers.1'2 obtained at the IFIR Reactor, Oak Ridge National Labora-

The present paper is concerned with the magnetic properties tory using a wavelength of 1.42 A. 24 hI isothermal scans

of the compounds in the compositional range i,6 -x-1.8. were normally employed with the field applied vertically,

These properties derive from the occupation of the A and C perpendicular to the scattering vector, Rietveld plots were
sites by Mn atoms, the B site being already fully occupied.' obtained above the magnetic ordering temperatures allowing

Magnetization studies show that the zero field magnetization the site occupations and compositions to be refined.

o'0,. for these compounds decreases below a "reorientation III. RESULTS
temperature" TR (-65 K) to give a smaller saturation mag-
netization o'oo. The previous work has shown that (reo is zero The determination of the composition at which (iijci be-
at x = 1,70 beyond which antiferromagnetism is the low tem- comes zero was made more difficult by the observation that
perature, low-field state. The present work stems from the for x = 1.6 0 and 1.625 the low-temnperature properties of the
observation 2 that for the alloys with x 1.70 and 1.75 a field- alloys (in common with those of alloys having smaller values
induced transition from antiferromagnetism to another mag- of x (Ref. I) are dependent on previous magnetic field his-
netic state occurs at temperatures below 'T/, We have ex- tory. Since a demagnetizing facility was not available mag-
tended this work considerably to determine the alloy netization measurements at each temperature were obtained
compositions for which this transition occurs (i.e., for which only after cooling in zero field from the paramagnetic state.
antiferromagnetism is the low-temperature, low-field state) Following this procedure it was established that or11,1 is zero
and the variation of the critical fields as a function of tem- for x = 1.60 and 1.625, although as indicated in the inset to
perature and composition, We have also attempted to deter- Fig. 1, a magnetic measurement produces a large reminent
mine the high field magnetic state of the compounds by com- moment in these cases which is associated with the transition
paring the neutron diffraction patterns in zero field and in a fields being very small. Such effects are not observed for
field of 5 T as a function of temperature, as well as examin- x> 1.65. A typical field transition is shown in Fig. I for the
ing the Arrott plots. alloy with x = 1.80, The transition occurs over a wide range

of field and is accompanied by considerable hysteresis at the

II. EXPERIMENTAL DETAILS lowest temperatures suggesting a first-order phase transition
and possibly a large magnctostrictive effect. It is possible

The material used for this investigation was prepared in therefore to define two critical fields. At the lowest tempera-
an identical manner to that employed in the earlier Lures the difference between these two fields is often large, of
examinations. 1, 2 The new material consisted of alloys with x the order of I T, At low fields the magnetization increases
having values of 1.60, 1.625, 1.65, and 1.80. X-ray exami- linearly with field as expected for an antiferromagnetic ma-
nation of the alloys indicated all to be single phase alloys. terial but above the transition the observed curvature sug-
The quenched samples in powder form were examined in gests an unsaturated state. The variation of the mean critical
field up to 12 T using the Manchester and Salford Vibrating fields with temperature and composition is illustrated in Fig.
Sample Magnetometer facility over the temperature range 2 where a quadratic decrease with increasing temperature is
2-300 K. Data acquisition is by microprocessor contro'l in seen (the results for x= 1.75 are included for comparative
which at a given temperature the field is swept automatically purposes). The solid lines arc a fit to I1 =(I-T*2 ) where
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FIG. 1. Typical variation of magnetization with applied field at several 15 (0oi<)

temperatures below TR for Fe1,20Mn1 .8oSi. Inset, low field data at low tern- 1o0 (l01<) 1 7
peratures for x = 1,60 and x -" 1.6 2 5 . -' / ,

the asterisks indicate reduced critical fields and temperatures, ,- ,,o // /
7 ' /

i.e., H* =H,(T)/H,(0) and T* = T/TR. Arrott plots were ' / / /

obtained both above and below TR. Figure 3(a) shows that 100 /

for x=l.8 above TR the intercept on the HIo, axis ap-

proaches the origin as the temperature falls towards the or- :0 /

dering temperature. Information or, the high-field state below [ . ....- _-_....-

TR is provided by the Arrott plots shown in Fig. 3(b) for o 1,00 0oo ..0.. oo 4 o0 5000 0000 1000 o000 000

which the intercept on the H/r- axis retreats away from the ,-,,, [0C • ... "']

origin as the temperature continues to fall. This behavior has

recently been shown to be characteristic of an antiferromag- FIG. 3. Arroit plots for Fe1 2oMn155 Si (a) above TM and (b) below T.

netic state3 and will be discussed below. The situation for the

other alloys is complicated by the appearance of a ferromag-

netic region in a narrow temperature range above TR . This is

also reflected in the Arrott plots of those materials. Table I aeregie where the alloy is aklyferromagnetic; 4.2 K andzero field where the alloy is antiferromagnetic; 4.2 K and 5 T

gives the approximate values of TR and Tc versus x. at which field the transition to another magnetic phase has
Neutron diffraction was carried out on the alloy with occurred. For the results from the paramagnetic regime (130

x= 1.65 at the following temperatures and fields: 130 K and K) the composition and site occupations were refined by a

zero field in the paramagnetic regime; 80 K and zero field in Rietveld plot which included parameters taking into account

a small preferred orientation. The refined composition corre-

sponded to x= 1.64 and the following site occupation: (A)

(0.32 Mn+0.68 Fe), (B) Mn, (C) as (A), and (D) Si. Figure

7i r ,4(a) shows the results in zero field at 4.2 K and this is com-

- pared with the equivalent results in a field of 5 T in Fig. 4(b).

The very small peaks in Fig. 4 were not observed at 130 K

0- -.• ...111':and indicate the antiferromagnetic order.

TABLE I. Approximate values of TR and Tc vs x for the series

Fc3-,Mn, Si.
I -. T,..

I-.- ..0 _ _ ,- . [ ,' . t) • T 0  7 "c

x (K) (K)

1.60 60 125

1.625 60 118

101 20 . 10 1 1 ,1 0 1.65 60 80

1.70 60 75

FIG. 2. Mean transition field vs temperature for the alloys discussed in this 1.75 65 '"

paper. Data for x= 1.75 is included from Ref. 2 for comparative puroses. 1.80 65

The solid lines are fits to the data using Hc(T)/Hc(O)= 1- (T-/T7 ) 1.
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TABLE II. Comparison of thc obscrvcd structure factors of the supcrlattice
lines in 0 and 5 T fields for Fc I_.Mnt..Si.

1/2 Field ON Field OFF
(hkl) q2F'F2/F 211  qF 2 /VF220  FoN1F1.IF

Ill 0.0X)7 0,010 0.70
311 0.055 0.091 0.60
331 0.050 0.076 0.66

511 + 333 0.028 0.041 0.68
531 0.041 0.073 0.56

z 533 0.016 0.042 0.39
0 551 0,029 0.060 0.48

neutron diffraction results in Fig. 4 show that the intensities
of the superlattice peaks in zero field are much reduced by

the application of a 5 T field. Since the applied field is per-
8- J pendicular to the scattering vector one might expect that anyii reduction in the antiferromagnetic alignment would corre-

spond to the appearance of a ferromagnetic component and
2 2n 30 " so " '0 go ,o that this would be reflected in an increase in the scattering at

28 [dog) the nuclear peaks. The structure factors for the latter are such
that one would expect the (111) line, which contains only the

FIG, 4, Fe,.lMna. 6.Sl neutron diffraction patterns at 4.2 K with (a) 11=0 contribution from the B site, to be most sensitive to an in-
and (b) H =5 T. crease in ferromagnetic alignment but within experimental

error the intensity remains the same. Table II gives the effect

IV. DISCUSSION of field on the intensities of the superlattice lines showing, in
general, a reduction to some 57% of the zero-field value. The

The remarkable feature of Fig. 3 is the observation that application of a magnetic field alters the basic antiferromag-
below TR the Arrott plot intercepts on the H/or axis retract netic arrangement but it seems likely that the resultant state
from the origin. It has recently been shown using the Landau is another unsaturated one. To explain the observations this
theory of phase transitions 3 that such behavior is character- state must be such as to contribute only very small ferromag-
istic of systems with coupled antiferromagnetic and ferro- netic components to the scattering,
magnetic components with TN<Tc and theoretical curves Clearly further work on this most interesting region of
similar to those in Fig. 3 have been obtained. It is possible concentration is required and further neutron diffraction and
that the high-field state remains predominantly antiferro- (or ASR investigations are planned,
ferri-) magnetic and that further transitions at even higher
fields might be expected. The magnetization and neutron dif- ACKNOWLEDGMENTS
fraction data have previously been shown to be consistent
with a model in which in the zero field the Mn moments on The assistance of SERC/Neutron Beam Research Cor-
alternate B sites (-2 AB independent of x in this range of x) mittee and Martin Marietta Inc. in enabling the neutron dif-

are canted at opposing angles to the magnetic axis and it is fraction aspects of this work to be carried out is gratefully
assumed that at TR these moments "flip" to become parallel acknowledged.
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Critical behavior of the two-dimensional easy-plane ferromagnet
Alessandro Cuccoli, Valerio Tognetti, and Paola Verrucchi
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Ruggero Vaia
Istituto di Elettronica Quantistica del Consiglio Nazionale delle Ricerch:e, Via Panciatichi 56/30, 1-50127
Firenze, Italy

The critical behavior of 2D magnetic easy-plane systems has mainly been studied by tile classical
XY model. However, the z components of the spins have to be considered in order to describe real
systems, and their fluctuations cannot positively be neglected when quantum effects are to be
included, quantum spins being intrinsically three-component objects. Therefore, Monte Carlo
simulations are performed for the Heisenberg ferromagnet with easy-plane anisotropy (XXZ model)
on a two-dimensional square lattice with a twofold aim: first, to obtain accurate quantitative results
about the critical behavior of the classical model, showing the relevant role played by the
out-of-plane fluctuations; second, to open the way for approaching the quantum thermodynamics by
means of the effective Hamiltonian method that reduces the quantum thermodynamics of the XXZ
ferromagnet to the investigation of an effective classical model with temperature-dependent
renormalized interaction parameters. Specific heat, mag,,etic susceptibility, and correlation length
are calculated in the critical region for lattice sizes up to 128X 128. These quantities preserve the
Kosterlitz-Thouless behavior of the XY model. For the transition temperature of the classical XXO
model we obtain the estimate kT,/'(JSf)(=0.69_0.01.

The two-dimensional XXZ model is described by the the value for the XY model. In the isotropic limit X-1 the
Hamiltonian transition disappears logarithmically,t I,-[-ln(l-)] t.

1 Kawabata and Bishop6' 7 performed pioneering Monte

"- 1 2 [(SkS,4Sd ++ S.Id)+.• " + "() Carlo (MC) simulations of the classical XXZ model, and
i,d hSi t+Ii obtained estimates of the transition temperature confirming

the theoretical asymptotic dependence of t,.(X), Their result
The index ia(i, ,id) labels the sites of a two-dimensional in the XXO limit is t,.(X=O)=0.78+O.03.
Bravais lattice, and d•=(d 1 ,d2) represents the displacements As the first step to approach the quantum model by
of the z nearest-neighbors of each site. The easy-plane an- means of the effective Hamiltonian, we have reconsidered
isotropy is represented by the dimensionless parameter X(JXJ the classical XXO model producing accurate thermodynamic
<1). For X=0 the above Hamiltonian describes the XXO data and giving a quantitative description of the relevant
model (also called "quantum XY model"), quantities in the transition region. We present here MC re-

In this paper, we are mainly concerned with the classical suits for the XXO model, i.e., for X=0. The MC sample
counterpart of Eq. (1). For our purposes it is sufficient to take sits f th e ltice f L X L sampe
the spins in Eq. (1) as classical vectors of length ý, i.e., consists of a square lattice of L XL classical spins, with pe-

riodic boundary conditions, and we considered lattices with
S,--+SsI with the classical vectors s, varying onto the unit L =32, 64, 128. The simulations were based on single spin
sphere isilk= 1. The natural energy scale is then E=j1 a, So We movcs, using a combination of the Metropolis and the over-
define a dimensionless reduced temperature t=k,,T/E. The relaxed algorithm. 4 The former consists in rotating a single
classical XXZ Hamiltonian reads spin at random, and accepting the resulting configuration af-

e ter the Metropolis test; the maximum amplitude of the move
"JK= - - I d (Sl'Si +d SY+d),y .Si'i'd.z (2) is such that 45%-55% of the trial moves are accepted. The

i,d overrelaxed algorithm 4 is a reflection of the in-plane compo-

This system belongsi to the universality class of the planar nent of one single spin with respect to the in-plane compo-
(or XY) model (i.e., s,-0), that is characterized by the nent of the resultant of its nearest neighbors; this move
Berezinskii-Kosterlitz-Thouless 2 (BKT) phase transition at leaves the energy unchanged and is always accepted. The
t,-0.89.3,4 The transition is driven by the unbinding of vor- advantage is in the reduction of the MC critical slowing
tex pairs,5 and its peculiar characteristics are that for t<t,. down, in spite of the fact that this algorithm is local. One
the correlation function (si.sj) displays a power law decay, MC step is defined as No overrelaxed sequential sweeps
~li-jJ-'*), whereas for t>t, its behavior is exponential. through the two sublattices whose sites 1=(i, ,i1 ) have even

Moreover, the susceptibility and the correlation length have and odd i + i,, plus NM Metropolis random sweeps (i.e., L 2

an exponential divergence for t---t,+, although long-range randomly chosen spins are moved). For each run the system
order is also absent in the low-temperature phase, i.e., (sl)=0 has been equilibrated for 1000 steps with NO0=O and NM= 2 ,
at any T. i.e., 2000 Metropolis steps have been employed in order to

In the case of the XXZ model the out-of-plane compo- take the system in a typical equilibrium configuration before
nents s. of the spins can fluctuate and give a 1,(X) lower than accumulating data. After a preliminary series of test runs we
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FIG. 2. The in-plane magnetic susceptibility x,, vs temperature. MC dataFIG, 1, Specific hcat per site c vs reduced temperature tk 5T/e. MC data for L =32 (triangles), 64 (squares), and 128 (circles).

for L 
=32 

(triangles), 64 (squares), and 128 (circles),

The finite-size saturation at low temperatures is apparent

observed that the initial configuration chosen (spins aligned in the data we obtained for the in-plane susceptibility xXX(t),
along one axis, or random) doý.s not affect the subsequently and the in-plane correlation length •x(t) (Figs. 2 and 3).

accumulated averages, within the statistical uncertainty, at all Indeed, when & is comparable with L, L becomes the domi-

the temperatures we used. The averages were accumulated nant length scale of the system, and the first consequence is

for 10 000 steps with No = 4 and NM =2, For each quantity that the measured 4, is linear in L, i.e., ý,/L is independent

with measured values Q, at the ith MC step, the average is of L (see Fig. 3), At the same time, these figures show that

calculated as Q=(Qi) and in order to account for MC co'- the data at temperatures where ,(t) are smaller than -L/3

relation effects its variance cr0Q is multiplied by 2,r, where the are unaffected by finite-size effects, and can be taken as re-

decorrelation MC time r is defined by the lit liable estimates of the infinite lattice values. For the 128

(Q,.,1 Q )-(Q')-e- "'. For all quantities Tturns out to be X128 lattice this happens for temperatures larger than

less than 10 for I> t,, and increases by one order of magni- --0.75.
tude for t-4t,. As for the direct estimate of the critical temperature, we

We have calculated the internal energy per spin have made use of BKT fits with the trial function

v =L 2(,, the specific heat per spin f(t;a,b,tc)=aeb(:-tcr-, (v" 1/2). (6)

c=L-'(kT) -((. *-))'), (3) Also, the power-law fit, typical of second-order phase tran-

the magnetization mni'=(s') (A=x,y,z), the spin-row corre- sitions,

lation function g(t;a, P,tc) =a(t-t')P (7)

CAI(r) = (S•S•÷r), (4) has been considered for comparison. In Table I we report the
where S" , and the in-plane k-dependent suscepti- results for tc obtained from weighted fits to the data points

hil'it for tU>0.76 and those for t--0.78, respectively. The second

bility case is reported in Fig. 4. The BKT form (6) appears to be
(•_• 2}superior, both because it displays a more favorable X2/DOF

'f•k ý L s .e, (5) with respect to the power law, and because there is agree-

which for k=0 gives the magnetic susceptibility X,,L. The
correlation length • has been obtained in two ways: by
means of an exponential fit of the spin-row correlation func- 300 .. 0) oo

tion (accounting for periodicity, the fitting function is 00 0

cosh[(L/2-r)/ý,J) and by an Ornstein-Zernicke fit of A A A

X"U-(k 2 .4 2 )-, using the lowest six irreducible values 10
of k. The two determinations coincide within the MC uncer- A

tainty. I A A

The results for the specific heat c(t) depend weakly on • ,/L
the lattice size L, as it appears from Fig. 1, and do not give 1AA

rise to divergencies. The temperature dependence of the spe- 0.1 _ _ I_,_A0,05 --- "

cific heat shows a peak around t=0.78, similar to the one 0.0 0.5 1.0
observed in the planar model 3

A at a temperature tI . 15 t, ; t
then, if the similarity would be quantitatively correct, the FIG. 3. The in-plane correlation length C vs temperature. The data points

BKT transition temperature of the XXO model should be for ý:,/L show the onset of finite-size scaling when 6-,L. MC data for

expected to be around t,-0.7. L =32 (triangles), 64 (squares), and 128 (circles).
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TABLF 1. Results for the critical temperature t, from weighted fits to the 2
in-piane susceptibility x,,(t) and correlation length 1 (t). MC data for the
128X 128 lattice. Data sets for t000,76 and for tN0.78, with power law and t t-0.4
BKT fitting functions following Eqs. (7) and (6) in the text. X/211)oI repre- 07.•, . . . . . 0.7

scents the sum of the squared deviations from the fit divided by the number 0.7

of degrees of freedom (DOF). • - A 0.74

Data Fit t, X,/loo 0.1 ' - 0.76

Xxx power 0.742±0.003 3.86 0.78
t;0.76 BKT 0.694±0.002 0.45 ..

XX power 0.752±0.003 2.10 ' 0.4 0-6 t 0.8 T 0.8

t;0.78 BKT 0.697 ±0.0(X3 0.43 0.01 0

, power 0.721 ±0.(X)4 3.1(1 20 100 200
toO.76 BKT 0.681±0.005 2.02 L

Spower 0.727±0.008 3.24
t;00.78 BKT 0.679±0.011 2.29 FIG. 5. MC data for X.../L 714 vs L, at different temperatures. Below t, a

linear behavior with positive slope 1/4 - r/t) is displayed as expected for a
BKT system. The inset shows the corresponding values of Irt),

ment among the values obtained for t,, whereas those foi the determination suffered from the poorer statistics (N0 =0,
power law are not in agruoement. At present, we are comput- NM=1, 60WX) steps) aiad the smaller lattice size (L =40). In
ing more accurate data for giving a final answer about the addition. .hey have extrapolated t,, by looking for the cross-
BKT character of the transition, and determining the critical over where the correlation function ceases to be exponential.
exponent v, that here is kept fixed to the BKT value v=0.5. Since the crossove• is strongly dominated by finite-size ef-
The results for t, obtained through y.x,(t) are more accurate fects, they got an overestimated t,.
since X,,(t) is a direct product of the MC simulations. For t, t,. the susceptibility satisfies the finite-size scaling
Therefore, at present there is good evidence that the classical relation x),.-L 2 " , where the exponent r(t) increases
XXO model undergoes a BKT transition at t,=-0.69±0.01. with t and should reach the BKT critical value 7tX,) 1/4.
This value turns out to be much lower than the one (0.78) Therefore, in Fig. 5 we report a log-log plot of the depen-
estimated by Kawabata and Bishop.7 In our opinion their dence of x,,/L 714 on L in such a way that the dependence at

t1tt is linear with a slope that at the critical temperature

decreases to 1/4-(t .)=0. Even thougn at each t there are

3000 f .only three data points, it is possible to roughly estimate iXt)
by taking the linear fits shown in Fig. 5. As reported in the

1000 , L- 128 inset, 7Xt) behaves in the expected way; the critical vah:e,

)7=0.25, is indeed reached at about t=0.7, consistent with

100 the above estimate of t,..
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2 V. L. Berezinskii, Zh. Eksp. leor. Fiz. 59, 907 (1970); J. M. Kosterlitz ad

"- ... ).J. Thouless, J. Phys. C 6, 1181 (1973).
.J. Toh•uchnik and G. V. Chester, Phys. Rev. B 20, 3761 (1979).

1 4 I'. Gupta, J, DeLapp, G. G, Batrouni, G. C. Fox, C. F. Baillie, and J.
0.7 0.8 0.9 1.0 1.1 1.2 Apostolakis, Phys, Rev. LUzt. 61, 1996 (1988); i. Gupta and C, 7. Baillie,

t Phys. Rev. B 45. 2883 (1992).
5J. Villain, J. Phys. (Paris) 36, 581 (1975).

FIG. 4. MC data at L =128 for the magnetic susceptibility X,_ and the "C. Kawabata and A. R. Bishop, Solid State Commun. 42, 595 (1982).
correlation length f vs temperature. The solid and dashed cu,,vcs report tre 7C. Kawabata and A. R. Bishop, Solid State Commun. 60, 169 (1986).
best fits obtained using Eqs. (6) and (7), respectively (see also Thble 1), with 8A. Cuccoli, V. Tognetti, P. Verrucchi, and R. Vaia, Phys. Rev. A 45, 8418
the data at t>6j.78 (data with open symbols are excluded from the fi). (1992); Phys. Rev. B 46, 116011 (1992); J. Appl. Phys, 75, 5814 (1994).

6364 J. Appi. Phys., Vol. 76, No. 10, 15 November 1994 Cuccoll et al.



Magnetic anomaly in insulator-conductor composite materials near the
percolation threshold

L. V. Panina
Department of Electrical Engineering, Nagoya University, Nagoya 464, Japan

A. S. Antonov, A. K. Sarychev, V. P. Paramonov, E. V. Timasheva, and A. N. Lagarikov
Scientific Association IVTAN, Russian Academy of Science, Moscow 127412, Russia

The effective magnetic permeability of composite materials containing fine iron particles of 1-2 Am
size is investigated theoretically and experimentally. This permeability is considered due to both the
ferromagnetic properties of iron and the generation of eddy currents by an alternating magnetic
field. An aiialytical result shows that as the percolation threshold is approached, the skin effect in
large conducting clusters dominates, suppressing the ferromagnetic behavior for any value of
frequency. As a result of this, the effective permeability tends to become zero near the percolation
threshold, having a "v" form anomaly. The experimental data for frequencies of 6-10 GHz where
the skin depth is of the order of a particle size, clearly exhibit a sharp decrease near the percolation
threshold in the real part of the effective magnetic peimeability. We believe this is the first
observation oi a possible magnetic anomaly in a percolating system.

!. 'INTRODUCTION P P-4pC. The composite material placed in an electromagnetic

The study of composite materials has been the subject of field can be described by the effective magnetic permeability,

considerable interest in recent years because of their possible p.Aff, and the dielectric constant, Ecff, if the wavelength of this

technological applications. The mixture of metal and insula- field X is smaller than the correlation length •. The most
tor particles with the concentration of metal particles p close general analytical approach for calculating pcff and ef is to

to the percolation threshold p, at which the system first e- use the effective medium approximation, 9-11 in which the

hibits a nonzero conductivity has a i.ctmber of anomalies in influence of all the other particles on a selected one reducesShibts nozeroconuctvit hasa hmbe of nomlie in to the replacement of the environment by some effective me-

e,:ctrophysical properties. For example, the dielectric con dium

stant and the iriductance of percolating materials become in- dium with gff and Eeff. The effective magnetic permeability
h In Refs. 4-6 it has been re- A,1 ff of an n-component percolating system can be foundS~~firtite on appur•,ahing p,.'I Rf.46 ths enr- from the following equation1

ported on a divergence in the limit p-+p, (p<p,.) for the
imaginary part of thý magnetic permeability associated with
eddy currents induced in the syste'n by an alternating mag- pjaj(Azef)=0,
netic field. These investigations have ignored the effects of
the inductive interactions of currents, however, these effects
are of predoniinant importance near p, and allowance for
them removes the divergence of the m;-gneti" perlneability 7  where pj, aj(A.eff) are the concentration and the magnetic

whi i tends to become zero at p -1,,. polarizability of the j-th component. For a magnetic particle

In the present paper, vve investigate both theoretically of a spherical shape the polarizability is of the form

and experimentally the effective magnetic permeability
.L = tef H- i, 'jz, of a percolating system composed of fine a,, (,teff) = 3 (CI,, - IAeff)/ 4 "1T(2/ e+ p.,,,) (2)
iron particles. The eddy current contribution to ,uf becomes
dominant n-ar p,. even if the skin effect in a single particle is p.,,, = [2 f(ka) ]/[ I - f(ka)], k =( I 0 -i)/
weak. The rea,, )n for this is related to the appearance of large
conducting clt-'t-wrs in the vicinity of the percolation thresh- 2 _
old. The inducLJ magnetic moments of those clusters sub- f(x)= /x 2-cot(x)/x, t5=c(2,-now ) (3)/2

stantially suppress the ferromagnetic properties, resulting in
a :har drop in Aff at p-+pc. We observed this behavior in where it,, substitutes for the magnetic permeability .A in the

a mixture with iron inci-sions of 1-2 pAm size in the fre- case of a conducting particle if the skin effect is essential

quencv region of 6-10 GHz. (6<a), a is the particle size and (7 is its conductivity.
To extend Eq. (1) for the case of a cluster structure

which exists near o,., the averaged magnetic polarizability of

COMPOSITE MATERIAL clusters a,, due t,) eddy currents has to be included in Eq.
(1). Each cluster icpresents a set of doubly connected regions

The proximity of a composite system I.., the percolation having a scale-invamiant drop structure. It is assumed that,
threshold is characterized by -he value of the correlation relative to the alternating magnetic field, a doubly connected
length N which defines the typical n .gnitude of fluctuations, cluster is equivalent to a contour of size identical to the char-
,__-,ar thke percola ion threshold , varies with concentration as acteristic size / of this cluster.7 then the averaged polarizahil-
,;p,.-p)/p, I ", with 1.=0.88," tending towards infinity at ity can be written in the form
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(at) [ctl~~r)Fl~l,(4) f__

F'= B U-1/l' p<PC
1/lI+B26S(l-6), P>P,

where F(1) is the size distribution of doubly connected clus-
ters and Lci is the total polarizability of doubly connected
clusters. BI and B2 are certain normalization constants inde- 0 1 0 5

pendent of ,. The additional term oS(1- •)- 3 appearing in 2.

F(l) above the percolation threshold is attributed to a regular
conducting structure. By analogy to a contour placed in a ,2
medium with the magnetic permeability errff, the parameter
at,(1) can be written in the form

ac,= -A'rffr31/Z, Z = A,,ff In 1/a +Zct; - -.. PC P

Zc.= /j,.,14 + i(d lSa)', d.,> a,00.

where A is a correction factor independent of both erff and 1. FIG. 1. Concentration dependencies of the effective magnetic permeability

For a binary mixture with a nonmagnetic dielectric ma- iec, =/geff + it4,n calculated from Eq. (5) for different values of w = 8/a. The

trix, effective medium Eq. (1) which accounts for all kinds of dashed lines correspond to the case of noncontacting inclusions [Eq. (5) at
polarizabilities (2) and (4) reduces to the form •---a]. The other parameters were chosen as follows: BI=B 2=1, u'=4,

It" =9.

/.Ae&= 1 + 3 p/eLff(, - 1 )/( 2 •r.ff+ A.*)

-i/terfBt1  (1 In + (P) +.0 ' (5) whole cross section of the waveguide. The magnetic perme-

f i-eff In (Ila) + I ability and the dielectric constant can be obtained from a pair

where O(p)=0 for p p,. and O(p)= I for p>p,. Far from of measurements of the complex reflection factor ý for two

pc(6--+a) tiie last term can be neglected and Eq. (5) reduces different positions of the specimen in the waveguide, defined

to the standard form for noncontacting inclusions."1 In the by the distances h 1 and h2 from the shorting plate as seen in

opposite limit of p--4p,(.--), Eq. (5) ensures the domi- Fig. 2. The result for Ieff and •er can then be averaged over

nance of the induced magnetic moments of large clusters various pairs of h I and h2. In the case of a composite mate-

even in the case of a weak skin effect (6&a). It can be clear rial near Pc there is a question if the sample can be consid-

from the asymptote of /rff for IZct,-~ ered macroscopically homogeneous so that gotf and 4e." can
be anplicable. As long as the effective parameters can be

LefI/Zcl'')"[1 -exp(1/Bi)]Zcl/ln(•/a). (6) used, the values of Ae.f and E.cff have to be independent of the

It follows from Eq. (6) that at any fixed frequency the effec- chosen sample positions. The dependence of eff and err on

tive permeability tends to become zero on approach to the h, and h2 would give an indication that samples are not

percolation threshold. This conclusion is valid for p ap- homogeneous and the effective parameters cannot be used.
proaching p, from both p<p, and P>Pc. For )u'>l, near Thus, the method of arbitrary sample positions allows us to

p, a "v"-form anomaly appears on the plot of p'rr(p), as can test whether the composite material has t erff and Eff at a

be seen in Fig. l(a). The corresponding anomaly in the given frequency and concentration.
imaginary part A"f arises in the immediate vicinity of P,. Solving a standard problem of electromagnetic wave

For lower frequency this behavior is seen closer to pc. propagation in a waveguide,' 3 one can relate the parameters
,• and 4cff to the reflection factor ý, or the input impedance
ZIl E=(N +OZ/(1 1- ) through the following expressions

III. EXPERIMENT

As a ferromagnetic composite material we used a poly-
mer matrix---butadiene. nitrile rubber--with fine iron par- I
ticles of an elongated form with a maximal size of 1-2 .,m Indicator Sw-3p - Frequency

and an axis nr io of 3/5. A composite mnateriai was formed by t : -I ganerator converter

a tape c ing method. Flexible composite itim obtained with _
thicknesý of 0.1 mm were packed Pnd rolled to have a re-

quired thickness and concentration. Wavegulde
The measurement techniquc was based on the method of --- Retlectometer.

a standing wave i., a rectangular or a coaxial waveguide. 12  h'•. t-Uion I'-
The experimental setup is shown in Fig. 2. The measure- tlon 2 --- e

ments were made for frequencies from I to 10 GHz (below 4
GHz a coaxial waveguide was used). A sample in the form of
a slab or a ring disc of thickness d=0.5-1 mm occupied the FIG. 2. Experimental scheme.
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ef" = 1.2 O. --- The value of the percolation threshold p=,0.3 5 correspondsf fto a sharp increase in the imaginary part of the effective.0 , ./, dielectric constant. At a relatively low frequency (<2 GHz)
3 .°e ".4ff / the parameter `erf(P) increases vwith concentration up to the

Si ,,6 , percolation limit. On the other hand, as the frequency is in-

2.0 - creased above 6 GHz, the real part of the magnetic perme-
,,' ability considerably decreases near P,. The magnetic perme-

ability of iron particles is estimated to be ,u= 4, Ac"=9 at a
frequency of 6.7 GHz, then the effective permeability of a

1.0 composite with noncontacting inclusions has to monotoni-
cally increase. Therefore, we can relate the drop in 'ff(,p) to

P the formation of large percolation clusters.
0.0 b'i .. 0.,5 According to our analysis (see Fig. 1), an anomaly in

.leff at P-4Pe appears at any frequency, however, it shifts
closer to p, at lower frequency. In the limit of (b6a) it exists

(b) *( just in the immediate vicinity of p, and can hardly be found
Peff C(ff eff experimentally. This is probably the case with Fig. 3(a),

40 since at a frequency of 1 GHz the skin depth 8 in an iron
-3 f=6.67 Gttz -3 particle is estimated to be about 2 ,4m and 8/a >3 (where a is

a minimal size of a particle), then the percolation effect is not
.•2 I," seen in a sufficiently large concentration region, and the be."- ~-2 J2- 0 "'' 2 ,"havior of Aeff(p) can be well described by a standard effec-

-- o11 Itive medium equation which follows from (5) at i---a (far
:,20 nfrom ph), as showo ine Fig 3(a) in dashed b inest However, the

._1-' sharp drop in /zff(p) which is seen near Pc for frequencies

* above 6 GHz (bIa 1) is not consistent with týie noncontact-
0.2 03 ing particle equation. The values of a4ff(p) are also higher.

Pil ¢ 2 0o,3• 1_ 1ý 1 0 o•2_ 0,3 Comparing such behavior with that shown in Fig. 1, we can

FIG. 3. Expe-imental concentration dependencies of the effective magnetic conclude that at certain frequencies (6/a<1) the effective
permeability ior frequencies 1.2 GtHz in (a) and 6.67 GHz in (b) and (c). In magnetic permeability of a composite material near p, can
(b) the concentration dependence of the imaginary part of the dielectric be greatly affected by the magnetic moments induced by
constant is given to determine the percolation threshold. The dashed lines eddy currents in large conducting clusters. This effect can
were obtained by using a simplex method to fit the effective medium equa-
tion for noncontacting particles, which is valid far from Pc, We used this strongly suppress the ferromagnetic properties of a compos-
equation in the form Aff=l+ptLf(Aý,- 1)/[(l -n),uen+nA.], where n is a ite, resulting in an anomaly in Atff(p) on approaching the
correction factor for a particle shape (for n=1/3 it coincides with (5) far pvicolation threshold.
from pc). The fitting parameters were n =0.15, p'=8, ,g"=1l for 1.2 G0lz,

"'-=4, g"=9 for 6.67 GHz.
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Time dependence effects in disordered systems
K. O'Grady and M. EI-Hilo
Magnetic Materials Research Group, University of Wales, Bangor, Gwynedd LL57 IUT, United Kingdom

R. W. Chantrell
Department of Physics, Keele University, Keele, Staffordshire SF5 5BG, United Kingdom

In this paper the time variation of the thermoremanent magnetization (TRM) is examined. From a
simple theory based on the relaxation of magnetic moments over the associated energy barrier we
explain the various forms foi the time variation of thermoremanent magnetization. For a narrow
distribution of energy barriers the variation of TRM with ln(t) is predicted to be concave
downwards when the relaxation takes place over barriers less than the average barrier. For barriers
greater than the average barrier the variation of TRM vs ln(t) is predicted to be concave upwards.
In the region where the relaxation takes place over barriers close to the average barrier the variation
is initially concave downward and then concave upward.

I. INTRODUCTION terms of a percolation model of relaxation which was pro-
posed earlier by Chamberlin et aL9 In this new model similar

Thermoremanent magnetization is usually measured i.. expressions to that of Eqs. (1) and (2) were used and in
the following way: the system is cooled in the presence of a addition a distribution of cluster sizes was introduced
dc magnetic field from a temperature where all moments can
fluctuate rapidly between energy minima to a temperature M,(t)=Mr(O) °X10'/ exp(-x 2/3)e-/rTdx, (4)
where some of these fluctuations become slower and take Jo
place over the measured time scale. Finally the magnetic wC/ is the relaxation time, the (-) and
field i. switched off and the remanence obtained is called the where Tl=fe'

TRM. signs are associated with slow and fast relaxations, respec..

Time dependence of magnetization is a well-known phe- tively, and C ý-C'A/kT where C' is an adjustable parameter.

nomenon and arises due to the fact that there is a finite time The new formalism of Eq. (4) contains the physics of the

for transitions over the energy barrier. According to this phe- problem unlike the empirical powers n and a as used in

nomenology the time dependence of the remanent magneti- previous models. However, in Eq. (4) the distribution func-

zation is given by NWell tion and energy barrier have been calculated using an as-
sumed model. The analysis of the Mr(t) data according to

Mr(t)A=Mr(O)e-; (1) Eq. (4) suggested that the change of the curvature in Mr(t)

where r is the relaxation time and in zero field r-1 is given vs ln(t) curves as the temperature increases is due to differ-

by ent relaxation regimes, i.e., slow and fast. Due to the treat-
ment of the Mr(t) problem via Eq. (4), the origin of the

T •foe- (2) curvature in the Mr(t) and its variation with temperature was

where AE is the height of the barrier for reversal. For the used to infer different types of dynamic behavior.
case where AE is distributed and the distribution function of In this paper we show that the experimentally observed
the barriers over which fluctuations are taking place remains behavior can be reproduced using a simple model in which
approximately constant during the time of observation, fol- the energy barrier and its distribution are independent of

lowing Street et al.,2 the formalism of Eqs. (1) and (2) gives temperature.

M ,(t)oc In(t). (3) I T E RII. THEORY
The time variation of TRM is often measured and used

as one of the characteristics of the disordered system since For a system with a distribution of energy barriers

this variation is usually observed not to follow a ln(t) law. f(AE) Eq. (1) becomes

Hence the time variation of TRM in spin glass and other M,(Tf-t =AM. f(AE)dAE' 5
disordered systems is often analyzed using empirical expres- MH(T,t) = M i(1,T,,t) (5)

sions like the stretched exponential function,
M,(t)=Mr(O)exp(_t/r7,)'-, 3 5 where T, is the character- where AE can have various origins like cluster sizes, anisot-
istic relaxation time and n is the time-stretched exponent. In ropy, and orientation effects, Mr(H,T,tw) is the initial rem-
other studies the time variation of TRM has been described anent magnetization, a quantity which at a given cooling
in terms of a power law Mr(t) xt-a, 6 and on other occasions field amd temperature, depends on the aging time t,.,, i.e., the
a product of power law and stretched exponential functions waiting time that elapses after the system has reached the
was used.7  required measuring temperature while the field is still on.

Recently, further attempts have been made in order to Also in Eq. (5) we assume that the field is switched to zero in
explain the nonlinear in(t) behavior of Mr(t) in a reentrant an extremely short time, otherwise the time dependence dur-
ferromagnet.8 In Ref. 8 the Mr(t) data were analyzed in ing switching should be taken into account.'("
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1.0__ .. I It = r(y,). Hence, for y <y,. the fluctuations between minima
1.I• happen very quickly and the system exhibits no remanence,T(K) while for y>y, the moments show remanence and time-

0.8 -- dependent behavior. Using this criterion Eq. (6) can be sim-
plified to

8 25 Mr(T,t) ='Mr(H,T,t,) -Mr([l,T,t,) (7)"'. 0.6 f

where y, is given by

""0.4. 2 kT
y,=AjF ln(tf0 ). (8)

0.2 31) Equation (7) is a good approximation to Eq. (6) and gives the
32 same behavior for Mr(t) vs In(t) curves as those shown in
35 Fig. 1. In addition, an analytical solution for Eq. (7) can be

0 L40 obtained by expanding f(AE) about y, due to the fact that
10 1 102 0 time-dependencr. effects are mainly due to fluctuations overbarriers close tc y,. 14 Then, Eq. (7) can be rewritten as

Time (sec.) Mr(t,T) =Mr(to,T) -- M(H,T,t,,,) Jy(t) y f(y)dy,

FIG. 1. The time dependence of thermoremanent magnetization at different (9)
temperatures for a system with a narrow distribution of energy barriers. where 5y,=yc(t)-y,(to) =n(tlt0 )Ia.(T) and to is tbe ini-

tial time of measurement. M,(toT) is the initial TRM at
I=to and it is given by: Mr(to,T) = Mr(H,T,tw)

Equation (5) can hc rewritten in terms of a distribution - Mr(H,T,tQ )f Yc(o)f(y)dy. Now by expanding f(y) about
of reduced energy barriers f(y) where y ý AE/AEmn, then y,.(to) the change in the remanent magnetization with time is

given by

M,(T,t) = Mr(H,T,£t) Je- 11T(Yfydy (6)
0o AMr(t,T)= - f', [y,(t 0 )][A ln(t)/a,(T)]"Y , (10)

where T-(y) = foe-a,,(7)y, am(T) = AEnuIkT, and AE,, is t1=
the average barrier in the system. Assuming a distribution where AM,=M,(t)-M•r(to) is the change in remanence
function of energy barriers with a certain value of AE,, and normalized to M,(H,T,tJ), f"=d'"f(y)/dy", and
standard deviation o, an exact numerical calculation for Eq. A In(t)=A ln(t/to). For constant f(y), Eq. (10) gives a loga-
(6) can be made and the data of Mr(T,t) at different tern- rithmic time dependence of AMr(t) which is consistent with
peratures can be fitted using only two parameters AE,, and Eq. (3). However, in general, f(y) is not a constant function
o-. For a system with a narrow distribution of energy barriers, and higher orders of A In(t) should be considered when f(y)
the calculated Mr(T,t)/Mr(Oo) curves at different tempera- varies with y around the critical barrier. The higher order
tures are shown in Fig. 1 where Mr(-)-Mr(Hsat) which is terms in the series expansion are found to become increas-
the TRM obtained in a saturating cooling field. In these cal- ingly important as the distribution becomes narrower.14 Thus,
culations a log-normal distribution function of reduced en- in general, the AMr(t) vs A In(t) curve can be represented
ergy barriers were used, f(y) = exp{ - [ln(y)]2/ by a series expansion in A In(t) and the number of terms
2a2)}ffonry with AE,,=1.2X10-t 3 erg, and o=0.18. The required to describe the data depends on the behavior of the
form of f(y) can be easily determined by measuring the function f(y) about y,. In order to show explicitly the origin
temperature variation of the maximum TRM, i.e., cooling in of the curvature changes in AMr(t) vs A In(t) curves, at any
a saturating field, then f(y)odMr(Hsat)/dT.12 Thus the form instant t, the slope of this variation is given by
of the distribution is not an adjustable parameter and can be dr(t,T) kT
determined by experiment. The data shown in Fig. 1 exhibit = - - (11)
similar behavior as those always observed for disordered d In(t) AEm f(Y,).

systems. 45,' 8 Thus, from first-principles Eq. (6) can describe Thus, according to Eq. (11) the slope of Ak,(t) vs A In(t) at
the shape of Mr(T,t) vs In(t) curves at all temperatures any instant is directly proportional to f(y,.). Thus, at very
without the need to imply a phase tansition or using differ- low temperatures where fluctuations are due to the small en-
ent forms of the relaxation rate ot different temperatures. In ergy barriers AE<AE,n, i.e., y, is at the left-hand side of the
order to describe the origin of the curvature in the Mr(t) vs distribution, thus in this region f(y) is increasing with y and
In(t) curves Eq. (6) can be simplified and an analytical ex- the slope ;.s increasing which causes the variation of AM,.(t)
pression can be derived following our previous work.13' 1 4  vs A In(i) to be concave downward. Since y,.: T, at higher

The function e- "ty) varies strongly with y about the temperatures the fluctuations of moments will taking place
critical energy barrier Y, which can be defined when over barriers AE>AEm, where f(y) is decreasing with y
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and accordingly the slope AM,(t)/A In(t) at any instant will to that of Eq. (5) was considered, but a distribution of relax-
be decreasing with y, and cause the variation to curve up- ation times rather than a distribution of energy barriers was
ward. Thus, in the case where fluctuations are taking place used. In addition a gamma distribution function of f(-r) was
over barriers around AE, i.e., about the peak in the distri- assumed in order to obtain an analytical solution for Eq. (5).
bution, the variation of AM,(t) vs A In(t) will initially curve In this formalism, the data for Mr(t) at a given temperature
downwards and finally curve upwards and in the intermedi- can be fitted using two parameters, the mean and width of
ate range it will exhibit some degree of linearity due to those the gamma distribution of relaxation. Hence, according to
fluctuations associated with the most probable energy barrier the formalism of Aharoni the analysis of the Mr(t,T) curves
within the system, i.e., at the peak where f(y,) remains con- gives an average relaxation time and width for every tern-
stant. perature whereas our formalism in terms of the energy bar-

Thus from this simple theory the shape of the AMr(t) vs rier distribution gives an average energy barrier (AE,,) and
A In(t) curve and the degree of nonlinearity is directly re- width (o') for the whole system. In addition, the form of
lated to the distribution of energy barriers within the system f(AE) can be determined directly from experiment and is
and not necessarily to the type of the relaxation regime. The not assumed. Furthermore, by linking the problem to the
relaxation mechanism at all temperatures is governed by the energy barrier distribution, the origin and shape of the cur-
same dynamic equation [Eq. (2)]; however the contribution vature in the AM,(t) vs A ln(t) can be explained.
of these fluctuations to the remanence is determined by the
distribution of energy barriers. Ill. CONCLUSIONS

A. The effects of aging on TRM In this paper, a simple first principle theory for the time
dependence of TRM in disordered magnetic systems is de-

In the work of Li et alu8 effects of aging were measured scribed. The theory shows that the origin and shape of the
and showed that the initial value of TRM [Mr(tw)I depends curvature in the M,(t) vs In(t) data at different temperatures
on the waiting time t(H at the required measuring temperature are mainly due to (he form of the distribution of energy bar..
while the cooling field (H) is still applied. The effects of tw riers. For a system with a narrow distribution of energy bar-
can also be derived from first principles using the rate equa- riers a similar variation of Mr(t,T) to those observed in a

tion which can be solved to give1 disordered system can be predicted without the need to as-
Mr(H,T,t•) sume different relaxation regimes at different temperatures.

f Tl1 IL. N0el, JI Phys. Radiat, 12, 339 (1951).

ý[Mr(H,T,O)-MJe] ,) e-Y f(y)dy+Me, (12) 2 R. Street and J, C. Woolley, Proc. Phys, Soc. A62, 562 (1949).

1R. V. Chamberlin, 6. Mozurkewich, and R. Orbach, Phys. Rev. Letn. 52,

where M.=[C'(H)-7I(ll)I/[7-tj(H)+±", '(H)] is the 867 (1984).heq riu m aet a ad 4- 4 41. Yeung, W. Ruan. and R. M. Roshko, J. Magn. Magn. Mater. 74, 59equilibrium magnetization and "-I and 7.-.1 are the relaxation (1988).
rates into the field direction and out of the field direction, 5R. M, Roshko and W Ruan, .J. Magn. Magn. Mater. 104-107, 1613 (1992).
respectively. Thus the value of Mr(tw) obtained before "j. Ferr6, 1. Rajchcnbach, and I1. Maletta, J. Appl. Phys. 52, 1697 (1981).
switching the field depends on the arrangement of moment 7S. H. Kini and P. D. Battle. J. Magn. Magn. Mater. 123, 273 (1993).

nD. Li, R. M. Roshko, and G Yang, J. Appl. IPhys. 75, 5844 (1994).
axes with respect to the cooling field. Hence the aging ob- "R. V. Chamberlain, and 1). It. Haines, Phys. Rev. Lctt. 65, 2197 (1990).
servations in Ref. 8 suggest that t,, must depends on the ")A. Aharoni and E. R. Wohlfarth, I. AppI. Phys. 55, 1664 (1984).

detailed distribution of spins and is currently the subject of M. EI-Hilo. K. O'(irady, I1. P'ciffcrand, and R. W. ('hantrell, 1. Magn.

further work. Magn. Mater. 104-107, 158i) (1992).
'M, EI--Hilo and K. O'(irady. liFI-I Trans. Magn. 26, 1807 (1990)
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3

M EI-Hilo, K. O'Grady, and R. W. Chantrell, J. Magn. Magn. Mater, 109,
B. Previous treatment of the problem ,164 (1992).

"" d M. EI-Hilo, K. O'Grady, and R. W. Chantrell, J. Magn. Magn. Mater, 123,
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Magnetization of amorphous Feo.82B0 .18 and Feo.90 Zro.10 compounds
with additions of Tb

S. J. Clegg, J. H. Purdy, R. D. Greenough, and F. Jerems
Department of Applied Physics, The University of Hull, Hull HU6 7RX, United Kingdom

The addition of Tb to melt spun iron-boron or iron-zirconium compounds raises the magneto-
striction to practically useful levels (-450 ppm) at room temperature. The present work examines
the corresponding compositional and temperature dependencies of the magnetization in Tbh
(Fe 0.s2B0.j 1 )l _., for 0-x <0.5 and Tb , (Feo9qtZro.10)I -y for 0--y _0. 1. Increasing the Tb content in
Fe-B compounds decreases the room-temperature magnetization towards a compensation point and
lowers the Curie temperature T,,. In Fe-Zr compounds, Tb increases the room-temperature
magnetization and raises T,. Magnetic phase diagrams are presented for each group of compounds
and exchange frustration effects identified by comparing the observed temperature dependencies of
the reduced magnetization with predictions from the Handrich mean field model. Only 3 at. % Tb
in Fe-Zr is sufficient to annul exchange fluctuations, but in Fe-B compounds exchange frustration
persists throughout the compositional range.

I. INTRODUCTION peratures were obtained from differential scanning calorim-
etry (DSC) for Tb-Fe-B alloys and from magnetization mea-

Magnetostriction in amorphous compounds is of theo- surements for Tb-Fe-Zr alloys.
retical interest to understand how macroscopic anisotropic The random anisotropy (RA)-ferromagnetic (F) phase
strains are developed from randomly oriented moments and boundaries were detected with ac susceptibility measure-
of practical importance as an alternative to crystalline highly ments for the iron-boron compounds 6 and in the iron-
magnetostrictive pseudobinary rare-earth (RE)-iron com- zirconium compounds by comparing field annealed and zero
pounds for applications. 1,2 Amorphous compounds with RE field annealed temperature dependent magnetization data.7
=Sm, Dy, or Tb prepared by melt spinning3 or sputtering4

deelop useful levels of magnetostriction (-500 ppm). Iron- III. RESULTS
boron and iron-zirconium amorphous compounds can be
melt spun with relative ease and hence the present choice of RE-Fe-B: Room temperature data for the variation of
two groups of compounds, RE,(Fei.s2Bo.s) I _-. with saturation magnetization with Tb content (Fig. 1), are in
0x<0.50 and REy(Fe0.9uZro.to) 1, y with 0-y:0. 10; ter- agreement with previous measurements"5 which showed that
bium is selected for the RE ion because of its outstanding the materials are magnetically soft. A compensation point at
magnetostrictive properties. However, as terbium is added to x =0.22 is due to antiferromagnetic (AF) coupling between
each of the chosen groups of compounds, changes in their the iron and terbium subnetworks. The magnetization at
room-temperature magnetostrictions are markedly different. 5  1000 kA m-n has been measured as a function of tempera-
Hence, the present study of magnetic properties was under- ture from 4.2 K to T, for each Tb composition. Competing
taken in order to obtain a better understanding of their be- effects of local anisotropy and exchange interactions are evi-
havior to assist in theoretical calculations of magnetoelastic dent, viz: at high temperatures (T< T,) the system appears to
coupling and, in the longer term, enhance the room-
temperature magnetomechanical properties for practical ap-
plications. 1500 • 3.4

, 1200 3.2 .E
V

II. EXPERIMENTAL TECHNIQUES 0 C,
S. ee 3.0

Polycrystalline compounds in the ranges Tbx: E
(Fe0. 82B0.18)1 ._ for 0--x!0.5 and Tby, (Fe0.,[)Zr 0.10) _y for f600 2.8
0--yO. 1 were produced using start material of at least 3N
purity. Melt spinning was conducted in an argon atmosphere, 0
producing samples 30-50-,m thick, 1-2-mm wide and of 300 2.6
varying lengths. X-ray diffraction (XRD) has been employed i"
to ensure that all samples were amorphous. Using CuK, ra- 0 2.4,

diation, angles corresponding to the position of the intensity 0 10 20 30 40 50

maxima have been used to estimate the average interatomic Composition (at.% Terbium)
spacings. A vibrating sample magnetometer (VSM) was em-
ployed to measure magnetization from -4 K to the Curie FIG. 1. Saturation magnetization (0) antd average interatomic spacing (@)
temperatures with dc fields up to 1000 kA m 1. Curie tern- as a function of 'b content in lb,(Fe,, )t,, ,, .
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FIG. 2. Magnctic phase diagram for Th-Fc-B showing T,(}G) and "l'f (n). FIG. 4. Magnetic phasc diagram for Tb-Fc-Zr showing T,, (fl]) and T1 (I).

be magnetically ordered, but with sufficiently high Tb COn- room temperature ('-295 K) each of the three magnetic
tent at low tenperatures, random local anisotropy begins to phases can be obtained in the range 2-8 at. % Tb.

dominate, which cau~es a "freezing" of the magnetic mo

ments. Th'e fields employed are then insufficient to align all

the moments leading to an apparent decrease in magnetiza- IV. DISCUSSION AND CONCLUSIONS
tion at low temperatures below the "spin freezing" tempera-
ture T2. These features of magnetic behavior are summarized In both the magnetic phase diagrams (Figs. 2 and 4) a

in a magnetic phase diagram (Fig. 2). region has been labeled "ferromagnetic" based on the ob-

RE-Fe..Zr: The variation of saturation magnetization served magnetization versus applied field curves. However,
with terbium content at room temperature (Fig. 3) demon- previous work on similar metallic glasses without rare earths,
strates a different behavior to the RE-Fe-B system. The mag- by Buchholtz et am.,5 (Metglas 2605 $2), Cowley et a 9

netization is seen to increase with the addition of Tb up to 9 (Fes3Bn7) and Thomas et al."0 (VAC 0040), indicates that in

at. %, before djopping sharply as further Tb is added. From the absence of any well-defined anisotropy, exchange fluc-

magnetization measurements as a function of temperature, 7 a tuations disturb the collinear structure. Present data for the

magnetic phase diagram has been constructed (Fig. 4). The reduced magnetization as a function of temperature have
addition of terbium again has the effect of "freezing" the therefore been compared with Handrich's mean field modelv

magnetic moments at low temperatures although values for in which the reduced magnetization is expressed as

straare much highier than for the Tb-Fe-B system. A little r=.B by +A)+Bl. (x)(l-A)] (1)

extrapolation of the RA-F phase boundary indicates that at
where Bs(x)=tanh wx),x=(3SiS+d )(ior), S is the spin
quantum number, r is the ratio T/Tu, and A is tbe level of

400 of 2.70 exchange fluctuation. Even with the limitations of a mean
"magnetic moments ae vals fo dmodel, it istpresently observedthatin iron-boronecom-(

Tf arepounds (Fig. 5), for either 10 or 50 at. % Tb, As0.5, indi-
where ,,x=ah•)x(SSl)o1) stesi

300 2.85 • eating exchange fluctuations persist regardless of the amount

.2 , W of Tb, consistent with the previous observation of noncol-
"U linear moments in metallic Fe-B glasses. For Fe0.90Zr0.1 0

200 2.60 (Fig. 6) the best fit to the experimental reduced magnetiza-

tion data is achieved with A=0.6, but with the addition of

Tb, A quickly decreases to zero, implying that frustration

10s- 2.55 w effects are lifted with only 3 at. % Tb.
The lowering of the room-temperature magnetization

and T, with the addition of Tb to Fe-B can be explained by
i 0 2.50 the antiferromagnetic coupling of terbium-iron moments

0 2 4 8 8 10 which lowers the overall exchange. Reduction in the ex-

Composition (at.% Terbium) change frustration in Fe-Zr accounts for the increase in both

the room-temperature magnetization and T,.

FIG. 3. Saturation magnetization (0) and average interatomic spacing (0) With the addition of only 3 at. % Tb to Fe-Zr, the total

as a function of Tb content in Tby(Fe 1.,A)Zr0 .o,), Iy. lifting of frustration effects cannot be attributed directly to
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FIG, 5. Reduced magnetization as a function of reduced temperature for FIG. 6. Reduced magnetization as a function of reduced temperature for
'IVbFeo,82BoAlS) 1-x Where X=10100 (0l) and x=50% (A) with theoretical Tby,(Fco•9Zr1..]u) 1 -Y where y = 0 at,.% (V) with Handrich tit fur A=0.6
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Fe-Tb bond effects and in the light of previous work by ACKNOWLEDGMENT
R y an , 12 chang es in m ean interato m ic separatio n is likely toT h it o s h a k S R , D A ( l on H t ) a d t e
be a significant factor. According to Ryan, exchange in the stafothe Death rstment SERC Aple Physistor Hethei assithe-Fe-Zr system is very sensitive to nearest-neighbor distances 0tace.

and changes the sign from positive to negative below 2,4/ ,. tn

From the present data (Fig. 3) the mean interatomic spacing

for Fe0.9oZr0.10 is -2.5 A, so that a small but significant A. E. Clark, in Ferromagnetic Materials, edited by E. P. Wohlfarth (North- w-cHolland, Amsterdam, 1980), Chap. 7

Withmteradto of 3F pairs wil bte menantierro agnotical sculd 2, R. D. Greenough and M. P. Schulze, in lntermetallic Compounds, edited-_--
Withtheaddtionof at % b, te man ntertomc sac- by J. H. Westbrook and R. L. Fleischer (Wiley, New York, 1994), Vol. 2,1

ing increases slightly but is sufficient for the majority of Chap. 17, pp. 389-406.
Fe-Fe pairs to be. coupled ferromagnetically. -'S. J. Clegg and R. D. Greenough (unpublished).

Finally, there are the, as yet, unexplained increases in the 4 H. Fujimori, J. Y. Kim, S, Suzuki, H, Morita, and N. Kataoka, J. Magn,
Magn, Mater. 124, 115 (1993).room-temperature magnetostriction as Tb is added to either 5 R. D. Greenough, T. J. Gregory, S. J. Clegg and J. at Purdy, J. Appl. Phys. l

the Fe- B or Fe-Zr compounds. Present observations show 70, 6534 (1991).

that these increases are not simply due to increases in T,. 6S. J. Clegg, Ph. D. thesis, University of Hull, UK, 1992.predctions fommo th o Habdcmode frorupsofcom.po ands istca7j. -1. Pardy, Pha. D thesis, University of Hull, UK, 1992.
t on t th of ous F. Bucholtz, K. P. Koo, A. Dandridge, and G. H. Sigel, J. Magn. Magn.

in average interatomic spacing which increases by l7k for Mater. 54, 1607 (1986).
the addition of f 10 at. % o b. While this alone cannot ex- inR. At Cowley, N. Cowlam, and L. D. Cussens, J. de Phys. Colloque C8,
plain the observed magnetostrictive effects, it is significant 1285 (1988).
when tho local field gradients at the T e ion sites are consid- c UAn Pg Thomas, M. R. J. Gibbs, and P. T. Squire, IEEETrans. Mag. MAG.

26, 1406 (1990) 8ired. Work is in progress to quantify their effects on the K. Handrich, Phys. Status Solidi 32, K55 (1969).
magnetostriction, 12 D. H. Ryan and J. M. Coey, Phys. Reo . B 3l , 8630 (1987).
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Magnetic ordering in the three-dimensional site frustrated Heisenberg
model

Morten Nielsen, D. H. Ryan, Hong Guo, and Martin Zuckermann
Centre for the Physics of Materials, Department of Physics, McGill University, 3600 University Street,
Montreal, Quebec H3A 2T8, Canada

We study transverse spin freezing in the site frustrated three-dimensional classical Heisenberg
model using Monte Carlo simulations. For small values of the site randomness, there is no
transverse spin freezing in the ferromagnetic state. As the fraction of the antiferromagnetic sites is
increased beyond 16%, we observed that the transverse component of the spins freeze in random
directions at temperatures below some value Ty. Similar behavior is observed in the
antiferromagnetic state. We compare results of this model to those of the bond frustrated model.
Finally an approximate phase diagram of this model is presented.

1. INTRODUCTION sites i and j, respectively. We introduce site randomness into

Recent experimental studies13 of partially frustrated the system by replacing a fraction f of ferromagnetic sites by
antiferromagnetic sites, The values for the Curie temperature :

mgnetic systems have demonstrated the existence of a trans- of the ferromagnetic Heisenberg model (f=0) and the NCelrt-

verse spin freezing phenomenon below the ferromagnetic of the ferromagnetic Heisenberg model (f
transition. Such a freezing is characterized by the sudden temperature of the antiferromagnetic Heisenberg model (f
increase of the local spin length, as measured by MWssbauer =1) are identical, TH= 1,44J.

incraseof te lcalspinlenthas masued y M~ssbuer The model with site frustration was investigated using
spectroscopy, when the temperature is lowered below some

value T.y. This behavior is found for a range of frustrations the standard Metropolis Monte Carlo method. A three-
dimensional system of 83 spins on a simple cubic lattice wasin systems such as a-FeZ rl , and Aul -.Fe,,.' In a recent6

r4 initiated with high-temperature configurations. 6 The systempaper,4 we examined theoretically the spinl freezing phenom- wste neldva2 eprtr nevl oalwtm
was then annealed via 25 temperature intervals to a low tem-

enon and the critical behavior of a bond frustrated three- perature of 0.0005 TH. At each temperature, statistical aver-dimensional Heisenberg model. Our Monte Carlo calcula- eaueo .05T.A ahtmeaue ttsia vr
ages of relevant physical quantities were taken. A calculationtions gave results in qualitative agreement with the of the relaxation time for temperatures away from TH re-

experimental findings. In particular, we found that at a low vealed that about 2000 Monte Carlo steps per spin (MCSs)
temperature 7',y below the Curie temperature Tc, the trans-

s swere needed to reach equilibrium at such temperatures, and averse spin component freezes out, leading to an increase in larger number of MCSs were needed close to T11 where criti-
the total spin length.n cal slowing down becomes important. After the system

The bond-frustrated model seems to describe the trans- reached equilibrium, statistical averages of physical quanti-
verse spin freezing in systems such as a-Fe.,Zrl-,, where ties were collected over 4000 MCSs. We found that fluctua-
there is only one magnetic compound, and the magnetic in- tions in the energy were indeed Gaussian distributed for
teraction are determined from nearest-neighbor distances. 4000 MCSs thus our choice of the number of steps was rea-
However, there are other magnetic systems for which this sonable. Finally, results for ten different realizations of the
model is not appropriate. An example is Eul d-X0 (1 S in site randomness for a given f were averaged. The values of f
which the spin glass phase is induced by site frustration.5 used in the simulations ranged from 0 to 1 and we were thus

Theoretically, site randomness can be introduced by replac- able to calculate the entire magnetic phase diwgram for the

ing a fraction f of ferromagnetic sites by antiferromagnetic system.

sites. If f is small then no frustration is expected. However, system.

at larger values of f when the antiferromagnetic sites start to o e cquae o the avers e spin components at e

form a percolating network, the randomness will lead to frus-

tration and change the magneti" behavior of the system. i.e.,

Thus, we expect that site frustration will give rise to a some- 1 I
what different phase diagram compared with the bond frus- nlui Si( T')

tration model, especially for transverse spin freezing which " =
crucially depends on the degree of frustration. It is the pur- and
pose of this work to investigate the behavior of the site frus- T

trated Heisenberg model using Monte Carlo simulations. 2 1 )2]"- j= - [Si(T')2.

11. MODEL where, as mentioned above, r=4000 MC steps. From these
We consider a system of classical Heisenberg spins Si on local quantities we calculate the following spatially averaged

a simple cubic lattice in zero magnetic field. The Hamil- quantities: (1) the root-mean-square spin length
tonian is given by H -X ,,.,.JijSiSj. Here, ijj is the ex- Sr,,,1=l/NXj,(mr.mj)'1 2, (2) the bulk magnetization
change interaction between nearest-neighbor spins on lattice AM/ l/NIXN. I mII, (3) the staggered magnetization
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lere, we can see that Qr y becomes nanzereat a low ten- in Fig. 2 t e, f =0.36 at Tl=l 0. 12wT. Indeed, wh e derthat the
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1.20 acterized by ferromagnetic domains pointing in the z direc-
1,0 t tion mixed with antiferromagnetic domains pointing in the

transverse plane. We have performed simulations to compute
0.°6 - the susceptibility at fixed temperatures by sweeping f. A

69 -Mpeak occurred in the susceptibility at the broken line in the
phase diagram which separates the FM and AFM from the
mixed phase. Unfortunately, we were not able to determine

0.34 <the nature of the region near this line as extremely large
simulations are needed to determine whether there is a true

0.27 phase transition from the FM or AFM states to the mixed
..- 0.20 0.40 0.60 0.0 1.0D10' phase as f or T is varied. We hope to report such a study in

f the future.

IV. CONCLUSIONS
FIG. 3. An approximate phase diagram of the model. Open circles are
temperatures T,. Solid circles are temperatures TY5 . The dashed line with Our Monte Carlo simulations on the site frustrated
open boxes and diamonds roughly separates the mixed phase from the FM Heisenberg model give qualitatively similar results to those
and AFM regions. The line is determined from the peak position in the of the bond frustrated model. In particular the transverse spin
susceptibility as we sweep f at fixed temperature. The error bars are deter-
mined as standard deviation from ten realizations of site randomness for freezing phenomena are observed which lead to an increase
each value of f. of the local spin length. However, the frustration does not set

in until the site randomness reaches - 16%. Thus, the trans-
verse spin freezing temperature Txy remains zero until f

transverse components try to order antifertomagnetically. reaches that value. We have observed a mixed phase for large
In Fig. 3 we present an estimate of the phase diagram ot r values of the site randomness at low temperatures. Such a
th Fisge. The phaset tanesitio nes ofr the phase diagdisordered phase is characterized by the configurations of

thistat (mod. The phsetromagnstic (ines f ntifeparamagnetic mixed ferromagnetic and antiferromagnetic domains. Finally
statewe have estimated the phase diagram of this model and it is
(AFM) states were determined by calculating the susceptibil- we have ated t phas ediagram fis dend i
ity of the system. We took the peak position of the suscepti- in qualitative agreement with experimental findings.5

bility as the transition point?, The T, line was determined as ACKNOWLEDGMENTS
the temperature where Q1. just became nonzero. We note that This work -was supported by the Natural Sciences and
there is no phase transition across the line of TY and it Engineering Research Council of Canada and le Fonds pour
rermresents the short-range behavior of the transverse i a Formation de Chercheurs et l'Aide a Recherche de
freezing. The onset of the freezing occurs at frustration
f-16% in the ferromagnetic state, and f-84% in the anti-
ferromagnetic state. At these values of f, the phase transition 1 D. H. Ryan, J. 0. Str6m-Olsen, R. Provencher, and M. Townd, J. Appl.

temperature T,. starts to decrease. In the region between Phys. 64, 5787 (1988).
f=45% and f;=55%, T, and T5y merge together. 2 R. A. Brand, V. Maims, and W. Keune, in Heidelberg Colloquium on Spin

AuarGlosses, Lecture Notes in Physics, (Springer, New York, 1983), Vol. 192,Apart from the usual states, at the middle region of the p 9p. 79.
phase diagram there is a state we termed "mixed phase." We -13 . Huck and J. Hesse, J. Magn. Magn. Mater. 78, 247 (1989).
found that in the mixed phase Q_ remains nonzero down to 4J. R, Thomson, H-. Guo, D. H. Ryan, M. J. Zuckermann, and M. Grant, J.
zero temperature and, in fact, it has rather substantial values Appl. Phys. 69, 5231 (1991); Phys. Rev. B 45, 3219 (1992).

5 A. Berton, J. Chaussy, J. Odin, R. Rammal, J. Souletie, J. L. Tholence, R.
at low temperatures. For instance with f=51%, Qi -0.45 at Tournier, F. Holtzberg, and S. Von Molnar, .1. Appl. Phys. 52, 1763 (1981).

T=O. We have checked from the spin configurations that this "To check finite size effects some simulations were performed using 203

large value of Q, was due to the fact that many spins lie spins and qualitatively the same results were obtained.

almost completely in the transverse plane in the mixed 7To accurately determine the transition points a proper finite size scaling
analysis should be performed, as was done in Ref. 4. However, here we

phase, and that they actually form antiferromagnetic configu- are only interested in the general phase behavior, thus we simply took the
rations (Fig. 2). Thus this part of the phase diagram is char- peak position of the susceptibility as the transition temperature.
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Mossbauer measurements of spin correlations in a-(FeNi)90Zr9Sn
D. Wiarda and D. H. Ryan
Centre for the Physics of Materials and the Departineit of Physics, McGill University, Rutherford Buiding,
3600 University St-eel, Montr ;al, Qu~bec h13A 218, Canada

The local spin structure of the partially frustrated amorphous Fc,•0_,.Ni,.ZrSn system was
investigated by Miissbauer spectroscopy for x 1,3. The magnetic probe atom 57 Fe and the
nonmagnetic 19Sn were used to monitor the local correlation of the spins. The additional Ni renders
the system less frustrated. We measured the temperature dependence of the hyperfine fields of the
two probe atoms. The ratio (Bf(11 "'Sn))/(Bjf(5 Fe)) rises with increasing temperature. This is in
contrast to the temperature independence found for this ratio in Fe92Zr7Sn. A similar rise was found
in the crystalline spin-glass AuFe where the slope was much larger and was related to a loss of
longitudinal correlations.

INTRODUCTION and 119Sn M6ssbauer resonances have been employed, and
clear evidence for strongly correlated transverse spin compo-

In amorphous and crystalline materials with competing nents was obtained. 7'8 However, more detailed examination
antiferromagnetic (AF) and ferromagnetic (FM) exchange of the temperature dependence of the 1l9Sn/57Fe field ratio,
couplings two magnetic transitions have been observed in revealed evidence for a decay in the longitudinal spin corre-
the low to medium frustration range.' The first transition lations on cooling,6 a result that is consistent with observa-
marks the onset of ferromagnetic ordering at T,.. At the sec- tions on similar compositions by neutron depolarization. 3

ond transition temperature, T,., ithe transverse degrees of In order to further understand the behavior of the field
freedom freeze." 2 Overlaying the gross ordering behavior, ratio it is necessary to study a range of frustrated magnetic
are a series of phenomena associated with magnetic correla- systems. We have previously reported work on the
tions and excitations. Neutron depolarization 3 and I.Aorentz a-(Fet._,Mn.)78G22 system (G is a mixture of glass forming
microscopy4 clearly show the existence of long-range (-10 elements like Si, B, Al, P), which is frustrated through the
Atm) magnetic correlations which appear at T,. and persist addition of manganese, 9 however interpretation is compli-
through Ty, consistent with the formation of a ferromag- cated by the large magnetic moment of the Mn atoms. Here
netic state, By contrast, small angle neutron scattering re- we report work on a simpler system, a-(Fe9u_,Ni,)9,Zr1 1 , in
veals significant contributions from short-range (-10 nm) which the addition of Ni reduces the frustration in the alloy,
correlations, 5 which are sensitive to both magnetic transi- raising T,. and suppressing the transverse spin freezing
tions, and exist well above T,. transition.'( In addition to the reduction of noncollinearity

One way to probe short-range magnetic correlations is to with increasing nickel content, the excitations become better
use M6ssbauer spectroscopy. For a magnetic probe atom like behaved." No spin waves were observed by inelastic neutron57Fe the main contribution to the measured hyperfine field scattering for x =0, and while spin waves are seen below T,
stems from the local moment of the atom itself. For a non- for x= 1, they soften on cooling, and were not resolved be-
magnetic probe atom like "1Sn only the transferred fields low 0.1 T,.. Well-defined spin waves are present for x--5.
from the neighboring magnetic moments contribute to the Nickel carries a relatively small moment in this system
measured hyperfine field. If the spin structure is collinear, (-0.6tL1

12) and as it is only present in low concentrations, its
then the fields from the neighboring moments should add direct effects on the "'Sn hyperfine field should be small.
coherently, and a large transferred field should be observed at Therefore, the dominant contributions to the "'SSn field
the nonmagnetic site, while a noncollincar or random spin should come from changes in the magnetic structure. The
structure should lead to a partial cancellation of the contri- two samples considered here contain I and 3 at. % nickel;
butioiis and thus a smaller transferred field. The ratio of the insufficient nickel to render the materials ferromagnetic.
(transferred) 't9Sn field to the (generating) 57Fe field contai, -
information about the degree of collinearity, and the tem-
perature dependence of the ratio can be used to scale out the
large changes due to thermal fluctuations, and reveal smaller Ingots for melt spinning were prepared by first melting
effects due to changes in spin structure. This technique has appropriate quantities of Zr (99.8%) and Ni (99.99%) in an
been used to study spin correlations in several frustrated arc furnace under titanium-gettered argon, then the Fe
magnetic systems. In amorphous Fe92Zr7Sn,, where the frus- (99.98%) was added and the constituents were alloyed by rf
tration arises through the distance dependence of the Fe-Fe melting under an Ar atmosphere. Enriched 119Sn was used in
direct exchange interaction, the transverse spin components order to get approximately 8 mg 1' 'Sn per 1 g sample weight
were found to be correlated" as no change in the field ratio to ensure a usable absorption in the "''Sn spectra. Melt spin-
was observed on cooling through T,'.. Similarly, in AuFe, ning was done under a helium atmosphere on to a copper
where the frustration is due to competition between long- wheel. The amorphous structure of the sample was verified
ranged Ruderman-Kittel-Kasuya-Yosida (RKKY) and by x-ray diffraction, I)SC measurements, and room-
nearest-neighbor direct exchange interactions, both 1'116Au temperature M•ssbauer spectroscapy. The resultant amor-
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FIG. 1. "Fe and t'Sn Mssbauer spectra for Fego_.NiZtgSn taken at 12K. fields for the two compositions of Feu _,NiZrqSn.

phous ribbons were mounted on tape in order to make a
M6ssbauer absorber. The MS spectra were taken with a con-
ventional constant acceleration spectrometer with a "Co/Rh tion also narrows slightly. These results are in accordance
source for the 57Fe spectra and a CaiigSnO 3 source for the with more collincar ordering, and the increased magnetiza-
"119Sn spectra. The temperature was varied by means of a tion observed in this system on adding Ni. t0

vibration-isolated, closed cycle He cryostat or a continuous The behavior of the it9Sn transferred hyperfine field
flow cryostat. however, is less straightforward. The shapes of the 119Sn

The 57Fe spectra were fitted using two Gaussian distri- spectra shown in Fig. I are different, reflecting a 4% increase
butions to describe the hyperfine field distribution. For the in the width of the hyperfine field distribution on going fiom
119Sn spectra a single Gaussian distribution with different x=l to x=3, however, this broadening does not translate
widths on the low and high field side was used. As the into an increased average. It is immediately apparent from
sample is an amorphous ribbon the intensity of the 2nd and Fig. 2, that the average Sn field at 12 K does not match the
5th lines could not be fixed to its powder average value, increase in the iron moment derived both from magnetization
Therefore the intensity was fitted in the "Fe spectra, and measurements and the 57Fe MWssbauer spectra. In clear con-
then set to the value found in those fits (-1) in order to fit trast to the "7Fe data, the average 119Sn hyperfine field does
the 119Sn spectra. A linear correlation between the isomer not change with composition, and the slight difference in
shift and the hyperfine field was assumed in order to fit the temperature dependence, apparent in Fig. 2, simply reflects
slight asymmetry in the spectra. Spectra taken at 12 K for the the higher T, of the x=3 sample.
different compositions and the two probe atoms along with Plotting the ratio: (Bh-(ig9Sn))/(Bj,f(57 Fe)ý (Fig. 3) re-
the fits are shown in Fig. 1. veals another puzzle. Since the Sn field does not increase

with the Ni content, the Sn/Fe field ratio decreases on mov-
RESULTS ing to the less frustrated, and thus more collinear, sample.

Furthermore, a clear temperature dependence is apparent,
As expected, T, increases on adding Ni, beihg 247 .5 % with a slope of - 1.5 X 10-4 K'-, at least an order of magni-

for x = 1 and 270 ±.5 K for x =3, compared with 230± 5 K for tude greater than the largest slope consistent with the data
x=O. The temperature dependence of the average "Fe ,d from eC9.Zr7Sn1 .6 This slope should also be compared with
"tt9 Sn hyperfine fields is given in Fig. 2. The curves slihw the much stronger temperature dependence of _-9x 1(- 4 K-t
Brillouin-like behavior in all cases, and the derived T, toi observed in AuFe by t19Sn M6ssbauer spectroscopy. In the
each alloy is the same for both the Fe and Sn measurements. e-ase of AuFe, the decline in the field ratio on cooling was
confirming that the Sn probes the same magnetic behavior interpreted as evidence for a loss of longitudinal order, a
Fe. conclusion consistent with neutron depolarization measure-

The 57Fe hyperfine field at 12 K rises on adding nickel, ments. However in the case of a-Fc,, .Ni,Zrjo no tempera-
increasing 4% on going from x=O to x =1, and a further 6% ture dependence was seen for x=0, and adding nickel re-
on going to x=3. The width of the hyperfine field distribu- (duces frustration, making the system more ferromagnetic.
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0.40 support for this view. However, both ' 96Au and 119Sn M6ss-
0.36- XN 1bauer measurements in AuFe yielded the same result, and

confirmed neutron depolarization measurements. This agree-
XNi= 3%* ment suggests that Sn does not sample its environment any

more selectively than Au, and also shows that a loss of col-
.0 linear order does yield the correct signature in the hyperfine
' 0.28

field ratio. It is possible t~hat the additional Ni leads to
0.24 .-. .. . f changes in the Fe moments which are not probed by the Sn.

For example, even sm'll changes in the orbital contribution
0.20 to the iron moment can have significant effects on the 5"Fe

hyperfine field,' 3 but would not be seen by neighboring Sn
0.16 80 2400 atoms. It is not clear why the temperature dependence of

T [K] such effects should differ from that of the average moment

so as to yield a temperature dependent field rtio.

FIG. 3. Temperature dependeice of the ratio (Bhf(1"9Sn))/(Bh;(17Fe)) for the
two compositions of Fe90 ._,NiZr9Sn.

'D. Hi. Ryan. in Recent P'rogress in Random Magnet.s. edited by I). I1. Ryan
(World Scientific. Singaptrw. 1992).

Two possible conclusions can be reached. (i) There is, in '1. Mircbeau. M. ttennion. S. Mitsuda, and Y. Fndoh. in Recent I'rogrs.%. in
fact, a loss of collinear order on cooling in a -Fego ,Ni.,Zrl). Random Magnets, edited by D. H Ryan (World Scientific. Singaporr,

1992).
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obtain, as the effect is quite small. The reduction of thermal (1991); B. V. B. Sarkissian, J. Phys.: Condens. Matter 3. 961 (1991).
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Study of the spin glass transition of amorphous FeZr alloys using small
angie neutron scattering

K. Mergia and S. Messoloras
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G. Nicolaides and D. Niarchos
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R. J. Stewart
-1. J. Thomsovn M~i'h.al ILuboratorv.. Vnuiv'rvuti of Re'ading. Readinog RG(;f J2A. Untleid Kingdom

SANS experiments of' anr amorphous lec,MIZrl( alloN wcur carried out in thle temperature region

20-3WK K with and without the application (if :- mnagnetic field l'he scattering versus tumpfetatuft:

for different Q. values (zero field cooled magnetization) % how% two transitions at T, -- 240 K and

T1 =40 K. H owever. bothi transitions are not obs~cr'~ed in miagnetic field 1211 W() csdoing down

curves. By %witching off the magnetic field and wairming LipI the s.ample only the transition at 1, 40

K is observed. Application of a magnetic field at different tempra~rtures% in a zero fielId cooled Nainplt:

icduces the scattering-. the ,Latitring return,. to its initial value alter switching otif the field.

INTRODUCTION glan~d. In this instrumlent a necutronl wavelength hand from

Amorphous Fel Zý Adloys. -here ( t W. exhibit ai 1 ).2 to I nin is utmiized The averaged counts fronm the dif-

unusual complen magnetic 1ehavior. At 1, 244) K thiey c,- ferent %h as elcagth hand% are pulled together giving a

hibit a transition fron the paramagnet ic %tate to the long -range IQ 4 r %s.In 0AX) trom 0.07 to 2.0 nmn '. 1he scat-

range ferromiagnetic 0W) ordeuing, whereas at the lower turing of this alloy was measured in the temperature range

temperature TIH(I ) =401 K another transition to a .%pin- 31(0- IS K %k ith oIt s inthout the application of a magnetic

glass-like" (SW) (reentrant) state occars.1 Most of theL experi- fed

mental evidence referred ito the T, trantsition could be uex-

plaincd by the coexistence and cornpehitiot of ferromnagnetic RESULTS AND DISCUSSION
and antiterromagnetic interactions. ,Recent magnletizationi The change in thle scattering versus temperature in zero
and Misshaucr measurements' of' the Fir 0 alkoy have magnetic fkied is %hown in Fig. I IThese measurements were
been interpreted as being consistent with fintite lerromnagnetic obtained during the cooling ot the sample; a few spectra
clusters in a ferromagnetic matr'.c4 Ilowever, questions have were repeated duritng the warming up and showed that the
been raised as to whether the T, transition is indeed a NI it) scattering was reversibl. From Fig. I we clearly observe
true SO state transition. The ac susceptibility could be cx- two transitions: thre first at 240 K aid the second at around
plained by either a SG transition or domain pinning effects. 40 K. Fromn 3MN to 2501 K the scattering remains almost con-
TEM and Loruntz microscopy studies' have revealed the ex- slant. [(dlow 250) K ia gradual increase: in the scattering is

istence of magnetic domains down to 0 K. H owever. SANS obw5r~ ed %hich peaks. at 231) K. As. the temperature de-
experiments,_ on I:c,t,tZr, revealed the existence of two dif-
ferent spin-spin correlation lengths. the longest persisting up
to temperaiures even higher than TI whereas the shortest
appears below T,. 400

In this paper, we report small angle neutron scatturitg a ' 0067

(SANS) measurements of* anr amorphous Fue,/.Zr,(, alloy. The 410 0102

two transition% in zero field cooled (7F(') magnetiation. re- WQ 2
ported previously. are observed around the same tempera- ~07
tures. However. in a FU samiple only the lowver temixrature 6
transition (TI,) is obseix ed. Interesting results are obtainedi >_£i
when a field is applied after cooiling the sample ;it differentA
tcmpebiatures C &

EXPERIMENT&
V 0

Amorphous Fc,,/..r alto% was t~cpired In ll.1 argonl At-

mos01phere by the Ielt %pinning mncth'id [he 4motphie mt otf * *f

the allo% %%as s uriuied bs %s ra% diftrac! mn ar, %u r-ptibihit% "j. Ift l4yj ~ 'AX 250 10 350
nca.%u~cmcnts show~ed t~kti train-itt ion t 40) and _2401 K Rib

btons of at-Aut I g were stuck to~gether .ind ilctheir 1 mingl T, K

%cattering %%.,s mecasuied using the I (X)) Jinstiumnt-1 .1i fIht A- . , ' . ,o( IN. h-

spallation1 -41urCu ISIS. RLthertoird Appleton I abo~iimor%. I it Ix,''4 .1 /'- 1.0d ,th, ".11d s.1", rlmki ". tt%
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creases from 230) K the scattering for Q >0. 12 nm 1re- 200 a

mains almost constant. whereas for lower Q values a con- 3
tinuous increase in the scattering is observed. At around 40) K A

a sharp increase in the scattering for all Q) values is obsterved. A50

These two transition temperatures coincide with those ob- 0A
served from ac susceptibility measuremuents carried out oil 100

the same simple.
'Me transition at 2401 K has been attributed to a transition £

CAfront a paramagnetic Mtarc to a long-trange ferrornaagnelic .or. 0) sdcring. In a lcirtomagneuc %ystem he neutron scaittterig SE A
within the %tatic approximation I% given 1% it I orent/tani formi
(L I I M

C
A J
.K' 005 015 0)26 0 35 045

where x is the inveim, spill correlation length which Ap- rm
ploache.s /cro at the phase transition In order to) cNAnine
whether the scatterI~ng 10Owo sA IAirenVranlin IIIVhIAIX tire I , iiw- 04tiMI sI~g~ IK4 A~t -'i k I 1c kAtIcirng t-i

data %ere plotted as I 1(Q) vs% Q: Yhe dAtA dLo not0 shoA A Icipci~A1  hA% lwn ýtUiiIAO iF4,I4I1 Ail 4kkttA trIAIat~kt% /It .%JA

linear behavior %%heni the Whole eXperimetllA Q range 1% It ( ti,mi 4, K. ~ttIc ,.jttc!itnP Ainr MA#lkhIn~ I'll IN ohts IIJPN Ctwld

used hlowever. it we restrict out Attention to the )(I% Q
region M.07t to l,fi .ni 1), we observe tw~o linear regions.
and in the tenrperaltur tange :UK11- 110t K ']'e () vAlue of the range are ruicredt~l The inltepretation oit the scattering at
irnflection dlecreases with temperaltur (at 250) K Around tertipcratures around the two transitions probably requires a
Q- 0.5 turn 1) Anti is not obsctrved within the exprwimental mo~re sophisticated model.
window below l1t) K fIliew rcsults mre ver', similar to those The application of' a magnetlic field at 31H) K reduces the
discussecd by Rhvne et al.'scattering. This reduction is initially prolitrtional to the field

)Vs disc'ussd above,. the data in a plot oif I 11(Q) v% Q and at 5 kG saturation has been reached. The fivld-dependent
[Eq~. i Il ajre curved and the departure from the lowentzian- scattering cannot be- described by the simple Lu~rcntiian form
type shape increases as the temperature decreases. At these of Eq. ( 1). However, a plot of the ln~l(Q)] vs In Q exhibits
temperatures irreversibility effects have beens observed in ac a linear behavior for the whole Q range and the slope ob-
susceptibility measurements and if we assume a random an- tamned is around 2. This shows that the scattering after the
isotropy system the s-cattering can be expressed in 1,orentzian application of the magnetic field can be described with a
plus Lorentzian -squared (L. - 1.2) form" function of the fo~rm AIQ2 . This behavior is expected from

an ordered ferromagnetic system.
A ii Cooling the sample from 300 K in a 2.6 kG field, we

1(Q) - , Q-~ (2) observe no change in the scattering with temperature. Nei-
ther of the two transitions is observed. By switching off the

A least-squares fit of 1he experimental intensities to Eq. (2) magnetic field at 20) K the scattering increases, but it does
using the full Q range gives physically meaningful values not reach the valute of the scattering observed during the
(K: -,t) only in the temperature range 240-I110 K. This is the cooling of the sample with zero magnetic field (Fig. 2). The
temperatue region in which the inttensity varies slowly with increase of the scattering observed after switching off the
temperature (Fig It. The value of the coefficient A decreases field at 20 K occurs within 5 min, the time required to obtain
with temperature (around 30% from 24(0 to 1 10 K), whereas the first measurement. No change in the scattering is ob-
the correlation length as determined from K2 increases with served in subsequent measurements, while remaining at 20
temperature from 7.5 rimi at 24(0 to 19 nm at 110 K. The K. Warming up, we observe the lower transition at 40 K.
decreast of A with temperature is in accordance with the Howevcr, the higher transition at T,.= 240 K is not observed
behavior expected fromt a normal ferromagnet. It should be (Fig. 3), the scattering slowly increases to its original 300 K
noted that the experimental intensity and that calculated from value in zero field.
the fitted A. Bi. and K vJlues agree very well apart from a In order to examine the spin reorientation at different
%mall deviation at tlie very low Q values. It has been pro- temperatures, a magnetic field was applied after cooling the
poseWd that the %pill clusters call be presented by at Maxwell- sample to a specific temperature (230, 110, 80, and 40) K).
ian distributivin. However, by using such a model it is diffi- The change in the scattering induced by the field occurs
cult to fit the w-hole Q range and the values of A increase within less than 2 min (time of the measurement) and the
with decreas-ing temiperature T1hus, we call only say that the scattering returns to its previous value by switching off the
1 .1. 2 Vh t21 describes the experimental data in the tempera- magnetic field within~ the santie time interval, In Fig. 4 the
ture regions delineJ fromt the firmd transtior at T1ý 2410 K to effect of the magnetic field (11l= 2.6 kG) applied after tile
the tinsel of the second onte lIt order to understand the origint sample was cooled at 23(0 K is presented. For comparison,
of thc low -Q scutitring expeirimients in art even lower Q the scattering Obtained wheni the same field is applied at 300
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CONCLUSIONS

The ZFC SANS from an amorphous Fe,1 Z- - alloy120, 00.2

shows two transitions at 240 and 40 K which coincide with
-0-0.124 those observed from ac susceptibility measurements carried

0 0-0.170 out on the same sample. The scattering in the temperature

6 so range 3(X)-I 10 K and in the low Q region shows a behavior

> which departs from either 1. or 1. -1, 2 forrm [Eqs. (1) and (2)].
This scattering cannot be attributed to chemical effects orS• • •clustering since it is temperature dependent. If we ignore th,.

0 e . low Q scattering we can lit a 1-I. 2 equation to the data only
- 0e * in the rang,: 240)-110 K. The correlation length obtained

V f .• • • torom such a fit increases with temperature from 7.5 to 19 nm
• * * * * * * . * •and the coefficient A which contain contributions from both

finite range spin waves and from the static spin glass order
0 50 10o 1i0 2o 250 mo decreases with temperature as expected. The 3(W1 K scatter-

T/K ing is reduced with the application of a magnetic field and

saturation is obshrved at 5 kG. No change in the scattering is
1f obsrved during the c(iling of the ,amnple from 3WM) to 2() K.

the~i % arn tcni eintwa t I utora - mltoeANt () ,aluv ,r duieg wth hpicain l The temperature indepelndence of the sLattering during cool-
sh€ •mpltc In leg'' hl¢d 4 httI 21 to• .11 k l'he Jf"l,. ple wa,"- pI c i'.t~•l

kt1%bd tn a mariga.k f.ld oW 2 6 k14 ing and its form (A/Q) indicate an ordered ferromagnetic
syslemn. By w.•rming up the sample after switching off the
field at 20) K only the lower transition at 7f4-40 K is ob-
served. The switching off of the field unlocks the spin cluster

K is also presented. In otrder to show the effect of the mag- units which undergo their transition at 40 K. The unlocking

netic ficld. the scattering at room temperature has been sub- of the spin clusters is not comiplete since the scattering at 24)

tractcd from all the spectra. The field-induced scattering for K. after switching off' the field, is not restored to its ZF("

the low Q values is lower than the 3K) K scattering in zero value. The FM matrix remains frozen at low temperatures

field. As Q increases it reaches the 3(M) K scattering, further and the %caltering slowly recovers to its previous value at
increass to peak at 01.44 nm • then decrea�es to the 3(k) K 3(W) K without showing the T, = 240) K transition. The appli-

scattering at Q around 1.2 nm 1 (sec inset of Fig. 4) and cation of a magnetic field after cooling the sample to a spe-

remains unchanged for Q> 1 .2 nm 1. As the temperature of cific temperature results in a reduction of the scattering. The

cooling is reduced these effects become less pronounced and effect is more pronounced at 40 K where the field has almost

the field-induced scattering at 40 and 3(M) K almost coincide, the same effect as when applied at room temperature. No
hysteresis is observed in the restoration of the scattering to
its previous value after switching off the field. We may as-
sume that the field mainly modifies the spin cluster units. At

.... ... 40 K a larger part of the sample is occupied by the spin
D-' 40 A 230K. H =O G clusters so the effect is greater. This is in agreement with the
S2 30K.H - 2 OW unlocking of the spin clusters when the magnetic field is

2 20 300K, H- 2 6k switched off at 20 K after a ticld cooling of the sample.
0
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Study of magnetohistory effects in YFel2-xMOX (x=1.5-3.0)
Yi-Zhong Wang
San Huan Research Laboratory, Chinese Academy of Sciences, P 0. Box 603, .eijing 100080,
People s Republic of China and Department of Physics, Utah State University, Logan. Utah 84322

Bo-Ping Hu and Gui-Chuan Liu
San Huan Research Laboratory, Chinese Academy of Sciences, P 0. Box 603, Beijing 100080,
People •s Republic of China

Lin Song, Kai-Ying Wang, and Ji-Fan Hu
San Huan Research Laboratory, and Institute of Physics, Chinese Academy of Sciences, P 0. Box 603,
Beijing 100080, People's Republic of China

Wu-Yan Lai
Institute of Physics, Chinese Academny of Sciences, P 0. Box 603, Beijing 100080,
People s• Republic of China and Department of Physics, Utah State Universil., Logan, Utah 84322

Magnctohistory effects in YFe1 2 .Mo, (x=1.5-3.0) have been investigated. The freezing

temperature Tf increases with increasing Mo concentration. Irreversible behavior still appears in an

applied field up to 6 T for YFeq.Mo,... These magnetohistory behaviors may be understood by

domain-wall pinning.

I. INTRODUCTION an argon gas atmosphere and then vacuum annealed at
I100 o(, for 24 h. By x-ray diffraction and thermonmagneticSince 1990(, when Snm~le,7 N• and Nd~eL,'l'iN com-

r i d' analysis, all samples were found to be single phase with
intends were discovered, 'd interstitial compounds have been ThMni.-type structure. Experimental data of structural and
intensively investigated dun to their excellent magnetic prop- intrinsic magnetic properties have been reported separately.' 5

crties for permanent magnet applications. Anagnoston et al.

and Wang et al.4 first studied the series of RFe1,,Mo, nitrides Samples of cylindrical shape with a diameter of 3 mm and a

length of 6 mm were made at room temperature by aligning
and the series of NdFc, 2 Mo, nitrides. respectively. The the alloy powders along the cylinder axis in a magnetic field

studies showed that thle R~l2 J, series with I Mo has of I T1 and fixing their direction with epoxy resin. The low-
different magnetic behavior from the other series with '=Ti, temperature thermomagnetic data were obtained using an cx-

V, Cr, W, and Si.:' Recently, YFe12 •Mo, and their nitrides traction sample magnetometer in the temperature range from
were also investigated by Sun el al. in order to get informa-
tion on the magnetic properties of the Fe sublattice. 7

. Some 1.5 to 3W K in an applied field up to 0 1.

magnetohistory effects were observed in both YFe1,,Mo 2 and

LuFec,,Mo 2 b, Christides et al.'9 These magnctohistory phe- Ill. RESULTS AND DISCUSSION
nomena are very clotie- to the behavior which exists in spin
glasses and amorphous alloys."' The authors in Ref. 9 be- Figure i shows the temperature depe:nience of the mag-

lieved that such phenomena result from the variation of netization of YFe , MO, series (I.5<Ax --3.10) in an applied

Fe-Fe distances for YFe,,,Mo, and l.uFe i1 vMo2 on different field of 0.045 T affei zero-field cooli,'; iZF(') and field cool-

Fe sites and the distribution of Mo atoms leads to a random- ing (F0) processes. Ilere the ZFR urve is obtained by cool-

ne,;s of the exchange interaction and an establishment of ing the samnple from room tempcraturc to 1.5 K in zero ap-

noncollinear-type of magnetic order (helimagnetic structure). plied field, and then measuring the magnetization with the

However, such a mechanism is still a matter of debate. In increase of temperature in a certain applied field, while tile

fact, magnetohistory phenomena are often exhibited by some FC curve is produced by cooling the sample in the same

rare-earth transition-;netal alloys, for example, in YCoNi 3  applied field. The the momagnetic cycle of ZFC and FC pro-

observed in 1976' ind recently in }to,Fe1 7 .Al,' and cesses exhibits an irreversible behavior. Values of the mag-

RFe[4 .- MnC.1-1 The narrow-Bloch-wall pinning mocha- netization after /tC are obviously lower than those after FC,
nism developed by Barbara et al. in the early 1970)'s 14 for The ZFC and Lt: magnetization curves are coincident at high

understanding the huge coercive force in the crystalline rare- temperatures and are separate at low temperatures. The irrc-

earth-transition metal alloys has been used to explain the versible phenomena observed here in the YFIe2, Mu, series

magnetohistory effects.' 3  are similar to that in YFc.,,'Mo2,." Moreover. the freezing

In this work, we investigate the magnetohistory effects temperature T1., which is marked by the arrows at the cusps

of the series alloys of YFei2 .Mo, (x= 1.5-3.0) and discuss of the ZF( curves in the tigure, decreasces with decreasing

the origin of these effects. Mo concentration.

Figure 2 shows the temperature dependence of tile ZFR'

II. EXPERIMENT and FL" magnetization curves in different applied fields for

the YEc, sMo2 s compound. It can be scen that "i' decreases

Alloys of YFe 1  Mo, with x= 1.5. 2.0, 2.5. and 3 were with increasing applied field. Even if the applied field goes

prepared by arc melting from 99.9%, starting materials under up to 6 ":, the irreversible behavior does not vanish. This is

J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6383131$6.00 (c) 1994 American institute of Physics 6383
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10 ZFIG. 3. Temperaturc dependence of magnetization of YFeqMo02 by zero-
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Z 

ingot (dashed line). The arrows mark the freezing temperature TI.
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1 ( K ) an interesting subject for scientists working on magnetism.
The magnetohistory effects may be described in terms of

FIG. I. Temperature dependence of the magnetization of YFe12 ,Mo, by cluster glasseslft or in terms of the narrow-Bloch-wall. 12 13

zero-field cooling and field cooling. The arrows mark the freezing tempera- For the magnetohistory, effects observed in RFetoMo 2 (R =Y
ture T,. and Lu) were explained in terms of cluster glasses by the

authors in Ref. 9, which were established by a competition
between the positive and negative exchange interactions due

different from the case of YFctttMo 2, observed by Christides to the variation of Fe-Fe distances in different lattice sites,
et aL,9 where the irreversible phenomenon disappeared when since the Fe-Fe iteractions with short interatomic distance
the applied field went up to 0.7 T. (-0.24 nm) may cause the antifcrromagnetic coupling, but

Understanding the magnetohistory effects observed in the authors did not explain why there is no magnetohistory
rare-earth transition-metal intermetallic compounds has been effect in GdFet(,Mo 2 which has similar lattice parameters to

YFe1 0Mo2 . A recent neutron-powder-diffraction study on
YFet 2 -,Mo," at a temperature of 10 K showed that all the

50 Fe atomic magnetic moments are parallel over the three crys-

FC YFO9 5MO2  tallographic sites. This does not support the proposal made
by the authors in Ref, 9. For the cluster glass model, the

-40 magneto nistory effect is independent from the magnetic do.
Z4 13-c 63c 0 1 main structure. Figure 3 shows two types of ZFC curves fot

YFe9 5 Mo2.5. It car. be scen that at 1.5 K the thermal demag-
netized ingot has a lower magnetization value than the ingot

30 magnetized in a field of 6 T at 2W 0 K. This indicates that the
imagnetohistory effect observed here is associated with the

E distribution of the domain wall. Therefore the narrow-Bloch-
20 zFC 1 2 1 wall model may be suitable for explaining the magilctohis-

tory effects in YFe 12 ,Mo,.
The neutron-powder-diffraction study on YFel, Mo,

at a temperature of 10 K also showed that the Mo has an
10 . atomic magnetic moment of 1.0 ,A1 which is antiparallel to

t the Fe-sublattice magnetization and the Mo atoms are mainly
di:stributed on 8t sites. The distribution of Mo substitution in

t 11C the iron sites in YFe1 2 ,Mo, may cause the necessary flue-
0 1tuation of the exchange interaction and anisotropy to form

100 200 300 the pinning of domain walls, so that irreversible magnetic
T K )behavior occurs at low temperatures. This is similar to that

FIG. 2. Temperature dependence of magnetization of YFe,,Mu.,, by zero- observed it l YCo 2Ni3 .tl If ,he nonmagnetic Y is replaced by
field cooling and field cooling in different applied fields. The arrows mark magnetic R, which enhances the relative value of magneto-
the freezing temperature T1 . crystalline anisotropy to exchange interaction, the magneto-
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history effects in RFel2>5 Mo5, can be expected. We have 5X. C. Kou, C. Christides, R. Grossý'nger, H. R. Kirchniayr, and A. Kosti-
found that the magnetohistory effects do exist in kas, J. Magn, Magn. Mater. 105-107, 1341 (1992).
RFel 2 -. MO., with light rare-earth R =Pr, Nd, and Sm.t16 The "Y. Z. Wang, B. P. Hu, X. L. Rao, Gi. C. Liu, L. Song, L. Yin, and W. Y. Lai,
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Time dependence of magnetization in ferromagnetic materials was first described towards the end
of the 19th century. Subsequently, two types of mechanisms responsible for time dependent
behavior were identified and becarne known as "diffusion" and "fluctuation" after-effect or
viscosity. The former depends on thermally induced motion of impurity atoms, The latter is a
consequence of thermal activation of irreversible domain processes such as domain-wall motion and
the nucleation of domains of reverse magnetization. Fluctuation viscosity affects, to a greater or
smaller extent, all magnetic materials subject to hysteresis. In the late 1940s descriptions of
magnetic viscosity in terms of fluctuation fields (N6el) and activation energy distributions (Street
and Woolley) were developed. The two approaches will be described. An analysis of the time
dependent phenomena exhibited by magneto-optical films will be presented as a simple example of
the application of activation energy modeling.

I. INTRODUCTION sociated with thermally induced random fluctuations of spon-
taneous magnetization vectors in terms of a fluctuation field:Two different types of magnetic viscosity or after-effect

have been recognized. The first observations of the time de- 11(t) = HI(Q + In t), (2)
pendence of magnetization in a constant field were made by where Q is a constant and H[ is known as the fluctuation
Ewing' and Raylkigh 2 in their raeasurements of the magnetic wield. The time dependence of irreversible magnetization is

properties of soft magnetic materials. Later Preisach3 and obtained in terms of the irreversible susceptibility Xir as

others observed a different kind of time dependence in the

magnetization of harder magnetic materials. Different pro- Mr(t) -t Xur H-t) =S In t-const, (3)
cesses artc involved in the two effects. In the first, magnetic where S=' ) r• 1 ( n.
processes are affected by the diffusion of impurity atoms and In the approach adopted by Street and Woolley to mag-
the temperature dependence of the magnezic effects are typi- netic viscosity, thermally activated rate processes involving
cal of diffusion processes. The phenomenon underlying Prei- metastable states with a distribution of activation energies
sach's observations affect all magnetic materia!s which ex- are considered. Thus N(E) dE is the number per unit vol-
hibit hysteresis. The magnetization processes of these arcosde.1buN( d istenmrpruntvlume of metastable states having, at a given field 1-I, activa-
materials exist in metastable states which transform t) stable tion energies lying between E and E + dF.
states by a combination of field induced transitions and ther-
mal activation. Under constant field conditions the evolution
of magnetization is the result of thermal activation of irre-
versible magnetization processes. Observations of magnetic II. MODELS
viscosity are made by measuring the magnetization M(t) as A domain model
a function of time elapsed after a discontinuous increment of Sthnertand dependent meawhichty
magnetic field. In many cases, over restricted ranges of isabased the work of and ohrth8  in wctelapsed time, examined the magnetic behavior of anisotropic single do-

main particles. The results of many studies of magnetic vis-
cosity have been discussed iii terms of this model. A simple

M(t) =S In t + const, (I) case of an aligned uniaxial domain subjected to a demagne-

tizing field t1 is shown in Fig. I. It is assumed that the
where the parameter S depends on the point of measurement magnetization proceeds by coherent rotation.
on the magnetization curve. S also depends on the demagne- In the case of an assembly of noninteracting aligned par-
tization factor of the sample on which measurements are ticles with a distribution of volume f(V) dV. the distribution
made. of activation energy at a fixed field will be given by

Two independent descriptions of the effects of thermal Kf( V) dV (I - H/IH) 2 . The variation of the activation en-
activation on magnetization were given by Street and ergy E as a function of H is shown in Fig. 2. The activation
Woolley4_5 and N~el.6'7 The latter considered the effects as- energy distribution functions at two different values of field
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FIG. 1. Energy of an aligned uniaxial domain as a function of the angle FIG. 3. The distribution of energy barriers N(E)/p as a function of ElkT
between the field and the magnetization vector at two different fields. The for various values of time after a discontinuous step change in field. The
activation energy for reversal is indicated. model assumes that at t = 0, N(E) =p for all E. For values of tfoý> 1 the

curve sweeps out equal areas in equal logarithmic increases in time (the
shaded rcgions).

are also indicated. It is clear that determination of the field
variation of activation energy requires measurements to be
made at constant values of magnetization, where fa is the attempt frequency, assumed to be constant.

Other examples of magnetization processes which in- The solution to Eq. (4) is
volve metastable states include domain-wall motion subject N(E)=No(E)exp[-tf0 exp(-E/kT)], (5)
to weak and strong pinning 9't0 and the nucleation of domains
of reverse magnetization,. where No(E) is the initial number of metastable states per

As noted by Street and Woolley4' 5 the rate of transfor- unit volume with activation energies lying between E and
mation of metastable to stable states is given by E + dE at t= 0,

d For the case that the initial value of the distribution func-
- N(E)dE -foN(E)dE exp (4) tion No(E) is independent of E and equals a constant p, Eq.
dt xp T (5) becomes

N(E)/p=exp[-tf0 exp(-ElkT)]. (6)

The variations of the ratio N(E)/p as a function of E/kT'
a) with the dimensionless product 'fo as parameter are shown

N(-) in Fig. 3. Assuming that each successful activation makes the
same contribution to the magnetization, the total change in

C KV(I-I-I/I)2  
.( magnetization of the assembly from time t=0 to t, is pro-

portional to the area between the curve at t=t, and the
- AtN(E)/p axis. For values of the parameter tfo>. 1 the curve

sweeps out equal areas in equal logarithmic increases in
.- time, That is, the magnetization increases logarithmically

with time in accordance with the experimentally observed
_ ...... :__variation, Eq. (1). Making the simplifying assumption that

-H 112 Yi, each successful activation involves a change in magnetic
moment A, the viscosity parameter S is given by

S = tpk T. (7)

1f2 Changes in magnetization may also be achieved by step-
wise changes in the applied field AH. It may be shown that

N¢I) the irreversible susceptibility Xi,, is given by12

... ttl Xirr= i P' - , (8)

Hence

i S kT=H = -s ; (9)
FIG, 2. (a) Activation energy as a function of demagnetizing field for an Xar LI dH
aligned uniaxial domain. The distribution of activation energies due to a cf. Eq. (3).
distribution of volumes is indicated at two values of field. (W) The distribu- Conventionally, the quantity H has been derived from
tion of activation energies at two values of field. To determine E/CqH, r
measurements must be made at constant magnetization, represented by the measurements of S and Xirr. The operational definition of Xirr
shaded area. to be substituted in Eq. (9) is a matter of some uncertainty in
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materials, such as high coercivity permanent magnets, which + I
exhibit pronounced time dependence of magnetization. It has
been shown that in this context, 13  all)aM i• (10

Xirr -=~' (0
1 . t*I t' 2  t' t.

An alternative method of deriving values of Hf from experi-. III t
menta) observations of time dependence is discussed by ni
Folks and Street.14

At a given point on a magnetization curve, Hf is a mea-
sure of 9E/aH, the variation with field of the activation en- -11
ergy of the irreversible metastable processes which are active =4 3 >111

at that point. For example, the dE/rH vs H curve for an
assembly of aligned Stoner-Wohlfarth domains is given by FIG, 4. The decay of magnetization with In t for a uniaxial perpendicular

the slope of the E,, vs H curve of Fig. 2, i.e., a linear de- thin film at various fixed values of field. The coercivity is clearly time

crease as the magnitude of the reverse field is increased. In dependent.

the case of the activation of aligned auclei of reverse mag-
netization,

dE 2 exp(-t'/r)=i,+ 1, (14a)

T--'H = vMsP, (11) where t' =time at which m =- ,. for a given value of -r. Thus,

where v and Msp are the volume and spontaneous magneti- t' (,.n+ 1
zation of the nucleus. - f= 2n/ ). (14b)

Some interesting features arise from the study using an
activation energy model of the time dependence of a system Substituting for T from Eq. (14) gives
in which the metastable states all have the same value of E(H) 1 nm2- I
activation energy E(H). Specifically, we consider a thin film t' exp - kT -- - In 2 = const. (14c)
in which there exist identical uniaxial grains each of volume I Jo

V. The magnetic moment of a grain VM, may be aligned Hence
only either in a positive or negative direction with respect te In t' -E(H)/kT=const. (15)
the normal of the plane of the film.

Let N, be the total number of grains per unit volume of The derivative of both sides of Eq. (15) with respect to H
the film and N, and N_ be the number of grains per unit may be cast in the form

volume aligned in the positive and negative directions, re- 1 9E
spectively. Then N,=N++N_= 1/V and the intensity of A In t'= -- AH. (16)
magnetization of the film when N=N+ is given by kT

M=NVM,(2N/No- 1) The associated values of AH and A In t' in Eq. (16) are
or derived from the constant values of H associated with suc-

m 2n - 1, (12) cessive m vs In t curves and the In t coordinates of the points
where of intersection of the line m =n, with those curves.

M M/M' The value of H1 may be derived from the gradient of the
curve AH vs In t since

and kT

=NNo, AH E/HIM In t' =H/ In t'. (17)

The rate equation is
! =_E(H) III. EXPERIMENTAL APPLICATION TO THIN FILMS

fort exp - - . (13) The above analysis has been applied to study the time
dependence and mechanisms of magnetization reversal in

Solving Eq. (13) and substituting for n from Eq. (12) gives Th-Fe-Co films by Brown et al.t5 Magneto-optic magneto-

m = 2 exp(- t/ir)-1, (14) meter measurements were made of the time dependence of
the magnetization of thin films of Th-Fe-Co when subjected

where to various fixed values of reversing field. The experimental
I [E(H)"* results obtained using a 48.5 nm thick film of

'r -o exp[ •Ž. Tb0 .22(Fe(,,•Cotl)0.7h are shown in Fig. 5. Associated values
of H,, and In t', obtained from the intersections of the ex-

The variations of m as a function of In I with E(H)/kT as perimental curves with lines re=n,, within the range
parameter are shown in Fig. 4. -0.9_<nt,,.i0.9, are plotted in Fig. 6. The average of the

E as a function of H may be derived from Eq. (14) by five values of Hf is 87.3± 1 Oe. It follows that the activation
considering constant m = m, conditions which implies energy of the process responsible for magnetization reversal
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FIG. 5. Experimental results for the decay of magnetization with In I at FIG. 7. The Barbier plot of In Hf vs In Hi. for the data of Labrune et al. (see
fixed values of reversing field for a 48.5 nm thick film of Rcf. 16). The slope of the line is 1.22.
T a.22(FcsCosi)o is. Note the similarity with Fig. 4.

The value of HL may be calculated using Eq. (17) as-
in this film is a linear function of field, at least over the suming that the value of H,., say at time t= 1 s, is known
measured range of 8.55-8.76 kOe, and within the range and that the value of H/ remains constant over the field range
-0.9_m,'-0.9. This observation is consistent with the Hc to HL :
view that magnetization reversal proceeds by activation of HL=H+H Inf0=H, +21H/,
reversal ýf magnetization in regions of constant volume v. + f
Using a value of 86 G for the spontaneous magnetization of taking f0- 109 Hz.
the material of the film, v was found to be 5.5X 10-18 cm3 , In the case of the TbFeCo film considered above,
the volume of a sphere of diameter 22 nm. IHLI = 11.01 kOe.

Labrune et al.16 have also measured the time dependence Labrune et al. 16 have provided data for I1 different
of magnetization processes in rare-earth-transition-metal al- samples of GdFe and GdTbFe alloys having values of I/,.
loys including alloys of Gd-Fe and of OdTbFe. Application ranging from about 200 to 1300 Ge. These data have been
of the above analysis to their results, which are given in used to construct the flarbier plot of In 11L vs In Hf shown in
detail for a GdTbFe film, show that at m = 0 a linear relation Fig. 7. The slope of the line is 1.22. Wohlfarth 17 found in an
exists between AH and In i' [Eq. (16)], leading to a value of analysis of a Barbier plot of data for different materials with
HI= 18.9 Oe. It appears in this case that Hf is not indepen- coercivities ranging from 1 to IWO0 Oe that ihe slope was
dent of m, decreasing by approximately 10% as m decreases 1.37.
from 1 to -1. Extension of the activation energy analysis of the mag-

The apparent coercivity H, of magneto-optic films, i.e., netic properties of thin films leads to informiition on the
that field at which the holomagnetization is zero, depends on mechanisms responsible for the growth of regions of reverse
the time at which the measurement of m is made after the magnetization.lst,6 Details of the fractal or other nature of
reversing field is switched on. The shorter the time, the the magnetization of thin films may also be obtained from
higher the apparent coercivity will be. There exists a limiting observations of time dependent behavior.
field HL for which the activation energy is zero. In this cir-
cumstance, reversal of magnetization will occur in a time IV. CONCLUSIONS
t = 1Ifo.

The important information derived from magnetic vis-
cosity measurements concerns the variation of the fluctuation
field Hf as a function of magnetic state parameters. Reliable

8750 ,--m = 0.9 values of Hf, derived from the slope of Y vs In t curves and
-o-m = 0,0 irreversible susceptibility Xir as H= S/Xirr can only be ob-

8700~-n-m0.5 as~ H =1,can nl.e b
8700 ...... - -0. 45 tained when Xi, is carefully dtfined as dMirr.!H'ia-- n, - = -0.9 " i

The value of measurements of Hf lies in the fact that its
H 8650" definition involves dE/aHIM, the variation with field of the
(oe) activation energy of the metastable states responsible for ir-

reversible magnetization at the point of measurement. It then

8550 :, becomes possible to check numerical values of dE/dHIM
against the predictions of postulated models of magnetic be-

,0 1 nt. havior.

The application of activation energy modeling of mag-

FIG. 6. Associated values of H, and In r from the intersections of lines of netic behavior of some magneto-optic films is particularly

constant m with the experimental curves in Fig. 5. The average slope of the simple. It produces information on the growth of magnetized
five lines is 87.3±1 0c, which is equivalent to the fluctuation field Hf. regions and the micromagnetic structure of the films.
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Analysis and interpratation of time dependent magnetic phenomena
(invited)

L. Folks and R. Street
Research Centre for .Advanced Mineral and Materials Processing, The University of Western Australia,
Nedlands 6009, Australia

Time dependence of intensity of magnetization is the result of thermal activation of metastable
domain processes. The simple (M,H) representation of magnetic behavior may be extended to
include time dependent effects using a constitutive equation. Magnetic processes may be desclil~ed
by the movement of a point over a three-dimensional surface with coordinates M, H, and M. The
pararmeters required to define the surface, A (or fluctuation field Hf) and X, may be derived., -1n
measurements of the time dependence of magnetization. A review of the utilizatioa of the
constitutive equation is given and simple methods for obtaining the material parameters from
conventional magnetic viscosity measuremeits (under constant applied field conditions) are
described. Measurements of A in particular provide additional quantitative information on
magnetization processes which may be compared with predictions of proposed models of
ma3netization. The results of measurements of A and susceptibility X for Cr0 2 powders and sintered
and melt-quenched rare earth-transition metal borides are presented. Conclusions about the
magnetization mechanisms of these materials arc discussed.

I. INTRODUCTION (=i E (H) (SMirr(E) =MQrr(E0)exp\ - • , (1)

Hysteresis in ferromagnets arises from domain processes kT

which progress through states of metastabie equilibrium. Ex- from which
amples are E(H)
(1) coherent or incoherent rotation of magnetization in In Mirr(E)=ln M irr(Eo) - kT (2)

single domain particles (Stoner and Wohlfarthl),
(2) pinning and unpinning of damain boundary walls where Mi,,(E0 ) is the rate of change of Mirr for activation

(Gaunt2 3), and energy E(H)=0.
(3) nucleation of domains of reverse magnetization Then, the constitutive equation of state is written in dif-

(Chikazumi 4). ferential form:

Transitions from metastable to stable states may be dH 1= A

achieved by the supply of activation energy, for example, by X dMi,+ A d ln(Mi,), (3)

changiag tne applied field or by thermal agitation. At con-
stant field, thermal activation alone may lead to significant
variations in magnetization, amounting in some cases 5 to i _Mi_ aHd
greater than 20% of the saturation magnetization in 102 s. I= (4)

Time depenucnce of magnetization under constant field con- Mit

ditions is refeired to as magnetic viscosity or magnetic after- Hence isothermal magnetization behavior may be repre-
effect. All ferromagnets subject to hysteresis exhibit time sented by the movement of a point zn, a three-dimensional
dependence of magnetization to a greater or lesser extent. As surface in (M,H,MI) space defined by Eq. (3), for which the
a general rule time dependent behavior is more rronounced intrinsic irreversible susceptibility Xirr and A are required as
in higher coercivity materials (Barbier6). It follows that the functions of M. The functional dependence of both the in-
repre6 -ntation of the magnetic behavior by (M vs H) data is trinsic irreversible susceptibility X!, and A can be deter-
incomplete in that time dependence is neglected. Investiga- mined from magnetic viscosity measurements. In this paper
tions of magnetic viscosity were described by Street and the use of the constitutive equation to describe the field and
Woolley 7 in 1948 and N6el 9 X, 1949 and led to phenomeno- time dependence of magnetization is discussed.
logical descriptions of time dependent behavior in terms of
distributions of activation energies and fluctuation fields, re- II. MAGNETIC VISCOSITY MEASUREMENTS
stectively. The constitutive equation may be applied to predict the

Estrin et al.9 developed an alternative approach by anal- behavior ol" magnetic systems subject to specified time con-
ogy with the phenomenological description of plastic defor- straints and initial conditions, e.g., predictions of the M vs H
mation of crystals. The magnet analog of plastic strain and curves as the field is varied at uniform rates (conventional
stress were taken as the irreversible component of intensity hysteresis curves).111 Conventionally, measurement!, of mag-
of magnetization MiT and the internal magnetic field Hi act- netic viscosity ,re carried out at constant applied field, i.e.,
ing on the sample, respectively. The time dimension was during the measurements, H,--O. The solotion of Eq. (3) for
introduced through MiT, the choice of which was determined M as a function of t requires the specification of the initial
by the Arrhenius relation values of Mirr and Mirr at the origin of time for the rniasare-
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ment. For simplicity, consider a specimen which has zero t M2 :A = (Et3- l1I) / (In M - In M Mt

demagnetization factor. Then Hi=HHa=O and the differentia- ALM 2 :X =(M 3 "M1 )/(11 3 " I 1) | M2 M 3

tion of Eq. (3) leads to
111 112 113

Hi=MirrA .=o. (5)
X!r Mirr M irr

The solution of Eq. (5), assuming that A and Xirr are inde- MM2

pendent of M during a magnetic viscosity e:xperiment, is

Mijr=Mirr(O)+AX'rr ln(t+ t0), (6) -- 0

where Mitr(0) is the value of Mirr at t=0 and to
- AXirr/Mirr(0). Mirr(0) is the rate of change of irreversible M_11U-M,
magnetization at t=0. --Itmal 0

Equation (6) may be written as

Mir,=const+S(O)ln(t + to), (7) FIG. 1. Illustration of determination of A from experimental data.

where
S(0)- AXerr. (8) From Eq. (10) for this idealized model,

It is customary to present magnetic viscosity data in the form
of M(t) vs ln(t) graphs. It follows from Eq. (7) that M(t) V= (12)
will be a linear function of ln(t) only for times of observa- AMspont'
tion t~to[=S4Iirr(0)] and when S is constant over the Thus, in principle, additional quantitative information about
range of values of Mirr observed during a magnetic viscosity the mechanisms of magnetization may be obtained from
measurement. Nonlinear M(t) vs ln(t) curves arising from measurements of A.
both these causes have been observed .5  Cammarano 12 has pointed out the interrelation of A and

An expression for the parameter A, which has dimen- X which arises from consideration of Eq. (3) as a perfect
sions in Oersteds, introduced in the constitutive equation (3) differential, i.e.,
may be obtained by differentiation of Eq. (2) with respect to

Hbyd(A). (3
d In M ir I E(Hi) 1 =)aInM it .r )i (13)

dH, . T al"- I i k ' It follows that if A is constant independent of M then X"rr is

independent of Mirr. A characteristic feature of many perma-
i.e., nent magnet materials is that A is constant over large ranges

9E kT of values of M. Also, within these ranges of M it has been
an, MI1, = A -". (10) shown that experimental values of x~rr are independent of

Mir, as predicted by Eq. (13).13

The slope of the Mirr vs In (t+to) is written S(0) to denote
that it applies to measurements on specimens with demagne-
tizing factor D =0. III. FINDING A AND X

The parameter A is directly related to the field depen-
dence of the activation energy required to activate the irre- Using the definitions given in Eq. (4), A and Xirr may be
versible domain processes responsible for magnetic viscosity evaluated from data obtained from magnetic viscosity ex-

effects. The value of (dE/IdIJ)jM is determined by the periments as illustrated in Fig. 1. In order to construct these
ipro graphs, which are almost invariably derived from results of

physical nature of the domain processes involved. Expres- measurements on specimens with nonzero demagnetization
sions for dEIOH for different models of magnetization be- factors D, it is necessary to account for the demagnetizing
havior may be calculated and compared with measured val- fields, i.e., Hi=H,-DMtot where Moj is the measured in-
ues of A. In N6el's model of viscosity8 the effects of thermal tensity of magnetization, and it is also required to derive
energy on magnetization were represented by a fictitious values of Mirr as (Mot-MreA), where Mrev is the reversible
fluctuation field Hf which is identical with the parameter A. component of intensity of magnetization.

For example, consider a material consisting of aligned cpe ofrinten of magnetization.uniaialferomanetc wih sontneos .The variation of magnetization for a specimen with de-
uniaxial ferromagnetic grains with spontaneous magnetiza- magnetization factor D may be derived from the constitutive
tion M,,,n, initially magnetized in the positive direction. If equation as
demagnetization proceeds by reversal of magnetization from
nuclei of negative magnetization of fixed volume v then, MtMto(0')tM (0)In 1+ +-) (14)

dE tout l1
d1j=- iVfMpont. (11) where
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A~ 5t" = [ lx~n'ugnvtlz ng .-trve -
M(o) (lI + ',,'.• /

The values of the susceptibilities are obtained from slopws t of
the M vs H curves taken at constant Mk,,.

The variation of M1,, is predicted to be a linear function hi h, ,, chalnges aIs

of in(Q + t)) but the slope 11 1, held .... nt

AX:, SMt) At Xa"- A,"

S ( D ) = -/= 1 4 , , I r5) / X

I + Dxtfo I + xt I ,'IC% I i, is reduced tor

IfD Xae4 l , then X.%, measurement

A (D) IS, (D)
A- (16)lxot- 'rv

FIG. 2. Schematic of experimental technique. The magnetic viscosity is

Equation (16) has been widely used to determine A. Hlow- measured at a constant value of H. for a periodi of time. Then the applied

ever, it follows from the above that unequivocal values of A field is ramped towards zero by a small amount and the apparent reversible

will be obtained from Eq. (16) only if X"t is evaluated as susceptibility determined from the slope of M,,, vs 11, . The field is then

(dMtot /dHna)IM".l ramped in a negative direction to the next mcasurem( -t field.

The magnetic viscosity data required to construct graphs
of the form shown in Fig. 1 may be obtained by measuring paraffin wax, hence the average density of CrO 2 in the speci-
the time dependence of magnetization at different constant men was 0.895 g cm- 3 . The magnetization curve and the
values of applied field on both the initial magnetization (first hysteresis curve for this sample are shown in Fig. 3(a). Fig-
quadrant) curve and the demagnetization (second and third ure 3(b) shows the values of A, calculated as described
quadrant) curve. Measurements are made using a vibrating above, as a function of the specific magnetization or during
sample magnetometer under computer control. If a demag-
netizing curve is to be measured, the sample is first exposed
to a saturating field in the positive direction. Then the field is (a) 80

ramped to some negative value and held constant while the
magnetic viscosity is recorded. A small recoil curve is then
performed by ramping the field first in a positive direction by 40,
an amount which is small compared to A, then in a negative as
direction back to the measurement field. The field is then (emu/g)
either ramped in a negative direction to the next measure- 0
ment field and the process repeated (called a "multiple step
per loop" experiment) or cycled through negative saturation
and back to positive saturation before continuing to the next -40

measurement field (called a "single step per loop" experi- cs (50 koe) = 78 enu/g

ment). The small curves are used to estimate X7v at the mea- - Hc (450 Oe/s) = 820 Oe

surement field. The experimental technique is illustrated in -80 4_8
-8 -4 0 4 8

Fig. 2. Hi (kOe)

Some care should be taken with sample preparation in (b) 14
the case of bulk materials as the condition of the surface and 0 tiat magnetization curve
nonuniform magnetization may have a significant impact on 0 Demagnetization curve

the magnetic behavior.'14 It is best that measurements of bulk 12
materials be performed on well polished spheres1 5 so that the
impact of the surface is minimized and the demagnetizing
factor is known. Then Eq. (16) may be used to find A. A (o0) 10

IV. RESULTS AND DISCUSSION 40409

The mechanisms of magnetization in permanent magnets 8

and in particulate recording media are of continuing interest
in the search for improved materials. Comparisons may be 6 0
made of the measured values of the parameters A and x with -30 -20 -10 0 10 20 30

those predicted by models of magnetic processes. 0 (emu/g)
For example, measurements performed on a sample ofacicular Cr0 2 particles, commonly used as a recording me- FIG. 3. (a) Magnetization curve and hysteresis curve for Cr0 2 particles

measured at room temperature with a maximum field of 50 kOe and a ramp
dium, are shown in Fig. 3. The specimen, of volume 0.134 of 450 Oe/s. (b) A vs specific magnetization for Cr0 2 particles at room
cm3 , was prepared by embedding 0.120 g of Cr0 2 powder in temperature with a maximum field of 50 kOc.
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the magnetizing of the sample (front a thermally deinagn:- ' ... ..
tized state) and the demagnetization curve. Ove: the range (it'
specific magneti:.ation from + 210 to -- 20 emu g f for the
demagnetizing curve, the results reported here may boe repre-
sented by a line A= 8.52+0.012 (r. Within experimental error.
for initial magnetization A is independent of (r within the Mi .,,
range 0 to -25 emu g I and its value is 8.7--0.4 Oc.

The CrO2 particle volumes V. estimated from SEM im-
ages, are about 4X !(1 " cm 3 compared with the value of
6.2X 10 "' cm 3 reported by de Witte et al."' The activation ,,K /
volume u calculated from Eq. (12) using A% .60 Oc and / (1,W- I 111,

17"• 11,4 4;1 )v/0) - Ir K , 1,(

M =p,,t=330 G is 1.5 X 1) t7 cm3 which is about 4I of the 04 1.

particle volume. A similar ratio was obtained by de Witte 40 20 1) 2(,

e l al.I II k(

As another example, the hysteresis curve and the varia- -__

tion of A with M1 , for a polished 5 mm diameter sphere of

sintered Pr 2Fe, 4B material are shown in Fig. 4. Over the 1oe

range -+ 400 to -400 G, A='99.5-0.02 Mit,. Over this range
the activation volume, calculated from Eq. (12) using
M 5,n, =1100 G, U=3.79X10 '9+6.26X10" 23 Mitt, has lin-
ear dimensions corresponding to about six crystalline unit A (C-.)

cells.17 Givord et al. 18 have related v to 8i. where ,5 is the 60
average domain-wall width in the material. For sintered per-
manent magnet materials of the Nd-Fe-B type initial magne-
tization involves the movement of domain boundary walls
through individual grains. The discontinuous nature of this
motion has been observed in the form of Barkhausen -600 .400 .200 0 200 400 600

pulses.t9 Attempts to observe time dependent behavior here Mirr (G)

have been unsuccessful, presumably because of the small
values of activation energy required to release the domain (c)--- ....--- --- ;- -- .4.____

walls from pinning centers within the grains. Values of 0 -2.8823

x4,IM, as functions of Mir, are shown in Fig. 4(c). The dif- 0.3 -1.80141 iff -1 1259

ferent symbols represent measurements made at different 1 -0.70369
values of Mirr. All the values lie on the same curve which, 19 -0.43980

since A is almost independent of Mir,, is a consequence of 1 0.2 0 -0.27488

Eq. (13). (G/Oe) -0.17307

Towards the ends of the ranges of magnetization it is not3
possible to make accurate measurements of A or Xirr since 0.1
the curves of constant Mir, converge and Eq. (4) becomes
difficult to evaluate with certainty. It follows that for a given
material there is a limited range of magnetization over which .
reliable measurements of A and X'r, may le made. -600 -400 -200 0 200 400 600

Mirr(GThe observations on both Cr0 2 and Pr 2Fe14B show that M (GI
A is approximately constant over a substantial part of the FIG, 4. Measurements of a sample of sintered Pr 2Fe14B at room temperature

total change of intensity of magnetization. These results are with a maximum field of 50 kOc and H'/,- 450 Oe/s. (a) A hysteresis curve.
consistent with the assumption that the major part of magne- (b) A vs Mi,,. (c) x!r, vs M1,, at many values of MA,, as indicated in the

tization reversal in both materials results from activation of legend.

nuclei of reverse magnetization having volumes which are
substantially independent of M. There is additional evidence classic Sixtus and Tonks experiment.23 A mechanism of this
to support this supposition in the case of Pr2Fet 4B, specifi- kind would be consistent with the proposition that magneti-
cally the ease with which the material may be magnetized zation reversal may be initiated by thermal activation in a
and the dependence of coercivity on the maximum magne- small volume of the parttcle.
tizing field.20

The case of magnetization reversal of acicular particles V, SUMMARY
has been considered by Sharrock. 21 He rotes that theoretical

studies by Schabes and Bertram 22 havt. concluded that a Time dependent magnetization may be analyzed in terms
strong field applied to one end of an acicular particle tends to of a constitutive equation involving variables Hi, Mir, and
switch the magnetization of the entire particle by means of a two parameters A(Mir) and Xirr(Mirr). The functions A(Mirr)
propagating magnetic reversal-a microscopic analog of the and Xrr(Mirr) may be determined experimentally from mag-
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Ubiquitous nonexponential decay: The effect of long-range couplings?
(Invited)

E. Dan Dahlberg and D. K. Lottis
School of Physics and Astronomy University of Minnesota, Minneapoli.s. Minnesota 55455

R. M. White
Department of Electrical and Computer Engineering, Carnegie Mellon University, Pittshurgh,
Pennsylvania 15213

M. Matson and E. Engle
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

Many physical systems exhibit a dynamic response referred to either as slow relaxation, a
quasilogarithmic time dependence, or a stretched exponential response. Historically this time
dependence has been attributed to the presence of disorder which creates a distribution of relaxation
times. In two papers [D. K. Lottis, E. Dan Dahlberg, J. Christner, J. I. Lee, R, Peterson, and R.
White, J. Appl. Phys. 63, 2920 (1988); D. K. Lottis, R. M. White, and E. Dan Dahlberg, Phys. Rev.
Lett. 67, 362 (1991)], we have shown that this time dependence can alternatively be explained to be
a consequence of interactions or couplings. In the model, the interactions between relaxing spins,
the dipole-dipole couplings, drive the system from an initial state towards equilibrium. As the
system relaxes, the dipolar energy is reduced and the driving force diminishes. This process gives
rise to the observed slow relaxation-time dependence in a very natural manner. To guarantee the
absence of disorder, the model considers the dipolar coupling or interaction between relaxing spins
with a mean-field approximation, the demagnetization field. Another feature observed in physical
systems which the model explains is the nonmonotonic temperature dependence of the logarithmic
decay slope. In addition to a description of the model, measurements to determine the presence of
interactions in some of the systems will be discussed.

I. INTRODUCTION II. INTERACTION MODEL SYSTEM

A remarkable number of diverse physical systems ex- As a starting point for understanding this phenomenon, it

hibit the phenomenon which is referred to as slow is useful to recall the expected response of a relaxing system.

relaxation.1 The manifestation of this phenomenon is best Debye relaxation. Debye relaxation can be understood by

explained graphically, as in Fig. 1, where the iemporal decay considering the relaxation of a collection of two level sys-
tems with an energy barrier (Eb) separating the levcls as

of the remanent magnetization of an archetypal spin glass, shwn in Fig. Each et (onemayall the eier ar

AgMn, is shown. The system was prepared by cooling from shown in Fig. 2. Each entity (one may call them either par-

high temperature to low temperatures with a magnetic field ticles, spins, or moments) in the collection acts indepen-

applied. This procss results in a magnetization in the system dently of all others. If the system ol N particles is prepared

known as the remanent magnetization. As can be seen, the
field cooled magnetic state of the system relaxes after the
removal of the cooling field with the remanent magnetization 0.0225 .

decaying quasilogarithmically with time. Other systems
which exhibit this strange time dependence in response to anI
external stimulus include the irapped flux in =o°superconductors,2 the decay of the charge carriers in amor- 0.0215

phous semiconductors,3 and the strain fields or structure in
glasses and polymers,1 to name a few. That these systems are 2
so diverse yet exhibit the same relaxation dynamics has con- =
founded researchers in theic juest for a simple explanation of 00205
this phenomenon. .07

We recently developed an explanation in which interac-
tions or couplings between the relaxing entities are respon-
sible for this seemingly ubiquitous time dependence. 4,5 In

0.0195FL * ~ L, W I~
what follows, we will develop this view of slow relaxation 1 10 100 1000
starting with the simple Debye relaxation model. This will be t (min)
followed by an extensive discussion of bow it explains vari-osobserved features in physical sys'eins. How to more FIG. 1. An example of shuw relaxation, Thc system is an alloy of 7.8% Mn
ous oin Ag. The sample was cooled in a field of 3 kG which resulted in a rema-
fully test the applicability of the model is discussed at the nent magnetization. The resulting decay was observed after removal of the
end of the discussion session, cooling field.
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FIG. 2. A two level system with the energy minima separated by an energy t

barrier. This system rwovidcs a useful description fto. a number of physical
systems and, in ihe absence of interactions, a collection of these systems
with identical parameters exhibits an exponential time dependence. FIG. 3. The effects of disorder on cxponcntial decay. This artificial relax-

ation curve is the result of avcraging the relaxation curves for five exponen-
tial decays. The decay times arc 0.1, 1, 10, I(M), and I(XKI s. Note that the

with all the particles in the higher energy state, it will relax quasilogarithmic time dependence is roughly a decade less than the number

to a distribution of particles in the higher energy state (or up of decades in the average.

state, E,) and lower energy state (or down state, E ) where
the ratio of the number of particles in the up state to the rather large amount of disorder to be present in a physical
down state will be given by the Boltzmann factor, system, but because the r's are exponential functions of en-
exp(-/AE), where /0 is kilT and AE is (E,- E_). The ergy, this distribution corresponds to a spread in energy bar-
dyramics of this relaxation process depend upon the attempt riers of only one decade, approximately. Clearly, with this
frequencies for the particles in the up and down states to try approach, most investigations of the relaxation processes of
to get over the barrier, w, and &.- , respectively, in addition the various physical systems argue that the energy distribu-
to the three energies defined above and in Fig. 2. By recog- tion is the measured entity. For one example of this ap-
nizing that the number of particles hopping over the barrier proach. the temperature dependence of the relaxation rate has
at any given instant from the up state to the down state de- bocn used by the Grenoble spin-glass group to determine the
pends upon the number of particles in that state at that in- energy distribution using T In(t) scaling.rm
stant, N +, one is led to the differential equation for dN * /dr, enrydsibtouigTln)scig.An alternative view of slow relaxation was presented by

dN + .p+ - - some of us in a series of publications starting in 1988.4,5 The
dt Nfundamental premise for the model is that interactions, with-

out any disorder, can result in the quasilogarithmic relaxation
+ W N exp[-.(E 6 -E_ )- . (1) observed in so many physical systems.

This differential equation includes the possibility for par- The model system we developed consists of a plane of

ticles in the down state to return to the up state. By assuming spins or magnetic moments with an anisotropy energy such

that the attempt frequencies w+ and &w- are equal, and rec- that the energy minima are with the moments aligned per-

ognizing that the total number of particles N = N . + N.. , this pendicular to the plane, i.e., the energy minima states are up

equation can be rewritten as and down states which are perpendicular to the plane. These
spins interact through dipole-dipole interactions which are

dN _ wN, expt-1(Eh-E+ treated in a mean-field approximation. In the ground state

dt this system contains no net magnetization, with one spin up
for every spin down. When the system is saturated along the

+w(N- N)exp[ -3(E,,-E_)]. (2) positive z axis, the demagnetizing field of the system will be
A solution to this differential equation leads to a decaying elong the negative z axis, driving the system back to equi-
N÷ which is exponential in time, described by a single re- librium. Because the remanent field decreases as equilibrium
laxation time r; the -r is of the form r=- w- exp(Eb.rier/kT). is approached, the thermal energy needed to overcome the
This exponential decay is generally referred to as Debye re- anisotropy energy barrier increases. This slows the relaxation
laxation. Although this derivation is very straightforward, as process over time, leading to quasilogarithmic relaxation. As
stated earlier, many systems do not obey this relationship. will be shown later, if there were no interactions the system

Rather than abandon this simple model, it has long been would still relax but since the barriers remain at their maxi-
the usual practice to assume distributions of energies E+, mum height, the decay, with an exponential time depen-
E -, and Eb which gives rise to a distribution of relaxation dence, would take a much longer time.
times, i.e., a distribution of 1rs. As an example, a system In this model each moment has a uniaxial magnetic an-
containing five discreet r's, each separated b' a decade, pro- isotropy energy of the form -Kv cos2(0), where v is the
vides a quasilogarithmic relaxation over tour decades in volume of the spin grain, 'k the angle between the spin vector
time. To illustrate this, Fig. 3 is the relaxation of a system of and the positive z axis, and K,, a positive constant. This
particles with equal numbers of particles having relaxation system of particles fits the two level model presented earlier;
times of 0.1, 1, 10, 100, and 1000 s. This may seem to be a E+ and E occur at values of O=0 and 7T and are degenerate
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at an energy -Ka v Assuming coherent rotation of the indi- I
vidual magnetic moments, the energy barrier maximum E ,
occurs at -r/2 and has a value of 0. 0.

In the presence of an external magnetic field applied 0.3 8

along the O= w direction (taken to be the negative z-axis
direction), the magnetic energy MHv cos(O), where M, is 0.6 200 400

the saturation magnetization of the spin grain, must be con- Temperature

sidered in addition to the anisotropy energy. This gives a .4
total energy per particle of 2 0.4

E K -Kuv cos2 ( b)+MMHv cos(O). (3) 0.2

0 . _

There are two important changes when a magnetic field is , 0o, I0• 10- 10" 100 10, 102 103 1o0 o0'
applied. First, the energy minima are no longer degenerate Time
although they still occur for 0=(0 and tr. Second, the energy
barrier is no longer at Ob= 762. The value of 0 corresponding FIG, 4. An example of a slow decay of the model system given by Eq. (5).
to Eh is obtained by the usual process of differentiating and For this decay the relevant parameters are K =5X ergstcm, M =2X) emu/
setting the result to zero. Using the Eh determined, above and cm, T=3(1W K. v =2X 10- 18cmX. and w=•o-2X 10'4 S 1. Note that the decay

is measured over nine decades in time. The inlct in the figure is the tern-the E , and E_ detcrmined from O= 0 and 7r, respectively, perature dependence of the logarithmic slope of the decay taken at a time of
the differential equation which describes the dynamics of the Itxt s. The nonmonotonic behavior of the slope is observed in magnetic and
moments is then given by superconducting systems (see Refs, 12 and 2).

w,-- =- N Nie - (M'HH-2K5 )2 dt = _-wN+ AN expý L- (2irM'ANIN-KK)2

+ w-.N Ne- P7[4  (M.H + 2Ku)2j, (4) + (WN_ _AN) exp[- 8v (2 .rM'ANiN + K]']

(5)

where N. is the number of spins pointing up, N the number This nonlintear differential equation now describes the situa-
of spins pointing down, (o+ and w- the attempt frequencies, tion where the magnetic field of the spins are driving the
and #= 1/KhT. This expression is an explicit development of system to a state with equal numbers of up and down spins.
Eq. (2) and would therefore describe the usual Debye relax- As the relaxation progresses, the field which drives the sys-
ation with an exponential time dependence as in Eq. (3). In tem decreases and thus the relaxation slows down. The result
general, the attempt frequencies for the + and - spins are of this decreasing drive field is shown in Fig. 4. This figure is
functions of the applied magnetic field and are not equiva- a numerical solution to the differential equation with the pa-
lent. However, setting the w, and w- to be equal and inde- rameters listed in the figure caption. As shown, the relaxation
pendent of the applied field introduces little error as the re- rate slows down as the system relaxes, This quasilogarithmic
laxation is dominated by the argument of the exponential, not time dependence occurs over six decades in time.
the prefactor. Therefore in the remaining discussion they will Several comments are necessary concerning this relax-
be given by &). ation. The first is that although the data exhibit a quasiloga-

This expression, of course, neglects any coupling be- rithmic time dependence, there is absolutely no disorder in
tween the particles. In particular, the dipole-dipole coupling the system. The couplings are treated in a mean-field ap-
between tK-. magnetic moments of the particles is lacking. As proximation such that it is only the average field.
the particles are arranged in a plane and restricted by the 2rrM4AN/N, which enters the expression. The second is that
anisotropy energy to orient perpendicular to the plane, the various functional forms of slow dynamics must be consid-
dipolar interaction energy would be a minimum for the case ered, and while the data here is plotted against the log of
where the alternating spins are antiparallel to each other, i.e., time, it can also be fitted to a stretched exponential over
a dipolar antiferromagnet. In order to guarantee the absence several decades. Maybe without much surprise, it would ap-
of disorder, the dipolar couplings between the spitis can be pear that fittin.g to various functional forms of slow dynamics
treated with an averagt or mean-field approximation, the de- must he considered carefully before completely ascribing the
magnetization field. For i.:,• limiting case of planar symmetry behavior to a single one. Finally, for times longer than about
with the magnetization perpundicular to the plane, as is ap- 4X 104 s, the slowly decaying function becomes expo-
propriate for the present situation, this gives a field of nential.7 This long time regime can be understood by consid-
-41rM where M=M,(N.-N_)/N, where N is the total ering the limit in Eq. (4) where AN becomes small enough
number of moments. Defining AN such that that the exponential is dominated by the K0 . In this limit, the
N±(_)=N/2+(-)AN/2 (so AN=N+-N_), one obtains differential equation becomes linear and the decay is expo-
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nential. In the other time extreme, at short times, the initial process is so rapid that, by the time the nmeasuremnents start.
time dependence is a result of the attempt frequency w cho- tile system has already relaxed, and again in the time window
sen for the generation of this data (about 10) s 1 for this of the measurements, there is no measurable decay. Between
figure). these two extremes the decay rate measured in the time win-

The long time observation makes another point clear, dow goes through a maximum. It one could measure the
that the relaxation is not slow; it is actually fast. If there were initial decay rate, which occurs at zero time, it would con-
no interactions, the full energy harrier height would be tinue to increase. The inset in Fig. 4 shows the temperature
present at all times; with interactions present, the barrier dependence of the decay slope from the model at the fixed
height is a function of the state of ;i: system, but it is always time of liX) s (or a factor of 10('X the attempt frequency),
less than it would be without the interactions. To further Another test of tile applicability of the model is to con-
explain, if two otherwise identical systems, one with and one firm the presence of interactions. In the case of the magnetic
without couplings, were prepared in a state with all the spins aftereffect in ferromagnets, there was work which showed
parallel, they would both relax to a state with equal numbers how the demagnetization factor altered the measured
of up and down spins. The main difference is that in tile dynamics.12 In this work, the larger the demagnetization fac-
system without interactions there would be little decay until tor, the more resistant tile system was to being magnetized.
the time decade which is equivalent to the relaxation time This fact is consistent with Eq. (5) where the interaction or
over the full barrier height.8 coupling term, 2fAtMAN/N. has a different numerical con-

stant from 27r. In the case of superconductors, the frozen flux
III. DISCUSSION is associated with trapped vortices. Each vortex acts as a

To summarize the constraints of the model, we must note single magnetic dipole which can interact with the others via
that it is for particles with constant magnetization, uniaxial th," dipole-dipole coupling. With only a very general argtu-
anisotropy, and considers only coherent rotation for the mag- ment, Tinkham used a similar rationale to get the logarithmic
netization reversal process in a single particle. Although tile time dependence of the flux decay.13

model system certainly exhibits a reasonable time depen- For general applicability, one needs to determine the
dence, it is necessary to show that the model does have a presence of interactions in these systems and their relevance
basis in fact with physical systems. We have previously to the magnetization process. We have previously used an
shown that the decay of the remanent magnetization in thin approach developed by Wohlfarth14 and Henkelt '5 plotting the
films of CoCr can be fitted to the model over a limit,,d mag- remanent magnetizations in what are referred to as lHenkel
netization decay range.- However, the volume of the mag- plots. In that workt ' we were successful in showing how
netic entities, the only adjustable parameter in the fit, was known interactions in a system, the perpendicular-to-the-
several orders of magnitude smaller than that measured by plane demagnetization field, explained the observed rema-
electron microscopy. Although seemingly problematic, nances. It is important to note that Henkel plots may suffer
simple calculations show that this is a reasonable volume for from a nonrandom demagnetized state. Thus it would be best
a domain wall in one of the cobalt rich particles in the CoCr. to work with a system which can be annealed prior to mena-
This would indicate, at the very least, that the coherent rota- surement. For this reason, and because it is an archetypal
tion assumption is incorrect, a fact consistent with observed slow relaxation system, we have recently been studying the
domain reversal in small particles. Hlenkel plots of spin glasses. Although in a preliminary stage,

Another feature which appears in many systems which we note that all Henkel plots on the spin glass Ag:Mn indi-
exhibit this slow relaxation is a nonmonotonic decay slope. cate interactions are in fact present.17
This feature is usually considered anomalous since one A final comment to make is that the interactions in the
would expect any thermally activated process to accelerate at model are treated to assure that disorder is not present and so
higher temperatures. However, the magnetization decay in the interactions must be responsible for any slow relaxation.
superconductors, 2'' ferrofluids,t"t and the CoCr alloys"t ex- In real systems, the interaction range is finite; therefore dis-
hibits a maximum as a function of temperature. This charac- order is present. For example, starting from a saturated
teristic has been used as evidence that there is a collective sample, after the very first spin or moment flips, its neigh-
transition of the decaying system. In the present model, this bors see a different dipolar field than the spins farther away.
anomalous feature occurs in a very natural fashion for the As the system evolves, this situation is exacerbated, So in the
following reason. interaction driven model presente'J here, with the mean-field

All experiments are constrained to measure the decay in approximation, the slow relaxation occurs as a result of the
a fixed time window. For example, in a SQUID magnctome- couplings and disorder does not play a role. In real systems,
ter measurement, it may he that the measurements start ap- with finite ranged interactions, some disorder is always
proximately 1 min after a change in the external field. The present. The relevant question is then how important this
measurements may then proceed for times up to hours or disorder is compared to the interactions. To test this question,
days. In any event, the time range of I min-I day sets the disorder must be included in the calculations, a process we
measurement time window, and the decay slopes at all tem- have recently begun.8

peratures and initial states are defined in this window, At low It is important to point out that in addition to the work
temperatures, even though the interactions may be large, presented here, the model has been used by others with the
there is not enough thermal energy for the system to decay in inclusion of a domain-wall energy term, to model the mag-
the time wiidow. At sufficiently high temperatures, the decay netization process in magneto-optic media. t s
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Mesoscopic model for the primary response of magnetic materials (invited)
R. V. Chamberlin
Department of Plkysic. and Astronom); Arizona State University. MI'np, Arizona 85287.1504

A model for the relaxation of thermal fluctuations is applied to the dynamical response of magnetic
materials. Systems investigated include paramagnets, spin glasses, and ferromagnets. The key
feature which distinguishes the model is that it describes the behavior of localized normal modes
(e.g., magnons), not barrier hopping or domain-wall motion. Mathematical approximations to the
model reproduce several previously used empirical formulas, such its the stretched exponential,
power-law, and logarithmic time dependences, but the unapproximated model gives generally better
agreement with observed response. Data of sufficient quality and range allow quantitative
confirmation of all assumptions of the model. The model provides a common physical basis for
observed magnetic after-etfects, the magnitude and distribution of Landau-Lifshitz damping
parameters, and I/f noise.

I. INTRODUCTION that we call "dynamically correlated domains" (DCDs). Per-

Despite the fact that all classical systems must ultimately haps the tarliffst picture of dynamical heterogeneity was the

relax exponentially, single rcIax,,2-nn rate (Dehye-like) he- 1907 Einstein model for the specific heat of solids, in which
havior is rarely observed iii ;.,,ndensed matter. Nevertheless, it was assumed that each atom was an independent harmonic
some remarkably "universal" empirical expressions have oscillator.12 In 1912, Debye recognized that, due to interac-

been used to characterize the observed response from many tions between local sites, a solid can lower its energy by
different materials. Since 1854,1 the most popular empirical dynamical correlation into normal modes.' 3 Examples of
expression for characterizing amorphous materials has been normal modes include phonons, polaritons, and magnons. In
the Kohlrausch-Williams-Watts stretched exponential a perfect harmonic crystal, all normal modes are infinite
M(t)oce-((')#. For crystals, the Curie-von Schweidler plane waves; in real systems, however, some normal modes
power law 2 M(t)(t-fl is often preferred. For magnetic after- may become localized. Even in simulated perfect crystals,
effects, the N6el 3'4  logarithmic time dependence some normal modes are localized by assuming realistic (an-
MQ)alog(t/T) is also popular. These empirical expressions harmonic) interactions, but direct observation often requires
are simple mathematical formulas that give generally good suppression of the plane-wave excitations." In real systems,
agreement with a wide variety of measurements. Unfortu- intrinsic inhomogeneities may augment the localization of
nately, they are also common mathematical approximations normal modes.
to a wide variety of models; hence demonstrating agreement Considerable evidence indicates that dynamical hctero-
with these formulas tells you nothing about the physical geneity is common in condensed matter. In glass-forming
mechanism of response. Furthermore, all of these formulas liquids, four-dimensional (4D) NMR measurementsi 4 unam-
have infinite slope at t = (1; hence they must only be approxi- biguously establish that nonexponential relaxation is due to a
mations valid over a limited time range. Indeed, measure- heterogeneous distribution of independently relaxing regions
ments over sufficient range invariably demonstrate devia- (DCDs) that become homogeneous only after essentially all
tions from such simple mathematical formulas. of the primary response is complete; typical diameters are

Here we review a physical model for the observed re- found to be -35 Alis In spin glasses, neutron-scattering
sponse of condensed matter. The model is based on two as- measurements,1 1 and the 2D to 3D crossover,i 7 indicate dy-
sumptions: that nonexponential relaxation is due to a hetero- namical heterogeneity on a scale of 40-1t000 A. In iuS crys-
geneous distribution of exponentially relaxing regions, and tals, the thermal hysteresis of the remanent magnetization
that these regions obey elementary thermodynamics. Various can only be explained by regions with distinct dynamical
mathematical approximations to the model reproduce all of behavior, while the relaxation of this remanence quantita-
the previously used empirical formulas, but the unapproxi- tively confirms a specific distribution of DCDs. It is impor-
mated model gives generally better agreement with observed tant to emphasize that DCDs are related to a dynamical cor-
behavior. The model provides a physical description for the relation length, not a region of static order. For example, in
dynamical behavior of dozens of different systems including pure Fe at low temperatures, statically aligned regions are
dielectric, structural, and thermal response in liquids, glasses, macroscopic, while the magnetic exchange lengthIs I..
polymers, and crystals.5- 8 Ilere we fo-ýus on application to = -vWM- (A is the anisotropy energy and M, the saturation
magnetic systems, 6.7.9-11 including resonance spectra, mag- magnetization) gives 1ex,80 A, suggesting that each stati-
netic after-effects, and 1/f noise in paramagnets, spin cally aligned region contains a myriad of independently re-
glasses, and ferromagnets. laxing DCDs, as is quantitatively confirmed from the ob-
II. MESOSCOPIC MODEL served magnetic response.

Generally, the relaxation rate of a DCD (wj) will depend
We assume that nonexponential response is due to a het- on its size s, where s is the number of responding particles

erogeneous distribution of independently relaxing regions, (proportional to volume) in the domain. For a distribution of
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sizes (n,), and size-dependent initial response (M,), the net energy barrier, C>0 (see Sec. IV) and Eq. (1) may be ap-
relaxation is the weighted sum over all sizes: proximated by a power law with w- the fastest relaxation
M(t)-ýIS'.n.,M se- w. A change of variable (w,= I/r") may rate.
be used to convert this sum to include the customary distri- In principal, both k and C could adjust the spectral shape
bution of relaxation times, but we prefer to parameterize re- of Eq. (1). Experimentally, however, for all ergodic systems
laxation in terms of DCD size; since s is a thermodynamic that we have examined, the ratio (k/C) is constant, indepen-
variable, the expressions for n, and M, will be simpler. dent of temperature. For example, from the dielectric suscep-

The size dependences of n1 , M•, and w,. are obtained by tibility of glass-forming salol over 24 K we find7 
x/C

assuming simple thermodynamics. Thermodynamic exten- =-0.182±0.003. Furthermore, we find a similar ratio from
sivity suggests that the net response of a DCD should be dozens of measurements on many different glass-forming
proportional to its size, Msocs. The central-limit theorem liquids, and even k:/C =0.197±0.02 from magnetic relax-
suggests that near thermodynamic equilibrium, DCDs should ation in single-crystal Fe)' We now speculate as to a pos-
have a Gaussian size distribution nsxe -(x)Irl2 , where or is sible reason for this "universality."
the variance about an average size 9. Detailed balance sug- A specific expression for the correlation coefficient (C)
gests that, if the system is to approach thermodynamic equi- in the relaxation rate (w.=we-(("r/) may be obtained by
librium, relaxation rates between energy levels separated by combining detailed balance with Fermi's golden rule. The
an amount &E, must vary as woce- 8 E,12kB1, The key feature transition rate from energy Ei to EI is wi.f .AlvifJ2

which distinguishes our approach is that we consider the X j(n_/n ),where Vi_,f (= Vf _,) is a matrix element that
relaxation of localized normal modes (e.g., magnons, connects the initial and final states, and fln i
phonons, polaritons, etc.), for which energy-level spacings e -(E-E1)/kM" is the factor that ensures detailed balance, At
are inversely proportional to size: &E,o1l/s. normal temperatures (kBT> &SE,-•/l), thermal fluctuations

The fact that normal-mode energy-level spacings gener- strongly influence transitions between levels, so that the ma-
ally vary inversely proportional to size may be pictured in trix element is dominated by the probability that a fluctuation
many ways. In a simple magnon picture,19 the bandwidth (6) will cause the initial and final energies to overlap,
depends only on the local spin and exchange integral, inde- Vi..focPilfI Near thermal equilibrium 22

pendent of domain size, whereas the number of excitations 11, 1 focexp[ - (Ef-Ei)2F"(E,,)/2k,1 T], where
that fill this bandwidth is proportional to the number of spins F"(Ee)=sf"(Ee) and f"(Ee) is the Helmholtz free-energy
in the domain; hence E,-Als. In fact, this is the thermody- curvature per particle abolit the equilibrium energy. The net
namic requirement that densities of states are extensive quan- relaxation rate into equilibrium is obtained by integrating
tities, MN8E.sOS, so that the energy spacing between adja- over all possible initial states
cent (&V=1) levels is SEfocl/s. Of course, we are not the
first to consider finite-size effects in condensed matter. In p=12 dIIP , 2, (/•,)•el/I6 '(•',k,I'rl
1937, Fr6hlich20 calculated the energy spacing for quantized W ,- f '

excitations in perfect spheres, and obtained the textbook ex-
pression &E,l/DlD2 C/s 2/3. In 1962, Kubo 2' recognized that yielding 7  C= - 1/[ 16(rf"(E,.)kHT1, so kIC=-16.f"
imperfections in real systems break the degeneracies inherent >< (E,)kBT. As expected for response that is governed by
in perfect spheres, yielding &Esol/s. Thus &E.1l/s for me- thermal fluctuations, the relaxation rate is independent of A,
soscopic systems governed by either quantum mechanics, or consistent with a ratio of shape parameters in Eq. (1) that
thermodynamics. We implement this requirement to obtain does not depend on the details of interactions in a substance.
relaxation rates that vary exponentially with inverse size. Some thermodynamic identities can be used to simplify

Combining the ingredients of finite-size thermodynam- k/C. The free-energy curvature of an average-sized DCD
ics, using x - s/a- and converting the sum over all sizes to an may be written 23

integral, the net relaxation of an ergodic system (e.g., rapidly d 
2S 2 )

relaxing crystal or liquid) becomes -f"(E p2/9E'1(E-TS5)=-T( S/cE I 1(TCv)

(where Cv=t9E/r9T is the "heat capacity" of an average-
=Al)dx sized DCD due to excitations that contribute to observed

M(t)=M e--e - (e) response), so that I/C = - 16k11ICv. For a system of N clas-
sical particles, the law of Dulong and Petit gives i/C= - 16/
3N, leaving no explicit temperature dependence. Of course,

Equation (1) has four adjustable parameters: the prefactor with decreasing temperature, the heat capacity per particle
(Mo) accommodates the magnitude of response, the asymp- diminishes, Cv<3k8 , while the number of particles in an
totic relaxation rate (w.) governs the time scale of relax- average-sized DCD increases, .>N. Evidently, since V/C is
ation, the correlation coefficient (C) controls the spectral found to be constant, the effective number of classical de-
width, whereas the scaled average size (k=&Io-) influences grees of freedom must not change, ,•cv=3Nk11. Finally, we
the magnitude, time scale, and width of response. Note 7 for speculate that N corresponds to the minimum number of
simple relaxation between adjacent energy levels, detailed classical particles necessary to support nontrivial excitations
balance yields C<0, and Eq. (1) may be approximated by in three dimensions, N-3 3, which gives kc/C -0.198.
the stretched exponential with w. the slowest relaxation rate, Empirically, regardless of interpretation, Eq. (1) with .k/ICI
whereas if relaxation requires activation over an intermediate =0.19±0.02 provides excellent agreement with observed re-
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Fie. 1. Relaxation of the remanent magnetization in a single-crystal whis-
ker of Fe at 4.2 K after removing throe different ficids. Dashcd curves are FIG. 2. Relaxation of the remanent magnetization in an ll.9%Au:Fc samplec..
best fits to the data using the stretched cxponential function, Solid curves are at thrce temperatures above the spin-glass transition T• =39 K. Solid curves
best fits to the data using Eq. (1) with ii/C= 0.20. Inset: deviation between are the best fits to the data using Eq. (2). Inset; deviation between the data, __-'
the data, model function (solid line at each origin), and stretched exponen- model function (solid line at each origin), and simple power law.

tial,

sponse from a wide variety of ergodic systems with only one 11,9% Au:Fe sample at three temperatures above the spin---_.
parameter governing the width and entire shape of the re- glass transition Ts =39 K.9 The inset shows that a simple _
sponse. power law gives good agreement over four or five orders of

Nonergodic systems (e.g., slowly relaxing crystals or magnitude in time, but when the entire range of data are
glasses) have quenched (local) randomness that may be char- considered, Eq. (2) gives significantly better agreement, Fig-
acterized by the Poisson-like distribution from percolation ure 3 shows magnetic relaxation in a single crystal of EuS at

iB (C) three temperatures below the Curie transition Tc =16.57 Kt :-
theory: snlscst- e-( ). For isotropic excitations in highly Linear fits to the data show that the relaxation is approxi--
correlated (,p>p•.) systems, the size-scaling exponents are mately logarithmic, but again, best fits using Eq. (2) are sig-
1-0=10/9 and •=2/3, with C'oc]p-p~l 2 '2. Using x'=C's, nfcnl etr
the net relaxation of a nonergodic system becomes We have documented statistical, qualitative, and quanti-

- 0 dxxO~ 2 3 Ie() tative evidence for the validity of the mesoscopic model,
M(t)=MoJd0  °9-23-t~ecx 2 Statistically, compared to previously proposed response

functions, in addition to giving superior agreement with ob-
Equation (2) has only three adjustable parameters: again Me served magnetic response from paramagnets, spin glasses,
accommodates the magnitude of response and woo governs and ferromagnets, the model also provides better agreement
the time scale of relaxation, while the width and entire shape with the observed dielectric, structural, and thermal response
of the response is controlled by the single parameter C. For from dozens of liquids, glasses, polymers, and crystals: Fur-
example, if C = 0 the relaxation is size independent, yielding thermore, no other previously proposed response function
single relaxation rate (Debye-like) behavior, whereas if can fully account for the qualitative behavior of the high-
ICl -l1, the spectral width is extremely broad, Here, for re- frequency dielectric absorption in glass-forming liquids.7

sponse that is governed by thermal fluctuations, the correla-
tion coefficient is given by C=- C'/[ 16f"(Ee)kBjT],

III, EXPERIMENTAL EVIDENCE FOR THE MODEL e : : :i
Measurements of magnetic response were made using a" , +

SQUID magnetometer. Features of the magnetometer include _t ..- "-
anonconducting sample region (to minimize eddy-current -

effects), and a critically damped low-impedance solenoid for"•.
fields (H) of 0.05-70 Oe that can be removed within 5 1 s. A

With a standard dc SQUID sensor coupled to a high-speed = 0.6 '-i.K
voltmeter, the magnetometer is capable of measurements

from 10- to 104 s after removing H.Figure 1 shows the relaxation of the primary magnetic 0.2 2 ,

o o

response in a single-crystal whisker of Fe at 4.2 K after t(ect€)•

removing three different fields.t1 Best fits using tile stretched
expnenialshow significant deviations from the observed FIG. 3. Relaxation of the remanent magnetization in single-crystal EoS at _

e p n nilthree temperatures below the Curie transition ?',.= 16.57 K. Dashed lines arc _
behavior, while Eq. (1) with i/ICI = 0.20 gives excellent best logarithmic tits to the data. Solid curvcs arc best fits to the data using

agreement. Figure 2 shows the magnetic relaxation in an Eq. (2).
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Most convincing, however, is the quantitative confirmation a=(8B)1"1(41rfo)0 0.005. Thus the mesoscopic model pro-
of the size-scaling exponents. vides an explanation for both the magnitude, and distribu-

The size distribution used in Eq. (1) [xn, tion, of Landau-Lifshitz damping parameters in Fe. Further-
0Cx1 -e-(x-x) 2] assumes thermodynamic extensivity (1 more, approximately half of the commercially available
-0= 1) and that DCD size obeys the central-limit theorem ferrite materials 26 have damping parameters consistent with
(ý='1). For data of sufficient quality and range, it is possible a-e- i/(0.191:0.02). However, other materials have quite dif-
to release these exponents as additional adjustable param- ferent damping parameters, suggestive of alternative relax-
eters, so that the only place where size scaling is fixed is in ation mechanisms. Most notably, highly polished YIG crys-
the exponent of the relaxation rate, w,=we -cX1 with tals have the lowest microwave loss of any material, with
P=3-1. For example, if response was a surface effect or if a-'10- 4. Such extraordinarily low loss is attributable 27 to an
domain radius was the appropriate parameter of randomness, absence of orbital contributions, and nearly spherical charge
one would expect 1-19=2/3 or ý=1/3, respectively. From distribution, for the ferric ions in YIG; thus the spins are
magnetic relaxation in single-crystal whiskers of Fe, we find decoupled from the "universal" lattice vibrations which gov-
1- 0=0.92±0.12 and C=0.99Q.08, quantitatively confirm- ern the relaxation in many other materials.
ing all assumptions of the model: volume response 1-0= 1, Another common property that may be attributed to me-
random DCD sizes ý= 1, and relaxation rates vary exponen- soscopic thermal fluctuations is 1/f noise. Electrical 1/f
tially with inverse size /3- -1; otherwise 1 -0 and ý would noise has been known for many years,28 but magnetic mea-
adjust to compensate. Similarly, the size distribution used in surements of sample noise have only been possible with re-
Eq. (2) (xnccxt-0 e-x) assumes the Poisson-like size distri- cent advancements in SQUID magnetometry.29 Within the
bution from percolation theory (ý=2/3) and thermodynamic fluctuation dissipation theorem, noise is proportional to 1/f
extensivity (1- 0=10/9). From magnetic relaxation in single- times the out-of-phase (absorption) component of response,
crystal EuS we find 1-0=1.10±0.02 and ý=0.669±0.004, I 2(f) = k1TX"(f)/7r2f. Thus only systems with infinitely
again quantitatively confirming all assumptions of the model. broad absorption peaks (corresponding to logarithmic timc
Alternatively, within experimental uncertainty, Eqs. (1) and relaxation) will exhibit purely 1/f noise. Of course, no
(2) are the correct response functions for these data. physical system can have an infinitely broad absorption peak,

as evidenced by deviations from logarithmic relaxation when
measured over sufficient time range; similar deviations must

IV. APPLICATIONS OF THE MODEL also occur in I/f noise. Indeed, magnetic noise spectra 29

Since the model provides a physical mechanism for the from spin glasses exhibit very broad, asymmetrical devia-

primary response of condensed matter, it may be used to tions from 1/f behavior, consistent with relaxation rates that

interpret a variety of observed behavior. For example, the vary exponentially with inverse size, which .s the key feature

model has been used to identify ergodicity in amorphous of our model. Furthermore, deviations from I If behavior

systems, and provide an explanation for observed non- become more conspicuous near T_ similar to the increased

Arrhenius temperature dependences of relaxation rates. deviations from logarithmic relaxation observed in EuS near

Here we will focus on application to magnetic materials, T7, Using Eq. (2), 1/f times the out-of-phase component of

specifically the observed magnitude and distribution of the Fourier transform of -dM(t)/dt yields a specific expres-

Landau-Lifshitz damping parameters, and 1/f magnetic sion for the equivalent noise spectrum:
noise. ý0f LkL 1oX(l~-~/w,.When C>0, the size-dependent relaxation rate M2(f)2T dx I + /2/wv

(Wx,=We-C/x) implies that larger DCDs have faster relax-
ation rates. C>O (as is observed for the primary magnetic (3)

response of Fe) can only occur if relaxation requires activa- where w.=w.e-c/l. Although electrical measurements on
tion over an intermediate barrier, where f"(E)<0 gives small samples have shown tht I/f noise is often caused by
Coc 1/f"(E)>O. Qualitatively, large DCDs have many de- a distribution of independently relaxing regions, 30 available
grees of freedom that facilitate traversal of a potential bar- magnetic measurements have not allowed quantitative con-
rier, whereas small domains are relatively rigid, and hence firmation of Eq. (3). Nevertheless, magnetic relaxation that is
require many attempts before relaxing. In the Landau-. characterized by Eq. (1) or (2) may yield apparent 1If noise.
Lifshitz formalism, a fundamental attempt frequency is the For example, Fig. 4 shows equivalent noise spectra of ferro-
Larmor precession rate w = I B, where IH= 17.6X 106 (rad/ magnetic EuS, demonstrating qualitative agreement with
s)/G for pure electron spins.24 If this precession is related to measured noise spectra, 2Y and the difficulty in distinguishing
the asymptotic relaxation rate w-JyB, then wj=woe- C/ from hypothetical I/f behavior.
gives a connection between the gyromagnetic precession and
average relaxation rates, providing a physical explanation for V. CONTRAST WITH PREVIOUS PICTURES
the Landau-Lifshitz damping parameter a-wj/w,=e -C

Indeed, from SQUID measurements of magnetic relaxation Domain-wall motion is an established mechanism of
in Fe we find a-e-1/(O1•9 7-±0. 2)__0.006, consistent with magnetic response. Usually, wall motion occurs on short
the damping parameter found from ferromagnetic-resonance time scales (<10-5 s), outside the time window of our
linewidths at much higher frequencies: 8B =32 Oe at f,)=9.2 SQUID magnetometer, but by extrapolating the observed re-
GHz and 8 = 158 Oe at 36.2 GHz 25 give sponse to t=0, an estimate of the relative contribution of
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FIG. 6. Relaxation of the remanent magnetization in Fe at 4.2 K after
FIG. 4. Equivalent noise spectra in ferromagnetic EuS, from the imaginary removing four relatively large fields. Inset: deviation of the data from Eq.
part -)f the susceptibility (inset), as determined from the data of Fig. 3. Solid (1), showing small jumps and spikes (Barkhauscn noise) due to domain-wall
lines are the best po;.,,.;-;dw fits to the data [M2(f) o, 1//], yielding / of adjustments during the primary magnon relaxation.
1.007, 1.046, and 1.14 at temperatures of 4.2, 8.0, and 16.5 K, respectively.

Many investigators have considered slow relaxation due
such fast response mechanisms can be obtained. As shown in to coherent domain rotation via barrier hopping. Such coher-
Fig. 5 for the magnetic relaxation of Fe, after removing small ent domains are assumed to be rigidly aligned in a common
fields (H<0.1 0e), the response accounted for by our me- direction, with only a few degrees of freedom, similar to a
soscopic model is only about 20% of the initial (infield) re- rigid rod governed by classical mechanics. Generally, barrier
sponse; 80% of the initial response occurs before 10-5 s, heights are assumed to increase with increasing domain size,
presumably due to domain-wall motion. However, with in- WE s s with /3>0. In contrast, we consider relaxatien of
creasing field the fraction of slow response increases, until low-energy internal degrees of freedom (e.g., magnons) gov-
/->I 0e where essentially 100% of the initial response can erned by thermodynamics, for which /3= -1. Our approach
be accounted for by magnon relaxation over the available has some favorable features. First, even at low temperatures
time window. At still higher fields (H> 3 e, Fig. 6), rela- in highly ordered ferromagnets, where rigidly aligned spin
tive!y small jumps and spikes appear, indicative of minor behavior might be expected to occur, magnons are found to
domain-wall adjustments (Barkhausen noise) during the oth- govern the static magnetization, hence they should also con-
erwise smooth magnon response. Evidently, the magnetic re- tribute to the dynamical properties. Second, it is generally
laxation is so slow that domain walls (which traverse the assumed that slow relaxation of a rigidly aligned domain
sample in <10-5 s) cannot carry any magnetization reversal, requires activation over an intermediate energy barrier. In
Instead, these "proto-walls" merely break the degeneracy contrast, for C<O, normal-mode relaxation involves simple
between regions where magnons will eventually relax the transitions between adjacent energy levels, thus requiring
spins into distinct static alignments; magnetization evolves only detailed balance. (Although Fme systems do have
smoothly froma saturation without any significant contribu- C>0, indicating relaxation over an intermediate barrier,
tion from wall motion. since &E• sIsX3 with /3=-i, large DCDs relax faster than

small DCDs, as expected for systems with internal degrees of
freedom.) Third, since w,, e-C/x, there is considerable
asymmetry in the relation betweeit domain size and relax-

"" \ ation rate, so that relatively symmetrical, and hence more
physically reasonable, size distributions (e.g., Gaussian or

Ea percolation) provide good agreement with most frequently
°* a X" observed asymmetrical responses. Finally, within experimen-

4 00, tal uncertainty for a variety of systems, /3= -1 has been
2- "confirmed quantitatively.

o0 Vl. CONCLUSIONS

10-2 10 10 A model is presented that provides a physical description
H (0.) for the primary response of condensed matter. The model is

based on the assumption that nonexponential response is due
FIG. 5. Field dependence of initial (in-field) susceptibility MIH (X) from to a heterogeneous distribution of independently relaxing re-
before H was removed, and extrap3lated initial response M(O)/H (0-) from gions, and that these regions obey simple thermodynamics.
Eq. (1), of an Fe whisker at 4.2 K. For H<0. 1 0e, only 20% of the in-field The model gives superior agreement with the observed re-
response is accounted for by Eq. (1). For H> 1 Oc, essentially 100% of the
in-field response can be accounted for by magnon relaxation over the avail- sponse from dozens of different materials, including mag-
able time window. netic after-effects in parpmagnets, spin glasses, and ferro-
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Models of slow relaxation in particulate and thin film materials (invited)
R. W. Chantrell and A. Lyberatos
Physics Department, Keele University, Keele, Staffordshire ST5 5BG, United Kingdom

M. EI-Hilo and K. O'Grady
Magnetic Materials Research Group, SEECS, University of Wales, Bangor, Gwynedd LL57 1UT,
United Kingdom

The development of a number of models of slow relaxation in magnetic materials is reviewed. A
phenomenological theory based on the intrinsic energy barrier is shown to explain the form of time
dependence of the magnetization, including the logarithmic time dependence observed for systems
with a relatively wide distribution of energy barriers. This formulation gives rise to useful analytical
results which give generally good qualitative agreement with experiment. The slow relaxation is
related to the irreversible magnetic behavior via a fictitious fluctuation field H/ which itself
determines a quantity called the activation volume Vact. Both H. and Vat are related to the
magnetization reversal process. For granular materials V,,, is generally smaller than the grain size.
Computer simulations based on the Monte Carlo method arc applied to the investigation of the
behavior of thin films with perpendicular anisotropy. Detailed comparisons of the simulation with
experimental data demonstrate the relationship between Vat and the micromagnetic magnetization
reversal mode, Some recent models introducing thermal agitation into the micromagnetic formalism
are discussed.

I. iNTRODUCTION where fl is the attempt frequency which depends on the

In general, models of magnetization reversal proceed by properties of the material and AE is the height of the energyIn gnerl, odel ofmagetiztio reersa prcee by barrier for reversal.
determining the minimum energy state and following its evo- In general the time variation of the magnetization of any

lution until at some field the minimum disappears and an system can be characterized by a simple differential equa-

irreversible transition to a new state occurs. This approach is tion:

valid for magnetization reversal at absolute zero temperature.

However, at a finite temperature a different phenomenology, dM(t) M (t) -- M,
involving determination of the energy barriers, must be dt 7 - ' (2)
adopted. A considerable amount of work has been carried out
using a simple formalism based on a distribution of energy where M,-M(t=o') is the equilibrium magnetization. In
barriers. This approach has proved extremely useful in pro- principle the time variation of magnetization can be de-
ducing analytical results which give generally good qualita- scribed by solving Eq. (2).
tive agreement with experiment, thereby illuminating the For the case of a noninteracting system which contains a
physical processes involved. Here v e start by outlining the distribution of energy barriers the solution of Eq. (2) gives
energy barrier distribution formalism and introducing the
concepts of the fluctuation field and activation volume. A. (
These highlight the major deficiencies of the phenomenal- M(t)=B0+A , e-(Ylf(y)dy, (3)
ogy, which are principally the neglect of the detailed nature
of the magnetization reversal mechanisms and interaction ef- where B=M(oo) and A =M(t=O)-M(-) are time-
fects. The remainder of the article is devoted to consideration independent constants. f(y) is the distribution of energy bar-
of computational studies of slow relaxation. riers and y = AE/AE,, is the reduced energy barrier relative

to the average barrier AE,, of the system.
7f-t (y)=f() exp(-ay) is the inverse of the relaxation time

II. ANALYTICAL MODELS FOR TIME DEPENDENCE arnd a=AE,,/kT. According to Eq. (3) the time-dependent

In magnetic materials the time-dependence effects aiise behavior is most sensitive to two parameters which charac-SIn agntic ateial thetim-depndece ffecs aise terize the relevant distribution of energy barriers for the sys-
due to the fact that there is a finite relaxation time r required tern, i.e., the average energy barrier of the system E,,, and-

for the magnetization vector to rotate from one minimum to the width of the distribution.

another. The orig;n of the energy barrier is a material prop- Figure I shows the exact calculations of the integral in

erty and since its magnitude depends on experimental condi- Eq. I st the v alue s of t i nr al in

tions such as magnetic field, these factors govern the prob- Eq. (3) at different values of a for a narrow (u=o. 18) and

ability of thermally activated transitions. Almost any distribution of energy barriers. In these calculations a log

phenomenology shows that the probability of a transition is normal distribution of energy barriers was used. The change

given byi in the values of a can arise from temperature changes or
"magnetic field changes. These calculations show that for a

7- ft exp( - AEIkT), (1) narrow distribution of energy barriers the decays exhibit non-
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1.0 •analytical expression of Eq. (4) can be derived by represent-
ing the behavior of f(y) about y, using a series expansion 34

0.8- •,x--35" M(t)=M(t°)-All fn(Y,)A at (7)

(x=33 where

.4 M,=t1M(to)_B+A_.Af cf(y)dy

S0.4 €29 and A ln(t)=ln(t/to) and to is the initial time of measure-

ment. f(y,) is the nth differential of the distribution func-
a=27 tion evaluated at yc. Equation (7) shows that for a constant

0.2 "a-25" probability of activation

a=23 M(t)= M(to) -- A In(t), (8)
0 _________________ a
1 10 100 1000 which is the well-known logarithmic time dependence of

magnetization. 5 However in general f(y) is not constant and
Time (see.) higher order terms become important as the variation of the

distribution function about y, becomes steeper. In Ref. 3 the
higher order coefficients are found to be proportional to

FIG. 1, The time variation of magnetization at different values of a for a (1I/ 2 )n and hence as the width of the distribution increases
narrow distribution of energy barriers (or=0.18). the higher order terms in the expansion will vanish.

III. THE FLUCTUATION FIELD AND ACTIVATION
linear logarithmic time-dependent behavior. For a wide dis- VOLUME
tribution of energy barriers a ln(t) law is a good approxima-
tion over the range of time examined. The concept of the fluctuation field was introduced by

In order to understand the physical interpretation of N6elt' 6 who assumed that thermal agitation could be repre-
these results and examine the role of the energy barrier dis- sented by a fictitious field Hf(t) which he showed to be a
tribution, it is possible to simplify the integral in Eq. (3) linear function of In(t). As a result the magnetization can be
using the critical energy barrier of activation (AE,). This written as
critical barrier can be defined in such a way that activation M = Mo ± Xirr H/(t). (9)
over barriers lower than AE, happens so quickly that
e '/T(Y<Yd ) 0. With e-'/'=1 for y >y, Eq. (3) becomes Eqain()drclretsthtm-epdnthngso

the irreversible susceptibility Xirr defined as AMirr/AH where

S= A)f(y)dy, (4) AMir is the small change in the irreversible component of
Jo magnetization resulting from a small increment of field AH,

Xrv r is often measured as the slope of the dc-demagnetization
where y, = AEIAE,, is the reduced critical barrier for rever- remanence curve. Thus, as is intuitively reasonable, the time-
sal and is given using Eq. (1) by dependent changes are related to the irreversible magnetic

1 behavior of the system. The meaning of the fluctuation field
--y=a ln(tfo). (5) is however, unclear from Eq, (9) and is still the matter of

some debate. It would seem that the fluctuation field is inti-
According to Eq. (4) the rate of change of M(t) with mately linked with the micromagnetics of magnetization re-

ln(t) is given by versal, as will be demonstrated here in the case of materials

dM(t) A with perpendicular anisotropy. A rather different definition of
d In(t) = - - (6) the fluctuation field in terms of the time-dependence coeffi-

t a cient was given by Wohlfarth 7 as
This result explains the shapes of any M(t) vs In(t) curve S=Xir Hf. (10)
where the slope of the M(t) vs In(t) curve at any instant is
directly linked to the behavior of the distribution function Thus, in principle independent measurements of S and Xi,,
about the critical barrier above which thermal activation is can be use to determine H/. A considerable amount of ex-
taking place.2 Thus the data shown in Fig. 1 can be explained perimental work has been carried out using this approach.
as being due to significant variation of f(Y,) during the time- This shows H1 to be a parameter dependent on a number of
dependent process. In the case of a wide distribi-tion of en- factors such as the volume and anisotropy field
ergy barriers, the variation of M(t) vs In(t) is almost linear distributions8 '9 and interparticle interactions. 10
due to the fact that f(y,) does not change appreciably about It is also found that H/is dependent on the mag. etiza-
the critical barrier as in the case of a narrow distribution. An tion reversal mechanism of the material. This is often dis-
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cussed in terms of an "activation volume" Vact which can be of most subsequent treatments. The first study21 considered a
defined following Wohlfarth7 on dimensional grounds as three-dimensional lattice of particles interacting via a mag-

kT netostatic field. An important result of this study, which also

Vvt=MH (11) features strongly in recent work is the fact that logarithmic
time dependence can result in a system with a single intrinsic

where M, is the bulk saturation magnetization of ýhe mate- energy barrier due to a spread of interaction energies. Thus

rial. Va, is perhaps most useful in studying the behavior of the disorder which appears necessary for logarithmic time
granular materials, which have a well-defined volume V for dependence has an intrinsic contribution from the probabilis-
comparison with Vact. Generally speaking it is found that tic nature of the reversal process itself.
Vact is significantly smaller than V for elongated Simulations of films with perpendicular anisotropy were
particles. "'1  Flanders and Sharrock13 have also measured prompted by the experimental work of Dahlberg et al.22 on

particle sizes via time-dependence measurements. Although CoCr films, who observed a strong time dependence of the

the measured Volumes are in principle different from Vact, magnetization (driven by the demagnetizing field) which re-
they are also generally found to be smaller than V for elon- suited in a time decay of a recorded signal. In the recording

gated particles. A similar situation is found for alumite thin context we also note the work of Charap 23 who has used a
films, 14 a case to be discussed in more detail later. Although Monte Carlo model to study the thermal stability of written
the activation volume is a useful quantity in the study of information in longitudinal granular media. Because of the
granular materials it is perhaps less so in relation to domain strong demagnetizing fields in the transition region the ther-
wall processes since the equivalent physical volume is more mal stability is much reduced, leading to the conclusion that

difficult to define. In general it is perhaps more useful to the ultimate lower limit of grain size in conventional record-
concentrate on Hf, which is directly related to the material ing is significantly larger than the superparamagnetic limit
properties. Recent work15 has shown that the form of Hf which is often assumed.
depends upon the distribution of energy barriers f(AE). For A. A Monte Carlo model
a single energy barrier it can be shown that Central to the calculations is the determination of the

H1 = -kT/[ dAE/cOH] (12a) energy barrier, which essentially governs the transition rate
while for a relatively wide distribution via the Arrhenius-N6el law. The film is considered to consist

of a collection of grains with anisotropy easy axes oriented
El = -kT/[OAeE/OH]AE.=E (12b) perpendicular to the film plane. In practice there will be a

where the differential is evaluated at the critical energy bar- distribution of easy axis directions about the normal to the

rier defined earlier. Equation (12b) is the definition of Hf plane. However, the time dependence is most strongly de-

originally given by Gaunt, 16 and has been the starting point pendent on the large demagnetizing fields and the spread of

of a number of attempts (e.g., Ref. 17) to explain the relation interaction energies and consequently the disorder due to the

between Hf and the coercive force, the so-called Barbier easy axis distribution is neglected. The grains are assumed to

plot.18 It is relatively easy to study Lf using analytical theo- interact via the magnetostatic field, which can be calculated

ries for simple model systems. The problem of determining using standard techniques such as !he fast Fourier transform

H1 via micromagnetic calculations for more realistic systems or the Bethe-Peierls-Weiss approximation used in Ref. 21.

is at a very early stage. Essentially the problem is that via In addition it is possible to introduce an exchange interaction

Eq. (12) Hf is related to the energy barrier, which is not which is necessary for the simulation of magneto-optical

determined in the standard micromagnetic approach. This films. Assuming coherent rotation within individual grains

problem will be considered in detail in the final section of the the energy barrier is given by

article.
Finally we briefly indicate here the approach to magnetic AE = K V( I - H,, /HK) 2 , (13)

viscosity based on a constitutive equation.' 9 This phenom-
enological approach has proved very useful in the study of where H,,=H+Hj,, is the sum of the applied and magneto-
magnetic viscosity, especially via the definition of new meth- static interaction field, respectively. Each individual grain
ods of determining H1 . These methods avoid the determina- has a characteristic relaxation time determined by the energy
tion of Xi, [necessary for the direct determination of H1 us- barrier and the Arrhenius-N6el law, Eq. (1). The numerical
ing Eq. (10)] which itself is a quantity dependent on the simulation is most efficiently carried out using an algorithm
measurement time. Details of this approach are given in the described by Binder.24 The algorithm is as follows:
current issue. (1) The time is set to t=0.

(2) t' is sampled at random from a distribution

IV. MODELS OF TIME DEPENDENCE IN THIN FILMS Nr exp( - Nrt') where N is the number of particles

WITH PERPENDICULAR ANISOTROPY and r max{r,} where r, is the relaxation rate of the
vth particle: r, = ft exp( - AEV/kT).

The first simulation of time-dependent magnetic behav- (3) A moment v is selected at random, 1 -- v'N.
ior for an interacting many-particle system was made in (4) With probability r, Ir we accept the reversal.
198621 using a Monte Carlo technique. We shall describe the (5) Steps (2) to (4) are repeated until an equilibrium
model in some detail here, since it essentially forms the basis state is reached.

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 ChantreWl et al. 6409



0.65 -- ,-------'---- disorder produced by the interaction field iistribution. How-
ever, materials with perpendicular magnetization have a
unique feature in that logarithmic time dependence can occur

0.55 as a result of the macroscopic demagnetizing field. A simple
0 mean-field model can give very useful results in comparison

"with experiment. Mean-field models have been proposed by
"Lottis et al.26 and Lyberatos et al.2 7 Consider a material withZ 0.45
perpendicular anisotropy and particle size V with a distribu-
tion function f(V). The interactions are represented by a

1 0.35 mean-field formalism, the total field being the sum of the
a applied field and demagnetizing field, i.e., H=H--NdM.

The variation of magnetization with time is the interval to to
t given by0.25

M(V,t) -M( V,to) + [Me(V) - M(V,to)]

0.15 *X[1~e-(t-t°)-
1 ] (14)

-1 3 7 11 15 where M(to) and Me are the reduced initial and equilibrium

values of the magnetization, respectively. If the relaxation
log(t) time is given by the Arrhenius-Niel law it can be shown that

Me and ir are given by

FIG. 2. Time variation of magnetization in a perpendicular thin film. M(V) tanh(MHJVlkT), (15)

and
This approach has the advantage of scaling the steps

along the time axis Pccording to the transition rate at a given r- 1 (V) = 2 ft exp - -- (1 + h2)
point in the process. Consequently it is possible to simulate kT
the magnetic relaxatica efficiently over extremely large time

scales. X cosh k ) for IhI<l
Simulations were first carried out in zero applied field 25

on an ensemble of particles of identical size, consisting of and
prolate ellipsoids with a 7:1 aspect ratio. As shown in Fig.2 a r- '(V) = f0  for Ih [ 1, (16)
over many orders of magnitude the decay is nonlogarithmic.
However, over the typical experimental time scale an ap- where h = HIHK . In order to calculate the time evolution of
proximately logarithmic slow relaxation is predicted, in the magnetization we approximate the decay by a series of
agreement with experiment. Within this region it is possible discrete time intervals that can be made arbitrarily small
to define a coefficient of magnetic viscosity S. The tempera- thereby approximating a continuous process. Thus, taking
ture dependence of S shows slow monotonic increase to a into account the particle size distribution we have that
broad maximum followed by a rapid decrease to zero. This is
broadly in agreement with experiment, indicating t!it the M(t+ 1)=M(t,,)+f [M,,(VM)-M(V,M)]
essential features of the model, in terms of interaction ef-
fects, are correct. There is however, a major discrepancy in x { i -- exp[ - (t , -+ ,,) -r(V,M)]}f( V)dV
the grain size predicted from a fit between theory and experi.- (17)
ment which is very small in comparison with the phy..;cal
size of the CoCr columns. This can be interpreted in terms of the transcendental nature of Eq. (17) is stressed here by writ-
a micromagnetic model of magnetization reversal. Generally, ing M, and r as explicit functions of M. In Ref. 27 a nu-
magnetization reversal in elongated particles takes place by merical solution of Eq. (17) was made using a log normal
incoherent rotation, which can be viewed as the nucleation of volume distribution. The results do not depend strongly on
a volume of reverse magnetization followed by propagatifn the form of f(V) as long as this is narrow.
of the reversed area throughout the particle. The energy in- The analytical results agree qualitatively with the com-
volved with the nucleation is clearly less than required to putational studies. An initial rapid demagnetization is fol-
reverse the whole particle by rotation. Consequently a re- lowed by a quasilogarithmic region, The initial demagnetiza-
duced effective volume for the model simulations is not un- tion arises because in the strong demagnetizing field the
reasonable. The micromagnetic implications of this observa- relaxation times are short and also M, = - 1. Ultimately of
tion will be described in the final sections of the article, course as the time-dependent process proceeds the demagne-

tization field decreases and the system tends to a state of zero
B. Analytical models of slow relaxation In magnetization. An approximate analytical approach to the
perpendicular media problem of relaxatior in perpendicular media has been car-

In the Monte Carlo simulations there is a strong contri- ried out by Chantrell !t al.28 which clarifies certain features
bution to the logarithmic time dependence arising from the of the experimental data and reinforces the intimate relation-

6410 J. Appl. Phys., Vol. 76, No, 10, 15 November 1994 Chantrell etal.



ship between slow relaxation and micromagnetics. Starting stationary state after magnetization reversal. However, this
from the Eq. (2) and assuming coherent rotation, it can be approach is not valid at a finite temperature. Here we outline
shown that for large demagnetizing fields the magnetization two rather different theories of micromagnetism at a finite
is a solution of the equation temperature, the first valid for short time scales and the sec-

ond applicable to slow dynamic behavior.

J dM exp~p(l -h 2 )]/( I+M)=-th, (18)

where Bl=KV/kT, and in zero field h=NdM/Hk. Using a A. Langevin dynamics formalism
steepest descent approach it can be shown that the magneti- This approach takes account of collective magnetic ex-
zation at remanence decreases logarithmically with a normal- citations in the system, recognizing that ultimately thermal
ized time-dependence coefficient Sr=d(M/Mr)/d ln(t) agitation occurs via spin waves. The theory is essentially an
given by extension of Brown's model30 of thermal activation to sys-

Sr= 19-1/2 (19) tems with large numbers of degrees of freedom. The dy-
namic behavior of a spin is governed by the Landau-

This approximate equation is valid for relatively short Lifschitz equation
time scales. A more detailed treatment shows Sr to be a
slowly decreasing function of ln(t) (in agreement with ex- dM (

- =y 0MX H+ NIX(MX H), (0periment) with the magnetization decay tending to an expo- dt M
nential as t--00. It should be stressed that the volume in Eq. where y is the gyromagnetic ratio and X is the damping
(19) is in principle the physical volume rather than the acti- parameter. At a finite temperature the stochastic dynamics of
vation volume defined earlier. In Ref. 28 a comparison is the spin can be described by adding a fluctuating "random
made with the experimental behavior of alumite media, field" term to the deterministic field arising from interaction
which consist of elongated metal particles oriented perpen- effects in addition to the applied field, Thus Eq. (20) be-
dicular to tl.e plane and which are prepared by the deposition comes the Langevin equation of the problem. Using this for-
of iron into oxidized aluminum. It has been experimentally malism Brown3) derived an analytical expression for the re-
demonstrated that alumite samples reverse incoherently by a laxation time associated with thermally activated reversal of
mechanism close to curling.29 Essentially it is found that Eq. a sin tice asmod of thermal activatio in ra o-
(19) is obeyed well for alumite, however the best fit to the a single particle. A model of thermal activation in a micro-
(19) is obeed wsinganell ffor ectmite hctivowever le bestuf to t magnetic system of coupled spins has been proposed by Ly-
data is obtained using an effective activation volume equal to beratos et al.31 Briefly, the technique involves linearization
0.05 times the physical column volume. Given that alumite of the equation of motion followed by a transformation into
exhibits incoherent reversal of a type which might be thought the normal coordinates which essentially decouples the equa-
of as nucleation of a reversal followed by propagation, this tions. The statistics of the random field can then be deter-

small activation volume seems intuitively reasonable. How- minsi The st utuation the orem. this model

ever, a complete understanding of this phenomenon requires mined using the fluctuation dissipation theoremv This model
a very detailed micromagnetic study, which is the subject of was first used to study magnetization reversal in the simplest

micromagnetic system of a pair of magnetostatically coupled
the final section of this article, particles.32 Essentially, the set of integrated Langevin equa-

tions is solved numerically, leading to a switching behavior
V. THERMAL ACTIVATION: THE MICROMAGNETIC resembling a random walk over the energy barrier. Among
APPROACH the results given in Ref. 32 are detailed calculations of the

pre-exponential factor f" in the Arrhenius-NMel law. In par-
Thus far all the theoretical developments have been ticular, a dependence of I'( on the applied field and strength

based on the assumption of magnetization reversal by coher- of coupling between the particles was demonstrated. In ad-
ent rotation in single domain particles. However, the com- dition thermal agitation was shown to have a profound effect
parison with experiment leads inevitably to the conclusion on the reversal process itself. Significant deviations from the
that magnetization reversal involves thermally activated deterministic (symmetric fanning) mode are found at a finite
nucleation followed by propagation of the reverse domain, temperature, the magnitude of which depends on the tern-
The latter process may be hindered by pinning, in which case perature and the interparticle coupling. This has two impor-
the movement of a domain wall from a pinning site is itself tant effects from the microlnagnetic viewpoint. First, a rever-
a thermally activated process. It should perhaps be stressed sal to an antiparallel state after switching becomes possible
that this presents a problem fundamentally outside the clas- in addition to the parallel state expected at zero temperature.
sical micromagnetic formalism. Micromagnetism is based on Second, it is found that there appears a temperature depen-
the determination of stationary state' -.id their evolution dence of the effective energy barrier. Physically this is be-
with respect to changes in extzL.,i: parameters such as the cause of the departure from the ideal reversal mode induced
applied magnetic field. Magnetization reversal occurs when by thermal perturbations as a result of which many unsuc-
the local energy minimum in which the system is situated cessful reversal attempts are made in directions other than
disappears resulting in a transition to a new stationary state. those leading to the saddle point of the transition. We note
Modern investigation using numerical techniques generally that these effects are important for reversal over low energy
determines stationary states using the Landau-Lifschitz dy- barriers, i.e., reversals involving very short time scales. The
namic equation. This approach more reliably determines the model described here cannot realistically be applied to rever-
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Time dependence of switching fields in magnetic recording media (invited)
M. P. Sharrock
Digital Media Laboratory, 3M, 236-3C-02, 3M Center, St. Paul, Min,esota 55144-1000

Coercivity and other experimental measures of switching field depend upon the time scale of
interest. This time-scale dependence has practical importance in magnetic recording, because the
effective time scales of writing and storage are very different. A simple model accounts for the
time-scale dependence of coercivity in terms of the thermally assisted crossing of an energy barrier
whose height is reduced by the applied field. Fitting this barrier-crossing model to data provides an
estimate of the volume that must switch magnetization direction in overcoming the barrier. The
assumption of Stoner-Wohlfarth reversal is used to obtain an initial estimate of the dependence of
the barrier height on the field. With some adjustment of the resulting energy expression, the model
gives good agreement between calculated switching volume and actual particle volume for
advanced recording particles of three types: acicular oxide, acicular metal, and barium forrite
platelets. The model can be used to estimate minimum practical particle volumes for use in magnetic
recording. Switching due to fields nearly perpendicular to the particle's preferred axis, sometimes
used as a measure of the anisotropy field, also shows the effect of thermal assistance. The switching
volume determined from such measurements, like that from coercivity, approximates the particle
volume.

I. INTRODUCTION century ago.5 In particular, the coercivity value depends upon
the time scale of the process used to induce magnetic rever-

Current magnetic recording media encode information, sal. That is, the value of the fixed field required to reduce
whether digital or analog, as magnetized zones in the surface magnetization to zero from saturation decreases as one in-
of a tape or disk. The minimum dimension of these features creases the time that it is allowed to act. Similarly, the coer-
is on the order of a micrometer (typically 0.5 Azm in ad- civity measured in a swept-field hysteresis loop increases
vanced applications). This paper will focus on media of the with the sweep rate 2.6,7

particulate construction, t as opposed to those made by thin- These time-dependence considerations are highly rel-
film deposition. A particulate medium consists of a support evant to magnetic recording technology, in which the time
material upon which is coated a dispersion of magnetic par- scale of the writing process may be on the order of 10-8 s
ticles in organic polymers, along with solvents, lubricants, and that of the desired storage stability on the order of 10'8
and other necessary components. Usually the coating is ex- s. The usual laboratory methods cannot investigate behavior
posed to a magnetic field before drying in order to impart a over this huge range, covering 16 orders of magnitude, al-
magnetic orientation to the particles. The particles have though recent pulsed-field experiments 8 have begun to probe
maximum dimensions, length for acicular particles and di- behavior at and below its lower end. A vibrating-sample
ameter for platelets, on the order of a tenth micrometer magnetometer (VSM) typically has a time scale on the order
(0.05-0.2 Am, for advanced materials). They are generally of 1 s, and a 60-Hz magnetometer has an effective time scale
assumed because of their size to be single-domain particles, of 10-5-10-11 s.7 The model described here and
The particle size is extremely importatt to the recording previously 26 7 allows the interpretation of such laboratory
resolution, signal-to-noise properties, and magnetic stability experiments in terms of physical quantities and also the ex-
of the medium.2 Recent years have seen significant reduction trapolation to the much longer and shorter time scales of
in particle sizes of all compositions used in recording. interest in recording. Reducing the switching volume has the

One of the most important magnetic properties of the effect of increasing the amount by which the "writing coer-
particles used in a recording medium is the remanent coer- civity" exceeds the "storage coercivity." Thus the trend to-
civity, which is essentially the median switching field. For ward smaller particles for benefits in signal-to-noise ratio,
convenience, the intrinsic coercivity (applied field that re- resolution, and surface smoothness will at some point be
duces magnetization to zero after saturation in the opposite limited by time-dependence considerations. This potential
direction) is more commonly specified; it is often (and here) limitation has been discussed in the past 2 and will be re-
referred to simply as the coercivity. The coercivity value de- evaluated in See. IV,
termines the field needed to record, and also to erase or over-
write, information on the medium. Thus it must not be ex-
cessively large. The coercivity must, however, be adequately
large to prevent long-term demagnetization ducing the de- The essential origin of time-dependent magnetic behav-
sired life of the information (typically years); this implies ior in small particles is the thermally assisted process of
adequate resistance to fields from both internal and external crossing an energy barrier that occurs in magnetic
sources. switching. 1.

4' 9- The conventional Arrhenius formulation for
Time-dependent magnetic phenomena have been well the rate constant r, the probability per unit time of successful

known for over 40 years, 3' 4 and were in fact described over a crossing, is

J. Appi. Phys. 76 (10), 15 November 1994 0021-8979194/76(10)/6413/6/$6.00 © 1994 American Institute of Physics 6413



r=A exp(-AE/kT). (1) the t value is approximately inversely proportional to the

sweep rate but also depends upon the strength of the time-

The factor A is assumed to have a negligible dependence on dependent effects shown by the sample.
field and temperature; k is Boltzmann's constant and T is the Equation (1) will be used with the above assumptions

absolute temperature. The role of an externally applied mag- and interpretations. The factor A in Eq. (1) is an "attempt

netic field is to decrease the energy barrier NE until switch- frequency" for barrier crossing. It can be estimated in a num-
ing occurs on the time scale of interest. Equation (1) would ber of ways, 10 including simple precession, and appears to be
suggest that in the presence of a constant opposing field, the on the order of 109 s-1. A range of values around this esti-

magnetic moment rn(t) of a collection of particles decays mate will be considered.
exponentially with time t from an initial saturated value mo The energy barrier AE depends upon the value of a vol-

as ume that is called below the "switching volume" and desig-
nated by V. This parameter is defined here as the volume of

m(l) = m012 exp( - rt) - 1]. (2) material that must rotate magnetically in the process of over-
coming the rate-limiting energy barrier. In switching by co-

This exponential behavior would in fact be observed for an herent rotation, this would be expected to be the entire par-

ensemble of noninteracting particles having identical mag- tice volume (assumed single-domain at the sizes of interest).
netic properties. Particles in actual recording media, how- In more complex reversal modes, the switching volumeever, exhibit distributions of particle size and shape (and pos- might be a fraction of the particle volume,"1 the portion thatsibly composition). This distribution of physical properties must rotate in order to initiate the reversal process of theleads to a distribution of magnetic properties, which may be whole particle. If reversal is incoherent but simultaneous,

further complicated by the variety of interparticle magnetic however (as in fanninti), V might conceivably be the entire
interactions that can occur. The result is that observed behav- particle volume,
ior is nonexponential.1 2 The decay of m(t) in the presence of The model assumes single-domain particles having

uniaxiai magnetic anisotropy, with anisotropy energy of the
a constant field is often found to approximate a linear depen- uaam agnei2 aniltoy with pyener gy of the
dence on some power of the logarithm of time. 13 Such a form K sin (angle 0 between the preferred axis and the

function can be viewed as the superposition of many expo- moment vector). For the case of the applied field being ex-
actly aligned with the preferred axis and opposing the initial

nential decays, representing a distribution of magnetic prop- actlyaligne w t p
erties such as switching field. Another way of measuring magnetization,6'9

time dependence is the recording of hysteresis loops of dif- AE=KV(1 -H/11,,) 2 , (3)
fering sweep rates;6'7,14 by combining an ac instrument (e.g.,
60 Hz) with a VSM, this technique can allow a greater range with
of time scales than is convenient in constant-field decays. In H, 2K/M. (4)
both types of experiments, one must take the distribution of
properties into account. A straightforward way of doing this The first-order anisotropy constant is designated by K, the
is to focus attention on the center, or peak, of the switching- magnetization intensity of the particle by M, and the external
field distribution (SFD) and to consider the coercivity as rep- field strength by H. (Note: AE = 0 for H = H,.) The switch-
resenting the material at this peak. It will be assumed that in ing volume V used here cannot be identified with the "acti-
some approximation the peak of the SFD is associated with vation volume" V,,t discussed by others. 5

,16.'
2
(' V,,,, as usu-

the peak of the distribution of other relevant parameters, ally defined, is explicitly field dependent. For the special
such as switching volume. In other words, the coercivity case of perfect alignment of H with the preferred axis, V,,
characterizes the switching of the most typical, or significant, can be interpreted in terms of the change in magnetic mo-
particles in the sample. (One needs to assume also that sub- ment, projected onto the preferred axis, that occurs in over-
stantially the same material is represented by the peak of the corning the barrier [Ref. 20, Eq. (26), and Ref. 16, Eq. (12)].
SFD at all time scales of interest.) Obtaining constant-field The V used here can best be identified with the value of the
decay curves that represent the same part of the SFD [that is, "critical volume', 16 that applies when the field is equal to the
the same value of the measured moment m(t)] over a sig- coercivity.
nificant range of time values can be difficult. Over a limited The case of perfect alignment of field and preferred axis
time range, curves for significantly different field values may is an improbable one in a collection of particles having even
occur at very different m(t) values and thus represent differ- a modest distribution of orientations. Actual recording media
ent parts of the SFD. The slopes of the curves will in fact have substantial distributions, despite efforts to orient them.
reflect the height of the SFD for these fields.-'5 ' 6 The switch- [Typical ratios of remanent to saturated moment near 0.8
ing volumes associated with these points of the SFD may indicate mean deviations of roughly cos- '(0.8), or 350, from
well be different, In order to concentrate on one part (the the intended direction.] Victora2 l has presented a theoretical
peak) of the SFD, a large range of experimental time scales argument that with the field not aligned with the preferred
may be more easily attained by using hysteresis loops, and axis, the exponent in Eq. (3) is expected to be 3/2, for very
the resulting coercivity values, for different sweep rates. The general anisotropy, even including interactions. The Stoner-
loops present their own difficulties, however. One must as- Wohlfarth (SW) model of reversal22 also indicates an expo-
sign an effective time scale, t in Eq. (1), to the experimental nent that can differ from 2. Using the approximation of
sweep rate. This assignment can be done;7,13.17 as expected, Pfeiffer,23 one can use the SW model to write
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FIG. 2. Plot of Eq. (10), which models the drpendence of mcasured coer-

FIG. 1. Dependence of Stoner--Wohlfarth parameters, used in Eqs. (6)-(9), civity on time scale t, for H0=1800 Ot, n=1/2, A-2XI09 s-1,
on the (minimum) angle 0t between the applied field and the preferred axis V=3.Ox 10-17 cm3 , and M = 300 emu/cm'. 'Aclevant time scales for mag-
of a particle. netic recording and experimental measurements are shown.

AE =KV( 1 -H/H) m , (5) known, K and V can be determined separately, using Eqs. (6)
and (7). These calculations allow the interpretation of the

with time dependence of coercivity in terms of physical param-

Ho= 2xK/M, (6) eters, and also the extrapolation to coercivity values for the
experimentally difficult recording and storage time scales.2'6

and If more than two experimental time scales are available, de-

m,-0.86+ 1.14x. (7) termination of more than two parameters is possible. Figure
3 shows data and a typical fit for a tape containing cobalt-

dfilteionv c modified acicular iron oxide particles. As in all coercivity
diimeasurements reported here, the applied field direction coin-

n 11/rm. (8) cides with the direction of intended magnetic orientation in
-As in the case of perfect alignment, AE = 0 for H - H0. The the sample; the preferred axes of individual particles are dis-
Aepintence of perfect ignm e age 0 for the tributed around this direction. The oxide particles are rela-
dependence of H 0 (that is, of x) on the angle ¢/ between the tively small examples of this type of material, about 0.2 #m

field direction and the preferred axis is the familiar SW one: tlyngal ear e s o f usted f materia, ab d dAm
long, and are commonly used in advanced video and data

Sx= [cos 2 /3 (p)+ sin213( 0)]3/2. (9) tapes. The data are from a VSM, run at various swe-p rates,
Figure I shows this behavior (x= 1.0 for 0=0° or 900; and a 60-Hz instrument. Four parameters are still too many

gx=0.5 for 1 =45). Using Eqs. (5)-(8) and defining cohv- to fit meaningfully. Therefore a value of A was chosen and

civity Hj(t) as the field that produces reversal of half of the fitting was done on HO, KV, and n. Equivalently good fits

sample in time t, were achieved over a range of A values. Figure 4 shows the
relationship between fitted n and assumed A. The switching

Hn(t)=H.{1-[(kT/KV)ln(At)]}. (10) volume Vwas computed, using Eqs. (6) and (7), with a mag-

(A relatively insignificant factor of 0.693, shown in earlier netization M of 340 emu/cm 3. The value of V depends upon
work, 26 has been absorbed into A for convenience.) Figure 1 the assumed value of A, but not very sensitively. However, it

shows the behavior of the exponent n in the SW model, using is very interesting that the best agreement between V and the
the Pfeiffer approximation. Figure 2 shows a plot of Eq. (10)
for typical parameters, where the experimental time scale t is
the duration of a constant or pulsed field and/or the equiva- 1 000 I 1
lent values for swept-field experiments. 7 As was stated 980 e\ Cobalt-modified

above, the coercivity is interpreted as representing the a 960 -.. acicular Iron oxide
switching of material at the peak of the SFD and also the >, 940 -.
peaks of other relevant distributions. Thus Eq. (10) is taken
to represent the most "typical" particles in the medium. 00

Ill. RESULTS 860 .
8601 I F I

Equation (10) has four unknowns: H0 , A, n, and the t0o 10 1. to 1 t00 102

product KV. If one is willing to assume plausible values for Experimental time-scale (s)

A and n, the other two can be determined from two measured
coercivity values of sufficiently differing time scales. This FIG. 3. Experimental data showing measure coereivity vs experimental time

scale t, for tape containing acicular cobalt-modified iron oxide particles.
has been done in the past, using a VSM and a 60-Hz Lineisafitof Eq.(l()),forA=3Xl0 0 ,and is the basis for one of the

instrument.2'6 Further, if the magnetization intensity M is points in Fig. 4. The fitting parameters are H,,, , and the product KV.
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Acicular Co-Fe Oxide 1350 and 1300 Oe, respectively. The results of fitting these
0,70 ............ - ..............-............... values, using the same values for n, A, and M, are also shown

.3,98 4 . Calculated switching in Table I.
0.65 ". iVolume (10"1 7 CM3)065 '.. oThe agreement between the two coercivity methods with

0.60 •5 3 1  regard to V is good. The average is given in Table I, with a
n ".. measure of the uncertainty resulting from their spread. The

0.55 -. 36 9% increase in Ho from the first to the second line is typical

0.50 08.80 of a remanence coercivity relative to the coercivity from a
Volume Itrm TEM:5 x10* cm' scanned loop. These results are not very sensitive to the

0.450................ value chosen for A; variation over the range 2X 108-3X 109
10 10. 10, 101 10"-

A (') s produces an insignificant difference (3%-5%) in Ho
and V.

TEM pictures indicate that most of the particles have
FIG. 4. Plot of values of n vs chosen values of A, obtained by fitting Eq. volumes of 2-3X 10-17 cm 3. The factor-of-2 discrepancy be-
(10) to the data in Fig. 3. Magnetization M is 340 emu/cm3; this is used to
calculate the value of the switching volume V from the fitted valves of H0, tween the model calculation of V and the apparent particle
n, and the product KV that result for each value of A. The dotted line shows size may not be significant, in view of various assumptions
a least-squares fit, yielding n= 1. 115 - 0.0606[log(A/s -)]. made in the model and the difficulty of estimating represen-

tative TEM volumes. (Particle size is quite nonuniform.) The
discrepancy is largely removed (calculated V-,2) 10-17

particle volume estimated from transmission electron mi- cm 3) if n-0.6, close to the value found for the acicular
croscopy (TEM) occurs for n approximately 0.63, close to oxide, This n value would in SW reversal [Eqs. (7) and (9);
the 2/3 predicted by Victora21 and for A about 108 s-1, in Fig. 1] be appropriate for a very well oriented sample, which
reasonable agreement with results of Doyle et al.8 The value is not the case.
of 0.63 for n is somewhat lower than would be expected in It seems worthwhile to investigate the possibility that the
SW reversal foe the sample's degree of orientation. The switching volume V is less than the total particle volume
remanence-to-saturation ratio is 0.88, which indicates aver- because of an incoherent mode of switching. This would be
age angular deviations of nearly 300. The SW model [Eqs. plausible in view of recent theotetical work.27 The method of
(7)-(9); Fig. 11 predicts an n value of 0.68 for this angle. Flanders and Shtrikman, 28 applied previously to barium fer-

Another sample studied was a tape containing barium rite anisotropy studies,25.29 allows measurement of switching
ferrite platelets, of a type currently of interest for advanced by only those particles whose preferred axes lie nearly per-
applications. This experimental tape had a relatively low de- pendicular to the applied field, as in Fig. 5. Even if switching
gree of magnetic orientation (remanence-to-saturation ratio at lower 0 values in the usual coercivity measurement is
of 0.63), which tends to minimize the interaction effects, incoherent, the nearly perpendicular field very likely pro-
These can be very strong in barium ferrite,24.25 especially duces parallel rotation of the moment throughout the particle,
when highly oriented.26 Because of the low degree of orien- and thus coherent switching. In SW reversal, by Eqs. (7)-(9)
tation, n will be initially estimated as 0.7. This is the maxi- (Fig. 1), the value of n is expected to be close to 0.5 and that
mum allowed in SW reversal; see Fig. 1. The measured co- of x to 1.0. In this study, switching was measured for par-
ercivities were 1460 Oe for the 60-Hz loop and 1290 Oe for tides having ip in the range 850-90°. The field needed to
the VSM run at 13 Oe/s sweep rate. The effective t values for produce this switching was measured as a function of the
these measurements can be estimated7 as 1.5 X 10- 5 s and 0.8 duration of application, The results, shown in Fig. 6, have a
s, respectively. The hysteresis loops were recorded to limits large amount of scatter, possibly as a result of deviations
of t-3240 Oe (the maximum possible) with the 60-Hz instru- from isolated-particle behavior due to interactions. The fit of
ment, and ±2940 Oe with the VSM. These limits provide Eq. (10), using 0.5 for i, yields the values shown in the last
that the ratio of maximum applied field to measured coerciv- line of Table I, for M=300 emu/cm3 .
ity is approximately the same in the two instruments, in order Both the "remanence coercivity" and the "perpendicular
to avoid the possibility that one produces more complete switching" methods use the measurement of remanent mo-
saturation of the sample than the other. (This precaution is ment after the application and removal of a field. Therefore
necessary only because of the relatively low 60-Hz field ca- their Ho values can be directly compared (Table I). The ratio
pability relative to this sample.) The results of fitting, using of these two values, 4800/1850=2.6, exceeds the maximum
0.7 for n, 109 s-1 for A, and 300 emu/cm3 for M, are given in ratio, 2.00, that the SW model (Fig. 1) can explain between
Table I. switching fields for different angles. (Recall that because of

In addition, remanence coercivities were measured in the the low degree of orientation the coercivity measurement
following way: A fixed reverse field, opposite the direction represents particles near the center of the curves in Fig. 1.)
of initial magnetization by a field of 11 kOe, was applied. Therefore it is likely that some form of incoherent switching
Periodically, the reverse field was shut off and the remanence occurs in the coercivity measurement. The agreement of the
measured. The total accumulated field exposure time re- values for V shown in the last two lines of Table I is perhaps
quired to reduce remanence to zero was taken to be the t remarkable in view of the fact that different reversal modes
value for remanence coercivity H, equal to this reverse field. may be imnolved.
The results were t values of 10 and 290 s for H, values of A third material chosen for this study was a tape con-
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TABLE 1. Ba ferrite. 3450 -............I _. -..... ..

Initial magnetizing 3400 0 Barium Ferrite

Method field (kOe) Hu (0e) V (10-17 cm
3
) 'N

Coercivlty 3 1700 1.28 )3350

Remanence 11 1850 1.10 Z 3300 "

coercivity
Average of ....... I.2-. 3250

above two a:

Perpendicular 11 48oo03oo 1.3±0.4 3200 a a
switching :n

3150 ....... I
0.1 1 10 100 1000

Experimental Time-Soale (s)

taining metal particles (MP). As with the barium ferrite, the
coercivity values were measured from loops where the ratio
of maximum field to coercivity was the same for the 60-Hz FIG. 6. Plot of measured value of near-perpendicular switching field vs field

rand the VSM. These instruments gave, respec- application time t. Angle 0 was in the range 85*-90' in the experiment. Themagnetometer fit was done for A = 109 s- I and n = 1/2. The fitting parameters are HI), n,
tively, 1735 Oe from a loop of ±-3170 Oe and 1650 Oe for t and the product KV.
3000 Oe. The resulting fit to Eq. (10) yields (with values of
2/3 for n, W s-1 for A, and 1800 emu/cm 3 for M)

H0 =1860 Oe, and, V=0.73X10-17 cm3 . time-scale dependence in typical laboratory experiments.
The thermally assisted barrier-crossing model discussed here

This value of V represents only the metallic core of the par- is successful in analyzing this time-scale dependence. Using
ticle; this core is surrounded by the oxide shell produced by SW reversal,22'23 the model determines switching volumes
the pasr;ivation process. Chemical analysis, magnetic mo- that are within a factor of 2 of particle volumes estimated
ment, and particle mass density, together with IEM pictures, from TEM pictures. With the assignment of the exponent n
indicatti. that the core is only about 35% of the particle vol- to a value of 0.6, rather than 0.7 as determined from SW
ume and that the shell is only weakly magnetic. The TEM reversal for typical particulate orientation, the agreement is
pictures also show that particle volume is about 3-4X 10-17 essentially perfect (within the precision of determining TEM
cm3 . Thus the actual particle core volume appears to be volumes), The good agreement between calculated V and
about 1.2X10-1 7 cm 3, nearly twize the calculated value of V. particle volume for n values of 0.6, rather than 0,7, may
As in the case of the barium ferrite particles in this study, the indicate that the dependence of AE on applied field is not
discrepancy is removed if n is set to approximately 0.6. accurately given by SW reversal. Regardless of the reversal
Again, for SW reversal, this is not consistent with the degree model used, however, the barrier-crossing model described
of orientation in actual media. Equations (7)-(9) require a here can be expected to be useful in extrapolating from co-
value of less than 100 for ip to give an n value of 0.6; this ercivities measured in the laboratory to the much shorter and
would imply a remanence-to-saturation ratio of 0.99. The longer times relevant to magnetic recording and storage of
MP tape studied had a ratio of 0.85. information.

By using Eq. (10) to estimate coercivities that would be
IV. DISCUSSION AND CONCLUSIONS relevant to writing and storage time scales, one can obtain an

estimate of the smallest particle volumes practical for mag-
The results presented here represent magnetic switching netic recording. If the highly arbitrary criterion is adopted

behavior for particulate recording media representing the that the coercivity relevant to 3-year storage (10+8 s) be no
current state of the art in three materials: acicular oxide, less than one half of the value relevant to 10-MHz writing
barium ferrite, and metallic particles. All show significant (10-8 S),2 then for A - 109 s-1 and n = 0.6,

(KV)•lnimuni=4.3X10-1 2 ergs. (11)

field 1 This is 106X the room-temperature value of kT; Lu and
Charap found significant decay of simulated high-density re-
corded transitions for a KV value of 60kT.30

Using Eqs. (6) and (7), Eq. (11) can be rewritten as

_ preferred axis Vmiinmaum=6. 1 X 10-12 ergs/HoM, (12)

where Vminimum will be expressed in cm 3 if HI is in Oe and
M in emu/cm3. The difference between Eq. (12) and similar

expressions discussed earlier 2 is the use of Eqs. (5)-(7) in
place of Eqs. (3) and (4). Equation (12), however, does not

FIG. 5. Diagram of particle in the presence of field nearly perpendicular to take account of the differing need fr long-term coercivity in
preferred axis; qi is less than, but close to, 90'. Remanence will switch from materials of very different magnetization intensity. A simple
right to left if moment rotates past the energy barrier, way of estimating this need is through the familiar expres-
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sion of Williams and Comstock31 for the magnetic transition 3(a) and 4(a) of Ref. 8]. In data-recording terms, the required
length that results from self-demagnetization: switching field begins to deviate significantly from that pre-

dicted by Eq. (10) somewhere around 1 Gbit/s for both ma-
terials. Since the data rates in anticipated recording systems

In Eq. (13), Br is the remanent induction for the medium (in are generally on the order of 10--100 Mbit/s per channel,
G), d the recording depth, and H, the coercivity (in Oe), This recording processes will probably stay within the regime of
expression essentially says that a medium having a higher Br the model discussed here during the foreseeable future, for
value needs a higher H, value in order to resist transition both MP and barium ferrite.
broadening. If the transitions occur at spacing b, then a rea-
sonable degree of transition sharpness requires ACKNOWLEDGMENTS
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Ultrathin Films and Overlayers Gary Prinz, Chairman

Magnetic and structural instabilities of ultrathin Fe(100) wedges (invited)
S. D. Rader, Dongqi Li, and Z. 0. QiUa)
Materiais Science Division, Argoane National Laboratory, Argonne, Illinois 60439

An overview is provided of recent efforts to explore magnetic and related structural issues for
ultrathin Fe films grown epitaxially as wedge structures onto Ag(100) and Cu(100). Experiments
were carried out utilizing the surface magneto-optic Kerr effect. Ordinary bcc Fe is lattice matched
to the primitive unit cell of the Ag(100) surface. Fe wedges on Ag(100) can be fabricated whose
thick end has in-plane magnetic easy axes due to the shape anisotropy, and whose thin end has
perpendicular easy axes due to the surface magnetic anisotropy. A spin-reorientation transition can
thus be studied in the center ulf the wedge where the competing anisotropies cancel. The goal is to
test the Mermini-Wagner theorem which states that long-range order is lost at finite temperatures in
an isc,4-opic two-dimensional Heisenberg system. Fe wedges on Cu(100) can be studied in like
manner, but the lattice matching permits fcc and tetragonally distorted fcc phases to provide
structural complexity in addition to the interplay of competing magnetic anisotropies. The results of
these studies are new phase identifications that help both to put previous work into perspective and
to define issues to pursue in the future.

1. INTRODUCTION Tc. They used the idea of Jensen and Bennemann 3 of a
transition dri','en by the entropy of disorder on going from a

It is of interest to explore magnetic instabilities associ- uniaxial to a planar spin configuration as temperature in-
ated with competing anisotropies in ultrathin epitaxial films. creases. Morr, Jensen, and Bennemann 4 recently used a
A simple approximation is to equate the two dominant con- Greens function approach within the random phase approxi-
tributions to the anisotropy energy density mation to phenomenologically describe the loss of long-

2K= range order in the vicinity of the spin-reorientation phase
t= 2 'M2. transition. However, it is known that even arbitrarily small

anisotropies can restore long-range order.5 Therefore, it also
This provides the condition for which the "shape" anisot- may be necessary to explore the additional anisotropies, such
ropy (-2 rM 2) balances out the surface anisotropy (2KIt), as arise from the bulk or from finite-size effects, or from
where K, is the surface anisotropy constant, t is the thickness higher-order terms in the expansions of the anisotropies than
of the magnetix. film, and M is the magnetization. The un- the dominant terms that vary as the square of the magnetiza-
derl',ing assumptions are that any other anisotropy terms can tion. The higher-order terms can manifest themselves in the
be ignored, and that the magnetization orientation within the vicinity of tR where the dominant anisotropy terms vanish.
film is uniform (i.e., all .pins point in the same direction). Experimentally, ultrathin magnetic films are always grown
The critical thickness for spin reorientation is on a substrate for which lattice constants and thermal expan-

K, sion coefficients tend to be mismatched to some degree.
tR = _---'L. Thus, epitaxial strain also can influence the magnetic surface

or interface anisotropy. This has been treated recently for a
For t< tR the easy axis of magnetization is perpendicular to test case, for example, by Victora and MacLaren 6 who used
the film plane (i.e., vertical), while for t>tR the easy axis is electronic structure calculations.
in plane. The question is what happens in tie vicinity of Alternatively, it also becomes important in explorz nion-
t=ttR? uniform magnetization configurations. For example, Yafet

Recent theoretical treatments and ideas can be summa- and Gyorgy' considered the conditions necessary to stabilize
rized. First, in an isotropic two-dimensional (2D) Heiaenberg ferromagnetic stripe domains in an atomic monolayer that
system there is no long-range order at finite temperature. possesses strong surface magnetic anisotropy. They found
This is known as the Mermin-Wagrner theorem.' Hence, spin that while the short-range part of the dipolar interaction gives
melting might be expected to occur in the vicinity of tR. rise to the familiar -2-IrM 2 shape anisotropy term, the long-
Pescia and Pocrovsky2 uscd a renormalization group ap- range part, which can be represented as a domain wall-wall
proach to consider thermal fluctuations, and concluded that interaction, can result in a lower energetic state than the uni-
the spin reorientation occurs as a phase transition at a tem- formly magnetized case. The wall-wall interaction, however,
perature TR which can be less than the Curie temperature has to be evaluated explicitly for the domain configuration

under consideration. The domain size will reach an experi-
";Permanent address: Physics Dept., University of California, Berkeley. mentally observable magnitude in the vicinity of the spin-
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reorientation transition. Thieville and Fert 8 treated tv:-td constraint that the spin detectors employed in their experi-
spin configurations using a micromagnetic approach. Al ments were only sensitive to in-plane magnetization compo-
natively, Erickson and Mills9 reached similar conclusions for rents. Recent work on surface magnetic anisotropy in ultra-
canted spin structures by considering spin wave e;:citations thin films have been reviewed irn a variety of publications.17

in 2D films. They found that the excitation energy becomes Another experimental manifestation of strong surface
imaginary in a gap region near the spin-reorientation transi- anisotropies can be observed in enhanced coercivity (Hj)
tion, implying that there exists a static spin-density wave in values displayed in the ultrathin regime. The earliest studies
real space in this region (i.e., the stripe domain structure). A of this type are due to Hirsch' 8 who observed a factor of -5
striped domain structure in a 2D film can be viewed as a enhancement in H, for ultrathiri Fe interleaved with Cu.
one-dimensional (1D) ordered system. It is well known that Bader 19 documented a number of systems for which H,
ID ordered states are unstable against thermal fluctuations, peaks in the monolayer region. Engel et al.20 have observed
Indeed, Kashuba and Pokrovskyl° examined 2D striped do- H, peaks in monolayer-range films that occur as a function
mains by means of renormalization group methods and of the thickness of a nonmagnetic overcoating layer. This can
found that while thermal fluctuations destroy the regular spa- be due to electronic effects or morphological (i.e., wetting)
tial distribution of the stripe domains predicted by Yafet and changes in the magnetic layer. Gradmann has documented
Gyorgy 7 for the T=0 case, the orientation of the domain similar examples of coercivity and anisotropy changes due to
walls remains stable in the presence of thermal fluctuations. nonmagnetic overcoats. 15

Therefore, they reached the conclusion that the 2D stripe The first experimental identifications of temperature-
domains can be mapped onto the smectic liquid-crystal case. dependent 2D spin-reorientation transitions in transition-

It is of interest to discuss in more detail the issue of a metal films are due to Pappas, Kiimper, and Hopster.2' They
film of fixed thickness that undergoes a temperature- studied both Fe/Ag(100) and Fe/Cu(100). A AT range of
depeirlent spin-reorientation transition from perpendicular at -20-30 K was identified that had vanishingly small rema-
low T(T<TTR) to in plane at high T(T> TR). The question nence. Allenspach and Bischof 22 subsequently imaged the
arises as to the existence of a temperature gap AT for which magnetic domains of Fe/Cu(100) and observed striped do-
either long-range order disappears or for which a uniform mains with smectic liquid-crystal-like orientational order, as
magnetization configuration is unstable with respect to cant- described by Kashuba and Pokrovsky.1° However, the ques-
ing, twisting, or domain formation. Erickson and Mills tion is still not answered as to whether the spontaneous mag-
roughly estimate a ,alue of AT/TR-0.5% for an ultrathin Fe netization, as opposed to the average magnetization, is at all
film. A gap due to domain formation can be appreciably reduced or not in the immediate vicinity of the spin-
larger in magnitude than this estimate. This is because the reorientation tiansition.
gap would signal the T range over which the scale of the In the present work we describe recent surface magneto-
domain structure shrinks to dimensions that are less than the optic Kerr effect (SMOKE) contributions to this fundamental
sample size or probing length. problem in 2D magnetism. We first examine Fe/Ag(100) for

Much has been said about 2D spin-reorientation phe- which magnetic instabilities can be studied without concern
nomena so f.:r, but perhaps the most fascinating aspect to for structural instabilities, since Fe is well lattice matched to
appreciate is that it is predicated on the existence of perpen- the Ag(100) square net. Then we progress to the more com-
dicular surface anisotropy that is strong enough to compete plex case of Fe/Cu(100) which can exhibit similar spin-
with the shape anisotropy of the film. For Fe the shape an- reorientation behavior to Fe/Ag(100), but also possesses
isotropy gives rise to an -20 kG demagnetizing field. Thus, structural instabilities.
the surface anisotropy must be quite substantial in magni- fcc Fe(100) is lattice matched to Cu(100). In the ultra-
tude. N60el was the first to recognize that unusually strong thin limit a tetragonally distorted fcc structure is stable. This
surface anisotropies relative to bulk anisotropies can exist. fct structure relaxes to an undistorted fcc structure upon in-
The bulk magnietocrystalline anisotropy was first attributed creasing the Fe thickness. 23 The fct phase is itself unusual for
to the spin-orbit interaction by Van Vleck. 12 N~el recognized an element. Only elemental Sn has a naturally occurring fct
that strong spin-orbit interactions could arise from the bro- phase. In the case of Fc/Cu(100) the fct structure is stabilized
ken symmetry at the surface. Much more recently Gay and epitaxially. (This is one of the attributes of modern thin-film-
Richter13 performed the first computational study to confirm ma.gnetism research--the ability to artificially stabilize new
that strong surface anisotropies can be anticipated in particu- phases.) Eventually, thicker Fe films grown on Cu(100)
lar systems. Wang, Wu, and Freeman14 have contributed the transform to the equilibrium bcc structure. 1kc(110) epitaxial
most recent state-of-the-art advances to this demanding ap- relationships to fcc(100) have been described elsewhere. 24

-

proach. Metastable phases, therefore, abound in Fe/Cu(100) as a
Gradmann15 was the first to experimentally identify per- function of growth temperature and Fe thickness. The fct

pendicular easy axes attributed to strong surface anisotropy. spin-reorientation transition, jor example, is only found for
He recently reviewed his work that dates back to the 1960s low-T growth (7T-200 K). At higher temperatures the fct
on a variety of films, in an outstanding book chapter. Jonker structure relaxes to fcc and the magnetic properties change
et al.16 reawakened interest in the surface anisotropy issue in dramatically, as studied recently by Thomasen et al.25 and Li
1986. They attributed the nonobservation of spin polarization et al.28 Thus, Fe/Cu(100) provides a system rich in magnetic
in photoemission experiments on Fe/Ag(100) films as being and structural instabilities. The interplay of these instabilities
due to the existence of vertical easy axes, and to the technical has intrigued, challenged, and stymied a whole generation of
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modem researchers. An enormous collective cffort has been
devoted to this system. It is the prototype chosen by many T

who seek a rite of passage into the realm of surface magne-
tism. T

II. EXPERIMENTAL DETAILS

Background information on the sample preparation, 2..

characterization, and magneto-optic-measurement techniques 250 A) 350 00 4(K 500

appear elsewhere. 26-28 For the sake of completeness we T (K)

briefly mention that the Fe samples were prepared by ultra- 80

high vacuum evaporation, also known as molecular beam "
epitaxy. The Fe wedges are formed by linear translation of 60

the substrate behind a mask during growth. Evaporation rates
are in the range of 1 monolayer (ML) every -2-3 min. The
wedges have a slope of -0.2 ML/mm for Fe/Ag and -1.5 20

ML/mm for Fe/Cu. The slopes are substantially larger for the
Fe/Cu wedges in order to scan the broader region of interest 0 .... .....
that includes a range of the fet, fcc, and bee phases. The 250 3W 3.50 400 4.50 500

crystals were -1 cm in length, and the laser beam for the
SMOKE studies was focused to -0.2 mm. Thus -50 dis-
crete positions could be sampled along a wedge. The sub- FIG. 1. The perpendicular and parallel components of the remanent magne-

strates were prepared utilizing standard surface-science tech- tization for a 6.0 ML Fc film grown on Ag(l00) vs temperature are shown in
(a) and the corresponding coercivitics from polar SMOKE measurements

niques involving sputter-anneal cycles. Low- and high- are shown in (b). The noise in the longitudinal Kerr data (parallel magneti-

energy electron diffraction (LEED and RHEED) were used zation component) is greater than that in the polar data because of the
to characterize the substiates and films. RHEED oscillations inherent weakness on the longitudinal signal, as mentioned in the text.

during Fe growth are published in Refs. 27 and 28.
Magneto-optic Kerr-effect measurements were made at

the He-Ne laser line using p-polarized light. The films were identify a region AT with vanishing magnetization. The high
magnetized using a split-coil superconducting solenoid that signal-to-noise ratio and data density in Fig. 1(a) enables one
provides a homogeneous field with low trapped flux at zero to discern an asymmetric ramp structure within the
current (<10 Oe). Hysteresis loops were generated with no pseudogap encompassed by AT. Thus, if the remanence van-
attempt to convert to ellipticity units. Ellipticities are re- ishes, it does so over a very limited T range (a few kelvin at
ported elsewhere for related film structures. 29 The important most), as estimated by Erickson and Mills. Note that MR in
point for the present studies is that the signal is proportional Figs. 1(a) and 2 are normalized to the film thickness, and the
to the magnetization. The remanent magnetization MR was longitudinal and polar MR values at saturation are normal-
used to track the phase transitions in order to avoid possible ized to each other for clarity. (The polar signal is -25 times
field-induced transitions. The hysteresis loops are used to as intense as the longitudinal signal, as expected.) The ques-
identify the easy axis of magnetization. Square polar loops tion that Fig. 1(a) raises is what is the root cause of the
identify vertical easy axes, while square lonigitudinal loops remanence decrease within AT? Is long-range ferromagnetic
identify in-plane easy axes. To obtain polar or longitudinal order lost anywhere within this region, as might be antici-
signals the sample was positioned appropriately within the pated from the Mermin-Wagner theorem? How do domains
solenoid to face one of two orthogonal laser stations used to or other nonuniform spin configurations manifest themselves
generate the data. Thus, it was necessary to rotate the sample within AT? If long-range order does not vanish, do enhanced
by 900 between full scans of a wedge to obtain data for both thermal fluctuations in 2D suppress the magnetization even
configurations. This introduced an absolute uncertainty in the
positioning of the beam along the wedge, but it presented no
obvious problem for our purposes. The hysteresis loops per-
mitted the H, values to be obtained. They were used to iden- dR

tify the structural transitions for Fe/Cu and to augment the C "- ,-
spin-reorientation studies for both systems. _ d

III. RESULTS I

A. Fe/Ag(100)
4 5 6 7 8 9

The spin-reorientation transition for Fe/Ag(100) is Felitckncss (ML)

shown in Figs. l(a) and 2. Figure 1(a) displays the transition
aF a function of temperature for a fixed Fe thickness. This is
the manner in which the transition was studied originally by FIG. 2. Perpendicular and parallel components of the remancnt magnetiza-
Pappas et aI.21 who used polarized electron scattering to tion at room temperature along an Fe/Ag(10(t) wedge.
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partially due to the system becoming more isotropic in the
vicinity of TR? These questions should motivate future FIG. 4. Boundaries of the uniform ferromagnetic phase with vertical easy
progress in the field, axis for an fct Fe/Cu(100) wedge as a function of measurement temperature

and Fe thickness. The left-hand boundary delineates the onset of detection ofFigure 2 provides similar data to Fig. 1(a) but as a func- a ferromagnetic signal, while the right-hand boundary terminates in a tran-
tion of Fe thickness along a wedge. The region Ad and the sition to the spin-in-plane fct phase.
point dR are defined operationally in an analogous manner to
AT and TR in Fig. l(a). The asymmetric ramp structure
within Ad is very similar in appearance to that observed in thickness for a large number of films. Vertical easy axes were
Fig. l(a) within AT. The same questions apply as outlined observed in a region bounded by a thickness of -6 ML Fe
above. It is interesting to note that Kashuba and Pokrovsky t0 aod growth temperatures that do not extend very much above

room temperature. The onset of ferromagnetic signals for the
have found that their calculations linearize to first-order ex- rf
pansion in both T and d in the vicinity of TR and dR, as thinnest films occurred between -1 and 3 ML. Figure 4

observed experimentally in Figs. 1(a) and 2. shows a somewhat different mapping than that of Liu et al.31

To augment Fig. l(a) further, we show the corresponding for one of our wedged samples grown at low temperature.

H. data in Fig. 1(b). The transition at TR is defined by a peak Figure 4 is analogous to the plot of the Fe/Ag(100) data in

in H, which is almost 3 times as large as its value at Fig. 3. The left-hand boundary in Fig. 4 represents the onset

(TR- AT). For T>TR the value of H, drops precipitously of detection of ferromagnetic signals with vertical easy axis

because the vertical axis becomes a hard direction for the (i.e., Tc), while the right-hand boundary represents the ter-

magnetization. For T< (TR-AT), Hc decreases substan- mination of the vertical ferromagnetic phase (i.e., TR). The

tially as T increases. Thus, the hysteresis loops are shrinking left-hand boundary is believed to be influenced by the non-

in area in this interval as T increases. This can be due to ideal morphology of the films (i.e., intermixing) as well as by
enhanced thermal fluctuations as TR is approached, or to the decreased Tc values for decreasing film thickness.fluidity of the domain structure. The peak in s f at TR,pin any Subsequent to the work of Liu et aL 3 1 interest focusedfludit ofthedomin trutur. Te pak n H atTR inany on the region beyond the right-hand boundary of Fig. 4. It
case, represents a striking observation and a challenge to oncthe rego beyond the rygof Fig.n4.nI
interpret, became clear that two phases exist in this region depending

Figure 3 summarizes results for the spin-reorientation on growth temperature. For low temperature (-100 K)
phase-boundary determinations for Fe/Ag(100). The data growth the spin-reorientation transition ensues, as for Fe/
represent measurements taken along wedges at different tern- Ag(100). This occurs even if the samples are annealed to the
peratures. The pseudogap regions are not indicated in Fig. 3,
but Curie temperatures Tc are shown for some initial Fe ...... r-, -,

thicknesses. The Curie transitions are found to be 2D-Ising-
lik,-, as described in Ref. 27. The Curie transitions can be
examined to provide an estimate of the intrinsic width that
might apply also to the spin-reorientation transitions. The 3Ii0

3%-5% tails reported at Tc imply that the correlation length ' 1"

is limited by finite-size effects to -100 A, which corre- -• f"

sponds to a typical terrace width in a metallic single
crystal.27 Thus, with inclusion of the Curie transitions, Fig. 3 0,
delineates the M =0, M11, and M, phase regions.

B. Fe/Cu(100)

The region of stability of vertical easy axes for Fe/ 0 2 4 6 8 10
Cu(100) was first explored systematically by Liu et al.30  Fe Thickness (ML)
They constructed a phase diagram to represent the metasta-
bility of the system by plotting growth temperature versus Fe FIG. 5. Spin-reorientation transition for Fe/Cu(t)O).
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900 extent the surface ferromagnetic layer boosts the properties
(TN and j.) of the underlying AFM film.

* Finally, with increasing Fe thickness the bcc phase is
• reached at -10-12 ML Fe. The bcc films are ferromagnetic

600 - with in-plane easy axis dictated by the shape anisotropy. The
coercivity exhibits striking peaks at the phase transitions, as

shown in Fig. 6 for a wedge than spans the fct-fcc transition
S30 - as well as the bcc transition. The coercivity provides a con-

300 * "** venient way to track phase boundaries between fct-fcc, fcc-

bec, and fct-bcc, as well as for the spin-reorientation transi-
"* tion. The most recent magnetic phase diagram for the growth

0 '4L 8 1 1 ,0_ -142 of Fe/Cu(100) is presented in Ref. 28.
2 4 6 8 10 12 14

Thickness (ML) IV. SUMMARY

Recent SMOKE studies for Fe/Ag(100) and Fe/Cu(100)
FIG. 6. Coercivities along a wedge of Fe/Cu(100) illustrating peaks at the were highlighted. The documentation of the spin-
phase transitions. The left-hand transition is from the fct (I) to the fee phase reorientation transition for Fe/Ag(100) provides detailed cor-
(II), while the right-hand transition is to the bcc structure (1l1), ollary measurements to those of Refs. 21 and 22. A sup-

pressed but nonvanishing remanent magnetization was found
within most of the pseudogap region in temperature and Fe

vicinity of room temperature after growth, as in the work of thickness that characterizes the phase transition. The coerciv-
Ref. 21. For example, the spin reorientation is shown in Fig. ity also exhibits a pronounced peak. The role of thermal
5 for a wedge grown at 190 K, annealed at room tempera- fluctuations in a nearly isotropic 2D Heisenberg system is
ture, and measured at 110 K. However, different results are quite dramatic and can suppress long-range order and/or give
obtained for room-temperature growth. Xhonneux and rise to domain structures with unusual characteristics.
Courtens 3' found evidence for a nonmagnetic phase beyond For fct Fe/Cu(100) the spin-reorientation transition oc-
the 6-7 ML Fe phase boundary. Thomasen et al.25 further curs for low-temperature (--200 K) growth. However, for
clarified the new phase identification as having a surface fer- room-temperature growth the ferromagnetic fct phase with
romagnetic "live" layer with vertical easy axis. Li et al,2s vertical easy axis transforms to an AFM fcc phase with a
more recently confirmed the work of Thomasen et al.25 and, surface ferromagnetic live layer. Fe films of -10-12 ML
further, found evidence that the ferromagnetic surface is the transform to the equilibrium bcc ferromagnetic structure with
termination of an antiferromagnetic (AFM) phase. Antiferro- in-plane easy axis of magnetization. The Fe/Cu(100) system
magnetism does not manifest itself directly in SMOKE mea- offers complexity associated with the interplay of magnetic
surements, so further explanation is necessary. While Ref. 25 and structural transitions, However, coercivity peaks can be
observed a constant magnetization in the region of interest, used to track a variety of its phase transitions. The underly-
Li et al 28 found that upon cooling the constant signal devel- ing mechanisms for achieving phase stability and that control
oped peaks of monolayer-type amplitude. For an AFM struc- coercive behavior remain a challenge to pursue in the future.
ture built up of alternating ferromagnetic (100) sheets, a peak
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Magnetic and structural instabilities of ferromagnetic and antiferromagnetic
Fe/Cu(100)

Dongqi Li, M. Freitag,') J. Pearson, Z. Q. Qiu,b) and S. D. Bader
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439

Fe wedges epitaxially grown on Cu(100) have been employed to investigate the interplay between
magnetic and structural instabilities. 2-4 monolayer (ML) clean Fe films grown at room
temperature are ferromagnetic with perpendicular easy axes. bcc Fe films> II ML thick are
ferromagnetic with in-plane easy axes. Most importantly, 6-11 ML fcc Fe films are
antiferromagnetic and have a ferromagnetic surface. Films grown below 200 K and annealed to
room temperature do not exhibit the antiferromagnetic phase, but remain ferromagnetic and undergo
a spin-reorientation transition from perpendicular to in plane at -6 ML. A new phase diagram for
Fe/Cu(100) is proposed as a function of thickness and growth temperature. In addition, an
impurity-stabilized layer-by-layer growth that persists to 30-40 ML Fe is also reported.

Iron, especially fcc Fe, is intrinsically unstable magneti- (see Fig. 1) as judged by relatively undamped RHEED oscil-
cally in the sense that its nearest-neighbor exchange interac- lations up to 32 ML Fe. The oscillations resume after restart-
tion can be either positive (ferromagnetic) or negative (anti- ing the stopped deposition (not shown in Fig. 1) and persist
ferromagnetic), depending on structural details.' 2 ,Te films to 40 ML, where the experiment was terminated. This is
grown onto Cu(100), in particular, form various structural surprisingly thick for a metastable phase. The LEED patterns
and magnetic phases to illustrate the tendency toward before and after deposition were both c(2X2), which is a
instability,3- 9 In the current work, we focus on these insta- common pattern for contaminated fcc(100) surfaces. Auger
bilities and their interplay to achieve a better understanding measurements indicate an oxygen level of 10-20 at. % for
of the relation between structure and magnetism. Most im- both the substrate and the film. The chamber pressure during
portant, we observe an antiferromagnetic phase with a ferro- this dirty deposition was 2X 10-9 Torr, which is significantly
magnetic surface for 6-11 monolayer (ML) films of Fe grown higher than that for the clean films to be reported herein. It is
on Cu(100) at ambient temperature. The different magnetic apparent that the layer-by-layer growth of the metastable fcc
phases are displayed in a new magnetic phase diagram. In Fe shown in Fig. I is extrinsically stabilized by impurities, as
addition, an impurity-induced layer-by-layer growth of Fe on can be qualitatively understood. There are two factors that
Cu(100) is observed that persists into the 30-40 ML regime. mitigate against persistent layer-by-layer epitaxial growth.

Sample preparation proceeded first via mechanical and One involves the thermodynamic argument that opposes the
electrochemical polishing of the Cu(100) substrate, and then wetting of a high-surface-free-energy species (Fe) on a low-
via sputtering and annealing (600 °C) cycles in the ultrahigh surface-free-energy substrate (Cu). Three-dimensional
vacuum chamber. Fe was evaporated from an alumina cru- growth would be anticipated in such a case. The other factor
cible with a typical evaporation rate of 0.7 /min. The base is that the slight lattice mismatch between fcc Fe (3.59 A)
pressure of the chamber was 1 × 10- t" Torr, and the pressure and Cu (3.61 A) should cause strain in the film and lead to a
during deposition was 2 -51ISllW Torr. The ordering and critical thickness for epitaxial growth. The impurities appear
cleanness of the crystal and the films were confirmed with to act as surfactants to lower the surface free energy of Fe so
reflection high-energy electron diffraction (RHEED), low-
energy electron diffraction (LEED), and Auger spectroscopy.
The Fe wedges were grown while moving the substrate be-
hind a mark during evaporation to define a slope of -1.5
ML/mm. The substrate temperature during growth is denoted
as T,. The magnetic properties were studied in situ by means
of the surface magneto-optic Kerr effect (SMOKE). A H-1e-Ne

laser beam focused to 0.2 mm was used to scan along the 7
wedge to obtain hysteresis loops for different Fe thicknesses. E

The height of the Kerr loop in remanence is denoted as MR,
due to its relation to the remaneit magnetization. First the
results of "dirty" growth will be presented. The remainder of d,,,tM uMt.0,

the article will then be devoted to the properties of clean 20 25 30 35
0 5 10 1. 0 5 3

films. T'hlickness (ML)

Quite striking behavior is observed for dirty growth. In
that case persistent layer-by-layer growth can be obtained

FIG. 1. RiiElI) intensity oscillations for a dirty deposition of Fe ont
Cu(im()). The persistent oscillation, indicative of layer-by-layer growth, are

')Present address: IGV der KFA, Jiilich, Germany. impurity induced, as discussed itn tile text. The deposition rate was 0.04
" Permanent address: Physics Dept., Univ. of Califotrnia, Berkeley. A/rain T, 315 K.
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FIG. 2. RHEED intensity oscillations for Fe grown on Cu(100) at 310 K. Fe Thickness (ML)
Region% 1-I11 are labeled as in Ref. 3.

FIG. 3. Pe'rpendicular renianent magnetization from polar SMOKE vs thick-
ness across an Fe wedge grown ati'',=280) K and measured at 190 K (a) and

that it can wet the Cu(100) surface, Such an effect was dis- 70 K (b). Region II has a enhanced surface fcrromagnetle layer and antifer-
cussed by Egelhoff et al.,'0 who point out that various atoms romagnetie underlayers as discussed in the text.

can serve as surfactants for I ML Fe/Cu(100) and related
systems, and that some impurity atoms can float to the sur-
face during growth to continue to activate layer-by-layer with Fe thickness as expected for a ferromagnetic film. At
growth. The impurities may also serve as defect centers to -5 ML Fe, however, the magnetic signal drops to -30%-
help release film strain and to thwart the transition into the 40% of its maximum value. In addition, in region II the
equilibrium bee phase. Thus, impurity surfactant agents can remanent magnetization forms a two-peaked structure be-
provide a promising way to extend the study of epitaxial tween 6 and 11 ML which is most apparent at low tempera-
growth of metastable phases. ture. These observations suggest that the bulk of the Fe film

The growth characteristics of clean Fe films on Cu(100), is antiferromagnetic with alternating layers of spins pointing
as documented in Fig. 2, arc more complex than the behavior out of or into the surface. There is a relatively constant mag-
shown in Fig, 1. Three growth regions are delineated in Fig. netic signal in region II at relatively high temperature (right
2 for films grown above 250 K on the (I X 1) Cu(100) sub- below To). And the signals at the valleys do not go to zero in
strate with no detectable C or 0 Auger signals, in agreement the temperature range we performed our experiments. These
with previous studies." No in-plane lattice-constant differ- facts suggest that the surface ltyer is ferromagnetic, as re-
ences are observed by RHEED or LEED between the first ported in Ref. 9, and has an enhanced magnetic order. The
two thickness regions as Fe grows into pseudomorphic face- antiferromagnetic order is more significantly reduced by
centered structures. Region I has been attributed to a face- thermal fluctuations than is the fer'omagnetic surface order.
centered tetragonal (fct) phase and region II to the fcc This unique magnetic phase was observed only when the
phase. t" Region I1 exhibits regular oscillations characteristic substrate was clean and the pressure during deposition was
of a tendency toward layer-by-layer growth. The sharp decay <5X 10- "' Torr. A recent theoretical calculation' 2 suggests
of the RHEED intensity on going from region I to III at - 11 that the for 4-11 ML of fcc Fe on Cu(100), the surface and
ML has been attributed to the onset of three-dimensional one subsurface layer are ferromagnetically aligned while the
growth of bcc Fe. 3'718  underlayers are antiferromagnetically aligned, in general

Different magnetic properties accompany the structural agreement with our experimental observations. It is noted
phases of regions I-Ill. For films grown above 250 K, the that the peak separation in our experiments is -2.6 ML in-
magnetic easy axis changes from perpendicular to in plane at stead of 2 ML. Such an incommensurate magnetic structure
-11 ML. The magnetic anisotropy is dominated by the is not indicated by the calculation of Kraft et al. It could

shap. anisottopy in region I1l. In region I the surface anisot- relate to the quantization of the electronic states and the cor-
ropy yields a perpendicular easy axis. Most strikingly, there responding spin density wave in a finite thickness film.
is a dramatic change in the magnetic properties between re- The richness of magnetic phases of Fe/Cu(100) is dem-
gions I and 1I from the ferromagnetic phase to an antiferro- onstrated in the new magnetic phase diagram shown in Fig.
magnetic phase with a ferromagnetic surface. This is shown 4. Region I contains the ferromagnetic phase with perpen-
in Fig. 3. The remanent magnetization obtained from our dicular magnetic anisotropy. A nonmagnetic region <2 ML,
magneto-optic measurements increases initially in region I not delineated in Fig. 4, is presumably due to a reduced
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350 [------ .............. ...... distortion can drive the system into either antiferromagnetic

ll(a) I or ferromagnetic states with different anisotropies. Recent
work reported that fcc Fe grown on diamond (capped with300 r"Cu) is also ferromagnetic, but with in-plane anisotropy. 13

This might be consistent with the expected in-plane com-
S250 1 .lpression of Fe on diamond (lattice constant of 3,51 A) as

opposed to the expected in-plane expansion of Fe on

200 11(b) Cu(100).
F 5, r, In conclusion, we investigated the ferromagnetic and an-
(fcO) Oict) tcc) tiferromagnetic phases of Fe/Cu(100) which correlate with

150 -.--.-...-.. .I.. -.. ........... its structural phases. We observe a new antiferromagnetic
0 4 8 12 16 phase with a live ferromagnetic surface. We propose a new

Fe Thickness (ML) magnetic phase diagram for the growth of Fe on Cu(100),

We also observe impurity-induced layer-by-layer growth of
FIG. 4. Magnetic phase diagram with respect to growth temperature and Fe Fe on Cu(100) that persists to at least -40 ML.
thickness. In region I, the films are ferromagnetic with perpendicular easy This work was supported by US DOE BES-MS under
axes (fct). In region 11(a) the films are AF and the surface is ferromagnetic
(fcc), In region 11(b), the films are ferromagnetic with in-plane easy axes Contract No, W-31-109-ENG-38.
(fct). In region III, the films are ferromagnetic with in-plane easy axes (bce).
(Measurements were performed in the range of 110-190 K.)

.1j, S. Kouvel and R. H. Wilson, J. Appl. Phys. 32, 435 (1961).
2C. S. Wang, B. M. Klein, and H. Krakauer, Phys. Rev. Lett, 54, 1852

Curie temperature. Thick films (>10-11 ML) are bce and (1985); V. L, Moruzzi, P. M. Marcus, K, Schwarz, and P. Mohn, Phys.
possess in-plane ferromagnetic magnetization. At the inter- Rev. B 34, 1784, (1986); F. J. Pinski, J. Staunton, B. L. Gyorffy, D. D.

Johnson, and G. M. Stocks, Phys. Rev. Lett, 56, 2096 (1986).
mediate thicknesses of region II different phases can be -j. Thomassen, F. May, B. Feldmann, M. Wettlg, and H. lbach, Phys. Rev.
formed depending on the substrate temperature. For low- 4Leat, 69, 3831 (1992),
temperature deposition, where the fct-to-fcc phase transition 'C, Liu, E. R. Moog, and S. D. Bader, Phys. Rev. Lett. 60, 2422 (1988).

is suppressed, a spin- reorientation transition occurs into re- . P. Pappas, K,-P. Kamper, and H, Hopster, Phys. Rev. Lett. 64, 3179
(1990); D. P. Pappas, C. R. Brundle, and H. Hopstcr, Phys. Rev. B 45,

gion 11(b) wherein the easy axis changes from perpendicular 8169 (1992).
to in plane.9 For growth temperatures higher than -250 K, "R, Allenspach and A. Bischof, Phys. Rev, Lett. 69, 3385 (1992).
the newly identified antiferromagnetic phase with the live 1P. Xhonneux and E. Courtens, Phys. Rev, B 46, 556 (1992); F. Scheurer,

R. Allenspach, P. Xhonneux, and E. Courtens, ibid. 48, 9890 (1993).ferromagnetic surface layer appears in region 11(a), as dis- hK. Kalki, D. D. Chambliss, K. E. Johnson, R. J. Wilson, and S. Chiang,
cussed above. Phys. Rev. B 48, 18 344 (1993); K. E, Johnson, D. D, Chambliss, R. J.

The difference in structure between regions I and I1 for Wilson, and S. Chiang, J. Vac. Sci. Technol. A It, 1654 (1993).
ambient-temperature-grown films is believed to be the differ- 'D. Li, M. Freitag, J. Pearson, Z. 0. Oiu, and S. D, Bader, Phys. Rev. Lett.

72, 3112 (1994), and references therein.
ence in interlayer spacing."' The initial phase is a fct struc- '"W. F. -Egelhoff, Jr. and D. A. Steigerwald, J. Vac. Sci. Technol. A 7, 2167
ture with interlayer spacing different from the in-plane lattice (1989); D. A. Steigerwald, I. Jacob, and W. F. Egelhoff, Jr., Surf. Sci. 202,
constant. Such a distortion appears to stabilize ferromagnetic 472 (1988).

ordering. The second phase is the more isotropic fcc phaseIt  "Ht. Magnan, D. Chandesris, B. Villette, 0. Heckmann, and J. Lecante,
Phys. Rev. Lett. 67, 859 (1991),

which is antiferromagnetic and has a ferromagnetic surface, 1Tr. Kraft, P. M. Marcus, and M. Scheffler, Phys. Rev. B 49, 11511 (1994).
Because of the magnetic instability of fcc Fe, a small lattice "D. P. Pappas et al., Mater. Res. Soc. Syrup. Proc. 313, 369 (1993).

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 LI et al. 6427



Impurity hyperfine fields in metastable body centered cubic Co
J. Dekoster, B. Swinnen, M. Rots, and G. Langouche
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E. Jedryka
Institute of Physics, Polish Acadenmy of Sciences, AL Lotnikow 32146, PL-02 668 Warsaw, Poland

A new spectrum component is observed in M6ssbauer spectra of thin body centered cubic Co layers
doped with 57Co which have previously been shown to be in this metastable state with nuclear
magnetic resonance. It is characterized with a large magnetic hyperfine field (31.2 T) and an isomer
shift nearly equal to that of a-Fe. The decrease of the isomer shift in bcc Co with respect to hcp Co
is consistent with a smaller s-d charge transfer in bec Co as compared to hcp Co. The influence of
structure on the hyperfine field in a Co crystal is reflected in the decrease of the magnetic hyperfine
field of Fe in bcc Co as compared to hcp Co and is similar to the volume dependence of the magnetic
hyperfine fields in a Co crystal.

Over the last years magnetic films and superlattices served decrease of the hyperfine field of bcc Co with respect
grown with molecular beam epitaxy have attracted consider- to hcp Co. In recent years several studies, both theoretical
able attention in the search for new materials with unusual and experimental, have been performed to explain systematic
magnetic and structural properties. Recently it has been trends and th,'. pressure dependence of the magnetic hyper-
shown that a metastable body centered cubic Co phase can fine fields of impurity atoms into ferromagnetic host metals
be grown on GaAs, Fe, and in Co/Fe superlattices.1- 4 One of such as Co, Fe, and Ni. 7'8 The experimental determination of
the properties which is expected to be strongly dependent on the magnetic hyperfine field in a metastable magnetic phase
the structure of a Co crystal is the magnetic hyperfine field, such as bcc Co might shed some light on the dependence of
The characterization of the bce phase was therefore estab- the magnetic hyperfine field of impurity atoms on the struc-
lished with NMR spectroscopy which showed a NMR fre- ture of the crystal phase under investigation. Co is, just like
quency at 199 MHz for bce Co, a value which is about 10% Fe, a unique material which can take the form of three crys-
lower than the known NMR frequencies in fcc and hcp Co. tallographically different magnetic phases. In the present
The purpose of the present study is to use radioactive 57Co as study the hyperfine field of Fe in bcc Co is determined with
a probe material for the magnetic hyperfine fields in these M6ssbauer spectroscopy and compared with the known hy-
layers. A 57Fe source experiment in which the M6ssbauer perfine field of Fe and its volume dependence in hcp Co. In
isotope is the daughter isotope of 57Co is one of the few addition M6ssbauer spectroscopy is sensitive to the atomic
methods to measure the hyperfine interaction at Fe in a thin volume via the isomer shift, We will demonstrate that the
metastable bce Co crystal. 57 Fe-NMR measurements or ab- decrease of the hyperfine field of Fe in bee Co with respect to
sorber M6ssbauer measurements would require a much hcp Co is certainly not a volume effect but more likely is due
larger concentration of Fe into Co. The introduction of 57Co to a coordination effect.
as a radioactive probe in the Co phase under invesli, .tion Samples were prepared by implanting 80 keV radioac-
offers at least five orders of magnitude of sensitivity as ct-m- tive -7Co with a dose of 1014 atoms/cm 2 into Co/Fe superlat-
pared to absorber experiments. 5 There are two more distinct tices grown with molecular beam epitaxy. The metastable
advantages in the use of MWssbauer spectroscopy to study bcc Co epitaxy on Fe (001) is possible because of the small
57Co in bce Co: first, one can be completely confident that lattice mismatch of 1.6% between the predicted bcc Co
the Fe atoms will occupy Co sites, as 57Co is expected to phase (a =2.82 A) and an (I X 1) construction on Fe (a =2.87
take a regular substitutional lattice site in bcc Co and second, A). [FeCo.120 superlattices with various Co layer thickness
57Fe is the best M6ssbauer probe with a high recoil-less frac- (x=25 A, 6 A<y-<24 A) were prepared on MgO (001) sub-
tion and a good sensitivity of the isomer shift (b) to strates. Details of the preparation conditions can be found
pressure.6 In such source experiments it is generally believed elsewhere.9 The M6ssbauer spectra were recorded at 300 K
that the atomic configuration surrounding the probe atom is wiag a sodiumferrocyanide absorber (SFC). The 8values are
not modified during the extremely short lifetime of the ex- expressed as absorber isomer shift with respect to SFC.
cited M6ssbauer state, i.e., the 57Fe directly probes the bee NMR measurements on these samples revealed a meta-
Co atomic configuration. stable state for Co characterized with a frequency of 199

It is intriguing to notice that the hyperfine field at 59Co in MHz, a value which is lower than the Co frequency in fcc
a Co crystal determined with NMR is quasilinearly decreas- (217 MHz) and hcp Co (220-228 MHz), The metastable
ing with the atomic volume of the specific Co phase studied state is attributed to Co in a bcc phase and relaxes for this
(hcp, fcc, or bce Co). A similar behavior is observed in the growth direction to the regular hcp phase only for Co layer
pressure dependence of the magnetic hyperfine field in a Co thickness above 24 A.") Co/Fe superlattices with Co thick-
crystal, i.e., the magnitude of the hyperfine field is decreas- ness smaller than 24 A are expected to contain the following
ing with the volume. 7 The pressure effect on the hyperfine atomic configurations for the implanted 57Co probe atoms:
field is however an order of magnitude smaller than the ob- a-Fe, bce Co, Co/Fe interface region, and a possible surface
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FIG. 1, M6ssbauer spectra of bee Co/Fe superlattices with various Co layer
thickness [24 A (a), 18 A (b), 12 A, (c), and 6 A (d)] implanted wiAh 1(01 FIG. 2. Relative contribution of the magnetic spectrum components of
57Co measured at 300 K with respect to a sodiumferrocyanide absorber. MWissbauer spectra of bcc CofFc superlatticcs for various Co layer thickness

L(*) u Fe, (0) bce Co. (0) Core interface].

oxidc layer. Figure I shows the 57Fe M6ssbauer spectra of shift in bcc Co can however be explained by a smaller 5-d
Co/Fe superlattices with different Co-layer thickness. For the charge transfer in bcc Co with respect to hcp Co. It is there-
layer with 6 A Co only two magnetic spectrum components fore supporting without really proving such a charge transfer
arc present. The hyperfine field of the first spectrum compo- effect which has been proposed a long time ago to explain
nent and its isomer shift are within error limits equal to that the stronger volume dependence of the isomer shift in the
of a-Fe [B =33.1 T]. The second component has a hyperfine bcc metals then in the close packed fcc and hcp metals. 6
field of 35.4 T and an isomer shift 8=0.10 mm/s. It is rea- Recently the hyperfine interaction of Cd in bce Co/Fe
sonable to attribute this component to Fe in the Co/Fe inter- superlattices was studied with the angular correlation
face region since it is almost equal to the hyperfine field of technique. t Also in these measurements a new value for the
Fe in an equiatomic Co/Fe alloy, With increasing Co layer hyperfine field of Cd is observed which is substantially lower
thickness in addition to the above-mentioned magnetically than the known hyperfine fields of Cd in fcc and hcp Co. It is
split components a third spectrum component is observed remarkable that the hyperfine fields for Co, Fe, and Cd in the
with a slightly lower hyperfine field [B =31.0 T (12 A Co), three Co phases are increasing almost linearly with the
B =31.4 T (18 A Co), and B =31,2 T (24 A Co)]. The as- atomic density of the specific Co phase (see Fig. 3) and that
sumption that this new component is due to Fe in bcc Co is the slope of this bchavior reflects the difference of the
justified by two observations: first, the increase of the rela- experimental volume dependence of the hyperfine field
tive contribution of this component with Co layer thickness of Co, Fe, and Cd in hcp Co. In pressure measurements
is accompanied by a decrease of the interface component one observed dInB/dp=0.3x 10-3 kbar-1 for Fe,"2

(see Fig. 2) and is similar to the increase of the NMR com- d In B/dp =0,615 X 10-1 kbar-t for Co,7 and
ponent at 199 MHz, and second, this hyperfine field compo- d In B/dp =1.04X 10" kbar- 1 for Cd 7 in hcp Co. The mag-
nent is clearly lower than the known hyperfine fields of Fe in
hcp Co and in Co/Fe alloys. Therefore we attribute it to Fe in
bcc Co and estimate the hyperfine field of Fe in bcc Co to be 35
31.2(2) T. Finally, a nonmagnetic single line component with
6=0.90 mm/s is observed in All the M6ssbauer spectra and is • .
probably due to the presence, of an oxide layer. The contri- 30
bution of this spectrum component is decreasing with in- -
creasing Co layer thickness which reflects the higher resis- 1(C
tance of Co to oxidation as compared to Fe. a 25 hcp

The bcc Co spectrum component is characterized by an -- p

isomer shift which is only slightly smaller than the isomer bo

shift of the a-Fe component and consequently is also smaller 20 - - C
than the isomer shift in hcp Co. The isomer shift is well Co
know to be proportional to the electron density at the nucleus 15 n*Fe

and thus depends on the atomic volume. The behavior in bcc 15 8.8.92 B.9'4 8.96 8.98 9,00

Co is opposite to what can be expected from the volume Aomc density (1e22 atlcn2)
dependence of the Fe isomer shift in hcp Co. The isomer
shift of Fe in hcp Co decreases with pressure 6 and one might
expect an increase of the isomer shift for bcc Co since it has FIG. 3, flypertine fields of (:o (0), Fe (*), and Cd (U) in hop, f'cc, and bcc
a larger volume then hcp Co. The decrease of the isomer Co vs the atomic density of the specific Co phase.
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nitude of the hyperfine field of Cd is decreasing much more Finally it is noteworthy that recent theoretica! calculations1 4

rapidly with the atomic volume than that of Co and Fe, re- based on a spin-polarized Korringp,-Kohn-Rostoker (SP-
spectively. It is therefore tempting to associate the decrease KKR) formalism performed for bce Co/Fe alloys show that
of the hyperfine field in bee Co with respect to hop Co to a the hyperfine field for pu.e bcc Co is about 20 T a valie
volume effect. However if one estimates the hyperfine field which is almost in perfect agreement with the NMR value
changes for bce Co from the experimental volume depen- we obtain for bce Co in Co/Fe superlattices.
dence one gets a value which is much lower than the experi-
mentally observed changes of the hyperfine fields of bce Co. G. A. Prinz, Phys. Rev. Lett. 54, 1051 (1985).
The corresponding microscopic change when going from a 2H. Li and B. P. Tonner, Phys. Rev. B 40, 101241 (1989).
fcc to a bcc crystal is however predominantly governed by a -Ph. Houdy, P. Bohcr, F. Giron, F. Pierre, C. Chappert, P. Beauvillain, K. Le

change in the specific coordination. In the analysis of the Dang, P. Veillet, and E. Velu, J. Appi. Phys. 69, 5667 (1991).

transferred hyperfine field it is common to use a formalism 4j. Dekoster, E. Jedryka, C. MWny, and 0. Langouche, Europhys. Lett. 22,
433 (1993).proposed a long time ago by Stearns.8 This model proposes H1)yperfine Interactions of Defects in Semiconductors, edited by G.

that the transferred hyperfine field due to 4s neighbor con- Langouche (Elsevier, Amsterdam, 1992).
duction electron polarization (B%) can be obtained by a sum- "D. L. Williamson, Mi6ssbauer Isomer Shifts, edited by G. K. Shenoy and F.

mation over the neighboring atoms with a specific contribu- E. Wagner (North-Holland, Amsterdam, 1978), p. 317 and references
therein.tion eABi for each neighbor shell,: B = Xn 1ABi' 7B. Lindgren and Y. K, Vijay, Hyp. Int. 9, 379 (1981), and references

Experimentally the different contributions have been deter- therein.
mined up to the fifth-neighbor shell in fcc Co.13 If one scales 8M. B. Stearns, Phys. Rev. B 8, 4383 (1973).

the fcc values to a bce structure under the assumption that "J. Dekostcr, E. Jedryka, C. M6ny. and G. Langouche, J. Magn, Magn.
Mater. 121, 69 (1993).

ABi has a Ruderman-Kittel-Kasuya-Yosida behavior and " E, Jedryka el al. (to he published).
that the contributions in a specific shell for fcc Co have the 11B. Swinnen, J. Dekoster, G. Langouche, and M. Rots (unpublished).
same sign as in bee Co one obtains a transferred hyperfine 21. N. Nikolaev and I. Yu. Bezotosnyi, Soy, Phys.-Solid State 21, 1679

(1979),field for bee Co which is a few tesla smaller than in fcc Co. 1.11.t M. Shavishvilli and 1. G. Kiliptari, Phys. Status Solidi 92, 39 (1979),
This result is merely supporting the fact that the decrease of 14 H Ehert, H. Winter, D. D. Johnson, and F. J. Pinski, J. Phy:-. Cond, Matter

the hyperfine field in bcc Co is due to a structure effect. 2, 443 (1990).
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Ferromagnetism and growth of Ru monolayers on C(0001) substrates
G. Stelerl, R. Pfandzelter, and C. Rau
Department of Physics and Rice Quantum Institute, Rice University, Houstow Texas 77251

The magnetic and growth properties of Ru monolayers on C(0001) are studied using spin-polarized
secondary electron emission and Auger electron spectroscopy (AES). Using AES, we find that the
initial growth of Ru on C(0001) occurs laterally until the first monolayer is completed, One
monolayer-thin Ru film shows ferromagnetic order below a surface Curie temperature of
approximately 250 K. The in-plane magnetization saturates in small applied fields of a few tenths
of an Oe. This is the first observation of spontaneous, long-ranged, two-dimensional ferromagnetic
order in an ultrathin film composed of a 4d transition metal.

Recent advances, both experimentally and theoretically, growth of metastable Ru with a lattice slightly stretched
enable us to explore the possibility of inducing spontaneous, (5%) compared to the oulk should be favored.", 2

two-dimensional, long-:'anged ferromagnetic order in ele- To study the growth and magnetic properties, we used
ments that are paramagnetic in their bulk form. Interesting Auger electron spectroscopy (AES) and spin polarized sec-
candidates are the paramagnetic 3d, 4d, and 5d transition ondary electron emission (SPSEE). For many metal-on-metal
metals.1- 6  systems, it was already shown, that AES is a very suitable

One way to address this interesting issue is to grow such technique to distinguish between various types of initial
a metal epitaxially on an adequate nonmagnetic substrate. growth modes (lateral growth, islanding, intermixing).19 We
Ferromagnetic order in such ultrathin films may be induced recorded the Auger intensity of the substrate and that of the
by the reducei coordination number and hence reduced in- adsorbate line as function of coverage or deposition time.
teratomic hybridization, band structure effects due to the re- The lateral growth and the completion of a ML is evident
striction to two dimensions and, compared to the bulk para- from the linear increase in the signal and the abrupt change
magnetic solid, an increased lattice constant imposed by in slope in both plots.
pseudomorphic film growth. In SPSEE, an unpolarized electron beam of energy of a

As to ultrathin films of the 4d-transition metals, recent few keV is used to induce the emission of secondary elec-
studies 2- 1

0 have focused on Ru and Rh mu~nolaycrs (ML) trons from the sample. The electro n polarization (ESP)

deposited on Ag(100) and Au(lO0) substrates. Theoretical tos rmtesml.Teeeto pnplrzto EP
deorksindicated on at tghese andys shoubstrates.a Theorcal of the emitted secondary electrons is a direct measure of the
works indicate that these systems should possess a ferromag- surface magnetization. For SPSEE, we use an einzellens sys-
netic ground state,2-6 Recent experiments for Rh on Ag(100) tern with a 9f0° cylindrical energy analyzer connected to a 20

and on Au(100), however, failed to find any evidence for keV Mott polarimeter,

spontaneous, long-ranged ferromagnetic order,13' 14 or were As Mottratee

inconclusive. 15 There is experimental evidence that an expla- As substrate, we use highly oriented, pyrolytic graphite

nation for the discrepancies between theory and experiment (HOPG) (8X 15 Il mm 3) with a standard distribution of the

can be found in the structural properties of the films depos- c ,es (r=0.2' and randomly oriented a axes. The HOFG

ited on these substrates: Schmitz et al.16 propose that the sample is cleaved in air. No fu. ther in situ treatment is nec-

equilibrium structure of Rh on Ag(001) is actually that of a essary, because the extremely low gas adsorption efficiency

sandwich with an Ag monolayer atop. Mulhollan et al. 14 find guarantees a clean surface for ample time. The sample is

evidence for diffusion of Rh into the Ag matrix. Other au- mounted on a manipulator between the pole caps of an elec-

thors do not rule out islanding.13, 4 These effects are indeed tromagnet and can be cooled to liquid nitrogen temperatures.
likely to prevent spontaneous, long-ranged ferromagnetic or- The temperature is monitored using a copper-constantan
der. thermocouple. Ru (purity 99.95%) is evaporated using elec-

Therefore we decided upon a different substrate and se- tron beam evaporation (evaporation rate: 0.03 ML/min). The
lected graphite C(0001) for the following reasons: similar to film thickness is monitored by using a quartz microbalance.
the noble metals, there is hardly a band overlap with the AES is performed using a cylindrical mirror analyzer
4d-transition metals due to the low density of states near the (CMA). During the magnetic measurements, the residual gas
Fermi level, which should prevent strong hybridization with pressure amounted to ,3×X 10-1 mhar; during the evapora-
the 4d bands. Moreover, the graphite (0001)-surface is tion, it increased to -8X 1 V) mbar,
known to be very flat, possessing only few steps and nearly The growth of Ru on C(0001) was studied by measuring
no defects. This should considerably suppress interdiffusion. peak-to-peak heights of differentiated Auger lines versus
As film material we selected Ru, which has a hexagonal bulk deposition time. In Fig. 1, dNIdE vs E Auger spectra of the
lattice structure with an in-plane nearest neighbor distance clean and the Ru covered graphite surface are given. The
which is almost twice that of graphite. Despite the difference graphite spectrum shows one peak at 272 eV. The Ru spec-
in the surface free energy, epitaxial or pseudomorphic trum is more complicated with nearly symmetric peaks at
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FIG, 1. Differentiated Auger spectra for the clean and Ru covered C(0001) density of the bulk Ru(0001) plane.
surface.

273, 231, 200, and 160 eV.20 The most prominent Ru peak at In Fig. 3(W), we show the peak-to-peak heights of the
273 eV overlaps with the graphite peak, therefore, we used composite C 272 eV+Ru 273 eV Auger signal, The signal
the smaller Ru peaks as adsorbate Auger signal. A quantita- decreases linearly until a sharp brenkpoint occurs at nearly 1
tive analysis of the substrate Auger signal was already the ML. These findings are even clearer, when we take only the
subject of several studies.21 graphite contribution of the composite Auger line [Fig. 3(b)].

In Fig. 2(a), the peak-to-peak heights of the Ru 231 eV The substrate signal then shows the qualitative behavior as
Auger line is shown. The x-axis scale is converted from expected for lateral growth and confirms the findings from
deposition time to coverage, using the quartz reading, cali- the adsorbate signal.
brated by a geometrical factor. We refer the coverage to the To summarize, we find that Ru grows laterally on the
atomic density of the (0001) plane in bulk Ru and assume the graphite surface until the first ML is completed. Beyond the
sticking coefficient to be one. The Auger signal increases first ML, the data indicate that Ru begins to form three-
linearly up to a coverage of nearly 1 ML, where a breakpoint dimensional islands, i.e., Ru seems to grow on C(0001) in a
occurs. For higher coverages, the Auger signal increases fur- Stranski-Krastanov mode. These findings are corroborated
ther and reveals a smaller slope. These results are confirmed by our scanning tunneling microscopy measurements, show-
by the Ru 200 eV Auger signal [Fig, 2(b)], although the data ing in the range of submonolayer coverage lateral growth of
points show a little more scattering due to the smaller signal. Ru.17

The linear in -ease of the Auger signal shows that Ru Next, we report on the magnetic properties of Ru ML
grows laterally until the graphite surface is homogeneously films. Initially, we measured the ESP as function of small
covered, and the first Ru ML completed. From our data, it is applied fields up two 2 0e which were reversed in order to
unlikely that Ru continues to grow in a layer-by-layer mode calibrate for instrumental asymmetries. From the magnetiza-
(Frank-van der Merwe). Our findings point to a Stranski- tion curves, we find that saturation is reached at field
Krastanov growth mode (three-dimensional islands on top of strengths of a few tenths of an Oc.
a ML) for the following reasons: The (average) slope ratio For more refined checks on the effect of instrumental
between the data beyond and below the breakpoint is 0.42, asymmetries on the measured ESP, we used the nonmagnetic
which is smaller than the value 0.70 calculated for layer-by- surface of the graphite crystal and performed the same pro-
layer growth using an inelastic mean free path X=0.82 nm cedure as for the Ru films. We find that the small applied
for 231 eV electrons and a thickness d=0.214 nm for one Ru fields have no effect on the measured ESP.
layer. The results of the SPSEE experiment are shown in Fig.
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Spin reorientation transition in Ni films on Cu(100)
S. Z. Wu, G. J. Mankey, F. Huang, and R. F. Willis
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802

The magnetic anisotropy of Ni films grown on single-crystal Cu(100) was studied in situ using the
surface magneto-optic Kerr effect. The easy a;:is of magnetization lies in the plane of the film for
ultrathin films and it is perpendicular to the film above a switching thickness. This behavior is
attributed to a specific contribution to the magnetocrystalline anisotropy energy induced by a change
in the film microstructure above a critical thickness. In the Ni/Cu(100) system, the magnetoelastic
interface anisotropy favors perpendicular magnetization which becomes comparable to the shape
anisotropy at the switching thickness. We compare the switching thickness and magnetization of
films grown using different processing conditions.

For ultrathin ferromagnetic films, there is a magnetiza- 1.85 J/m2, respectively.'" 9 Since Cu has a surface free en-
tion reorientation phase transition where the easy axis of ergy 0.6 J/m2 lower than Ni, it tends to segregate to the
magnetization is perpendicular to the film surface and surface at elevated temperatture';. 20 In addition, Ni and Cu
switches to in plane as film thickness is increased.1,2 Within form a continuous series of solid solutions. In order to pro-
the framework of the magnetic Hamiltonian, this transition duce atomically smooth pseudomorphic layers of Ni on Cu,
can be interpreted as the increasing dominance of the the films must be grown at a temperature high enough for the
thickness-dependent shape anisotropy which favors in-plane incoming Ni to form smooth layers yet low enough to sup-
magnetization overcoming the spin-orbit magnetocrystalline press bulk diffusion which favors both alloy formation and
anisotropy term which favors perpendicular magnetization. surface segregation. The formation of a surface alloy can be
In addition to a thickness-dependent transition, a reorienta- detected by a reduced magnetization since NixCul , alloys
tion transition can also occur as a result of varying tempera- are nonmagnetic when x is below 0.4.21
tuie of a film with fixed thickness. The temperature depen- Our sample preparation procedures and film thickness
dence can be modeled with an empirical temperature- calibration techniques have been reported before. 22 The mag-
dependent coefficient for the spin-orbit term in the netic behavior of films produced with three different process-
Hamiltonian. 3 This transition has been observed for ing conditions were studied in this work: Ni films grown at
Fe/Ag(100),4 Fe/Cu(100), 5 and Co/Au(11). 6 For the Ni 300 K on a substrate roughened by 500 eV Art bombard-
films studied in this work, there is a different behavior. ment, Ni films grown at 300 K on a smooth substrate, and Ni

Bulk Ni is the canonical Heisenberg ferromagnet. It has films grown at 400 K on a smooth substrate. The composi-
a spin moment of 0.6 bohr magnetons,7 a Curie temperature tion of the samples was determined by Auger electron spec-
Tc of 627 K,8 a critical exponent /3-0.4, and a weak mag- troscopy, with all of the films showing a small (<10%) but
netocrystalline anisotropy with the easy axis of magnetiza- measurable amount of carbon and oxygen contamination.
tion in the [111] direction and the hard axis in the [100] The magnetic properties were measured in situ by the surface
direction.9 Ni monolayers have been studied theoretically magneto-optic Kerr effect (SMOKE) with the substrate
with the self-consistent local orbital method1°'- and a pertur- cooled to 200 K.
bative tight-binding approach.' 2 'Ihese calculations predict To perform the SMOKE measurements, a linearly polar-
that a (100) oriented Ni monolayer has a preferred direction ized He-Ne laser was incident on the sample surface at 700
of magnetization in the plane of the film. More recent state- from the surface normal with the polarization vector in the
tracking first principals calculations demonstrate the magne- incident plane, The reflected light is analyzed by a Wollaston
tocrystalline anisotropy energy for monolayers is dependent prism in combination with two photodiodes which allows
on band filling and strain. 13"4 To what extent the results for simultaneous detection of the two orthogonal light compo-
truly two-dimensional monolayers can be used for describing nents. The laser was rotated to -0.08° from extinction in the
the magnetic properties of films of finite thickness has yet to null channel. By measuring A&, the difference between the
be determined. The critical behavior of Ni films on CL(100) Kerr intensity at remanence, the Kerr ellipticity can be de-
has been studied' 5 and it was shown that the magnetic phase rived: ýý'= 614Al/I, where I is the Kerr intensity at zero net
transition power law exponent crosses over from a two- magnetization and 6 is the angle the laser is rotated from
dimensional XY model behavior to a three-dimensiona' extinction. A four-pole electromagnet applies the external
Heisenberg model behavior at a film thickness of 7 monolay- magnetic field either parallel or perpendicular to the film
ers (ML). These measurements show films thicker than a plane with a maximum magnetic field of 150 Oe. This ar-
single monolayer exhibit two-dimensional magnetic proper- rangement allows the measurement of both the longitudinal
ties. and polar Kerr Effects. 24 A typical hysteresis loop is shown

Both Ni and Cu are fcc crystals with lattice constants of in Fig. 1, the height of the loop at zero external field is
3.52 and 3.61 A, respectively, so Ni has a lattice constant proportional to the remanent magnetization M, and the exter-
2.5% smaller than Cu. Ni films maintain an in-plane lattice nal magnetic field at zero net magnetization is called the
constant identical to Cu up to a critical thickness of 10 coercive field or coercivity H1.
ML.16,17 The surface free energies for Ni and Cu are 2.45 and To study the magnetization of the films, we measured the
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FIG. 1. A hysteresis loop for the out-of-plane magnetization of 8 ML Ni on • I
smooth Cu(100) substrate grown at Tg=400 K. The magnetization at zero L. 0
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is called the coercive field or coercivity. 200 Ni/Cu(100) 0

smooth substrate
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remanence and coercivity as functions of Ni film thickness too o

from 4 to 20 ML with the three different processing condi-
tions. The results are shown in Figs. 2 and 3. 50

First we will examine the data for Ni films grown on a
"smooth Cu surface at the optimum growth temperature of 0 5 10 15 20
400 K. For film thicknesses below 8 ML, there are relatively Film Thickness (ML)
weak Kerr ellipticities in both the parallel and perpendicular
directions (Fig. 2). The magnitudes of the ellipticities cannot FIG. 2, Remanence vs Ni film thickness for three different film/substrate
be directly compared because the polar and longitudinal Kerr systems measured at temperature T=200 K. For each of the plots there is -n

abrupt increase in both parallel and perpendicular magnetizations at aporoxi-effects have different sensitivities. The sensitivity for the po- mately 8 ML, Because of the limitation of our maximum applied magnetic
lar Kerr effect is roughly ten times that of the long' 'inal field, the magnetization of the films could not be saturated in the parallel
Kerr effect for our experimental setup, so the - -ar direction above 10 ML. This implies that the parallel component could also

in the parallel direction is about ten timce ,m_ be increasing above this thickness.

magnetization in the perpendicular direct 1. ..
tent with ferromagnetic resonance stud---s c' Ni qt,; . n
Cu(100) which showed the anisotropy e., -. *-.,ort, ne field in the parallel direction increases sharply above the
magnetization below 7 ML.23 The magnitut.i ; of boti, om- switching thickness, ultimately going above the maximum
ponents are comparable to those of films giown at l,0O K field attainable with our experimental apparatus. The slope of
indicating there is not a significant amount of alloying with the perpendicular coercive field versus film thickness above
the Cu substrate since this would result in a lower Kerr el- the switching thickness is 1.2 Oe/ML. The abrupt change in
lipticity for the 400 K growth temperature films. the easy axis of magnetization is characteristic of a magnetic

The most striking difference between the films grown at reorientation phase transition where the easy axis of magne-
300 and 400 K on a smooth substrate is the behavior of the tization changes from in plane to perpendicular at the switch-
coercive field at low thickness (Fig. 3). The coercive field ing thickness of 8 ML. This effect has been observed with
stays nearly constant for 400 K growth temperature films x-ray magnetic circular dichroism measurements at a film
where it increases monotonically for the 300 K growth tem- thickness of 10 ML.26

perature films. This shows the films have different domain We do not attribute the magnetization reorientation
structure with the 400 K films exhibiting a behavior charac- phase transition to any gross structural change since the
teristic of single domain films and the monotonically increas- LEED spots are similar both below and above the switching
ing coercivity for the 300 K growth temperature films char- thickness for films grown at 400 K. However a subtle struc-
acteristic or multidomain structure with an increasing tural change occurs at thicknesses greater than 10 ML where
domain size as the film thickness is increased. the Ni(100) film transforms from a strained face centered

At 8 ML film thickness, there is an abrupt increase in tetragonal structure at low thickness with an in-plane lattice
both magnetizations. This abrupt increase in magnetizations constant of the Cu substrate to a relaxed face centered cubic
is accompanied by a sudden change in the cocrcivc fields as structure with an in-plane lattice constant identical to bulk
well. The coercive field in the perpendicular directit,. drops Ni."' Small differences in the thickness where the structural
to half its initial value indicating that the easy axis of mag- strain relaxation change occurs may be due to different film
netization is now in the perpendicular direction. The coercive preparation procedures or different levels of carbon and oxy-
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. ,. .. . .. All these measurements show that the Ni films grown on
1o0 Ni/cu(too) H - Cu(100) have a predominantly in-plane magnetization for

rough substrate films below 8 ML thickness. Above a switching thickness theso -"- 300 K [] magnetization develops a strong out-of-plane component. We

s0 ,,-o -D - attribute this anomalous behavior to both structural and mag-

40 - o -- " netic micromorphology of the Ni thin films. Ultrathin films

20 - - of Ni have a multidomain magnetic microstructure which is a
0 combination of perpendicular and in-plane domains, with the

in-plane domains dominating below 8 ML. At a critical film
100 NilCu(100) thickness there is a structural transition and a perpendicular
8o smooth substrate magnetization develops. The surface roughness can affect the
6 0 .-- --0 K magnetic strain anisotropy in a complicated fashion because

" 4 60 _--O" the Ni layers can expand in both the in-plane and perpen-
040 *].D dicular direction. In the thinnest films, an in-plane interfacial

'a 20 - • 0 strain anisotropy component is dominant. However, with in-
S0 I I I , I I I , , I I creasing thickness, an out-of-plane component develops. The

1o0 NVC,(100) measurements indicate a mix of in-plane and out-of-plane
smooth substrate magnetization domains, the latter shows a sudden increase at

80 60 - 400 K an onset thickness of 8 ML. At much greater film thickness,

60 Ni/Cu(100) films show a transition back to in-plane

40 -
magnetization.29
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20 - o NSF-DMR 9121736.
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Magnetization-related transport anomalies In metal/ferromagnetic insulator
heterostructures

G. M. Roesler, Jr., M. E. Filipkowski, P. R. Broussard, M. S. Osofsky, and Y. U. ldzerda
Naval Research Laboratory, Code 6340, Washington, DC 20375-5343

Magnetoresistance measurements have been performed on epitaxial metal/ferromagnetic insulator
bilayers. They are more sens.tivee to magnetic behavior at the interface of such structures than
magnetization measurements. It is clear from the magnetoresistance data that previously reported
slope discontinuities in the resistance versus temperature of such heterostructures are magnetic in
origin. These studies demonstrate that the conduction electrons of the metal are coupled to the spins
in the magnetic insulator, and act as probes of the magnetic state at the interface between the two
materials. An example of the usefulness of this probe is shown by magnetoresistance measurements
on a Ag/EuO bilayer.

Thin film heterostructures of nonmagnetic metals and intimate contact, and to ensure that the thin metal layers
magnetic insulators represent a new class of systems in needed to demonstrate coupling are of high quality. If thick
which the interaction of conduction electrons and magnetism metal layers are used, as in one study of a thick Pb/EuS
may be investigated. They are in some respects analogous to bilayer,4 coupling may be difficult to detect. In our samples,
all-metallic magnetic heterostructures, which have demon- resistivity anomalies are not seen for metal layers thicker
strated remarkable behaviors such as giant magneto- than 200 A.
resistancet and antiferromagnetic coupling through Metal layers are evaporated in situ after EuO growth is
interlayers. 2 The primary qualitative difference between an completed, at typical pressures of 10-8 to 10-9 mbar. Be-
all-metallic heterostructure and one involving insulators is cause resistance measurements, x-ray diffraction, etc, must
that the conduction electrons in the latter are confined to the be done ex situ, a 200 A Si passivation layer is applied to all
metal layer (except for tunneling processes), and interaction samples. This is important to prevent degradation of the EuO
with localized moments is essentially restricted to those at due to moisture, and to minimize oxidation of V films, since
the interface. Measurements of the in-plane resistance versus the magnetic oxides of V could influence the scattering in the
temperature in such systems 3 contain a strong feature near films. Resistance measurements are four-terminal ac or dc
the Curie temperature of the insulator, for sufficiently thin measurements with contacts in a van der Pauw configuration.
metallic layers. In this paper, we describe magnetization and Figure 1 contains a comparison of the resistance of two
magnetoresistance measurements on such structures. Not metal/ferromagnetic insulator bilayers, one composed of a 36
only do these measurements confirm that the resistivity A Ag layer on EuO, the other 45 A of V on EuO, Slope
anomaly previously seen is magnetic in origin, but they re- discontinuities, such as those reported in Ref. 3, are evident
veal the utility of resistivity measurements in probing the in both sets of R(T) data, at 50 K for the Ag/EuO bilayer and
magnetic state at the metal/insulator interface, at 90 K for the V/EuO bilayer. Whenever a dRIdT disconti-

The metal/ferromagnetic insulator structures were pre- nuity is observed in our V/EuO structures, it occurs at 90 K;
pared under conditions of heteroepitaxy, in a VG system with and at 50 K in Ag/EuO structures (sometimes with an addi-
a base pressure of 10-1° mbar, on the [100] plane of yttria- tional feature at 13 K). Thus, a common trait of these struc-
stabilized zirconia (YSZ) substrates. The ferromagnetic insu- tures is a characteristic temperature 7' determined by the
lator used, EuO, was chosen for its relatively low Curie tem-
perature of 70 K and ease of thin film preparation. Pressure
during EuO deposition is typically 10-6 to 10-7 mbar due to 1.1
outgassing of the boron nitride crucible containing the EuO. 1 .
The lattice constants of EuO and YSZ are identical, 5.184 , 0.9 ,-o
although the oxygen lattices of the two are of different sym- v , -"

metry. At a deposition rate of about 0.2 A/s, EuO was found 0.8 .

to grow epitaxially and two dimensionally on YSZ, with 0 .7
some three dimensionality of the surface occurring after
about three unit cells have been deposited. For consistency, 0.6
all of the samples reported in this work involve 100 A EuO 0.5 4080120160 20024028040 80 120 _16 20 24 I8

layers grown at a substrate temperature of 300 *C. Our EuO Temperature (K)

films have shown 70 K Curie temperatures by magnetization
and Kerr rotation measurements. We are unaware of other
work in which EuO films have been prepared epitaxially, but FIG. I. The resistance of bilayers of 36 A V on too A EuC) (circles) and 45
EuS films have been epitaxially grown. 4 It is probably essen- A Ag on 1t A EuO (crosses), normalized to roorn temperature. Arrows oil

the data show the location of T* (dR/dT discontinuities) for the twu samples.tial that ultrahigh vacuum conditions be used in the prepara- The top arrow is at the EuO Cuiie temperature (7(0 K). The dashed straigb'
tion of these metal/magnetic insulator structures, to ensure line is to make the curvature of the two data sets above T'* more apparent.
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FIG, 2. Perpendicular magnetization of a 20 A Ag film grown on 150 FIG. 3. Magnetoresistance of a 45 A AS film on 100 A EuO in fields of (top
EuO on yttria-stabilized zirconia. The magnetization of the bare substrate to bottom) 1, 2, 3, and 4 T. The arrows indicate cusps in the 4 T data, which
bh: been subtracted from the data. Departure from Curie-Weiss behavior is nearly correspond to Curie temperature of EuO (upper cusp), and to the
apparent below about 70 K. slope discontinuity of the zero.field resistance that defines TA,.

metal element, and perhaps by other conditions such as strain nonmonotonic with temperature, having a maximum magni-
or epitaxial arrangement. Figure 1 also illustrates some quali- tude a few degrees above Tg, and a minimum magnitude at

tative differences between the Ag/EuO and V/EuO samples about TAg. At 4 T, the magnetoresistance is no longer non-

we have grown. In the V-containing samples, the slope of the monotonic with temperature, but slope changes are visible

resistance always remains positive and has negative curva- both at the EuO Curie temperature and at T*g. Whatever the

ture down to T*, whereas in Ag-containing samples, the re- microscopic mechanism, a magnetic field strongly influencessistance develops a positive curvature above T~5 . For very the scattering behavior at T The magnetoresistance is

thin (20 A) Ag layers (not shown), R(T) exhibits a local negative even far above the Curie temperature, as is typical
maximum at T,*g. This implies that the physics governing of systems containing disordered magnetic ions. One inter-

the scattering behavior in these two systems is qualitatively pretation of the phenomenon at T* is a reduction in scatter-

different. A further difference between V/EuO and Ag/EuO ing due to ordering of spins caused by local (exchange)

interfacial magnetism is apparent in the different values of fields. An ordering of perhaps one-quarter to one-half of the

T* in the two systems. Compared to the bulk EuO Curie scattering centers would be consistent with the observed

temperature of 70 K, T, is shifted upward in temperature, magnetoresistance.
whereas TAg is shifted downward. Similar behavior has been observed in V/EuO hetero-

The proximity of the dRIdT discontinuities to the EuO structures near TV. The magnetoresistance of a V/EuO bi-
Curie temperature suggests that those features are magnetic layer in a field of 1 T is shown in Fig. 4. The curve

in origin. Two experiments to confirm this, soft x-ray mag- AR=AR0(T 0 /T) 2, which is the magnetoresistance scaling ex-
netic circular dichroism (SXMCD) and Hall effect, were re- pected for spin-flip scattering from disordered ions, is super-

ported in Ref. 3. No dichroism was observed in the SXMCD imposed on the data. The close fit to the data at high tern-
measurement, giving no confirmation of d-band splitting, peratures and the abrupt departure just above T, suggest that

and no anomalous Hall voltage was noted. A change in mag- the maximum magnitude of magnetoresistance is due to an
netic scattering due to magnetic ordering still seemed the extra scattering mechanism, in addition to spin-flip scatter-
most likely cause of the resistance anomalies. To verify this, ing, which is significant within a few degrees of 7'*.
magnetization and magrietoresistance measurements were These magnetization and magnetoresistance measure-
performed on Ag/EuO heterostructures. Figure 2 shows the ments demonstrate an association between magnetism and

magnetization of a Ag/EuO bilayer measured on a SQUID
magnetometer with the magnetic field perpendicular to the
film plane. The magnetization of the bare substrate (weakly -. -0.04
paramagnetic) has been subtracted from the data. Curie- ol
Weiss behavior is evident at high temperatures. Departure -o.o6.
from Curie-Weiss behavior begins in the 60-70 K range, o

but there is no distinct feature corresponding to TAg. This is -T.0 08 , -
not surprising if the anomaly at T, represents an interfacial -
phenomenon, since any transition there involves only a frac-
tion of the magnetic ions in the sample. -0.12

Magnetoresistance measurements proved more success- 70 80 90 100 110 120
ful in resolving the bulk and interface behavior, and in asso- Temperature (K)
ciating the anomaly at T* with magnetism. The magnetore-
sistance of a 45 A Ag layer on EuO is shown in Fig. 3 for F 4. Magnctorn0idance of a 2) A v him on I(M) A EuO in a field of 11T.
various magnetic fields applied perpendicular to the film Tne dashed curve is AR=ARo(Tt/T) 2, where AR,, is the magnctoresistancc
plane. For fields of 1, 2, and 3 T, the magnetoresistance is at Ti)=1t3 K.

6438 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Roesler et al.



resistance anomalies in these metal/magnetic insulator het- 1.12
erostructures. The microscopic behavior responsible for this 1.1 a
association could be as simple as alignment of the localized
Eu++ spins by the molecular field of the EuO. Or a more 1.06
complex phenomenon, such as a many-body polarization of
the conduction electrons due to the overlap of their wave- .A 1.04

functions with the Eu++ f orbitals, could be responsible. 1.02
Regardless of the mechanism, the conduction electrons re- 1
spond to changes in scattering which are associated with 0____._._._._._.
magnetism, and therefore act as probes of the magnetic state
at the interface, b

We show as an example of the utility of this interaction
the magnetic behavior of a Ag/EuO multilayer which exhib- 1.08

ited a T* of 13.5 K rather than the usual 50 K. Because the 1.0.
total thickness of this multilayer was over 500 A, some sur- 1.04

face roughness may have allowed contact between Ag and
EuO planes not ordinarily in contact in thin bilayer samples. 1

The resistance of the multilayer is shown in Fig. 5 for the

magnetic field both in-plane and out-of-plane. With the field , . . . .
in-plane, the magnetoresistance is small and negative above Temperature (K)

T*, and nearly zero below T*. When the field is out-of-
plane, magnetoresistance is stro-igly positive at low tempera- FIG. 5. Resistance in a magnetic field of an Ag/EuO multilayer of compo-
tures, and the downward shift of T* is stronger than with the sition (20 AAg/30 A EuS),(, with mnagnetic field (a) in plane, and (b) out of
field in-plane. These measurements suggest that an in-plane plane. Magnetic field strengths: H=0 (crosses, solid curves), 2 T (circles,
anisotropy exists in this sample. dashed curves), and 4 T (diamonds, dot-dashed curves).

The coupling of conduction electrons to localized spins
at a metal/magnetic insulator interface may in future prove to
be useful both for probing the magnetic state of such inter- We are grateful to A. Ehrlich, J. Krebs, J. S. Moodera, G.
faces and for understanding fundamental processes involved A. Prinz, and P. M. Tedrow for useful discussions. One of us
in electron-spin interactions. It will be important to develop (GMR) acknowledges the support of the National Research
an understanding of the microscopic processes which deter- Council Postdoctoral Associateship program.
mine the magnetic and scattering behavior illuminated by
these measurements. For example, two fundamental ques-
tions are why T, and T"5 arc different, and why they arc 'M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F, Petroff, P.in oppoit e dir sferont, y the y Crature Eitenne, G. Creuzet, A. Friederich, and J. Chazelus, Phys. Rev. LA 't. 61,displaced in opposite directions from the Curie temperature 2472 (1988).
of bulk EuO. Determining the role of epitaxy and interface 2 p. Griinberg, R. Schrieber, Y. Pang, M. B. Brodsky, and H. Sowers, Phys.
arrangement in the behavior of these structures will be the Rev. Lett. 57, 2442 (1986).

subject of future studies. Also of interest is the nature of the -'G. M. Roesler, Jr., Y. U. Idzerda, P. R. Broussard, and M. S. Osofsky, J.
Appi. Phys. 75, 6679 (1994),

13 K anomaly in Ag/EuO films, which is only occasionally 4 w. Zinn, 13. Saftic, N. Rasula, M. Mirabal, and J. Kohne, J. Magn. Magn.observed in these structures. Mater. 35, 329 (1983).
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Lorentz electron microscopy studies of magnetization reversal processes
in epitaxial Fe(001) films

E. Gu, J. A. C, Bland, C. Daboo, M. Gester, and L. M. Brown
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 011E,
United Kingdom

R. Ploessl and J. N. Chapman
Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom

The magnetic domain structure and microscopic magnetization reversal processes in epitaxial Fe/
GaAs(001) films with cubic anisotropy and in-plane easy axes have been investigated by a Lorentz
microscope equipped with a magnetizing stage. For the films of a few hundred angstroms thickness
we observe the single domain remanent state predicted for a two-dimensional film but find that
domains play a crucial role in the magnetic reversal process. For reversal along the in-plane (110)
directions (hard axes), magnetization reversal proceeds via a combination of coherent rotation and
displacements of weakly pinned 90) domain walls at critical fields. For magnetization reversal along
the in-plane (100) directions (easy axes), an irregular checkerboard domain structure develops at the
critical field and both 1800 and 90° domain walls coex!st. The reversal of the domains with
magnetization vector opposite to the applied field direction takes place by a combination of two 90'
reorientations. We discuss how these processes are related to the magnetic anisotropies present in
the film and the macroscopic M-H hysteresis curves.

I. INTRODUCTION Ill. RESULTS

The magnetic properties of thin epitaxial Fe films and A. Microstructure
various types of Fe multilayer films grown on semiconductor The epitaxial growth of bec Fe films was confirmed by
substrates are of particular interest since they open up possi- transmission electron diffraction, The surface topography of
bilities for a broad range of applicationsj and also permit the Fe films was investigated by scanning tunneling micros-
fundamental studies in magnetism.2-4 The structural and copy (STM). STM images reveal that the films have a sur-
magnetic properties of these epitaxial Fe films are the focus face roughness amplitude of about 10 A over lateral distance
of current experimental investigations. 3-- Recently, the mag- of several hundred angstroms. Detailed structural results are
netization reversal processes in epitxial Fe/GaAs(001) thin reported elsewhere.10
films have been studied by the longitudinal and transverse
magneto-optical Kerr effects (MOKE). 4 -" From these stud- B. Microscopic magnetization reversal processes
ies, it is now clear that the simple coherent rotation model
cannot explain all the details of the magnetization process in
these Fe/GaAs(001) films and that magnetic domain nro- For the applied field aligned parallel to the (110) in-
cusses play an important role in the magnetization reversal plane hard direction, the MOKE hysteresis loop of an Fe(150
around the transition fields. However, to our knowledge, the A)/GaAs(001) film with cubic anisotropy (Kt/M=259 Oe,
detailed domain evolution during magnetization reversal in K,,'-O) is inset in Fig, 1. It can be seen that initially there is
such epitaxial Fe films has not been reported, a gradual decrease of the component of the magnetization

parallel to the applied field direction from saturation as the

II. EXPERIMENT field strength is reduced from the saturation value, An abrupt
jump occurs at a small negative field followed by a further

The Fe films were grown on As-desorbed GaAs(001) gradual decrease until negative saturation is reached. At this
substrates in an ultra high vacuum chamber.7 During growth, transition field, Barkhausen discontinuities are observed in
the pressure was less than 5X 10- mbar. The optimum sub- the detailed MOKE loops indicative of the irreversible
strate temperature of 150 'C and a deposition rate of I movement of domain walls.
A min+- were used for the Fe growth. To prevent oxidation, lb gain insight into the mechanisms by which the mag-
completed Fe films were covered by a Cr cap layer, In this netic switching behavior described above took place, the
work, a new selective chemical etching technique was em- Fe(150 A)/GaAs(001) film was subjected to field cycles in
ployed to prepare Lorentz microscope specimens. 7 By using the Lorentz microscope. First, a single domain state was in-
this method, an electron transparent uniform "window" (up duced by applying a magnetic field (li,) along one of the
to 300X300 Am in size) appropriate for magnetic domain (110) directions, say the [I iO] direction. Then the field was
studies can be fabricated. The macroscopic magnetization reduced to zero, In the remanent state, the Fe film was found
reversal behavior of the Fe films was studied using a MOKE to be still in a single domain configuration. This single do-
magnetometer.'5 The magnetic domain structure in the Fe main state persisted up to a critical reverse field strength
films was revealed using a Lorentz electron microscope 11, = Writ applied along the [i I0] direction at which domain
equipped with a magnetizing stage,9 walls were first observed (Hlrit 5.6 Oe for a field amplitude
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FIG. 2. Magnetization reversal process for applied fields near the (it0).(a) (b)

the specimen introducing domains in which the magnetiza-
tion is oriented along [010], the easy direction near to that of
the applied field. Increasing the field strength by only a frac-
tion of I Oe allows [010] oriented domains to grow through

FIG, 1. Foucault images of an Fe(150 A)/GaAs(0t)l) film for the field ap- Barkhausen-like jumps, the jump distance observed being of
plied along the hard axis. The component of induction mapped was parallel the order of a few tens of microns. This part of the reversal
to the applied field direction for reverse field strengths (HJJ[il0]) of (a)

H•,,l, (b) 110 H•.t, The MOKE hysteresis loop along this direction is inset. process corresponds to the steep part of the MOKE loop,
When it is complete the whole of the film is once again
uniformly magnetized but the direction of magnetization has

of 120 Oc), Only a few domain walls appeared, extending changed from the [100] direction to the [010] direction, In-

several hundreds of microns across the whole arza of the creasing the field strength further leads to the magnetization

window. A Foucault image, sensitive to the compunent of moving away from the [010] direction towards that of the

induction parallel to the field direction and recordr.,! at the applied field, Very similar magnetization reversal behavior

critical field strength is shown in Fig. l(a). In this imtdge, a has also been observed for a 450 A Fe film along the (110)

single wall running almost parallel to the [1i0] direction can hard axes.

be seen. Figure 1(b) shows what happened when the field
strength was increased to a value of 1.10 H In this case
the domain wall seen in Fig. 1(a) remained pinned at the
original position but another domain wall moved into the Along the (100) easy directions, the Fe films exhibit a
field of view from the top right-hand corner, A further small square hysteresis loop (the hysteresis loop is inset in Fig. 3).
increase of field led to the disappearance of domain walls However, Barkhausen discontinuities are also observed at the
from the whole of the visible area of the sample. Repetition transition field in the detailed minor hysteresis loop.
of the field cycle described above showed that the fields at In the microscope, following a similar procedure to that
which walls appeared and disappeared were highly reproduc- used for the (110) direction, a single domain state was first
ible. Further, it was noted that Foucault images sensitive to induced, in this case by applying a field along [0i0]. After
magnetic induction perpendicular to the field direction were removal of the field, no walls were observed in the sample,
never found to show contrast variations, indicative of a con- as is consistent with the square loop observed by MOKE.
stant (or zero) magnetization component in that direction. Magnetization reversal was then studied by applying succes-
These images are consistent with the magnetization orienta- sively greater fields parallel to [010]. No change was ob-
tions indicated by the arrows shown in Fig. 1. served up to a field of H'rt = 7.8 Oe at which point domain

The overall magnetization reversal process for fields walls suddenly appeared. A Foucault image, sensitive to the
along the (110) direction can now be explained with refer- component of induction perpendicular to the field direction
ence to Fig. 2. As the field strength is reduced from a high and recorded at the critical field strength is shown in Fig.
value in the [1i0] direction, there is a tendency for the mag- 3(a). The evolution of the domain structure shown in Fig,
netization to rotate towards the nearest easy axis. While 3(a) is shown for a field of 1.09 11' it in Fig. 3(b). In both
[IiO] lies midway between the easy [100] and [60i] direc- cases the domain structure is of the checkerboard type ob-
tions, in practice, the applied field will never be exactly served also in demagnetized Fe/MgO(00l) films.lt'1Z The
along the intended direction with the result that the magne- magnetization distributions deduced from the images (the
tization vector rotates towards whichever easy direction is Foucault images, sensitive to the component of induction
closer to that of the field ([100] in Fig. 2). Hence, in the parallel to the field direction are riot included in Fig. 3) are
remanent state, the sample is uniformly magnetized as a also shown in Fig. 3. Increasing the field above 1.13 Hertt led
sir;gle domain along this "preferred" easy direction. Appli- to a complete loss of domain walls with the sample returning
cation of a field of the opposite polarity (namely one parallel to a single domain state, albeit with a reversed magnetization
to [il0]) leaves the film in its single domain state until, at the vector. A similar checkerboard domain pattern is also formed
critical field, 90' walls are nucleated and these sweep across for reversal along the other easy axis.
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is the bisector of another two easy directions, [100] and
[i00], there should be comparable probabilities for the mag-
netization to jump into either of these two easy directions as
the strength of the field in the [010] direction is increased.
Thereafter, further 900 transitions take place to introduce do-
mains in which the magnetization is parallel to the applied
field and, over a small field range, all four easy magnetiza-
tion directions are present in the sample simultaneously. This
structure is the checkerboard pattcrn but it exists only within
a narrow field range. It is destroyed by a combination of
further domain nucleation and wall motion of the kinds dis-

\ , \ / / cussed above. For the 450 A Fe/GaAs(001) film an irregular
checkerboard pattern also develops for reversal along the
easy directions.

IV. DISCUSSION AND CONCLUSIONS
" // " Since all the magnetic domains observed have sizes (>1

-m) much larger than the lateral length of surface features
revealed by STM, one may conclude that the domain size is

(a) " \ (b) not affected by the topography of these Fe/GaAs(001) films,
For demagnetized ultrathin fee Co/Cu(100) films, the mag-

41im netizations of the domains lie along each of the four easy
in-plane axes but the walls are extremely irregular, suggest-
ing a vanishing magnetostatic energy. 13.14 In our films, the

FIG. 3, Foucault images and magnetization distributions of the 150 A Fe domain walls are fairly straight and have a defined orienta-
film for the field applied along the easy axis. The component of induction tion with respect to the crystal axes. Therefore, these results
mapped in the images was perpendicular to the applied field direction for show that the 150 A thickness is sufficient for the magneto-
reverse field strengths (HII([010) of (a) 11',it, (b) 1,109 /`,it. The MOKE
hysteresis loop along this direction is inset, static energy contribution to the wall energy to be

importantt" Nonetheless, the films are still thin enough to be
considered as almost two dimensional from the viewpoint of

While a pure checkerboard domain structure comprises domain formation, A simple estimate of the energy associ-
only 90' domain walls, some (generally short) 1800 walls are ated with the checkerboard domain structure shows that the
observed in our structures. It can be seen that the 900 and checkerboard domain is driven by the Zeeman energy at the
1800 domain walls arc aligned almost along the (110) and coercive field.h)
(100) directions, respectively. The 180° domain walls are
assumed to arise from the combined action of the applied ACKNOWLEDGMENTS
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Magnetic response of ultrathin Fe on MgO: A polarized neutron
reflectometry study

S. Adenwalla, Yongsup Park, and G. P. Felcher
Argonne National Laboratory, Argonne, Illinois 60439

M. Teltelman
Russian Academy of Science, Nizhny Novgorod, Russia

The magnetization of ultrathin bec Fe films (two and three monolayers) on MgO was measured and
compared with the behavior predicted for a two-dimensional ferromagnet. The experiment indicated
that no hysteresis was present in the magnetization. Instead, the magnetization at low temperature
was affected by a marked field cooling effect, These observations lead to the conclusion that films
of Fe on MgO of such thickness exhibit superparamagnetic behavior as if they were not entirely
continuous. In contrast, films thicker than live monolayers exhibit a magnetic response close to that
of bulk iron.

I. INTRODUCTION II. EXPERIMENT

A polarized neutron reflection (PNR) study of thin films The samples studied consisted of the equivalent of two,
of bee iron on MgO recently published' showed some sur- three, or eight monolayers of Fe evaporated onto the sub-
prising features. Even the thinnest films (two monolayer strate at room temperature, The Fe was covered by a wedge-
thick) were found to be ferromagnetic. At low temperature a shapcd coating of gold, with a mean thickness of 200 A.
sizeable magnetic field (of the order of 1 kOe) was necessary These samples had been used in a previous PNR
to saturate the in-plane magnetization, while fields of a few experiment,] and they were similar to others used in exten-
oersted were sufficient to saturate thicker samples, The am- eime and-they were ia suse d in ete-plitude of the ferromagnetic moment was found to be 2.2 sive magneto-optical Kerr effect mneasurements/t' However
±0.2ude ofthe atrromargadess mof enthe wasamplentc es, i 2 c fresh samples, sputtered on MgO and covered with MgO astrast with a predicted enhancement 2 for the surface atoms well, showed similar magnetic behavior. The measurements

close to 3 u.8/Fe atom, In view of the unusual magnetization were taken at temperatures ranging from 25 to 300) K and
curve at low temperature the question was raised if these thin magnetic fields from 20 to 7000 Oe at the reflectonnter
films of iron showed the elusive magnetic behavior expected "PosY-I" at the Intense Pulsed Neutron Source at Argonne
for a two-dimensional ferromagnet. National Laboratory. Each data point presented here has been

A magnet in two dimensions differs in significant ways extracted from a measurement which took approximately
from its three-dimensional counterpart. The Mermin- 12 h.
Wagner theorem shows that' in the absence of anisotropy Fitting the neutron reflectivity data, we obtain a satu-
there is no magnetic ordering at zero field. 3 At finite fields rated moment of 2.0±0,2)u•/Fe atom, showing no enhance-
the field and temperature behavior of the magnetization is ment over the bulk value. Demagnetizing effects do not play
governed by the equation 4  a role since at this field the moment lies along the applied

field direction.
M 1 kT lit[ I - exp(- 2p-kb)]. (1) Figure I shows the temperature variation of the toagne-
Mo) 2 +-J tization of the three monolayers sample at 7 kOe. The mag-

netization decreases linearly with increasing terriperat lire
FOvr alargetemperaturerane the magnetization fginue d b av, with a slope far greater than that of bulk iron. Is this theOver a large temperature range the magnetization induced at

a given field decreases almost linearly with increasing tem- signature of a two-dimensional magnet? The low tempera-

perature. ture magnetization curve (Fig. 2) shows saturation at about

The technique used was PNR, the working of which has 10010 Oc and could not be fit to a log function. On the other

already been discussed in detail in the literature. 5 Here it was hand, the magnetization had features not expected for a con-
used to measure the magnetic moment, functioning as a sen- ventional ferromagnet. No evidence for hysteresis was
sitive magnetometer. The physical quantities observed by found, as it was checked by reversing the field and then
PNR, however, differ somewhat from those observed by measuring the remnant magnetization. In addition, a very
regular magnetometry. In PNR it is assumed that the films marked field cooling effect was present. On cooling trom
are formed of uniform and flat layers. If the films are not 275 K in a field of 7 kOc (FC), the remanent ,iagnetization
entirely uniform, the mean amplitude has to be taken for was about half the saturation value. The remanent magneti-
each height in the film; the roughness also causes some of zation dropped dramatically by cooling from room tempera..
the neutrons to be scattered out of the specular beam. Sec- ture in zero field. The two monolayers sample displayed es-
ond, only the component of the magnetization in the plane of sentially the same features as the three monolayer sample,
the sample is measured. This component, however, can be h•t with worse statistics. The eight minoolayer sample
obtained as an absolute value, showed a clear hystercsis loop, with a HI/ of 50 Oe at 35 I
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FIG. 1. Temperature dependence of the magnetization for thc three mono- FI.3 isesslopa35Kfrteigtnnlyrsml.
layer sample. Data wcrc taken at a ticid of 7 k~c. The dashed line is tI.3 -heraslopa 5Kfrteeih ooae ape
Langcvln function for particles of 10(XX) atoms.

(see Fig. 3) and no appreciable variation with temperature of abouevlefthmgnizinprFetm(band
the agneizaton t sauratonfrom fitting the neutron reflectivity data), we obtain the best

111. DISCUSSION fit to a Langevin function for islands of 1000 atoms in size.
The calculated magnetization is presented in the form of

The absence of hysteresis is indicative of superparamag- dashed curves in Figs. 1 and 2; in Fig. 1 it is apparent that,
netism. Instead of a continuous thin film of Fe, the Fe forms even for superpararnagnetic particles, tile temperature varia-
islands on the surface of MgO. In a superparamagnetic ma- tion of the magnetization is almost linear in a region not too
terial, in the absence of anisotropy, the component of Inag- close to the Curie temperature.
netization in the field direction follows the Langevin According to the Langevin function the magnetization is
function't null at zero field. However it is well known'4 that below a

M All1\ kT blocking temperature field cooling effects are present, which
-cothi I 1 (2) are interpreted as due to an isotropy. The an isotropy energy

kjý 11Týprovides an energy harrier against rotation of tile ninagnetiza-
where A refers to the magnetization of the superparamag- tion. If the sample is cooled in a magnetic field, and the the
netic particle, comprising a large number of atomis. Using the magnetic field is turned off, the magnetization relaxes expo-

nentially with a time constant that is large well below the
blocking tcmpcrature. A tlaivc. calculation starting fronm the

SField cooled crystalline anisotropy of Fe gives a relaxation rate tit 25 K of
SZero field cooled - 10 - s--a value which is far too sm-all. Published measure-

25H Iyster IesIs Iments by Xiao et a!.7 oil granular films confirm that tile crys-
2.5 - I I Italline anisotropy is only a small contribution to the anisot-

2 - -> - -ropy energy barrier in superparainagnetic systems. We know
- I that other anisotropies are preseni in our systemi. for instance

~./ shape anisotropy. The iron clusters arc in reality thin flat
/ ~islands; if they were not so, their tmagnetic moment would

not have contributed appei ably to tile inagnietic reflectivity.

I As corroborating evidence, tlie magnetization of' the eight
/ I Imonolayer Fe coverage seemis to he thiat expected of' a con-

0.5 tinuous film. What is not known is the detailed nature of
-- these islands, and for that reason it is not possible at present

0 ----- to do further modelinig: the niotion itself' ot' superparamnag-
0 2000 4000 6000 8000 netismn is qualitative (because no inlteractioni is assumed be-

FIELO(G) tween the islands) and based on a a linited anloutit of 0135cr-

FIG. 2. Field dependence ol' the magnetization at 25 K of the three mono vations. H-owever, tranlsmission electron microscopy
layer sample. The dashed line is the Langevin function for particles tIWOt chatracterizattion may allow us to mnake at more quantitative
atoms in size, analysis.
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Roughness dependent magnetic hysteresis of a few monolayer thick Fe
films on Au(O01)

Y.-L. Hea) and G.-C. Wang
Department of Physics, Rensselaer l'olytechnic Institute, Troy, New York 12180-3590

We have studied quantitatively the surfacc and interface roughness of Fe films in a few monolayer
regime on an Au(001) surface using tile high-resolution low-energy electron diffraction technique.
The hysteresis loops of those tilns were also measured in situ by the surface magneto-optical kerr
effect technique. A correlation between the shape of hysteresis loops and the roughness of films was
observed. The hysteresis loops are consistently squarelike for films with a two-dimensional (2D)
smooth structure. For films with isolated three-dimensional (3D) islands structure, the hysteresis
loops are typically stripclike. lFor films with a combination of 2D/3D structure, the loop shape is
squarelike for longitudinal loops and stripelike for polar loops.

I. INTRODUCTION tating the electromagnet 90' in situ. This allows the measure-
ment of longitudinal and polar Kerr loops using the sameThe study of the relationship betcween ultrathin film mor- eetoant

phology and magnetic properties oin the atomic scale is a electromagnet,
Paiertieis eThe perfection of the Au(001) substrate was character-

challenging subject. The mdpnsnetism is an electronically ized by angular profile measurements of diffraction beams
driven phenomenon. ii depends t not only oni the arrangements from the surface. On a well-annealed surface, the size of
of electrons in an atohi but also on the structual arangement ordered regions ranges from -400 to -600 A. Ultrathin Fe
of atoms iii an ultrathin I ihn. vAnduces in sample preparation flswr rprdb hra vprto fF tm

techniques and availability of atotlic scale characterization films were prepared by thermal evaporation of Fe atoms

techniques have made it possible to prepare ultrathin films in from an Fe foil heated to 1200 *C by electron bombard-

-a variety of structures.' If the magnetic property of films with ment. The growth rate and roughness of films were deter-

known structure is measured, then the possibility of obtain- mined by analyzing the changes of angular profiles of the

ing magnetic oltrathin films with desircd characteristics in- (00) diffraction beam measured from the Fe films/Au(001).

creases.
Previous experimental studics on magnetic properties of III. RESULTS AND DISCUSSION

ultrathin Ie films grown on an Au(t)01) surface under various
growth conditions have been reported. For example, Liu and
Bader-2 have observed perpendicular magnetic anisotropy in To monitor the growth morphology using HRLEED, we
the Ve/Au(001) films grown at 1(10 1) with thickness less measure the change of angular profiles near an out-of-phase
than 2.8 monolayer (ML). In c',trast, Fe/Au(001) films diffraction condition of film-substrate system during deposi-
grown at room temperature have been shown to exhibit in- tion. This is because the destructive interference of electrons
plane easy axes in the noonolaver regime. 34 However, quan- is most sensitive to a surface or a film containing steps.7 For
titative information oi hlie roughness and structure of the example, if electrons scattered from adjacent terraces sepa-
as-grown films and their ciiw,ý-ts oil magnetic properties are rated by a step of height d are out of phase, i.e., the electron
still lacking. In this article, we show there exists a strong path length is a half-integer number of the electron wave-
dependence of magnetic hysteresis loops on the roughness of length X, then the diffraction intensity at the Bragg position
ultrathin Fc/Au(0)l) ilins in a few ML regime. There are decreases. The angular profile will broaden. This destructive
three kinds of film roughness, two-dimensional (2D) smooth interference condition is d cos 0=\/2, where the 0 is the
and continuous, thrce-dimensional (3D) isolated islands, and angle of incidence and angle of diffraction for the specular
a mixture of 2110); that cao be prepared at room tempera- diffraction beam and X=[150.4/E(eV)]t1 2. Reference 8 lists
lure fy changing the deposition rate. calculated and measured energies for the out-of-phase condi-

tion for the clean Au and Fe-Au systems.
I1. EXPERIMENT The Fe films of a few ML thickness are prepared by the

experience gained from the submonolayer growth. 8 Basi-
All the experiments were performed in an ultrahigh cally, the line shape of angular profiles broadens from that of

vacuum chamber with a base pressure of I X 10-1t Torr. The the clean surface profile and then narrows with accumulated
chamber was equipped with surface magneto-optic kerr ef- deposition time. At 110 s, the angular profile becomes nearly
fect (SMOKE), high-r.:olution low-energy electron the same as that of the initial time. From the diffraction point
diffraction-' (HRLEED), aiid A',uger electron spectroscopy of view, the Fe/Au(001) surface is virtually identical to the
(AES) techniques. The details of our SMOKE setup have clean Au surface. We thus assign the Fe coverage as -1 ML
been presented elsewhere.! The magnetic field can be aligned at 110 s, implying the growth rate is -0.55 ML/nmin. The
either perpendicular or parallel to the sample surface by to- growth rate can be doubled by increasing the source tem-

perature by 20 K. In this range of deposition rate, the growth
"Present address; I'hysics i)cpartment, University o. Nebraska-Lincoln. mode is essentially layer-by-layer as evidenced by the fi11-
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FIG. 1. Angular profiles of the (00) beam measured from Fe/Au(001) films: -
(a) and (b) 2D with -2.0 ML coverage; (c) and (d) 3D film with -2.1 MLE .2
coverage. The energies of 27.5 eV (a) [28 eV for (c)] and 44 eV (b) [same I 7
for (d)] are near the out-of-phase conditions for Au-Fe and Fe-Fe steps, t:
respectively. The K11 is the momentum transfer parallel to the surface and is /2 5.42 z 3 ) 20 5.4HZ.

in units of Brillouin zone [BZ=27r/(2.88 A)]. .2, .o a to--- . .2- ... .-6 ,2

H(t) (0C ) Hut) (of)

width-at-hal. maximum (FWHM) oscillation and a smooth FIG. 3. Longitudinal and polar hysteresis loops measured from Fe films

continuous film, denoted as 2D film, persists up to -3 ML. It with various roughness ab sketched in Fig. 2: (a) and (d) for 3D isolated

then crosses over to a 3D island growth m.)de. The angular islands, -2.1 MLE; (b) and (e) for 3D islands on 2D smooth film, -3.7

profiles (raw data) near the out-of-phase conditions of Fe-Au MLE; and (e) and (f) for 2D smooth film, -2.0 ML. Note the arbitrary units

(27.5 eV) and Fe-Fe (44 eV) from a 2D film of -2 ML are in the Kerr intensity.

shown in Figs. 1(a) and l(b). Both profiles do not broaden
significantly compared to that of the clean Au surface and the growth kinetics and has been discussed elsewhere.' Fig-
indicate a relatively smooth and continuous film with low ures l(c) and l(d) show the profiles measured near the out-
density of steps as sketched in Fig. 2(c). of-phase conditions of Fe-Au (28 eV) and Fe-Fe (44 eV)

If the growth rate was reduced below -- 0.2 ML/min, 3D from a film with -2.1 ML equivalent (MLE) coverage.
island growth occurs. There was no oscillatory behavior ob- Comparing the profiles of Figs. 1(c) and l(d) with that of
served in the line shape of angular profiles with accumulated Figs. 1(a) and 1(b), the profiles of Figs. 1(c) and l(d) are
time as that observed in 2D layer-by-layer growth. Instead, considerably broader. A complete energy-dependent FWHM
the FWHM at the out-of-phase condition monotonically in- measurement shows maximum broadening peaks at -28 and
creases with time (not shown here). This is a characteristic of -43 eV.9Y't This result is consistent with the calculated de-
3D growth. The rate dependence of growth mode is due to structive interference energy." The coexistence of two types

of steps (Fe-Au and Fe-Fe) supports that the film was grown

(a) in a 3D mode. The amount of broadening is inversely pro-
portional to the average terrace width . From the FWHM
shown in Figs. 1(c) and 1(d), we estimate that the average
terrace of isolated islands is -60 A. Also, the profile shape
measured at the Fe-Fe out-of-phase is consistent with that
from a multilayer thick film. A film with -2.1 MLE cover-

(b) age consisting of 3D islands isolated by nonmagnetic Au
substrate is sketched in Fig. 2(a). The lateral size of the is-
lands near the interface is smaller than the terrace of Au
substrate (shaded area of -400-600 A). With sufficient
amount of Fe deposits, e.g., -3.7 MLE, the substrate is en-
tirely covered by the film as sketched in Fig. 2(b).

(c)

_____ __ B. Magnetic hysteresis loops

Figure 3 shows hysteresis loops measured from two
kinds of 3D films (-2.1 and -3.7 MLE) and a 2D smoothFIG. 2. Schcmatics of three ultrathin Fe/An(0I1) films: (a) -2.1 MLE. 3D film of ---2 MI_,. The polar loops measured from both 3D

isolated islands; (b) -3.7 MLE. 3D continuous islands; and (r) -2-0 ML,

2D continuous and smooth. The shaded area denotes the substrate (with a films are typically stripelike as shown in Figs. 3(d) and 3(e).
step), and the unshaded area denotes the films. However, the shape of longitudinal loops for the 3D films
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depends on the film coverage. The longitudinal loop mea- shape. The conclusion of in-plane easy axis from our data is
sured from -2.1 MLE film is stripelike as shown in Fig. 3(a) consistent with results from other experimental studies,3'4 al-
but is square like for -3.7 MLE film. In contrast there is no though the details of film morphologies were not presented.
coverage-dependent loop shape fcr 2D films. The loops are Our result of anisotropy is not inconsistent with the pre-
squarelike in both directions as shown in Figs. 3(c) and 3(f). diction of perpendicular magnetic anisotropy for a free

Various shapes of hysteresis loops can be related to vari- standing Fe ML.i1 At 1 ML, the easy axis is perpendicular to
ous film morphologies as follows. For a continuous and the surface. With increasing coverage (e.g., 2 ML), however,
smooth film, the squarelike hysteresis loop shown in Fig. the demagnetization field tends to bring the easy axis to the
3(c) is consistent with that of the dominant magnetization surface plane. As a result, the hysteresis behavior in both
reversal process in the wall displacement and the easy axis is polar and longitudinal configurations is similar to that ob-
oriented in the surface plane. Due to the cubic symmetry served in 2D flat films. That the easy axis is along the surface
observed in Fe film, the easy axis can also be oriented along plane is also consistent with the smaller value of coercive
the surface normal. Therefore, the polar hysteresis loop is field measured in the longitudinal direction compared with
also squarelike. See Fig. 3(f). that in the polar direction. For 3D island films, the local

The stripelike shape of the hysteresis loops shown in variation of the demagn ization complicates the hysteresis
Figs. 3(a) and 3(d) is consistent with the loop shape mea- behavior.
sured from single domains with various shapes and sizes.
Note that from the 1 X 1 LEED pattern we learn that each Fe IV. CONCLUSIONS
island has an epitaxial relation with respect to the Au(001) Our study of both film morphology and hysteresis loop
substrate, i.e,, bulk bcc Fe lattice rotates 450 with respect to indicates that the shape of a loop is closely related to the
the fcc Au lattice. This rotation minimizes the lattice mis- roughness of a film. For a smooth film, one is most likely to
match to less than 0.5%. The magnetization process involves observe squarelike loops [Figs. 3(c) and 3(f)]. For an isolated
rotation of spins in each single domain which requires larger 3D islands film, one is likely to observe stripelike loops
applied field to reverse the spins and saturate the domains as [Figs. 3(a) and 3(d)]. For films with continuous islands, the
compared with just domain wall movement. Each isolated loops in the longitudinal configuration are squarelike. How-
ferromagnetic Fe island on the Au substrate may have its ever, the loops in the polar configuration remain stripelike.
own demagnetization factor. The demagnetization factor de-
pends on the structural shape and size of the Fe island. From ACKNOWLEDGMENTS
the profile measurement we know the 3D film has a distri-
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Fluctuation effects in ultrathin films
S. T. Chui
Bartol Research Institute, University of Delaware, Newark Delaware 19716

We discuss finite temperature fluctuation of the domain walls and the magnetization M in ultrathin
magnetic films where spins interact with short range exchange (J), anisotropy (K), and long range
dipolar (g) couplings. Phase boundaries for a triangular lattice are obtained from Monte Carlo
simulations as a function of J, g, and K. The transition temperature for the disappearance of the z
magnetization as a function of the effective anisotropy field K-g/O.1208 is essentially unchanged
as g becomes zero. This suggests a new physical picture that the change in the direction of M is
closely connected with the Ising transition for g = 0. Mean field calculation suggests three transitions
where only M. is finite at low temperature. As the temperature is increased (1) M, becomes
nonzero, (2) M, becomes zero and eventually, (3) M, becomes zero. To investigate fluctuation of
domain walls their elastic energy are calculated. For Bloch walls perpendicular to the x axis
separating spins along the z axis this energy is negative for a small enough wave vector. The
competition of the stabilizing long range dipolar interaction and low dimensional fluctuation
suggests the possibility of a finite temperature roughening of an array of one-dimensional N6el walls
in the film.

I. MAGNETIZATION within the accuracy of the present calculation (-22%) as g
becomes nonzero. This suggests a new physical picture, dif-

In the ultrathin magnetic films, new physics occurs be- ferent from that of previous considerations, 9-11 that the driv-
cause of the competition between the stabilizing long range ing force behind the change in the direction of the magneti-
dipolar interaction and the low dimensionality fluctuation zation is the same as that causing the Ising transition for g =0
effects.1 An example of this competition is provided for by when the z magnetization disappears at a high enough tern-
the question of the existence of long range order. For two- perature, After the z magnetization vanishes, the in-plane
dimensional (2D) systems, the fluctuation of the magnetiza- magnetization can still be stable in two-dimensional (2D)
tion is of the order of fd 2qkTlwo. When the spins interact over a temperature range if the dipolar coupling is finite be-
only with nearest neighbor exchange, Ooqcxq2 ; the fluctuafion cause of its long range nature. The temperature at which the
is infinite and there is no long range order.' When the long x magnetizv", 1i disappears depends mostly on only g and
range dipolar interaction is included, wqxcq for some spin very little on K.
arrangements. The fluctuation becomes finite and long range Allenspach and Bishof8 observed that there are regions
order is restored.2'3  in temperature so that the in plane and the z-axis magnetiza-

The interaction energy between the spins is H=0.5 tion are both nonzero. We think that there are actually two
Y'ij xyzRR' Vij(R-R')Si(R)Sj(R') where V- Vd+ V, + Va
is the sum of the dipolar energy
Vdij(R)=g(35ij/R3-3RiRJIR5); the exchange energy 2-' ""-1-' l- I " I ,-,l ' I I ....

Ve= -J&(R=R' +d) 8,-; and the anisotropy energy
Va=-2K,5(R=R')Si2 2j,. Here d denotes the nearest -I ..
neighbors. For the experimental systems, J is much larger 15 M Sloro Z

than g and K. However, without g and K there is no long- M tlted
range order at any finite temperatures. We have studied the
phase diagram (Fig. 1) as a function of the parameters J, K, t-

and g for a triangular lattice with Monte Carlo simulations M al•ong v
on a 60X60 lattice for 1.6XI0 9 MC steps. The transition
temperature is determined from the peak position of the mag- M-0
netic susceptibility with a histogram technique. 4 We found .5
that for small K-g, the transition temperature for the van-

ishing ofM, can be well approximated byJ/T,=A +B ln(A/ I Pr 1-, 1 '1-,
J) for constants A and B. Here A is the effective spin-wave . 5 -3 -. f, .2 .2
gap energy given by A=K-g/O.12. In the absence of the Io[I 5K- g0.3311JI

dipolar interaction (g=0), the magnetization disappears in
the high temperature phase above T, . T,.=O for K=0 be- FIG. 1. Inverse transition temperatures for g=0.12 and different values of

cause of two-dimensional fluctuations. For g:-0, there is an K. The different phases are as labelled. Lines are drawn connecting the

intermediate phase where the magnetization changes from points to guide the eye. The dotted line on the lower left corner is the
theoretical results of Pescia and Prokrovsky; the horizontal line at the bot-

perpendicular to in-plane above Tc, as is first observed toin is the asymptotic limit corresponding to the transition of the 2D trian-

experimentally.- 8 The constants A and B are unchanged to gular lattice.
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transitions around T,; one associated with the onset of the dJz/dl= [1 - - I)T/J,27r]J2/T,
in-plane magnetization and the other one associated with the
disappearance of the z-axis magnetization. The occurrence of dJi 3/ dl = [1 - (n - I )T/IJ 127r]J3 /T.

a finite in plane magnetization depends on two issues. That Thus it is not possible to have a single scaling equation for
the magnetization is not completely aligned along the z axis the dipolar coupling constant, as PP has assumed. Also, the
and that the fluctuation in the azimuthal direction is not in- functional form for the scaling equation for A does not de-
finite. These two transitions can be understood in more detail pend on its initial value and thus, to first order in the small
from a mean-field argument. Specifically, we assume the parameters g/J and K/iJ, remain the same whether the dipo-
presence of two order parameters M, and M, and ask if these lar interaction is present or not; different from the conclu-
magnetizations can be self-consistently sustained. We get sions of PP.

M,= fd.(I ') exp(-.8E,) 1 (fE,)1Z'; II. DOMAIN WALLS

Low-dimensional finite temperature fluctuation also af-
Mz= d1A jA exp(-/3E.)lr(f(E.,)/Z'; fects domain walls. These effects are important in under-

standing domain formation, hysteresis and relaxation phe-
nomena in the films. Whereas in three dimensional

Z'= d/iexp(-flE,)I0 (fE,), situations, domain walls are flat, recent experimental
results 16- 18 indicate that walls in ultra-thin films are not flat.

E=_-KA2_6JAAV,-gAAV,/O.75g1, A magnetic domain wall is an interface between a
spin-up region and a spin-down region. The statistica! me-

Ex=(1 -/zz)()"5(6J+0.5gc)Mx, chanics of interfaces have been actively studied over the last

l=11kT. When MI is large, the spins are favored to align ten years. The movement of an interface usually proceeds not

along the z axis with A close to 1. A solution for Mx does not with the whole interface marching forward in unison but

exist. When M, is small but not zero, a solution for M. is with part of the interface moving forward once at a time.

possible. The requirement that M, be small restricts this on- This involves distorting the interface and thus the elastic

set of in-plane magnetization to close to T,. In the limit of energy and the roughness of the interface is an important

small MA, the equation for M, is similar to that in the 2D consideration. The mobility of the interface in the presence

Ising model. Linearizing the equation for MA we obtain the of external pinning potentials is often discussed in terms of a

transition temperature T2 for its onset as roughening transition where the interfaces become rough and
mobile if the temperature is higher than the roughening tem-

T 2 = (6J + f.5gc) dp exp(-PEz)(1 -u 2 )/2Z"$ perature. 2D interface in 3D systems roughens at a finite
f temperature. 1ID interfaces in 2D systems are always rough

where Z"=fdp. exp(- pEz). A solution is possible even at any finite temperature. After the interface roughens, the
when M. is nonzero. This implies that the onset of in-plane free energy of steps becomes zero; the interface becomesmagnetization is distinct from the disappearance of the z axis mobile and the nature of the growth of domains becomes
magnetization. Detail numerical solutions of the mean field different. These studies assume that the interaction potential
equations confirm the above argument. is short ranged.

Pescia and Pokrovskye (PP) proposed that the spin- The finite temperature statistical mechanics and dynam-
rotation transit io n temperature is given by ics of domain walls are often discussed in terms of a phe-
Ta=Kio (K-g/gt)121nJtln(3J1K). Their magnitude and nomenological model consisting of the elastic energy E, to

functional Kependence are v(K dgiff)Teirent mitue aonde deform the wall and a pinning potential EP, that is due to the
fCarlo depul ienodene tare s veryodffe their Malculati on t isintrinsic periodic structure of the crystal lattice. For a defor-
Carlo results. While no details of their calculation isa mation of wave vector q described by the displacement arq ,
able, we think the difference between their calculation and thelsienryiofnasudtobpootoalote
thethe elastic energy is often assumed to be proportional to thefixed point Hamiltonian. Moreiprecisely, one can write the strain squared, i.e., E,=A Yqq 2

1 &, r1 2. For magnetic domainwalls in bulk materials, the physics is different. A N~el wall
Hamiltonian in increasing power of q as .f width w located at position c is characterized by specify-

H=1q- AJSz(q)I 2+ ij=xy)J q2
1SqF

2 +J2q4Sz(q)l 2  ing the spin orientations at position r by the angles O0ir/2,
-=-r tanh[(x-c)/w]/2. The elastic energy is given by the+S domain wall energy change as c is changed by

(Refs. 12 and 13) and follow the standard procedure'14 5 to Sc=c 0jcos(k.r)]. In calculating this change, one ends up
derive renormalization group equations for the couplings A, with the derivative of 0, which behaves like a 3 function in
iJ to first order in A/iJ, J2,3/i I. The bare dipolar coupling the limit that the wave vector is less than the inverse domain
contributes to the initial values of A, Ji, andJ 2 , which pos- wall width. We get E, = 0.52'RVyy(R - R')S2(Sc
sess different scaling trajectories (n =3): - &c')2 . The prime on the summation indicates that we sum

dA/dl=[2-(n.-1)(T/27rJ1)JA, over those R,R' only at the d-I dimensional undistorted
wall position. V is proportional to the 2nd derivative of the

d l/dl= -(n-2)TI/21r-TJ 2/(327rJ1), l/r Coulomb potential and is identical in form to the dynarni-
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cal matrix of the Wigner crystal in two dimensions, the Fou- small enough wave vector. The competition of the stabilizing
rier transform of which can be summed with the Ewald sum long range dipolar interaction and low dimensional fluctua-
technique.20  tion suggests the possibility of a finite temperature roughen-

In the long wavelength limit the elastic energy is not ing of an array of one dimensional Noel walls in the film.
proportional to q2 but, because of the long range nature of This work is supported by the Office of Naval Research
the dipolar forces, is instead proportional to Ijq in 3D. In 2D, under Contract No. N00014-94-1-0213.
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Magnetic studies of fcc Co films grown on diamond (abstract)
J. A. Wolf,a) j. J. Krebs, Y. U. ldzerda, and G. A. Prinz
Naval Research Laboratory, Code 6345, Washington, DC 20375

We report the first growth and characterization of fcc Co epitaxial films (t=10-130 nm) on
diamond. Growth was carried out under UHV conditions in a commercial MBE machine and
monitored during growth using RHEED which showed single crystal growth oriented with
(100)cIl1(100c. X-ray diffraction studies of the 130 nm sample demonstrated the single crystal fcc
growth throughout the entire sample. Separate studies to determine growth mode and structure were
carried out using angle-resolved Auger forward scattering. Vibrating sample and SQUID
magnetometry yields v. magnetic moment of (1.05_0.1) 103 emu/cm 3. Ferromagnetic resonance
measurements carried out at 35 GHz yield a large cubic anisotropy K /MS=(480+30)Oe and
linewidth of only Al = 100 Oe. Spin waves were observed in the thicker samples and the exchange
constant determined to be A co- 1.09 X 10--6 erg/cm, This work has been supported by the Office of
Naval Research.

"SNRC-NRL Research Associate.

A Monte Carlo study of the temperature dependence of magnetic order
on ferromagnetic and antiferromagnetic surfaces: Implications
for spin-polarized photoelectron diffraction (abstract)

F. Zhang, S. Thevuthasan,a) R. T. Scalettar, R. R, P. Singh, and C. S. Fadleyb)
Department of Physics, University of California, Davis, California 95616

We have used Ising-model Monte Carlo calculations to study the magnetic order near cubic
ferromagnetic and antiferromagnetic surfaces. The antiferromagnets were studied with and without
frustratea next-nearest-neighbor interactions. Intralayer and interlayer spin-spin correlation
functions have been calculated as a function of the relative coupling strength in the surface layer. If
this coupling strength is more than a few times the bulk value, a distinct surface phase transition is
obsetved at temperatures Tcsurf or TN~surf that can be significantly above the corresponding bulk
values, Tc,bulk or TN, buk. These calculations suggest that previous spin-polarized photoelectron
diffraction measurements on antiferromagnetic KMnF3(110)' and MnO(001) 2 could in fact have
been observing such surface transitions at TNurf values of 2.7 and 4.5 times TN,bulk, respectively.
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Magnetic circular dichroism (MCD) studies at K and L edges using hard and soft x rays are
presented. The relation of this universal phenomenon in the x-ray absorption near-edge structure
(XANES) and extended x-ray absorption fine structure (EXAFS) regions to local magnetic
structures ini the case of 3d and 4f elements is illustrated. The validity of atomic and band-structure
pictures to describe the MCD in the XANES range are outlined and the applicability of sum rules
and two-step vector coupling models to deduce spin and orbital moments of the absorbing atom as
well as spin-density profiles from the experimental data are critically discussed. The correlation of
the dichroic contribution in the EXAFS to the magnetic moments and spin densities of the
neighboring atoms are addressed by systematic studies which provide new insights into the
exchange phenomena of the interaction of spin-polarized electrons with ferromagnetic media. The
potential but also the limitations of this new spectroscopy is demonstrated.

I. INTRODUCTION short-range order can be found, which demonstrate the po-
tential of this method to study magnetic structures on an

X-ray circular magnetic dichroism (X-MCD) in core-to- atomic scale.
valence transitions is a new powerful method to study in an
element- and symmetry-selective manner the magnetic as- II. NEAR-EDGE MCD
pects of local electronic structures in magnetic media. The
possibility of extracting local spinl and orbital moments using A. Theoretical models
"sum rules" deduced on the basis of an atomic approach1.2 Large MCD effects (in some cases more than 20%) are
or in the local spin-density (LSI)) formalism 3' 4 by a compari- found in the near-edge region within 20 eV above an absorp-
son of the magnetic L 2- and L 3-dichroic spectra is one of the tion threshold. In this energy range the absorption cross sec-
dominant subjects of interest. To date a correct interpretation tion can be described by Fermi's golden rule,"S In the case of
of experimental spectra seems to be restricted to cases with bandlike final states, the single-particle density-of-states
either a localized character of the involved final states as, model describes the experimental spectra successfully. The
e.g., 3d-4f transitions in rare earth (RE) systems, 6 where energy dependence of the absorption cross section is given
an atomic picture7 is adequate or to those with a delocalized by the density profile of the final states with selected sym-
behavior as, e.g., is-4 p transitions in 3d elements and 2s- metry determined by dipole-selection rules times a nearly
6p transitions in 4f/5d systems 89 and 2p-5d transitions in energy-independent matrix element. If the final states are
5d elements,"3 where the band-structure approach has been well localized, two-particle interactions have to be included.
adopted successfully.'( For intermediate cases, however, as These can be calculated explicitly using atomic multiplet"'
the L 2 , 3 edges in transition elements 5'11 and in REs,9' 12 a approaches. Here it is also possible to include solid state
closed theoretical description is still a problem. offects by adding crystal field terms to the Hamiltonian and

Although the occurrence of a dichroic contribution to the hybridization of ligand character by an admixture of extra-
extended (EXAFS) [spin-polarized EXAFS (SPEXAFS)] has atomic configurations such as in charge-transfer states.
been proven to be a universal phenomenon, 4'13 theoretical In both cases, polarization effects and exchange split-
calculations of the experimental spectra are not available but tings can be taken into account. Using fully relativistic spin-
are on the way.14 However, as demonstrated in the second polarized Korringa-Kohn--Rostoker (KKR)-GF and linear
part of this article, the systematics observed in several sys- muffin-tin orbital'(' band-structure approaches or spin-
tems show that on the basis of simple two-step models inter- polarized versions of the linear augmented plane wave
esting correlations of the SPEXAFS to the local magnetic (LAPW) method,7 the MCD I. spectra of various heavier
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transition metals such as magnetic 5d elements and Gd- 'I. . . . .
metal have been successfully described in the single-particle n y. ,,.
picture, while on the other hand the experimental M 4,5 -MCD n

spectra in RE systems are excellently reproduced by atomic . ' \
calculations. 6  . ....

On the basis of the atomic description sum rules have .
been developed recently,"2 which relate the difference and .

the sum of the dichroic signals (p,+) for reversed photon -, [ .

polarization A,: = (/- 4 - p.-)/2 for the two spin-orbit initial
states directly to the local spin and orbital moments of the .
partially filled final valence shell.

Based on a simple vector-coupling version of the band- . ' . ' i. . .
structure approach, a similar relation between the normalized M ') 0 1 00 20

MCD spectra /A/z0 at the L2 and L 3 edges times the unoc-

cupied final state density and the local magnetic moments
can be deduced.4' 9 Based on the Fano effect 8 the sensitivity FIG. 1. Experimental absorption and dichroic profiles (a) at the Fe L,.1

of the dichroie signal to the spin and orbital moment origi- edges of Fe metal layers with thicknesses (if 9.25 A (dashed) and 24 AX
(solid) in compar,:on with theoretical profiles from band-structure calcula-

nates from finite spin (o,,) and orbital polarization (l1) of the tions (b). The experimental spectra correspond to raw and unsmoothed data
outgoing photoelectron in the propagation direction z of the with subtracted linear background.

circularly polarized photon. The photoelectron emitted from
an unpolarized core state is thus considered as a polarized
probe for the spin and orbital moment of the final states. The layers (cf. Fig. 1). The exact thicknesses of the 9.25 A (A)
polarization values for a free electron wave are (/,) = + 3/4 and 24 A (B) Fe layers (deposited on 300 A Au on a glass
in an initial p state and (a,)= - 1/2 and + 1/4 for the cor- substrate and protected by a 30 A Al coverlayer) and the
responding P1/2 and P3/2 spin-orbit partners. magnetic moments per atom of 2.07(3) A,) for the thin (A)

In a simple spin-polarized version of Fermi's golden rule and 2.14(3) AB for the thicker sample (B) were determined
for pure spin-ferromagnetic systems,8 9 the MCD signal is via XFA and super conducting quantum interference device
directly correlated to the spin density Ap=p+-p- of the (SQUID) measurements, respectively.2() The / profiles are
final state by [)-/p.0 (E) =a (t)[Ap pa(E), which corre- shown in Fig. l(a) in addition to the spin-averaged A) profile
sponds to ojE)- - Ap(E) at the L2 and IA(E)- + Ap(E) for the 9.25 A (dashed line) and the 24 A Fe layers (solid
at the L, edges for A0 (L 3)=2A0 (L 2).9

Wiat th n th e tesf or -couL ing2 modeL) therelatiline). Corresponding theoretical spectra from fully relativis-
Within the vector-coupling model the relation between tic spin polarized KKR calculation for iron metal are pre-the normalized MCD spectra zd/z0 and the spin and orbital sne nFg ()1 h xeietldt esrdb:• sented in Fig. l(b),'° The experimental data measured by

moments is deduced to total-yield detection in an applied external field of 0.2 T were

- J {[tMc/!to]L•(E)_[pc/tzo]L2(E)}p(E)dE, taken at the DRAGON beamline (NSLS).
S -[Figure 1(a) shows, that the dichroic L2 signal is signifi-

(1) cantly reduced relative to the L3 signal causing a strong de-

i J/t•_4fJ {[AIzr/t]L,(E)+2[c/.,1AOIt,(E)}p(E)dE. viation from the ratio p(.(L2)/1c(L 3)=-1 expected for
8 {P •pure spin moments. This indicates the existence of an orbital

(2) moment coupled parallel to the spin moment [Eq. (4)]. Ap-

Under the condition ILt(L 3) = 2 A0 (L 2) Eqs. (1) and (2) plying the sum rules one deduces a spin and orbital moment
are equivalent to the sum rules, which are more appropriate of ms-2.19/Lli ( 2 .2 9 1UB) and "nL'0.2 551.y (0.21.R) for
in case of (nearly) isolated absorption profiles (white lines samples A (B) taking into account n=4 holes in the 3d

-WL) as, e.g., the M 4,5 edges in RE, while Eqs. (1) and (2) level. The errors of these numbers due to the uncertainties of
can be more easily applied in the case of more steplike ab- estimating the white line areas amounts to 20%. Very similar,
sorption edges, e.g., the L2,3 edges in heavier elements, with- somewhat smaller values of ms- 2 .02ILB (2.08AB) and

out or with weakly indicated WL structure as in some RE ML-0. 2 0iL (0.15ABi) (uncertainty about 5%) are found
and Pt and Au systems. by applying Eqs. (3) and (4) using theoretical density of

For K edges (Ii) amounts -1 and (O-z) has the very . ates profiles with an integrated value of fp(E)=3.1.
small value of _10-2. Thus only weak MCD effects of less These results are in excellent agreement with the results of

than 1% are expected for outer, bandlike final states with the macroscopic measurements and confirm the expected in-
nearly quenched orbital moments, as, e.g., the (4)p states in crease of inL with decreasing layer thickness.
3d elements or (6)p in 4f/5d systems and no simple rela- Only the absolute values of mr1 are larger than expected
tion of the MCD profile and the local p moment exists. from theory and other measurements.2

1 The spin polarized
KKR calculation of the A, and A,, spectra seems to underes-

B. Fe-metal layers ntimate ibe values of jk and A) at the L2 edges, which could
be an indication for the breakdown of the single-particle ap-

To demonstrate the reliability of the sum rules Eqs. (1) proach, as has been found for the L2,3 MCD in the lighter 3d
and (2), they are applied to L2,3 MCD spectra of Fe-metal transition metals.
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FIG, 2. Top: experimental dichrolc absorption of Cr02 at the L. and L.2
edges of chromium, measured at the SX700/3 (BESSY) (0) and DRAGON FIG, 3. (a) Experimental t 2 (dashed) and L., (solid) ahbsorption (A) (top)

beamlines (NSLS) (+) with energy resolutions of about 9(X) and 5W0 meV, and corresponding dichtoic profiles (A.) (bottom) •of Gd-metal in compari-
respectively, From the raw data only a constant offset has been subtracted. son with theoretical unpolnirized (dash-dolted) (top) and 1, (dash-dotted), L.,
Bottom: theoretical dichroic absorption at the 13 and L'Z edge of CrO2 , (dot,) polarized profiles (botlom), The first inflection point of the absorption

given by LMTO calculation (--) and the spin density of the 3d band above onsce is, chosen as the origin of the energy scale. The experimental absorp-
the Fermi level, given by I APW hand-structure calculations. The L2 edge is tioln step Is Ilited by an arctan function (width 4I cV). (b) Theoretical total d
resealed by (- I) due to the negative photoelectron polarlzation. 11ig vertical spin-density profiles (p=p' +p ) (top) wdI ,orresponding difference (b)
lines (- -) mark the energy of tele L2 and L., edges, which are identical to the UAip-P -p-) broadened by core hole lifetime and experimental resolution

Fermi levels of the plotted spin densities, and resealed hy -0.5 and +.25 at the L 2., edges, respectively. The dash-
dotted line represents the theoretical MCI) profile,

C. Cr L2 ,3 MCD spectra relativistic band-structure approach by Ebertt° and the calcu-
Going to lower Z within the 3d series due to the de- lations carried out by Carra Ct al 17 which were also extrapo-

crease of the 2p spin-orbit splitting below tO eV it is diftb- lated to hleaivier RE metals.
cult to separate the corresponding L2 and L3 parts in the However the description of the REs with nonzero 4f
spectra as seen in case of the Cr MCD in the half-metallic ungular momentum is still an open problem. In particular the
ferrornagnet Cr0 2 presented tn Fig. 2. The dichroic profile is structures at the L,. edges at negaive energies, characteristic
much more complex than in the heavier transition metals and for all systems except Gd, have been proven to exhibit an
even changes sign within the L 3 contribution. A comparison atomic character.2 4

with the calculation of the dichroic effects for transition Although the ratios of the normalized Gd L 2,3 MCD
metal ions in the atomic approach22 suggests that these mod- profiles (both peak values and ittegrmted areas) as seen in

els are more appropriate to reproduce the experimental find- Fig. 3 are close to -2, i.e., the ratio of the spin-polarization

ings and thus we have used a ligand field multiplet model factors, applyitg the sum rules Eqs. (I) and (2) leads to a

(LFM), which includes the influence of the cubic crystal field tmoment of - 0.24 having the opposite sign corn-

on the local wave functions.2 • Setting the spin-orbit splitting pared to the theoretical calculations, whish predict

to zero gives a reasonably good agreement between theory pae= + 0.47til for the spin and cal - -l .[t4os for the or-

indicating the validity of the theoretical concept for the de- bital d moment. 25 The sum rules yield for the orbital moment
scription of the MCD effects. The vanishing influence of an a value of -0.004/z which is a factor of 10 too small
orbital momentum and correlated spin-orbit effects can also compared with the theoretical prediction. Similar results are
be verified by the application of the sum rules, which gives obtained even in the naive vector-coupling model
an upper limit of mL of less than l O1 t-2A. It can also be (As= -0.19AII and/AL= -0.002/i).
seen from the MCD spectra that it is difficult to deduce the A direct comparison of the unbroadened theoretical Gd
corresponding spin moment in case of too close, i.e., not well MCD profiles with unbroadened spin densities (Fig. 4) ex-
resolved, L2 ,3 absorption edges. That the LSD approach and plains the breakdown of the validity of the basic assumptions
the model Eqs. (1) and (2) are based on fails can be demon- Eqs. (1)-(2) are based on. Though the fine structures of the
strated by a comparison of the local unoccupied spin density profiles coincide roughly, indicating a direct correlation be-
of states Ap shifted to the absorption edge with the /A, pro- tween jLjt/o and Ap/p, the value of ((r,) obviously becomes
file, which show only rather poor similarities, strongly energy dependent, amounting, e.g., to a value twice

as high at the Fermi energy. Hence the small positive spin
density leads to a strong line in the L2 _3 MCD spectrum atD. L 2,3 MCD In Gd-metal and EU3Fe5O12  El, and a negative spin moment.

Dichroic L2,3 effects of several percent in REs have been The physical origin is a strong energy and spin depen-
found in all systems investigated up to now. Theoretical de- dence of the matrix element, since close to EF.. the overlap of
scriptions, however, have concentrated on Gd, as the fully initial and final spin-up wave functions is much larger for the
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LL projection (o,,) in photon-beam direction. If the magnetic
"moment of the neighboring atom, i.e., the spin of its majori-

0- 'tylike electrons, is also polarized in z direction, an exchange
"•- vXC contribution to the Coulomb scattering potential is present in

1 the scattering processes of the outgoing photoelectron. This
"..'o )o should result in a magnetic contribution to the backscattering

. L amplitude, which changes its sign with reversing the relative
5 0 0 1) 1

enecgy levi IC orientation of the photoelectron spins and the spins of the
magnetic neighbors in the absorption process. In the conven-
tional EXAFS formula the effect of exchange interaction in

FIG. 4. Unbroadened theoretical ApIp profiles (dashed) and unbroadened the scattering process is described by an additive exchange
theoretical tzltuo profiles (solid) at the L 2 (left) and L3 (right) edges in contribution (with index c) to the Coulomb-interaction pa-
Gd-metal. The ratio (AP/P)I(AC/Io) is not constant with energy. rameters, i.e., the backscattering amplitude F Fo +_Fc, the

phase shift 0= 0"±-_ , and the mean free path X=Xo±X,.
corresponding states of minority character, a fact, which has The strengths of the exchange contribution are within this
to be neglected in the models. But the MCD calculations simple model expected to scale directly with the spin-
(shown in Fig. 3) using the single particle band-structure polarization parameter, i.e., (rz) -Fc, Okr, XCI
approach reproduces this behavior exactly. Thus the conventional EXAFS (XO) 41 as function of the

Applying the sum rules in the case of Eu L 2,3 MCD photoelectron de-Broglie wave-number k, which are de-
spectra (Fig. 5) in Eu 3Fe 5O12 yields a spin moment of scribed by a summation over the coordination shells located
-0.03/B and an orbital moment of +0.O05/A. The mo- at distances rj with Nj neighboring atoms and including the
ments obtained in the naive vector-coupling model amount to Debye-Waller factor Di and "shake-off/on" processes at the
-0.03/•s for the spin and +0.O07/.s for the orbital con- central atom i (St), is transferred into a spin-polarized ex-
tribution. However, similar to Gd, these values lead to the pression X=X + -x- by
wrong sign for the spin, which can again be drawn back to e- 2rj/xjo

matrix-element effects. On the other hand, the expected op- x,(k)= y N1Si(k)D1 (k) kri Fjc sin(2krj
posite signs of AL and As, induced in the 5d state by the J
intra-atomic 4f-5d coupling in lighter REs, seems to be di-
rectly manifested in the collapse of the L 3 MCD to the credit + p~10)+ qp,1cFjo cos(2kr1 + o)
of a strong L2 dichroic signal. 2rjXJc s

+ F- sin(2krj+ qo) (5)

Ill. MAGNETIC EXAFS

A. Theoretical aspects B. Experimental results

A phenomenological description of the measured effects 1. L2,3 SPEXAFS
is presented based on the simple vector-coupling "two-step" SPEXAFS studies in the hard x-ray range have been
model, which has successfully been used to describe the performed in the transmission mode at HASYLAB (Ham-
near-edge MCD in the "spin-only" limit. In the first step, we burg) in various magnetic systems at the L edges in REs and
assume that a free electron wave is going out with a spin 5d elements and at the K edges of 3d systems. 4

For an analysis of the EXAFS and accordingly of the
SPEXAFS to deduce structural information as, e.g., the dis-

--. tances rj of next atoms and the coordination numbers N1 a
C! a) 3 b) sufficiently extended range of the X01, spectra is Fourier
.Z •transformed. Thus, this method is often not well practicable
. .for energetically close following L2, 3 edges in 3d elements.

.0 - - This holds especially for the SPEXAFS analysis, since ac-
-" ...... .cording to the simple picture the magnetic oscillation at the4--- -.--- - --- -. ---- -7 L2 and L 3 edges should show identical structures but with

opposite sign, which is found in all systems studied up to
now as demonstrated in Fig. 6 at the Eu L2,3 edges in the
ferromagnetic Eu iron garnet (Eu3 FejO12).

I I. If one takes into account a ratio of the amplitudes of -2,
)the X, profiles at the L 2 and L3 edges are identical. The

10 . 1 1 0 10 corresponding near-edges MCD signals (Fig. 5), behave
energy (eV) completely different due to their dependence on the orbital

moment. This proves that similar effects of the orbital polar-
FIG. 5. (a) Experimental L2 (a), L3 (b) absorption (/A,) (top) and dichroic izations can be neglected in the SPEXAFS interpretation.
profiles (Ac) (bottom) of Eu in Eu3 FeO,2 . The absorption step is fitted by Only an additional contribution due to the small near-edge
an arctan function (width 4 ev). MCD at the iron K edge causes some deviation at the L3
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2. K-edge SPEXAFS
Fe K Eu L2  The highly precise measurements, which are possible in

S Eu LI , L the transmission mode, allow us also to address 3d elements

""u �- .1 by K-edge SPEXAFS studies as demonstrated in case of Co-
(fcc) and Ni-metal. As shown in Fig. 7, the X, oscillation at

6000 7000 7200. 7400 ,oo ,,00 ,ooo0 80o0 the K edges follow roughly the X0 structure except an addi-E (eV) E (0v)

L --.. . E...... -tional contribution at a k region of 4-5 A-. In this range
02 "-multielectron contributions (3p--3d transition) result in an

0 -[ additional line in the dichroic K spectra, which decreases
""0.-0AT' strongly by going from Fe to Ni.t 3 Following Eq. (6), we

,, I deduce a value of (o,,)= +3.5(5)% for the K SPEXAFS,

-..I.. _1-_.... . --.. I...) which is somewhat larger than expected from the near-edge1 2 3 4 5 6 1 0l 9 10 4 2 a 4 n 6 1l 0 HU I

k (I /A) k (I/A) MCD effects.
......- . ... Due to the small value of (Oa-) the statistics of the K

0oa x.(k) XO(k) SPEXAFS can be poor. But a more detailed analysis by an

- X~k)*C XU~)*~Oextraction of the exchange parameter from the experimental
"o data allows also in this case a sufficiently quantitative analy-

1 osis. Hereby the values F O, i, and X jo are calculated by
0 .0 the FEFF code of Rehr and the D1 and Si values can be

.0 1 9 3 4 5 6 7 5 9 0 1 2 3I 4 6 6 7 0 9I 10

r (A) r (A) deduced by fitting the X0 profiles. The F, profile for Co and

Ni indicate a significant different k dependence of the mag-

FIG. 6. Top: the absorption of Eu3Fe.Ot1 between 6100 and 7680 eV (left) netic and Coulomb backscattering amplitude Fo, which

and between 7480 and 8120 cV (right), displaying the Fe K and the Eu L 3, seems to be correlated to the differences of the distribution of
L2 , and LI edges. Center: the SPEXAFS at the Eu L3 (left) and L2 edge spin and charge density in the neighboring atom. The ratio of
(right) follow the same profile with a ratio of (-2). Bottom: the Fourier the Co and Ni F, amplitudes scale directly with the ratio of
transform of the spin-averaged EXAFS (,) and SPEXAFS (-) of the Eu the magnetic moments per atom. Thus the described analysis
L3 (left) and L2 edge (right). allows the determination of the average magnetic moment

carried by a coordination shell with good accuracy even for
noisy SPEXAFS data.

edge (k = 6 A-'). Since in the siniple picture the correspond- The amplitudes of F, correspond to relatively large ex-
ing K-edge SPEXAFS are more than one order of magnitude change contributions of the elastic scattering cross section of
smaller, they are nearly invisible in the L 3 SPEXAFS. more than 20% per magnetic electron. On the other hand the

The Fourier transform (FT) of the polarization averaged
EXAFS spectrum f(xo) (dashed line) and the corresponding
SPEXAFS FT (solid line) f(x,) are significantly different.
The FT of the L 3 EXAFS show very broad features due to 1 0t -. NK-

the small transformation range limited by the Fe K edge. The 2 Co K .•i K 0.2

prominent maximum in f(xo) resulting from the strong 1" o0K. -
backscattering at the next oxygen neighbors has vanished in -

the SPEXAFS to the credit of an increase of the peaks at k -10
higher r values, which mark the positions of the next and ... . .....

over next iron Fe neighbors. They are small or almost invis- o. 1

ible in the EXAFS FT. The f(X•) at the L 2 and L 3 edges are 0o.6 to

very similar demonstrating that the occurrence of the Fe K W 04

edge does not limit the k range in the magnetic spectra. 0.2 v 5 .. .

These studies show, that (nearly) nonma"gnetic neighbors 0.0 ..

as the oxygen components on magnetic oxides do not con-
tribute to the SPEXAFS and a clear distinction between mag- " - " ..

netic and nonmagnetic neighborhood is possible. From the * -°0 " "
systematics observed by studies in various systems,4"t we I

have observed that the relative strength of the SPEXAFS 2. ,

rescaled by the photoelectron spin polarization 0 11) If, o 5 10 15
2. ( ) 1 S L )k (I./ ^) k< ( /A)

(6) FIG. 7. Top: the EXAFS (...) and SPEXAFS (-), measured at the (c'I K

is directly proportional to the magnetic spin moment of the (left) and Ni K edge (right) of Co fcc and Ni fcc metal Center; the calcu-
-neighboring atoms. Thus, we expect, Itat the SPEXAFS lated spin-independent (...) and fitted spin-dependent part (-) of the back-
ngonscattering amplitudt! of thce first neighbor of Co fcc (left) and Ni fcc (right).

spectroscopy gives even quantitatively new element-specific Bottom: the corresponding calculated spin-irtdependcnt () and fitted spin-

insights into the magnetic short-range order. dependent (---) phase shift.
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Discussion of the magnetic dichroism in the x-ray resonance scattering
Peter Rennert
Physics Department, Marti -Litit/et U viii p i Ilalh'-Wittclnb•rg, 1)-06099 Htall, Germany

The cross section for the x-ray resonance scattering is evaluated at the K edge for a transition metal
like Ni. The Green function is calculated analytically from a model system. The differences in the
spectra measured with different polarization can be explained from these results. The examples
show that the shape of magnetic dichroism is very sensitive to the spin polarized p par[ of the Green
function.

I. INTRODUCTION the different angular momenturn parts (l=s,p,d) and spin

The x-ray-resonance scattering or the anomalous scatter- (- 1,1). These values are taken from the band structure of

ing involves the variation of the intensity of a Bragg i nickel in the numerical discussion of the following chapters.

thle photon energy crosses an edge. Magnetic diroism cal In this model the Green function of the unoccupied states can

be observed considering magnetic systems and using polar- he calculated analytically

ized x-ray sources. Recently magnetic dichroism at the K .3 [ ((I- a,)(xv1.
and L edge was analyzed theoretically for ferromagnetic 3d G(E) = - _ -.- ý- ) (2)
transition metals where the main source of dichroism is the
spin polarization of the valence electrons.1 The cross section with

dc/di' =rIS(K)12 1M(q'e';qe)12  (1) l l

can be calculated by second order perturbation theory. I-)+

The order of magnitude is given by the square of the classi- >,.= (E- EliW,r) . (3)
cal electron radius rj).

The matrix element M [Eq. (3(0) of Ref, I with terms I to 't lir is the number of / electrons with spin (r. The behavior of
VII] depends on the photon wave vectors q, q' and on the this function is shown in Figs. I and 2 for the p and d part,
polarizations E, e' of the incoming and outgoing photon, respectively. In our example the unoccupied part of the p,
respectively. It contains terms which describe the Thomson band lies in the range fronm the Fermi energy (E..=-) up to
scattering (1), the magnetic scattering (II), and the resonance 17.4 eV. Thus, in Fig. I D I (E) is restricted to this range. The
scattering (Ill-VII), The terms VI and VII are neglected in real part of the Green function GI has long tails below the
the following discussion. The resonance terms depend on the Fermi energy. It changes the sign within the unoccupied re-
structure of the unoccupied electron energy bands. It can be gion. Figure 2 shows the d part of the Green function. In our
expressed by the Green function, example the top of the majority band lies at 0.11 eV and the

Experimental results for nickel were presented by Nami- top of the minority band at 0.43, respectively. The spin den-
kawa el al.-5 and Sch~itz et al!" Namikawa et al. observed sity Im(-(;.,./r) is positive in the range from the Fermi
magnetic dichroism for the (220)) reflex with linear polarized energy up to the top (•t' the majority d btand and then it
light. The polarization was chosen in the scattering plane and
the magnetization perpendicular to the scattering plane.
Schiitz el al. observed magnetic dichroism for the (222) re-
flex with circular polarized light. The magnetization was in 0.1 -
the scattering plane. The results of both experimenlts differ
from each other, and it is one aim of the paper to discuss the .

magnetic dichroism for different experimental conditions.

II. MODEL OF THE BAND STRUCTURE 0.0 ..........

In Eq. (30) of Ref. I the electron states of the unoccu-
pied part of the electron energy bands are included in the
Green function, The Green function is expanded into lattice kie l (--lt)
harmonics, angular momentum parts in our example. The -0.1 . ........... In (- (;,i)
total Green function G = GI + GI and the spin polarized part
G = G G , appear separately. Different parts of the Green .

function appear in the expressions III-VII. They are multi- -20 -10 0 10 20 30 40
plied with factors containing the photon wave vectors and Energy (eV)
the polarizations. To discuss the influence of the different
factors we use it simplified picture of the band structure with I G 1. Th 1 part of the (;rcen luactimi ; multiplied widi Ir.
degenerate parabolic energy bands characterized by the po- Int (;G rr) is tle density of stal I(Ic,). The dashed lilies inldicatc the
sition of the bottom k'k, and the width W1 ,, of tile bands for IFermi eiiu[gi (A'.- (II aid lit Iti ,, the.;: hand, icspeetivcly.
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becomes negative up to the top of the minority d band. Again where ut is chosen to be in the scattering plane (say yz

the real part of the Green function has a long tail below the plane) and u2 perpendicular to it. 4=0 describes linear polar-
Fermi energy. ized light, 6=_-n'/2 and f ir/4 circular polarized light. At

Ill. LINE.AR POLARIZED LIGHT first we choose 4-0 and q,=ir/2 which corresponds to the
experimental conditions of Namikawa et al.5 We consider the

The polarization is given by two opposite (±x) directions of the magnetization and we

e ut sin Vl+u 2 cos ip e'ý, (4) get

IM+12-1M-I= -2 sin(20) cos(20)n(K)-cos(20) 2i•7iw N Re( WpGP(E)
3 W,, I pit7,

2 "r / hoe 2 h (1 L w h t... cos(4 0) "- Z W a-- ) -22 Reý-IWdE)J7 - -RN[p pJ)

--2 sin(20) t n,(K) + .r h A W RpNp Re( - -- WrIGi(E)ý -2n sn2 ) -- 3 I n( ) m-fc7 W- -• Pt 'T W",p,

Xý cos 20)2 r h io N 2,[W lDp(E)]+cos(40 )-- m---T ha 2Wat(d--- [ dDdE 5

for the difference of the intensities. R and N are radial inte- factor D(E). Therefore the spectrum of Namikawa et al. is

grals as listed in Table Ill of Ref. 1. The leading terms cor- iestricted to the energy region of the unoccupied states. Fur-

respond to Eqs. (2) and (4) of Ref. 5. The notation follows thermore there is no contribution to the dichroism from pure

Ref. 1, magnetic scattering. Figure 3 shows the results. The dichro-

Values for the charge formfactor n(K) and for the mag- ism in the x-ray resonance spectrum is determined by the

netic formfactor n.,(K) can be taken from Zukowski et al.7  behavior of the p part of the Green function, We find nega-

They are measured for the Bragg angle 20-=90 which cor- tive values near the edge and positive values up to the top of

responds to hco=8.62 keV for the (222) reflex. The K edge the band, The shape of the curve is determined by the shape

energy is 8333 eV. We have 20=94' for the (222) reflex and of density of states of the model. The spin polarization of the

20=73" for the (220) reflex. This is an important point, too. p band determines for the negative values near the edge. As

For the (222) reflex the charge form factor contributes with a known from Compton profiles 89 there is a negative spin po-

small weight cos 20= -0.07 whereas for the (220) reflex
this weight is larger (0.28) and of opposite sign.

It should be noticed that the terms in Eq. (5) contain the

r Y.

1.0 - Re (-UG/) -.04
........... h (- /O ) -.05

S.....Re(-G5 /i) 0.2
0.5 I" [ ......... Im (-G s/t)

0.00 ,0 .... ... .... " " ' . ".....................

-0.2

-0.5 , J__ _

-- _'_ _ _-20 -10 0 10 20 30 40

-1 0 1 2 Energy (eV)

Energy (eV)
FIG. 3. Dichroism AI/(I÷ I1 ) for the scattering of linear polarized x rays

FIG. 2. The d part of the total Green function G and of the spin-polarized near to the K edge. The spectrum is restricted to the energy rangfe of the

Green function G, multiplied with - l/ir. The dashed lines indicate the unuccupied part of p hand. The numbers indicate the assumed value for the

Fermi energy (E.=0)), the top of the majority d band, and the top of the contribution of the p electrons to the magnetic moment per atom. The values

minority d band, respectively, are scaled by a factor I()4.
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larization of the p band in Ni with a contribution of structure. In the real band structure of Ni the spin polariza-
-- 0.2ILB. Figure 3 shows results for different values of the tion of the p band is larger near the Fermi energy whereas in
spin polarization. If we neglect this spin polarization at all the model it is uniform over the whole band.
then we do not get negative values near the edge. Thus, to
discuss measured spectra it is important to calculate the spin IV. CIRCULAR POLARIZED LIGHT
polarization of the p band in detail.

The calculated values are smaller than the experimental Now we consider the polarization (4) which corresponds
one for Ni. 5'6 This is due to the simple model of the band to the experiment of Schiitz et aL' instead of Eq. (5) we get

IM+I2-- 1M-1=cos O [cos(20)+1]n(K)-[cos(20)+.1] 3T W NV, Re ---1WpGp(E)

2~i3 Wp Iw 7 2 w27" hwo 2 •o UZo)_-2R Re -- 1 dE

-[cos(40)+cos(2e)] j--- (Za) Rd Re - WdGd(E)

x . h--- n,.(K)+-sin-2 7 Re -- W1ItGp.(E)
L03-in cf p 7T

20 Ir hw hW•- h o
-2 0- sin2  - W7 RpNp[W Dp"(E)j [cos(Ze)+ 1 - - N [ WpDp(E)]

7T thW 2 h1(
+[cos(4e)+czs(20)] --- ) - (Zao- 2R2EWatDd(E)]], (6)

which has a quite oiffertnt structure than Eq. (5). At nirst we stant contribution from the pure magnetic scattering was sub-
finJ an esse.:tial contribution from the magnetic tracted and only the resonance contribution is shown. In con-
scattering-a term preoportional to n(K).n,(K). Furthermore trast to Fig. 4 we find a finite intensity bt...)w the FLmi
tX;e contributions from the -esonance scattering contain the energy, ,hus below the edge. Furthermore the range of n, ga-
real p. t o' the '[rT'en function. As shown in Fig. 1 it has a tive values is much broader a.id the shape is similar to the

Iong 1 1'..low tl;:- edge. This behavior explains the obser- behavior of the real part of the Green function in Fig. 1.
iatik'" of Schlitz et al. who found essential contributiois be- V. CONCLUSIONS
l1-v the edge in contrast to Namika.wa et al.

Figure 3 shows the dichroism for our mxample. The con- We have calculated the magnetic dichroism in the x-ray
resonance scattering in a model for the band structure, which
can bc evaluated analytically. The formi' tas and the numeri-
cal evaluation show what features of the band structure de-

S---•*--,--~-- -.- •-~--r -~rr---,--r-- -r-- tcrinine the characteristic peaks found in the experimental

spectra. Clearly, the Green function has to be determined by
Sa full band structure calculation to get consistence in respect

"to peak position and the order of magnitude with the experi-
I mental spectra in detail. Especially measurements with linear

polarized light seems to more suitable, because the influence
/ - of the pure magnetic scattering is suppressed. In this case the

-.10 / spectrum sensitively depends on the spin-polarized part of

the Green function.
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Experimental investigation of dichroism sum rules for V, Cr, Mn, Fe, Co,
and Ni: Influence of diffuse magnetism

W. L. O'Brien
Synchrotron Radiation Center; University of Wisconsin-Madis'on, Stoughton, Wisconsin 53589

B. P. Tonner
Synchroton Radiation Center; University of Wisconsin-Madison, StOi4ghton`, Wisconsin 53589
and Department of Physics, University of Wisconsin-Milhvaukee, Milwaukee, Wisconsin 53211

G. R. Harp and S. S. P. Parkin
IBM Almaden Research Center, San Jose, California 95120

Uncertainties in the application of the (LI/(Sz) sum rule to experimental spectra of V, Cr, Mn, Fe,
Go, and Ni are discussed. An important contribution to these uncertainties is the po ;sible presence
of dichroism due to diffuse magnetic moments, which are kne.vn to exist in Fe, Co, and Ni.

X-ray magnetic circular dichroism (XMCD) is the dif- creases in going from Ni to V. For V and Cr the L3 and L2
ference in the absorption cross section for photons with spin features are not clearly separated. The L,3 peaks arc predomi-
parallel and antiparal.el to the sample magnetization. The nantly of negative intensity and the L2 peaks of positive
L2,. absorption edges of the magnetically interesting 3d tran- intensity. The vanadium L2 peak is the only exception to this.
sition metals have readily measurabli, dichroism signals, Ni and Co have negative shoulders, B, on the high energy
making YMCD an excellent technique for the study of mag- side of the L3 peak. For Ni, the main peak and shoulder are
netism in ultrathin films and multilayers. Theoretical under- due to d9 and d8 initial state configurations, respectively.'9

standing of XMCD can be traced to work by Erskine and We propose a similar identification for the shoulder in the Co
Stern1 who predicted that the XMCD L 31L2 intensity ratio is spectra. There is also a nearly constant negative intensity
equal to -1 for a simple atomiclike model. Early measure- feature between the shoulders B and the L2 peaks in the Ni
ments on Ni by Chen el aL2 found values substantially dif- and Co spectra, gray arrows. The Fe L3 peak is nearly sym-
ferent than -1. Later, Smith et al.3 showed that agreement metrical, having a small positive intensity shoulder. The Mn,
with experiment could be improved by including the d-band
spin-orbit interaction in the calculation. More recently, Thole
et al.4 and Carra et a. 5 have derived sum rules which relate
the ground state expectation values (L,) and (S,) to the di- L3
chroism spectra of atoms. The derivation of these sum rules A

assumes excitations into d levels only and their application Ni
to solids is still controversial." In this article we examine the

details of the V, Cr, Mn, Fe, Co, and Ni L2.3 XMCD spectra.
We point out a number of trends in the spectra, some of "
which affect the application of the sum rules. We also discuss 0.
dichroism due to diffuse magnetic moments and its effect on
the application of the dichroism sum rules. 0

The experiments were performed on the IOM toroidal 2
grating monochromator at the Synchrotron Radiation Center >
of the University of Wisconsin.7 The samples were magne-
tized in situ by a 2 kG electromagnet. Absorption spectra, r
f(hiW), were obtained by measuring the total electron yield,
Y(h w), by moniforing the sample drain current. All XMCD 0
measurements were made on the remanent magnetization by
reversing the sample magnetization and using a fixed inci-
dent polarization. We have completed several extensive tests
of this techniques and hav.e identifi-d experimental condi-
tions where the approximation ,)iw)-hw(r(hc ) is valid.

!n Fig. I we show the XMCD spectra of V, Cr, Mn, Fe,
Co, and Ni. Samp' used were a V-Fe multilayer, a sub- 0 10 20 30
monolayer film of Cr un Fe, a submonolayer film of Mn on Photon Energy (eV)
Co, and Fe, Co, and Ni thin films grown on Cu((001), respec-
tively, The energy of the maximum L 3 peak intensity in the FIG. 1. V. ('r Mn. Fe, Co, and Ni XMCD spectra shown normalized to

linear absorF _n spectra is defined as 'he zero of the energy constant I,. peak height. The shoulders labeled B are due to multiple initial
y state configurations. We identity the constant negative intensity features be-

scale. We make the following observations of the results in tween 1B and .I in the Ni and Co spectra, gray arrows, as due to diffuse-
Fig. 1. The separation between the L, and L 2 peaks de- nagnietic moments.
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TABLE I. Diffuse moment, .aiff, and ratio of diffuse moment to total mo-
mcnt, p.ir, (%), for Ni, Co, and Fe determined by calculation, Ref. 13, and
by neutron diffraction (ND), Ref. 12. Values are given in p n/atom. > _

Ni Co Fe dfueC diffuse-

Theory ND Theory ND Theory ND "magnetic moment

/diff --0.tA -0.105 -0.07 -0.28 -0.04 -0.21

/-•f(%) -7% -17% -4% -16% -2% -10% 
4,4C,

X 'I "- - iffuse-

"" ,. magnetic moment
.N_

Cr, and V L3 peaks have more pronounced positive intensity
shoulders. These shoulders are present in atomic calculations E Fe
for Mn, d5, Cr d4, and V d2.10 The asymmetry introduced by 0 _ ,a_
these shoulders shifts the peak maximum in the L3 XMCD Z
signal to -0.2. -0.6, and -0.8 eV relative to the maximum
in the linear absorption spectra for Mn, Cr, and V, respec-
tiveiy. -10 0 10 20 30

We now discmss the application of the (L,)/(Sz), sum Photon Energy (eV)
rule to our experimental results. From Carra et aL,5

(L,) 4 RM+ I FIG. 2. Fe, Co, and Ni XMCD spectra from Fig. I shown on an expanded
-Sz) 3 RM-2' scale. XMCD signal due to diffuse-magnetic moments in Ni and Co, shaded

area.

where RA=I(L 3)/I(L2), the ratio of the integrated dichro-
ism intensities. The only uncertainties involved in applying
this sum rule are in the experimental separation of l(L 3) and signal is the same for excitations into these oppositely polar-
I(L 2) and in the identification of dichroism intensities due to ized states. The sign at the L3 edge for both 3d(L) and s( T)
non-3d orbitals. We immediately see difficulties in applying excitations is negative and the sign at the L.2 edge is positive
this sum rule to the Cr and V data since the L3 and L2 peaks for both excitations. Since there is no spin-orbit coupling in
are not clearly separated. In the Ni and Co spectra the con- the s levels we expect RM = - 1 for transitions into s orbitals.
stant negative intensity feature between the shoulder B and Based on a comparison of radial matrix elements the diffuse
the L 2 peak must be identified. These features are present in XMCD should be small compared to the 3d XMCD.
other published spectra but have not been previously In Fig. 2 we show the same Ni, Co, and Fe spectra from
interpreted.2 '1 It is important to know whether or not this Fig. I on an expanded scale together with the predicted
intensity is due to excitations into 3d orbitals. If it is not, XMCD signal due to diffuse magnetism for both Ni and C.
then its intensity should not be included in the value for RM. We observe no effects of diffuse magnetic moments in the Fe
If this is the case, accurate models must be used to distin- XMCD spectra. The positive going shoulder on the Fe L 3

guish the non-3d contributions to the XMCD spectra. may obscure such a feature, or the separation between the Fe
A possible source of these constant negative intensity L 2 and L3 peaks may be too small. We also note that for Fe,

features is from diffuse magnetic moments. Polarized neu- Co, and Ni, the relative diffuse moment is smallest for Fe
tron diffraction studies have shown that diffuse magnetic (Table I). The model we have used predicts a step-function
moments are present in Fe, Co, and Ni.t 2 This background line shape, which reflects a broad s band with nearly constant
magnetism is assumed to be caused by 4s electrons, whose density of state. We have assumed that RA =-1 so that the
spin is oppositely polarized to the 3d electrons. Recent band diffuse XMCD signal goes to zero above the L, edge. While
structure calculations on Fe, Co, and Nit3 also predict a the XMCD line shape due to diffuse magnetic moments is
negative diffuse magnetic moment due to the sp-projected undoubtedly more complicated, this simple model serves to
and interstitial moments. The results from these calculations illustrate the importance of considering diffuse magnetism in
and the neutron scattering experiments are summarized in XMCD.
Table I. Since L2,3 absorption spectra are sensitive to both s- We have determined (L,)/(S,) for V, Cr, Mn, Fe, Co,
and d-electron levels, it is expected that diffuse magnetic and Ni, from our XMCD spectra both before and after sub-
moments will affect the XMCD spectra. tracting contributions from diffuse moments. These values

To show that the dichroism signal due to diffuse mag- are given in Table II along with values determined by neu-
netic moments is consistent with the experiment we use a tron diffractioni 2 and band structure calculations 14 for . e,
model similar to that developed by Erskine and Stern.t We Co, and Ni. Values of (L,)/(S,) detcrraid from XMCD are
assume that the empty d levels have minority spin character larger than values determined by neutron scattering and band
(1) and that the diffuse magnetic moment is described by structure calculations, but including diffuse moments im-
empty s levels which have majority spin character (T). This proves the comparison for Co and Ni. The results in Table II
simple model predicts an RM of -1 for excitation into both show how different interpretations of weak features in the
the 3d(.) and s(l) levels. Note that the sign of the dichroism XMCD spectra greatly affect the application of the (L.)I(Sý)
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TABLE II. (L,)/(S,) values obtained from results in Fig.1 and dichroism DMR-94-13475. The Synchrotron Radiation Center is a na-
sum rules, compared to theoretical values, Ref. 14, and neutron diffraction tional facility supported by the NSF Division of Materials
(ND), Ref. 12. Values for Co and Ni were obtained both before and after Research.
subtracting the diffuse-XMCD signal. The calculated value for Co is for the
fcc phase which is present in this experiment. Errors given for Cr are due to 11 L. Erskine and E. A. Stern, Phys. Rev. B 12, 5016 (1975).
overlap of L3 and L 2 dichroism signal. 2 C. TI Chen, N. V. Smith, and F. Sette, Phys. Rev. B 43, 6785 (1991).

3 N. V. Smith, C. T. Chen. E Sette, and L. F. Mattheiss, Phys,. Rev. B 46,
Ni Co Fe Mn Cr 1023 (1992).

XMCD 0.39 0.33 0.17 0.25 0.065±0.02 4 B. T. Thole, P. Carra, F. Sette, and G. van der Laan, Phys. Rev. Lett. 68,
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Spin-specific photoelectron diffraction using magnetic x-ray
circular dichroism
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The first observation of spin-dependent photoelectron diffraction using circularly polarized x rays is
reported for monolayer ferromagnetic fcc Fe films on Cu(001). Circularly polarized x rays are used
to produce spin-polarized photoelectrons from lie Fe2p spin-orbit split doublet, and intensity
asymmetries in the 2p3/2 level of -3% are obserxed. The asymmetry is dependent on the relative
orientation of the x-ray polarization vector and the Fe magnetic moment. This spin-dependent
technique promises the direct, element-specific deterivination not only of local atomic structure, but
magnetic structure as well.

The last several years have witnessed a massive growth Using the internal spin polarization of the 3s state of Mn,
in the research and development of nanoscale magnetic ma- Fadley et al. have reported observation of spin-specific pho-
terials. Perhaps the best review is provided by the Falicov toelectron diffraction in bulk systems,22 and used it to study
report' on "Surface, Interface, and Thin-Film Magnetism." short range magnetic order. In attempting to extend such
Three general lessons can be derived from this report. (1) measurements to metal overlayer systems,2 3 limitations to
Magnetism is one of those special cases where fundamental this method became apparent. The small 3s cross section, the
research can directly lead to technological applications; (2) overlap of the split peaks, the large background on which the
the key to understanding and manipulation of magnetic prop- peaks rode, and the generally unknown spin composition of
ert'es is the subtle yet overwhelming interplay of atomic geo- the peaks all militate for a better defined approach. This ap-
metric structure and loca! magnetic properties. For example, proach must possess some sort of independent spin sensitiv-
th. giant magnetoresistance effect (GMR), which is already ity or selectivity, such as that shown in Fig. 1, and a more
being explored for technological exploitation, 2 4 appears to rigorous analysis based upon multiple scattering theory. One
be intimately coupled to interfacial and thin film effects and avenue to better spin sensitivity is the utilization of spin
probably will require elementally specific probes for an ex- detectors, which unfortunately carry with them a concomi-
plicit determination of the underlying causes. 5-7 This also tant loss. (Efficiencies of 10-2-10-4 are common, relative to
appears to be the case for spin valves, 8-t0 another source of unpolarized detection.) Despite this handicap to spin-
device miniaturization in read heads and magnetic sensors, polarized, core-level, photoelectron spectroscopy, the first re-
[While it may eventually be. found that these two effects are suits were reported by Kisker et aL and Carbone et al. look-
fundamentally connected, for now it appears that the GMR ing at the shallow 3p (Ref. 24) and 3s (Refs. 25 and 26)
effect (up to 60%) is dependent upon an antiferromagnetic levels of bulk Fe. Subsequently, the measurements have been
coupling through a nonferromagnetic layer while the spin extended to include magnetic overlayers, demonstrating ef-
valve effect (--10%) is associated with a loosely coupled fects such as antiferromagnetic coupling between substrate
ferromagnetic layer,9 which can be controlled externally.] (3) and overlayer.27 (In parallel with this, spin-polarized photo-
The importance of probes with a direct spin dependence. A emission studies of valence band structure have also been
very recent illustration of this is the development of the mag- pursued. Recent examples include the investigations of quan-
netic x-ray circular dichroism using x-ray absorptiont' 5  tum well state, by Johnson et al.28 and Carbone et al., /
and photoemiss•ion 6,7 as a probe of surface, monolayer, and which suggest that these states are connected to oscillatory
multilayer magnetism. It is this advantage that we propose to interlayer coupling. Johnson has also led the effort at NSLS
utilize, as will be described. However, before beginning that to extend their spin-resolved measurements to include shal-
discussion, it is useful to summarize the state of of core-level low core levels.)30 Finally, Roth ef al.3! reported the obser-
photolectron spectroscopy and diffraction at this point. vation of strong dichroism effects in the Fe 3 p spectra using

In the case of photoelectron spectroscopy and diffrac- linear polarization, with and withou: spin detection, by using
tion, there have been some significant strides recently. High specific high symmetry geometries. These first studies were
resolution core-level spectroscopy has been demonstrated by invariably done using linearly polarized soft x rays, and the
Himpsei,' 8 to be a sensitive measure of oxidation state of spin sensitivity was provided by electron spin polarizers
surface silicon. Photoelectron diffraction 19-21 has been coupled to energy-analyzers. An alternative means to extract
shown to be a powerful probe of metal overlayer structure. spin-specific information from core levels is to use circularly

polarized x rays and the strong dipole selection rules that

')Prcscnt address: University of Missouri-Rolla, Dept. of Physics, Rolla, MO govern these transitions. The observation of photoemission
65401-0249 circular dichroism was first demonstrated using the Fe 2p
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FI G. 1. This figurec shows schematically the experimental setup. A single ferettee is dependent upon the details of the local geomtetry and the emission
enery ( 0 f eectrmageti raiatin i s~cte fro th brad on- angles, the kinetic cnutg) (K.E). and the spin of the outgoing electron, as
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the ejection of photoelectron, which are then co)llected by the; ungle (+t30) the photon energy. hi', The binding energy (11F), the work function (0), and
and energy resolving detector. The photofgs can be linearly or circularly inrer potential (1V) are constunt for a given state aid material system.
polarized. Thc electron energy analyzer can be coupled to a spin
detector (SD).

states of bulk Fe by Baumgarten et al. 6 and then ultrathin
films of Fe/Cu(OO1) by Waddill et al. "1 Subsequently, Kaindl uvirnlao ovnin eOmparlson or ampedlmnt onriTheory or 4 ML FCICU(Dui)

et al. extended this work to rare-earth systems, with the ob-
servation of very strong offectsA2 More recently, a large cir-
cular dichroism in the Fe 3p emission from FeiCu(OO1) has F-~snew

been observed and quantitatively simulated,3  using a spit'.- 6i"oenl''ospecific, fully relativistic, multiple scattering theory that can 2 I pin atdn aet Asynehymor

also explain the large linear dichroisni that was prevtoUSly 19 { l SIEA a integrated SIA

observed.3  It Is this spin selectivity, based upon circular PC)T A'!it PS

larization of soft x rays, that we have used to perform spin- -2, 2y 12P _h, "ALI~m (h____

specific photoelectron diffraction. 1-3 - ' 1-Prle he,~h)I 2 '

In photorelectron diffraction, an electron is ejected from a 4-o.l..l.... Il aI 410i Anti -patallei htheI. aq.)

core level and can scatter or diffract off of its nearest neigh- KFE Inerg~ 'A.LAU

bors. In the usual experiments a small solid at~gle of elec.. Photon enargy test

trons is collected and linearly polarized x, rays are used as the Thscmoia tapa egtadasmstemimdlomntae h fundamental
excitation. From the energy or angular variations of the par- nauel of the ls pi depantidat Atitraction.

tial cross section, the local geometrical structure can be ob-
tained. To gain sensitivity to local magnetic structure, the FIG. 3. Spin-specific photoelectron diffraction using magnetic circular di-
spin of the electron muast come into play (Fig. 2). One way to chroism, for emission along the Cu[lIltI] direction. B~ecause the sample was

do this is to use circularly polarized x rayu, as the excitation: perpendicularly magnetized, the x rays were incident normal to the surfacc.
Experimnental results are shown as data points with error bars. The theoreti-

(n this case the 2 p peaks will be intrinsically spin polarized. cal results are from a spin-specifec, multiple scattering calculation uf;ing an
Anaive atomic picture would predict that the 2p,1 wol1euieae c oe o36A o h e
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Enhanced magnetic moment and magnetic ordering in MnNi and MnCu
surface alloys
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'Two-dimensional, ordered surface alloys of MnCu and MnNi were grown on Cu(001) and Ni(001)

substrates. These surface alloys, which have structures that are not present in the bulk phase

diagram, are highly corrugated with a c(2 X 2) periodicity. The stability of these surfaces has been

predicted theoretically to be due to a gain in magnetic energy of the Mn atoms. Using a combination

of soft x-ray absorption spectroscopy and x-ray magnetic circular dichroisnm we find that Mn is in

a high-spin state and is ferromagnetically ordered in the MnNi surface alloy. MnNi surface alloys

have been grown with an easy axis of magnetization perpendicular to the surface.

Ultrathin films of Mn on Cu(001) and Ni(001) have re- with a water-cooled copper aperture which allows the selec-

ceived much attention recently due to the existence of stable tion of either linear, left-handed or right-handed elliptically

surface alloys which form at 1/2 monolayer (ML) polarized photons in the energy range 200-900 eV. The de-

coverage.1-4 These surface alloys form at room temperature gree of circular polarization for this instrument has been cal-

and are characterized by c(2 x 2) low energy electron dif- culated to be 85 ± 5% %. The samples were magnetized in situ

fraction (LEED) patterns. LEED I- V analysis,"'2 shows that by a 2 kG magnet and all XMCD measurements were made

these .urface alloys are highly corrugated with the Mn relax- on the remanent magnetization at room temperature. All ab-

ing outwards by 0.3 A on the Cu surface and 0.25 A on the sorption measurements were made using the total electron
Ni surface, Fig. 1. This large outward relaxation results in a yield by monitoring the sample drain current.6 For perpen-

reduction of screening at the Mn sites, observable as large dicular magnetization the photons were incident normal to

binding energy shifts in the Mn 3s, 3p, and 2p the surface. For in-plane magnetization measurements the

photoemission. 4 The stability of these highly corrugated sur- photon angle of incidence was 65' off normal (250 grazing).

faces has been attributed to a gain in magnetic energy of the This reduces the in-plane aM signal by a factor of 0.9 (cos

Mn atoms and ferromagnetic ordering of the Mn atoms has 25') when compared to aM signals for perpendicular mag-

been predicted.' Calculated magnetic moments for Mn in the netization. We have corrected our measurements for this geo-

surface alloys are high -- I metrical factor by multiplying the normalized in-plane aM

In this article we investigate the magnetic properties of spectra by 1/cos (250).

the MnCu and MnNi c(2X2) surface alloys using soft x-ray Samples were made and measured in an ultrahigh

absorption spectroscopy5 and x-ray magnetic circular dichro- vacuum system equipped with cryo-shrouded evaporation

these techniques give element specific sources. Manganese was evaporated from an A120 3 crucible
ism (.XMCD).6n7 Both ths ehiusgv lmn pcfc at a rate of 1 ML in 5 min. The MnCu c(2 X 2) surface alloy "

m agnetic inform ation. The line shape of the M n L2,3  absorp- wa r eare d by evaporation. ont a cl a u-2 ) s ingl e

tio secta as ee sowntobe enitve o he rond was prepared by evaporation onto a clean Cu( '001) single

tion spectra has been shown to be sensitive to the ground crystal at room temperature. A sharp c(2X2) pattern, as

.tate spin moment of the Mn atomswe The XMCD signal, viewed by LEED, was formed at 1/2 ML coverage. The
=r =(o'+ - r_), is the difference between the absorption

spectra with the photon spin parallel (a.,) and antiparallel

(o-.-) to the sample magnetization, M. The average of the L7i Mn atoms

two spectra, o0= 1/2(u,+ +r_), is in most circumstances

considered to be identical to the linearly polarized absorption * Cu (Ni) 1 layer

spectra. The intensity and sign of oM depends on the relative Cu (Ni) 2,3 layer

orientation of M and the photon spin, Y., that is (rM--M. a) b)

This is an important property of XMCD since it allows the ,-.

direction of M to be determined, allowing antiferromagnetic 0 * O 0 IV

coupling to be distinguished from ferromagnetic coupling.6'7  ,T

We present our XMCD spectra normalized to ao( at the L-1

peak, o-,w)/o(L 3 ), in order to discuss relative degrees

of magnetic ordering. 
[100] 11.0)

The experiments were performed on the IOM toroidal

grating monochromator at the Synchrotron Radiation Center FIG. I, Structural model of v(2X2) surf.ace alhov (a) top view, (b) side

of the University of Wisconsin. Tile beamline is equipped ,itw. C(rrug ioia, Az. i,, 0.3 A for MnCu and 0.25, A for MnNi.
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FIG. 3. (Top) Mn and Ni L2,3 absorption spectra, u-_, solid line, and arý,
FIG. 2. (Top) Mn L2, 3 absorption spectrum, oo, for 15 ML of Mn on dashed line, for the MnNi c(2X2) surface alloy grown on Ni(001). (Bot-
Cu(001), (middle) Mn L2,3 ro for the Mn/Cu(001)c(2X2) surface alloy, tom) Mn and Ni normalized XMCD spectrum, om(hw)/'r,(L 3 ), showing
(Bottom) Theoretical spectrum for high spin Hund's rule ground state, S = 5/ ferromagnetic ordering in both Mn and Ni and ferromagnetic alignment of
2, of ds Mn+ 2 from Ref. 11. Mn to Ni. The film was magnetized in plane along the [110] axis. The

spectra have been multiplied by 1/cos(25)=1.1 to account for the photon
angle of incidence.

MnNi surface alloy was grown on two types of fcc Ni(001)
substrate: a Ni(001) single crystal and a 20 ML NOW(01) film
grown on Cu(001). The ultrathin Ni films are known to have surface alloys are nearly atomiclike and have high spin mo-
a perpendicular easy axis of magnetization, while the ments.
Ni(001) single crystal has an in-plane easy axis. 9 For both It is informative to consider why the atomic calculation
Ni(001) substrates a c(2 X 2) LEED pattern was formed after describes so well the Mn absorption spectra for these surface
deposition of 1/2 ML of Mn. This pattern became much alloys. We first note that atomic calculations have been more
sharper after annealing to 400 K. The base pressure of the successful than band structure calculations in explaining the
vacuum chamber was 5 x 10 t 1 Torr and the pressure during nonstatistical behavior of the L 3/L 2 intensity ratio in the ab-
evaporation was 2 × 10- 0 Torr. sorption spectra of first row transition metals.10 This is due to

In Fig. 2 we show the Mn L2,3 absorption spectra, Ur, for the localization of the d orbitals involved in the transitions
the MnCu surface alloy and a 15 ML film of Mn grown on and the importance of many-body excitations. At the surface,
Cu(001). The two spectra are shown normalized to the inte- d orbitals are further localized due to lower coordination.
grated L2 intensity and are quite different. The spectrum for This leads to an enhanced surface moment in magnetic ma-
the surface alloy has two shoulders on the main L3 peak and terials. The outward buckling of Mn in the surface alloys
the L2 feature appears as a doublet. The spectrum for the 15 causes even more localization of the d orbitals resulting in an
ML film is comparatively featureless consisting of a single almost atomiclike Mn. The Hund's rule ground state for Mn
broad peak at both the L3 and L2 edges. Also the L3L 2 inten- d5 is an S= 5/2 state. Therefore, both the atomiclike u0
sity ratio, R0 , is smaller than the 15 ML spectrum. The spec- spectra and the high spin moment are due to the surface
trum for the 15 ML film is very similar to the absorption corrugation.
spectra for bulk Mn. 10  In Fig. 3 we show the Mn L2,3 absorption spectra oT+

Also shown in Fig. 2 is the theoretical spectrum for high and or- and their difference o"f for the MnNi surface alloy
spin atomic Mn4 "2 d5 , S=5/2. This calculated spectrum is grown on a Ni(001) single crystal. Mn is found to be ferro-
from Fig. 1(e) of Ref. 11 and includes spin-orbit coupling in magnetically ordered with an in-plane easy axis of magneti-
the d levels. The only solid state effect included in the cal- zation. Also shown in Fig. 3 is the Ni (rY, ou, and .rM
culation is an 80% scaling of the electrostatic terms in the spectra for the same sample. Both the Mn uM spectrum and
Hamiltonian to account for solid state screening. The calcu- the Ni oru spectrum are negative at the L3 edge and positive
lated high spin spectrum is in good agreement with the ex- at the L2 edge. Mn is ferromagnetically aligned with the Ni
perimental spectrum of the surface alloy. Each of the major substrate. This is unusual since bulk MnNi is antiferromag-
features in the cxperimental spectrum are ieproduced in the netic at room temperature.' 2 No remanent magnetization was
theoretical spectrum. The relative intensity ratios of the dif- found for either Mn or Ni for magnetization perpendicular to
ferent features also agree well. A similar agreement is found the surface. No remanent magnetization was found in any
for the Mn absorption spectrum in the MnNi surface alloy, direction for the MnCu surface alloy.
These comparisons show that Mn in the MnNi and MnCu The MnNi surface alloy was also grown on a 20 ML film
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f MnNi c(2x2) t and the idea of magnetic domains in the bulk sample.
In conclusion, we have shown that Mn has a high spin

20 i(O001)' moment in the MnCu and MnNi c(2x2) surface alloys.

Cu(001) This high moment results from the corrugation of the surface
which locilizes the Mn d orbitals. We find Mn to be ferro-

12 . 40 magnetically ordered in the MnNi surface alloy but not in the

80Mn Ni 0 MnCu surface alloy. Long range magnetic ordering does not
0 0affect the stability of these surface alloys. We believe that it
R_ is the formation of atomiclike Mn in the Hund's rule ground

40 2 L2  state which stabilizes the surface alloy. For the MnNi surface
alloy we find that the Mn is ferromagnetically coupled to the

0 0- Ni for substrates with in-plane and perpendicular easy axis of
"&"magnetization. This is unusual since bulk MnNi is antiferro-

X2 -40 magnetic at room temperature."." X2.."
-20 -. It is also possible to grow thicker compositionally or-

-80 L3 t L3 .- dered MnNi alloys with the c(2 X 2) surface structure. 3 We
have measured the magnetism in these films using XMCD

"120 650 660 -40 and have found ferromagnetic ordering for film thickness up
830 640 60 60 860 880

Photon energy (eV) to 4 ML. These results will be discussed in detail in a sepa-
rate publication.1

3

FIG. 4. (Top) Mn and Ni L2,3 absorption spectra, o-, solid line, and (r+, This work was supported by the National Science Foun-
dashed line, for the MnNi c(2 X 2) surface alloy grown on a 20 ML film of dation, Division of Materials Research under Grant No.
Ni/Cu(001). (Bottom) Mn and Ni normalized XMCD spectrum,
ao(hIw)/aoQ(L 3) showing ferromagnetic ordering in both Mn and Ni and DMR-94-13475. The Synchrotron Radiation Center is a na-
ferromagnetic alignment of Mn to Ni. The film was magnetized perpendicu- tional facility supported by the NSF Division of Materials
lar to the surface. The intensities of the normalized XMCD spectrum are --- 2 Research.
times greater than those for MnNi grown on Ni(001), Fig. 3.

1M. Wuttig, Y. Gautier, and S. Bliigel, Phys. Rev. Lctt. 70, 3619 (1993).

of Ni deposited on Cu(001). These Ni films are known to 2 M. Wuttig, C. C. Knight, T. Flores, and Y. Gauthier, Surf. Sci. 292, 189

have an easy axis of magnetization which is perpendicular to (1993).
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Observation of x-ray magnetic circular dichroism at the Rh M 2 , 3 edge
in Co-Rh alloys

G. R. Harp and S. S. P. Parkin
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-0099

W. L. O'Brien
Synchrotron Radiation Center, University of Wisconsin-Madison, 3731 Schneider Drive, Stoughton,
Wisconsin 53589

B. P. Tonner
Synchrotron Radiation Center, University of Wisconsin-Madison, 3731 Schneider Drive, Stoughton,
Wisconsin, 53589 and Department of Physics, University of Wisconsin-Milwaukee, 1900 East Kenwood Boulevard,
Milwaukee, Wisconsin 53211

The M 2 3 edge of Rh in Co-Rh alloys shows measurable x-ray magnetic circular dichroism. Such
dichroism is not present, however, for analogous alloys of Co-Ru. The induced Ru magnetic
moment, if any, is thus demonstrated to be significantly smaller than the induced Rh moment in
otherwise similar Co alloys.

X-ray magnetic circular dichroism (XMCD) is a useful measurements made on intermetallic alloys close to the
technique for the study of magnetic systems. In XMCD, the C075Ru 25, C075Rh 25, and Co.5fRh5 () compositions. The par-
absorption coefficient of circularly polarized x rays is mea- ticular alloys were chosen based on their miscibility, rema-
sured as a function of photon energy. Near a core level ab- nent moment, and energy position of their respective absorp-
sorption edge, the absorption coefficient is seen to vary de- tion edges (e.g., Pd was omitted due to a conflict with the 0
pending on the cosine of the angle between the x-ray Is grating absorption edge).
polarization and the sample magnetization. XMCD can be The measurements were made at the Synchrotron Radia-
used to determine the net magnetization, projected onto the tion Center in Stoughton, WI, on a 10 m toroidal grating
x-ray polarization axis, of the individual elemental species in monochromator. The alloys samples were prepared as 500-
a complex sample. 1000 A thin tilms on fused quartz wafers by codeposition

Published studies using XMCD have considered diverse using magnetron sputtering at 500 'C. Alloy compositions
systems, including the K1 edgeI and L2,. edge2 of the 3d were measured by electron microprobe analysis and absolute
transition metals, the L2 ,3 edge of the 5d transition metals,3 magnetizations were measured by superconducting quantum
and the L., 3 earth of the rare-earth transition metals.4  interference device magnetometry. The samples were trans-

Absent from this list are the 4d transition metals. The ported to the synchrotron in air. To remove the resulting sur-
reason for this omission is that for the transition metals, the face impurity layer, the films were sputtered in vacuum and
L2.3 edge is preferred for XMCD because (a) it allows the annealed to -300 'C prior to measurement. Residual oxygen
study of the d-like valence electrons, and (b) because it has a impurity levels were small (less than 1 equivalent mono-
high signal to background ratio for x-ray absorption.5 flow- layer) as determined from the oxygen Is core absorption
ever, the angle of incidence required in the energy range of peak. The samples were magnetized in-plane prior to the
the 4d L 2,3 absorption edges (2-3 kV), is typically close to XMCD measurements, and were measured in remanence
Brewster's angle for most crystal monochrornators (-45°).() (zero applied field). We estimate the x rays had about
That is, the monochromators produce only linearly polarized 85%±5% circular polarization 7 and they were incident at
x rays, independent of the polarization of the incident radia- ±65' from the surface normal upon the sample, with con-
tion. For example, with 100% circularly polarized incident secutive spectra taken at alternating angles. Absorption spec-
radiation at the Rh L 2 edge (3146 eV), a Si(11l) monochro- tra were measured using a total electron yield technique. For
mator crystal would be held at 390 incident angle, and would more information on the measurement technique, see Ref. 7.
reflect only 8% circularly polarized x rays. Given that the Figure 1 displays the XMCD data from the Co L,_1 and
XMCD signal from Rh is only 4% using 8'% polarized x Ru M 2 .3 edges of a C075Ru25 alloy. Here the solid and
rays (see below), systematic errors in, e.g., spectrum normal- dashed curves are the absorption coefficients, at.65 , taken in
ization make measurements at the Rh L edge unfeasible. An- the two sample positions (magnetization 25' or 155' with
other approach toward the measurement of Rh XMCD is respect to polarization, respectively), and the dotted curve
therefore indicated. their fi:'' Regarding this data, we wish to make sev-

In this study, we evaluate the feasibility of XMCD mea- eral points: in the U; spectrum the signal to background ratio
surements of 4d transition metal elements at the M, ,ib- at the L, absorption edge is 4, while at the Ru M 3 edge it is
sorption edge. Although the estimated signal/backgro,,nd ra- 0.15, or about 25 times si.;aller. As a result, the Ru spectrum
tios are low, such experiments may be possible with took much longer to collect (about 8 h) than the Co spectrum
currently available grating monochrornators which produce x (about 40 mrin). The peak XMCD signal, Xl,. defined as
rays approaching 90% circular polarization in the energy X,,-=max 5(a M,-a t,5)!(a €,+ a .5)], is 0.032 at [he Co
range of interest for the M edges (300.-0(00 eV). We present edge, compared with 0.21 for a saturated epitaxial Co filh.
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FIG. 1. Circularly polarized x-ray absorption spectra (solid and dashed FIG. 3. Spectra analogous to Figs. I and 2, except for a Co4yRh 51 alloy. The
curves) atd their difference or dichroism (dotted curve) from a Co75Ru 25  Rh atoms develop measurable magnetic moments in this alloy.
alloy. The Co L2, 3 edge shows significant dichroism but the Ru M 2,.1 edge
does not,

ration Rh yp for this alloy is 0.06. M6ssbauer measurements
of the Rh moment in Fe75 Rh25 alloys indicate an induced Rh

The low XMCD signal is caused by the low saturation mag- moment of -1 AB .8 If we assume that Rh develops a similar
netization in this alloy and by its low remanence (52%). At moment in Co alloys, we may deduce an approximate pro-
the Ru edge, however, no XMCD signal is seen. We conser- portionality constant between xp for Rh and its moment, i.e.,
vatively place an upper bound on Xp to be -0.005 at the Ru Xp =0.06/-'B.
L - edge. Figure 3 shows spectra from a Co 49Rh5j alloy. The Co

The data from the CO75RU25 alloy can be compared with edge has Xj,=0.025. The Rh dichroism signal is only about 3
Fig. 2 showing spectra from a Co7 1 .Rh23 alloy. Here Xp,= 0 .12  times the noise level, yet still measurable with XP= 0 .006.
at the Co edge. At the RI M 2,3 edge definite XMCD is seen, This sample had 40% remanence, and based on the results
with xpý0.04 . The induced Rh momf.nt is parallel to the Co from the previous paragraph, we find the saturation Rh mo-
moment, This alloy had 66% remanence, and we can ex- ment in this alloy to be 0.25 /.lt. As a guide to the eye, we
trapolate the XMCD measurement to determine that the satu- have superimposed a scaled version of the Co77Rh 23 XMCD

spectrum as a dashed curve.
This last result has particular significance to our under..

.0 .0standing of the Co75Ru 25 alloy (Fig. 1). Although the Ru
.Rh ,alloy possessed remanent Co moments 1,3 times higher than

Co L6. - R MZ'T in the Co49Rh5j alloy, no detectable Ru moment was found.
S• .If we assume the same proportionality constant between

41magnetic moment and Xp for Ru as for Rh, we can place an
S0.5 0.95 upper bound on the saturation Ru moment in the Co 75Ru 25. alloy of approximately 0.16 It8 . Thus we find that Ru and

"-• Rh behave qualitatively quite differently when alloyed with
Co.

In summary, we have demonstrated the feasibility of
0.0 0.XMCD measurements in the 4d transition metals using pho-

.. " ton energies below 1000 eV. We find that the signal/
background ratio at the 4d M2 ,3 edge is about 25 times

0 " 5"smaller than at the 3d L 2,3 edge, but that this edge can be
effectively used to study XMCD in the 4d transition metals.

- 0 .5 - 0 .8 5 . . . . . . . . .
785 790 815 480 505 530 1See, e.g., G. Schiitz, W. Wagner, W. Wilhelm, P. Keinle, R. Zeller, R.

Photon Energy Frahm, and 0. Materlik, Phys. Rev. Lett. 58, 737 (1987); H. Maruyama, T.
twazumi, H. Kawata, A. Koizumi, M. Fujita, H. Sakurai, F. Itoh, K. Natai-
kawa, H. Yamazaki, and M. Ando, J, Phys. Soc. Jpn. 60, 1456 (1991).

FIG. 2. Spectra analogous to Fig. 1, except for a Co,1 Rh23 alloy. Here 2 See, e.g., C. T. Chen, F. Sette, Y. Ma. and S. Modesti, Phys. Rev. Lett. 42,
signilicant dichroism is seen at the Rh M2 _1 edge, indicating that the Rh 7262 (1990); C. T. Chen, N. V. Smith, and F. Sette, Phys. Rev. B 43, 6785
develops a significant magnetic moment. (1991); J. G, Tobin, G. D. Wadill, and D. R. Pappas, Phys. Rev. lUtt. 68,
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Circular magnetic x-ray dichroism for rare earths
H. K1<nig,a) Xindong Wang, and B. N. Harmon
Ames Laboratory, Iowa State University, Ames, Iowa 50011

P. Carra
L.S.R.F., B.P 220, F-38043, Grenohle, France

Circular magnetic x-ray dichroism is a promising new tool for the study of spin and orbital moments
in ferromagnetically ordered materials. lFor rare-earth systems the L ) and L3 cdge dichroic spectra
give information about the magnetic properties of the 5d conduction electrons. This article
addresses a few of the key issues concerning the interpretation of the spectra. In particular, the
quadrupole nature of the dichroic spectra below the L absorption edges and its angular dependence
is discussed. The important role of the 4f-5d exchange in causing a large and important spin
dependence in the 2p-5d matrix elements is likewise examined.

Because of the strong electronic correlations associated These first calculations also included a quantitative pre-
with the ground state of magnetic materials, there is an old diction for confirming the quadrupolar character of the below
but continuing problem on how to best formulate a model edge structure. There is an expected difference in the angular
capable of quantitative analysis. With the advent of dedicated dependence of the dipole and quadrupole spectra as one var-
synchrotron sources a new tool, circular magnetic x-ray di- ies the direction of the magnetization relative to the wave
chroism (CMXD), has become available and may eventually vector of the incoming light. 3 For some rare earths (e.g., Ho
prove as valuable as magnetic neutron scattering in helping and Er) the angular difference is expected to be large and
to sort out the microscopic details of the magnetic ground was looked for experimentally, with no success!'- 8 We have
state. An attractive feature of CMXD is its ability to yield speculated on possible explanations for the negative results
elemeni and shell specific information about the separate of these experiments.9 We believe the simplest explanation
spin and orbital magnetic moments, even in complicated which should he checked first involves the lack of complete
magnetic materials. In this article we concentrate on several magnetic aligiiment that has been obtained so far in the ex-
issues which arise when trying to interpret features of the periments. There are two causes for the lack of alignment:
observed spectra for the L edges iii rare-earth materials. Al- (1) experiments done on powders that have the easy axis of
though the first CMXD measurements on rare-earth materials grains misaligned (not the case for samples with grain align-
(Gd and Tb) were reported in 1988,1 there already exists a ment or with very small anisotropy), and (2) the misalign-
fairly large literature on the subject, which we cannot ad- nient caused by thermal fluctuations (not a problem at tern-
equately review in this short paper. peratures that are very low compared with the magnetic

In the analysis of the L edge x-ray dichroism experi- ordering temperature). To demonstrate the rathie large sensi-
ments on Gd a simple model was used to compare the ex- tivity of the difference between dipole and quadrupole angu-
perimental spectra with a theoretical spin difference d den- lar dependence to temperature, we consider an i,,'lated ion of
sity of states.' The obvious disagreement was noted. The holmiumn. We neglect crystal field effects (which can also
question arose whether when dealing with high energy plio- reduce the expected difference). T[he integrated spectra for
tons and the creation of a core hole the single particle picture the 2p-4f quadrupole transitions can be decomposed into
is valid. Certainly an atomic picture with full multiplet con- two terms, one with a I'l (6)=Cos(O) dependence, and the
siderations is required for the M 4 and M5 spectra of the rare other with a 1 3 (0)=15 cos(0 )-31cos(0)/2 dependence.'(),''
earths (involving dipole transitions from the 3d core states to The first term has an angular dependence identical to the
the highly local 4f states).2 However a self-consistent, rcla- 2p-5d dipolar transitions, so it is only the second term that
tivistic, spin-polarized band structure calculation was ex- gives the quadrupolar transitions at different angular depen-
tremely successful in reproducing the dichroic spectra of Gd dence. If we take the VIM) 4f states as equally spaced in
for the L 2 and L 3 edges, 3 thus indicating the single particle energy (no crystal field effects) and evaluate the magnitude
picture may be adequate for the very itineiant 5d states. The of the factor multiplying the 13 term for Ho, we get the
experimental data also exhibit some structure below the L 2 dependence shown in Fig. 1. This figure indicates under ideal
and L., absorption edges, and these features were quantita- conditions, that it the experimental 4f mtmlent is at 70% of
tively accounted for by using an atomic model to evaluate its zero temperature saturated value, then the P 3 term is al-
the 2p-4f quadrupole transitions. 3 Similar atomic calcula- ready reduced by a factor of 6! We are not aware of any
tions were carried out to explain the. variation of these below experiments that have been done in such a way that the mag-
edge features in the dichroic spectra across the entire heavy netic alignment was sufficient to make a definitive statement
rare-earth series. 4 There is good ag,-reement with experiment.i about the quadrupolar angular dependence, although several
The reason these quadrupole features appear below thle L groups are planning such measurements in the near future,
edges is that the core hole is more attractive for the localized Another interesting aspect of' the L dichroic spectra for
4f states than for the itinerant 5d states. rare earths is the sign. It was a surprise when the first spectra

f'.or Gd were analyzed and interpreted as indicating more spin
"Also at E.S. , F., It,. 2201. 1-3K(043 Grentubi, France, up than spin down unoccupied 5d states. This is inconsistent
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FIG. 1. The P_ term for the quadrupolar part of the dichroic spectra of Ho
as a function of the magnetic moment (relative to the zero temperature vious publication we briefly dis.ussed the resolution.4 ThK
saturated moment). 5d radial functions in rare earths with open 4 f shells have a

strong spin dependence. This is illustrated in Fig. 2 for the

with there being a net spin up conduction electron moment Gd atom. The 5d orbitals by themselves are too spread out

of 0.63 AB/Iatom moment. Figure 11 of Ref. 1 compares the and the 5d band too broad to support a magnetic ground

difference in the 5d spin density of states (DOS) from a band state, and it is the 5d exchange interaction with the localized

structure calculation with that derived from the measured 4f orbitals (which have a peak in probability well within 1.0

dichroic spectra. Based on a simple model the experimental au) that is responsible for inducing the magnetism in the

spectra indicate a dominant positive spin DOS above EF, conduction electron bands. The observed conduction electron

while the theory has a dominant negative spin DOS. These moment scales with the total spin of the 4f states across the

authors comment "This obvious disagreement may indicate rare-earth series. The 2p radial function has its peak in prob-

a modification of the 5d spin density spectrum by the polar- ability just inside 0.1 au and the dipole matrix elements be-

ized core hole created by absorption of a circularly polarized tween the 2p and 5d orbitals are very spin dependent, with

photon." This same sign problem has also recently been dis- the matrix elements for the majority spin up 5d states being

cussed for rare-earth intermetallic compounds by Giorgetti 20%-30% larger than the corresponding 5d spin down states

et al.12 who suppose that it is due to an open 4f shell. As at the same energy. The effect of the matrix elements is dem-

mentioned earlier, the full band structure calculations with onstrated in Figs. 3 and 4. In the first we plot the (up-down)

dipole matrix elements are able to accurately reproduce the difference in the DOS for Gd calculated with th; linear aug-

dipolar part of the experimental dichroic spectra above the
1.2 and L3 edges; so that it is not necessary to invoke core
hole or many body interactions to explain the sign. In a pre- 1
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Hybrid NIFeCo-Ag/Cu multilayers: Giant magnetoresistance, structure,
and magnetic studles

J D Jarratt and J. A. Barnard
Department of Metallurgical and Materials Engineering, The Universit, of Alabama.

uwscaloosa. Alabama 35487-0202

Giant magnctoresistance (GMR). crystal structure, and magnetic properties have been investigated
in sputtered Ni,,Fc6(,Coj,-Ag/Cu hybrid granular multilayer thin films. High angle x-ray diffraction
(IIXRD) was used to reveal the overall film structure and growth texture and low angle XRD was
used to investigate the periodicity and flatness of the multilayer structures. Hysteresis loops for the
as-deposited Ag-rich films show superparamagnetic behavior (and conventional granular GMR)
which does not saturate in 14 kOc. Very NiFeCo-rich films are magnetically soft and exhibit induced
in-plane uniaxial anisotropy.

I. INTRODUCTION Composition was determined with a JEOL 86W8) Electron

Giant magnetoresistance (GMR) in magnctic/nonmaý- Probe Microanalyzer. Magnetic properties were measured on

netic multilayer thin films,' discontinuous multilayer films.' a Digital Measurement Systems vibrating sample magneto-

and in gi. ,ular phase separated alloys4 -" has been the sub- meter model 880. X-ray diffraction (XRD) was performed on

ject of much recent study. We have recently investigated lhe a Rigaku D/Max-2BX XRD System with thin film attach-

composition dependence of GMR and structure in "thick" ment. The MR measurements were made at room tempera-

(>1000 A) NimFe,•,Cojs-Ag single layer phase separating ture using a four-point probe assembly with the applied cur-

films.7 In this article we analyze the effect of layering and rent and easy axis of the film both perpendicular to the

reduced dimensions on the same alloy in a multilayer g'om- applied magnetic field except where designated on aniso-

etry using Cu spacers, tropic magnetoresistance (AMR) results. The annealing
(3(X) 'C for 30 and 60 min) was done in a quartz tube

11. EXPERIMENTAL METHODS wrapped in heating tape with an overpressure of flowing pu-
rified argon. A magnetic field of 50 Oe was maintained in the

These filns were computer-controlled dc magnetron films' easy axis direction during the anneal using magnetic
sputter deposited at 100 W and two different sputtering pres- coils outside the tube.
sures (2 and 15 mTorr) with ultrahigh purity argon in a Vac-
Tec model 250 side sputtering system with a base pressure of
3X 10-7 Torr onto C. ,rning 7059 glass substrates. A perma-

nent magnet was positioned behind each substrate providing Broadly speaking, two different as-deposited MR (dRI
a 90 Oe field parallel to the substrate. The granular layer was R,., with a maximum applied field of 12.5 kOc) behaviors
cosputtered from a Ni 66Fet 6COs target partially covered with were seen, where dR is the change in resistivity of the film
Ag foil. This resulted in a composition gradient that was from zero applied magnetic field to the maximum field and
perpendicular to the induced easy axis in the films. The com- Rtnax is the resistivity of the film in the maximum applied
position of the granular layers ranged from Ag20 FMH(, to field. In the Ag-rich compositions a very rounded MR profile
Ag48FM52 (at. %) for films deposited at 2 mTorr and from was observed. As the NiFeCo component is increased the
Ag28FM 72 to Ag72FM 28 for films deposited at 15 mTorr, MR profile sharpens. A small low field AMR component
where FM stands for the NiFeCo ferromagnetic portion of (-0.2%) was observed in the most NiFeCo-rich samples. We
the film. The granular layer thickness was varied from 25 to were unable to saturate the GMR in the available field. The
55 A and the Cu spacer layer thickne., es investigated were granular composition givi,;g the largest GMR magnitudes for
20 and 24 A. The granular layers have a thickness gradient the samples prepared at 2 mTorr was -Ag 44FM5 ,6 and for the
(the Ag-rich end is -25% thicker than the Ag-poor end due 15 mTorr samples it was Ags(FM5 0 , both being -4%. The
to the faster ,puttering rate of the Ag foil). The granular film evolution of the GMR profile versus FM fraction for
thicknesses reported are the average thicknesses. Slightly (NiFeCo-Ag 35 and 55 A/Cu 24 A) X 10 appears in Fig. 1
better MR magnitudes were observed throughout in samples (the profiles are offset for clarity).' We note two important
with a Cu spacer thickness of 20 A rather than 24 A. The differences between the GMR observed in these hybrid struc-
sputtering rates were determined from reference film steps tures and single layer films of the same granular alloy: the
measured on a Dek-Tak IIA surface profilometer. GMR magnitude is reduced by -50% and the composition at
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FIG. 1. MR loops for ai series of granular layer Compositions for as- AtF

deposited and annealed OX() 0(7 30 min) hybrid granular multitaycr films AgFM.,

Aq ~~~(111)Cu(1)
I AU

the maximum GMR is much more FM rich (-50% vs 30%) 20 30 40 50 s0 70

in the layered structures.1 A significant reduction in MR ratio 2G

withfil thcknes hs rcenly ben epnled n C-Agal- FIG. .3. Hfigh angle O-2f1 XRD scans for (a) as-deposited and (b) annealedlay films.3 The same study also reported a slight increase in O(K() 0(7 f00 min) hybrid granular multilaver films (NiFeo-g5 /u4

the Co composition corresponding to the maximum MR ratio A) X 1o. -g5 /u2
in 2(X)- vs 20(X-A-thick films. The composition shift we re-
port is much larger, but our individual granular layers are
also much thinner than 200 A. This phenomenon may be Ag-rich films displaying an as-deposited broad profile expe-
associatetJ with a transition from three-dimensional to quasi- rienced an increase in MR magnitude upon annealing along
two-dimensional behavior. The percolation threshold is much with a distinct sharpening of the MR peak. Beyond a critical
higher in a two-dimensional lattice than the corresponding Ag concentration, (-Ag55 jFM 45 for 15 nmTorr) the GMR
three-dimensional lattice29 magnitude increases with annealing (Fig. 2). A similar trend

Annealing caused a decrease in MR magnitude for the with a critical composition of Ag,,FM..; was seen tar
FM-rich samples while the overall profile was maintained. samples prepared at 2 m'Forr, This transition was previously
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"'r~-,.,.. ,.....the bulk value, in agreement with the single layer results.7

(a) ,,syxi s The low-angle XRD (LXRD) peaks (Fig. 4) indicate reason-
P hard axis ably good periodicity in the multilayer structure in the as-Sas-deposited

S300a C. We mi deposited state which allows for a calculation of the bilayer

thickness, A, that agrees well with the calibrated sputtering
.............. rate data. Annealing has a small, nonsystematic effect on the

-e[gNFCoU24)1 55 A/ TXRD spectra.
M-H hysteresis loops from very FM-rich (e.g.,

Ag28F1'472) samples display induced uniaxial anisotropy that
decreases slightly with annealing while the coercivity

-40 -30 -20 -10 0 10 20 30 40 slightly increases [Fig. 5(a)]. These surprisingly soft loops,
Field (-e) which display no further increase in M at higher fields, indi-

cate that very FM-rich granular layers are behaving much

like simple NiFeCo alloy layers. The NIFeCo alloy in the
(b) ....... NiFeCo-Ag layer most likely forms a physically continuous

.matrix with the Ag existing as particles (an "inverted"

.- granular layer). As the Ag concentration in the granular layer
increased (ferromagnetic concentration decrease) the M-H
loops tend toward superparamagnetism associated with a
small FM component particle size [Fig. 5(b)]. Annealing of

"IAg,,MFQCo) , AI this Ag-rich sample results in a mcre easily saturated M-H
Cu 24 AIXi10 loop probably resulting from an increse in FM component

particle size.

-15 .1o .5 0 5 10 15 IV. CONCLUSIONS
Field (kOe) Layering of NiFeCo-Ag granular alloys with Cu spacers

FIG. 5. M-H hysteresis loops f)r as-depusited and annealed (3*C, N) does not improve either the GMR magnitude or field sensi-
min) hybrid granular multilayer films with (a) both easy and hard axes tivity when compared with thick single layers of the same
shown for jAg2X(NiFeCo), 2 55 A/Cu 24 A]x 10 and (N) easy.axis (this
sample was nearly isotropic) I•ops tor [Ag55(NiFeCo),s 55 A/Cu 24 A×x 10. alloy. However, the composition dependence of GMR is

strongly affected by the multilayer geometry with thin layers
of NiFeCo-Ag separated by Cu behaving similar to thick

reported for single layer NiFeCo-Ag granular films grown at single layers of much higher Ag content. We also find that

15 mTorr with a more Ag-rich critical composition of very soft uniaxial multilayerscan be grown with Agcompo-
-Ag(sFM.1 2 .7 Because the average FM particle size is ex- sitions as high as 22% in the FM layer.
pected to increase with the FM fraction, the critical concen- ACKNOWLEDGMENTS
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Giant magnetoresistance in NiFe-Ag granular alloys
F. Badia, A. Labarta, and X. Bathle
Departament Fisica Fonamental, Universitat de Barcelona, Diagonal 647. 08028 Barcelona, Spain

M. L. Watson
Centre for Data Storage Materials, Coventry Unive-sity, Priory Street, Coventry CVI 5FB, United Kingdom

Some FeNi-Ag granular films of composition Fell. 43Ni6.35Ag 82.22 (sample A) and Fe7.62Ni 16.4Ag 75,98
(B) were prepared by using rf magnetron sputtering, and once deposited were rapidly annealed at
600, 650, and 750 'C. All samples displayed giant magnetoresistance. The zero-field-cooled and
field-cooled processes evidence the segregation of ferromagnetic particles with a broad size
distribution. The temperature and magnetic field dependence of the resistance is analyzed. The
magnetoresistance follows a H" law at high fields and it decays from its maximum value with a T"
behavior, with m approaching 1 at high fields.

I. INTRODUCTION nealing temperatures were investigated: 600, 650, and

The discovery of giant magnetoresistance (GMR) effects 750 °C, and these were reached in 20 s, 2 min, and 3 min,

in a variety of anti ferromagnetically coupled transition-metal respectively. Resistance and magnetoresistance (MR) of all
mutiayearietha opentiedromanewtamazin respeah fiio-etald n samples were measured by an ac four-point probe technique
multilayerst has opened a new amazing research field not in the temperature range 20-300 K and in magnetic fields up
only f-ore the fundamental point of view but also from the to 12 kOe. The relative geometry among the film plane, the
technological one. Recently, this extraordinary effect has electrical current, and the magnetic field was set by three
also been found in granular alloys2 consisting of a distribu-tion of nonaligned nanocrystalline ferromagnetic particles ways: (a) the electrical current and the magnetic field are
embedded in a nonmagnetic metallic matrix. In both kinds of parallel to the film plane (parallel geometry); (b) the in-plane

d te a nmagnetic mh inds magnetic field is perpendicular to the electrical current
systems, the resistivity strongly drops as the magnetic field (transversal geometry); and (c) the magnetic field is perpen-
orients the magnetic moments. Concerning theoretical expla- dicular to both the electrical current and the film plane (per-
nations, both the existence of a spin-dependent potential pendicular geometry), The zero-field-cooled (ZFQ and field-
scattering either at the interfaces or in the bulk of ferromag- cooled (Fic processes at low fields and the magnetization
netic layers (or particles) and the rulc of the unfilled d bands
of the transition metal constituent (.hrough an asymmetric curves at 5 K up to 55 kOe were carried out by applying the

density of states for majority- and minority-spin d bands)I 4  magnetic field along the film plane using a superconducting

have been taken into account in order to correlate GMR with quantum interference device magnetometer.

the microscopic parameters. The magnitude of GMR has
been found to be a sensitive function of both the size of the
ferromagnetic particles and the concentration of the ferro- Ill. RESULTS AND DISCUSSION
magnetic material in the alloy. The former effect is Ip)stu-
lated to be due to the existence of an optimum particle size. The structure of some of the thin films (d-50 nm) were
determined by the conduction electron mean free path or spin investigated by transmission electron microscopy (TEM) in a
diffusion length. Larger particles result in a reduction of modified JEOL 20(1 electron microscope. Films were depos-
GMR as a result of the decrease in particle surface-to- ited onto Si substrates into which a SiN covered window had
volume ratio. 3 The latter effect is believed to be due to the beeii etched and were found to have a strong (I 1) texture. A
onset of percolation, which acts to couple the particles number , i films were also investigated by using a Philips
ferromagnetically.-'1 We present in this article the tempera- x-ray d..iraction (XRD) system. This confirmed the strong
ture and magnetic field dependence of the resistance of (II I) texturing but in neither the TEM nor the XRD was any
NiFe-Ag granular alloys presenting GMR.3  clear evidence of pha.e segregation of the Ni or Fe from the

Ag matrix. Magnetic and transport properties were measured

II. EXPERIMENT on films which had composition FeIl 43Ni,,3Ags2 22 (sample
A) and FeT7 ,.,Ni 1, 4 Ag97 Y (sample B). As both samples were

Ag-Ni-Fe films of thicr.ness 2(X)-3(X) nm were rf sput- rapidly annealed at 6W,). 650), and 750 'C, we will refer to
tered onto glass microscope slides using a Nordico 2(1(0 them as A(as cast), A(6(O)), A(650), A(75t)), W(as casfl,
sputtering system. The base pressure was less than 2X 1I) 7 B(60(1), B(651)), and B(750), respectively.
Torr, the sputtering pressure was 8 mTorr of argon and the Figure I shows the ZFC-FC processes for sample A(650))
sputtering power was 3W() W. The target used consisted of a 4 measured at 10W) Oe. The ZF" displays ,a broad maximum at
in. Ag (99.999%) disc onto which were placed Nim)Fe21 ) and TMý-22 K. suggesting the existence of a broad size distribu-
Fe 0.25 cm2 squares arranged in a mosaic pattern. In order to tion of ferromagnetic particles. As magnetic irreversibility
promote post-deposition phase segregation and magnetic par- persists up to high temperature. we expect very large par-
ticle growth, strips of about 7 mm wide were rapidly ther- titles to be present in the sample. We plot in Fig. 2 the
mally annealed in a custom built vacuum system. Three an- magnetizatioti curve of the same sample at 5 K. A detail of

J. Appl. Phys. 76 (10), 15 November 1994 0021.8979/94/76(10)/6481131$6.00 t 1994 American Institute of Physics 6481
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FIG. 1. ZFC and FC processes measured at 100 Oc for sample A(650). FIG. 3. - RM(T/H)/R(T,I1=0) as a function of H at different temperatures
for samplc A(650J) in thc parallel geometry, Solids lines indicate thc best fit
of the data to the H' law. Temperatures: (11) 21.6 K; (0) 46.1 K. (0) 73.6

the hysteresis circle is displayed in the inset, showing that K W12K * 4. ;()164K * 4 ;()20K

the coercive field is small (about 150 Oe),
The temperature dependence of the ratio

-RU(T,H)IR(T,H=0) [with Rm(T,H) =R(T,H= 0) ated with an intrinsic in-plane magnetocrystalline anisot-
-R7(T,H)] in the parallel geometry for samples A(650) and ropy) because there is no difference between the MR in the
B(650) are plotted in Figs. 3 and 4, respectively. All the rest parallel and transversal geometry. All measurements have
of the samples display very similar experimental features. been recorded with increasing and decreasing field, and we
The maximum MR values are obtained for samples B(650) observe a slight irreversibility at low temperatures below the
and A(650), suggesting that the optimum annealing tempera- coercive field.
ture is about 650 *C in this Ag compositional range. MR is We have analyzed the temperature dependence of the
larger for sample B(650) thtan for sample A(650) because of MR as Mattson et al.6  by defining the MR as
the larger amount of ferromagnetic entities. As-cast samples RM(T,H)=,R(T,H=.0)-R(T,H), where R(T,H) is the re-
display smaller MR than annealed samples due to the segre- sistance measured at a temperature T and in an applied field
gation of ferromagnetic particles in the latter. Results con- H. The total resistance at T and H is assumed to be given by
cerning the rest of annealing temperatures and othcr Ag comn- R( T,H) =R + R~d( T) + Ry(T,H), where RO1 is the resis-
positions will be published elsewhere. Figures 3 and 4 tance due to defects, R,d(T) is the temperature dependent
evidence that MR is largely susceptible at low fields. We resistance due to phonons and magnons. We show in F'ig. 5
have also detected that MR is more susceptible in the in- the temperature dependence of RM(T,H) at differcnt fields
plane geomneries than in the perpendicular geometry. which for sample A(650). Rvf( T,H) displays a monotonic increase
is only due to the demagnetizing field (and it is not associ-

0.00__

S 0 * ~tiu~ 0 04 4~ 6 (60 C *0 *

1- 0 0

0~ 0 0 4
X *A

4S a** 24 
-0 0: 0 46

02~ - -0 ..... UII...~~***

-2 2B (650 C)20H(k~e) 2-0.22 ----
0 10 20 30 40 50 H (k~e) 1

H (k G e) 171G 4. -- RA III)IR(Ti = 0)) as a function ot Hi at different temperatures

for sample B(6~5t) in the parallel geometry. Solids tines indticate the hest fit
FIG. 2. Isothermal magnetiztationr curve at 5 K for sample M((50). lnset: oif the data to the H" law. Temperatures: (L 1t 2t1.5 K; t0) 45.9 K; t0) 73.7
detail of the hysteresis cycle at 5 K for the samie sample. K; (A) 10)2.4 K; h A) 149.0f K; ( t 197.8 K; i * 245.Y K; ) 282.1 K
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0.4 law gives us an idea of the underlying scattering mechanism.
0.7 it is evidenced that the temperature range in which the power

"law is accomplished increases with magnetic field (as ex-
pected, since the MR saturates at large fields). The exponentE0.3

"E m slightly increases with H and seems to tend to about 1,
which is smaller than the T312 and T2 laws found by Mattson

0.2 0et al.6 in Fe/Cr multilayers. These behaviors are attributed to
"0.0 100T(K)200 300 the thermal excitation of magnons. The temperature depen-

dence of the MR of granular materials is complicated by
b: there being a distribution of particle sizes and therefore
"• 0.1 blocking processes. We might tentatively attribute the tem-

perature dependence of ARM at high fields to the thermal
A (650 C) excitation of magnons with a smaller exponent in the T"' law

0 ' 10 200- 300 due to the reduction of the magnetic system dimensionality.
T(K) Concerning the field dependence of the MR, we have

observed that RM(T,H)/R(T,0) follows a H" behavior at

FIG. 5. Rm(T,H) vs T at various fields for sample A(650). Magnetic fields: high fields (above about 6000 Oe), as was found by Nigam
(0) 1 kLc; (H) 2 kOc; (0) 4 kOc; (0) 6 kOe; (*) 12.1 kLc. Inset: et aL7 in Au8 7Fe13 cluster glass. Solids lines in Figs. 3 and 4
J M(T,H)"-' vs T at the same fields for the same sample, indicate the best fit of the data to the H" law. The n-exponent

monotonically increases with temperature, ranging from 0.18
at 21,6 K to 0.86 at 290 K for samples A(650), and from 0.13

as temperature goes down, which is in agreement with the at 21.5 K to 0.76 at 282.1 K for sample B(650). The error in
progressive blocking of the ferromagnetic particles (Fig. 1). n is about 0.02. This monotonic temperature behavior evi-
We plot in the inset of Fig. 5 the temperature dependence of dences the progressive blocking of the ferromagnetic par-
RM(T,H)113 at various fields for the same sample. We notice ticles, without being a freezing state corresponding to a spin
that RU(T,H) 11 3 is perfectly linear with T in the whole tem- glass behavior. Also, n is always smaller than the it =2 value
perature range 20-290 K when the magnetic field is the expected for a pure paramagnetic state,7 signaling that mag-
maximum available in our experimental setup (Hmax= 12 netic correlations persist even at room temperature and/or
kee), and that the linear law RM(T,H) 113 versus T is fol- larger particles are still blocked at this temperature, since the
lowed in a smaller temperature range as we reduce the mag- size distribution of ferromagnetic particles seems to be very
netic field. The same 1/3 exponent and temperature depen- broad (see Fig. 1).
dence of RM(T,H) is found for sample B(650). If we
extrapolate the data at T=0, we obtain the RM(T=O,H) and
we may define ARM=RM(T=0,H)-Rm(T,H). The log-log ACKNOWLEDGMENTS
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Anisotropic giant magnetoresistance induced by magnetoannealing
in Fe-Ag granular films

J. G. Na
Korea Institute of Science a2nd Technology, Sungbuk Seoul 136-791, Korea

C. T. Yu, X. G. Zhao, W. Y. Lai, H. L. Luo, and J. G. Zhao
State Key Laboratory of Magnetism, Institute of Physics, CAS, Beijing 100080, China

The effects of magnetoannealing on the giant magnetoresistance (GMR) in FeAg 10,-. granular
films (X= 15, 26, 29, 33, 37, and 60) were investigated. The thin films were annealed in a presence
of magnetic field of 3 kOc at different temperatures of 300, 400, and 500 'C using various annealing
times. It is found that the anisotropic GMR characteristics were developed when Fe-Ag granular
thin films were annealed in the presence of a magnetic field. The anisotropic GMR characteristics
of the thin films were closely related to the magnetic anisotropy developed along the field direction
during magnetoannealing.

I. INTRODUCTION nealed samples in this annealing temperature range. A mag-

A considerable number of studies have been conducted netic field of 3 k~c was applied in an in-plane direction of

on the giant magnetoresistance (GMR) effect in magnetic the films.

multilayers with antiferromagnetic interlayer couplingl"2 and The magnetoresistance was measured by using a con-
magnetic granular films with nonconnecting ferromagnetic ventional four-point configuration on a specimen of 3 mmX8

particles embedded in a paramagnetic matrix,3'4 due to their mm with the magnetic field of 20 kOe perpendicular to cur-

high potential for application for various kinds of sensors, rent within the film plane at room temperature. Two direc-

i.e., a magnetic head for high recording density. Among these tions, i.e., parallel and perpendicular to the magnetic field

materials, the magnetic granular thin films are investigated direction of annealing were measured to compare the mag-

by many researchers because they can be easily fabricated netic annealing effect of the thin films.

over large areas using usual thin film processes. Most of the An x-ray diffractometer and a vibrating sample magne-

work, however, is confined to the isotropic GMR in a micro- tometer were used to analyze the microstructure and mag-

scopic point of view. netic properties of the films, respectively. A scanning elec-
yit has been well known that the anisotropic tron microscope was used to analyze the composition of theTraditionally ihabenwlknwthttensorpc thin films,

properties of magnetic materials are used to maximize the

required magnetic properties and magnetoannealing is one of
the most convenient methods to develop the magnetic anisot- Ill. RESULTS AND DISCUSSION
ropy in magnetic materials. Figure 1 shows the change of GMR as a function of

In this article, FeAg1 u.- (X= 15, 26, 29, 33, 37, and Fe content in the as-sputtered Ag-Fe granular films. The
60) granular thin films were deposited on slide glasses (Qing GMR reported here is referenced to the maximum re-
Huang Dao Medical Glasses Co., 1.2 mmX26 mmX76 mm) sistivity at zero magnetic field and it is defined as
and annealed in a presence of magnetic field of 3 kOe at Ap/ptlO=(ptr--ptt=,))/pl,,(, where Pit,,O and ptt denote
different temperatures of 300, 400, and 500 'C in a vacuum the resistivity at zero magnetic field and field H,, respectively.
of 5X 10-3 Pa or a high purity nitrogen atmosphere to de- One can see that the GMR value is very sensitively depen-
veiop an anisotropic GMR. The effects of magnetoannealing dent upon the chemical composition of thin films. There is.a
on the GMR and magnetic properties of Fe-Ag granular thin narrow optimum composition range around Fe2NAg 71, and in
films were investigated, both the Fe-poor and Ag-poor regime the GMR decreases

rapidly, which is in agreement with the result of Xiao et al.5
II. EXPERIMENTAL PROCEDURES As-sputtered Fe-Ag thin flints were annealed in a pres-

ence of magnetic field of 3 kOe at different temperatures ofAg-Fe granular thin films were prepared by dc magne- 30,4,an 50 Cfrviosinc.Tetutrl

tron sputtering. The target was composed of 6-cm-diam Ag chng (0f aml was Chararized by x-ra ction.

disk (99.9 at. % purity) and iron chips (99.9 at. % purity). change of the samples was characterized by x-ray diffraction.

The composition of the granular thin films was controlled by
adjusting the number of iron chips attached on the Ag disk. TABLE 1. Sputtering conditions for Fc-Ag granular thin films.
Prior to deposition, the target was presputtered at 0.5 Pa for
30 min. The sputter conditions are summarized in Table I. Background pressure 4X 10 " Pa

The magnetic annealing of thin films was carried out at Sputter pressure 0.5 Pa

different temperatures of 300, 400, and 500 'C in a vacuum Sputter gas Ar
of 5X10_1 Pa or a high purity nitrogen (99.99%) Substrate temperature room temperature

Input power 0.1 AX400 V dc
atmosphere. There was no difference in the electrical and Film thickness 0.2 jnm
magnetic properties between vacuum and N 2-atmosphere an-
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FIG. 1. The change of GMR as a function of Fe content in the as-sputtered FIG. 3. GMR curves of easy and hard directions in FepAg71 thin films
Ag-Fe granular films, annealed at 4(X) 'C for 80 min in an N2 atmosphere.

The diffraction patterns of Fe2qAg71 as sputtered and magne- 3 shows the GMR curves of Fe2 qAg7 l annealed at 400 TC for
toannealed at 400 TC for 30 min are shown in Fig. 2. For the 80 min. As can be seen in Fig. 3., the GMR curve of the easy
as-sputtered film, a large peak attributable to (111) plane of direction becomes sharper than that of the hard direction.
Ag is detected, which indicates that a strong (111) preferred The difference in GMR values between these two directions
orientation was developed in the film. With magnetoanneal- is not considerably large although GMR values in easy di-
ing, the peak for (111) plane of Ag becomes sharp and a rection is always larger than those in the hard direction.
small broad peak around 44.3' is observed. The small peak However, there is the considerable difference in OMR values
may be attributed to (200) plane of Ag and (110) plane of Fe between easy and hard direction for the films annealed at
because d20 of Ag and dIIn of Fe are similar. The intensity 500 TC. Figure 4 shows the variation of GMR values of
of the small peak was increased with increasing Fe content of FC2,Ag7 l with annealing time at different temperatures of
thin films, which strongly suggested that the peak include the 400 and 500 'C. It can be seen from Fig. 4 that the GMR
peak of (110) plane of Fe. values of these thin films increase with annealing time, reach

The anisotropic GMR characteristics are developed in the maximum at about 80 and 40 min, respectively, and de-
annealed thin films with respect to the direction of magnetic crease. The difference in GMR values between easy and hard
field during annealing, i.e., parallel (easy) and perpendicular direction is larger in the sample annealed at 500 TC than that
(hard). For the thin films annealed at 300 and 400 °C, the at 400 'C. To understand the cause of this difference between
shape of the GMR curves was significantly different between easy and hard direction, the M-H loop of Fe 2qAg7I annealed
the easy and hard direction of thin films. For Fex.Aggi thin
film annealed at 400 0C for 10 min, we observed that the 0 20 40 60 80 100 120
GMR curve became almost linear in a hard direction. Figure . .

100
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FIG. 4- The variation of GMR values of Fe,,,Ag71 with annealing time
FIG. 2. X-ray diffraction patterns of Fe2 ,Ag71 thin films as-sputtered(A) and at different temperature of 40(0 (N2 atmosphere) and 500( (' (vacuum
magnetoannealed at 400 'C for 30 min in an N2 atmosphere(B). atmosphere).
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sample annealed at 400 'C shown in Fig. 4 can be explained
by small magnetic anisotropy due to low annealing tempera-2 iIture.

BIn this study, the origin of the magnetic anisotropy is not
"5 1 elucidated yet. Further study on this point is suggested.

I I

4 IV. CONCLUSION
He (kOe) It is found that the anisotropic GMR characteristics were

developed when Fe-Ag granular thin films were annealed in
FIG. 5. The M-H loop of Fe29 Ag71 thin film annealed at 500 'C for 40 min a presence of magnetic field. The shape of GMR curves was
in a vacuum atmosphere. different between easy and hard direction when the thin films

were annealed at 300 and 400 *C. But the difference of GMR
values was small. For the thin films annealed at 500 'C, there
was considerable difference in GMR values between easy

at 500 °C for 40 nin was measured and the result is shown in andcharddre wich wa coe relaed with eag-

Fig. 5. The coercivities of easy and hard direction are 210

and 180 Oe, respectively, from Fig. 5. The difference in the netic anisotropy developed along the field direction during

M-H loop shape and coercivity indicates that the magnetic nagnetoannealing.

anisotropy is developed along thL. magnetic field directiondurng nnalig.Therefore, the anisotropic GMR character- M.N. Baibich. 1. M. Brote, A. Fert. F. Nguyen van Dau, E. Pctoff, P.
during annealing. TeEtienne, G. Crcuzet, A. Friederich, and J. Chazeles, Phys. Rev. Lett. 61,
istics of Fe-Ag thin films annealed in the presence of mag- 2472 (1988).
netic field is closely related to the magnetic anisotropy be- 2R. E. Camley, and J. Barnas, Phys. Rev. 63, 664 (1989).
cause except for GMR measuring direction, the other 3A. E. Berkowitz, 1. R. Mitchell, M. J.. Carey, A. P. Young, S. Zhang, F. E.

conditions, e g., sputtering condition, composition, annealing Spada, F. T. Parker, A. Hutten, and G. Thomas, Phys. Rev. Lett. 68, 3745
(1992).

condition of thin films were the same. The small difference 4j. O. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68, 3749 (1992).
in GMR values between easy aad hard direction in the 5G. Xiao, J. 0. Wang, and P. Xiong, Appl. Phys. Lett. 62, 420 (1993).
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Influence of microstructure on magnetoresistence of FeAg granular films
Chengtao Yu, Ye Vang, Yuqing Zhou, Shuxiang Li, Wuyan Lai, and Zhenxi Wang
Institute of Physics, Chinese Academy of Sciences, P.O. Box 603, Beijing 100080, China

The magnetoresistance of FeAg granular films with optimum composition has been systematically
studied as a function of film thickness. It was found that the giant magnetoresistance increases
rapidly with increasing film thickness in the initial stage, and beyond about 500 A the improvements
become limited. The sauration field was also found ,o rise with increasing film thickness.
Transmission electron microscope studies showed that with the increase of film thickness the
microstructure becomes more homogeneous, with smaller grains and fewer structural defects such
as twins. A discussion of the influence of microstructure on magnetoresistance a), J saturation field
is presented.

I. INTRODUCTION mm 2 with magnetic field perpendicular to current but within

The discovery of giant magnetoresistance (GMR) in the film plane. The microstructure of the granular film was

multilayer systems' and subsequently in granular films2 3 has investigated by transmission electron microscope (TEM) and

stimulated worldwide research activities, due to both its fun- its composition was analyLed by energy dispersive analysis.

damental significance and its potential application to mag-
netic sensors. It has genefa'ly been agreed that in both III. RESULTS AND DISCUSSION
multilayer systems and granular films the GMR arises from For FeAg granular film the optimum nominal composi-
spin-dependent scattering occurring either at the surface of or tion showing the largest MR was found to be about 17.5
within the magnetic entity. For granular films, however, there vol % Fe, and in both the Fe-poor and Fe-rich regime the
exists evidence 4 that interface scattering play. a dominant magnetoresistance decreased abruptly, which is consistent
role in magnetoresistance (MR). The GMR is believed to be with the literature. 8 Energy dispersive analysis indicated that
closely related to features of magnetic granules such as size, the nominal optimum composition actually contains 26 at. %
shape, and distribution. So far, much attention has paid to iron, corresponding to a volume fraction of 20% Fe.
this problem both experimentally 5 and theoretically,6.7 but it Figure 1 shows the MR curves for three as-deposited
is still far from completely understood. Concerning the effect Fe26Ag 74 samples with different thicknesses at a temperature
of the feature of magnetic particle, most of the experimental of 1.5 K. The MR reported here is referenced to the maxi-
work has focused on post-deposition annealing, which is be- mum resistivity at zero field and is defined as
lieved to promote grain growth or phase segregation. In sev- Ap/p 11t=o(pff-p 1 t=o)/pt=(), where pn=o and Plt denote
eral candidates suitable for fabricating granular films, Fe and the resistivity at zero field and field H, respectively, and Ap
Ag are virtually immiscible at equilibrium, and thus even for represents the net change in resistivity. As can be seen in Fig.
as-deposited FeAg film, large GMR has been observed8 due 1, the value of MR changes considerably in samples with
to presence of iron precipitated during the material fabricat- different thicknesses. For a sample with a thickness of 120
ing process. Therefore, the deposition process certainly plays A, the MR at 60 kOe is -7.14%, while for sample with
an important role in structure evolution and thus affects the thickness of 1800 A, it reaches - 18%. From Fig. 1, it also
.. MR. should be noticed that with increasing thickness, not only the

hi this article, we adopted the optimum composition of MR but also the saturation field increases. Even in the high-
FeAg, focused on thu influence of film thickness and at- est magnetic field ava'!ablf the MR curves are still far from
tempted to reveal the influence of microstructure on MR.

II. EXPERIMENTS n 12UA
0 0 400A

FeAg granular films were prepared by magnctron sput- * isooA
tering from a composite target onto water cooled glass sub- -5 _

strates at an Ar pressure of 0.5 Pa after a base pressure of A&

better than 4X 10--5 Pa was achieved. The composite target 11 6 00 0
consisted of an Ag disk with small fan-shaped iron chips. 10 0 0 ._0

Composition was adjusted by the number of iron chips -'

placed on the Ag disk. Once the target was mounted, it was -15
cleaned by extensive presputtering. In each batch, eight
samples were produced, and the whole sputtering process 20
was controlled by computer. Aprofilometer was employed to -80-60-40-20 0 20 40 60 80
nmeasure film thickness, and the steps for measurementL were H (Koe)
yielded by removing a strip of scotch tape placed on the
substrate previously. The MR was measured by using a con- FIG. 1. Magnetic field depl:ndence of MIk for as-depositcd Fc2(,Ag74 granu-
ventional four-terminal configuration on a specimen of 2X6 lar films with different thicknesses at temperature t.5 K.
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FIG. 2. MR AplpH=o (top), resistivity p, and the net change in resistivity
Ap (bottom) for Fe26,Ag 74 granular films as a function of film thickness at 1.5 100M
K. Dashed lines are guides to the eye.

complete saturation, especially for thicker samples, and thus,
to some extent, the MR values given here are underesti-
mated.

Shown in Fig. 2 is the thickness dependence of the MR,
from which it can be seen that with increase of film thickness
the MR increases rapidly, and beyond about 500 A, this
change approaches saturation. What is also shown in Fig. 2 is
the thickness dependence of both the zero-field resistivity p,
and the net change in resistivity Ap in a field of 60 kOe. It
demonstrates that both p and Ap drop abruptly with increas- al@ Ilk

ing thickness in the initial stage of deposition, but beyond V---
about 500 A both change moderately. However, it should be
stressed that the drops in p are mote significant then that in FIG. 3. Bright field ('JEM) images and SAD patterns for FeC,2 Ag 74 granular
Ap, and this gives rise to the increasing trend of MR with films with different thickness (a) 120 A, (b) 400 A. and (c) 1800 A.

film thickness. It is generally believed that for thinner films
the role of surface scattering becomes significant relative to
scattering occurring within the film, and consequently the It also contains a contribution from crystal orientation. From
resistivity rises. In addition, the existence of mismatch be- Fig. 3, it can be seen that the thicker the film, the smaller the
tween fiha and substrate may result in high stress and struc- grains, and also the more homogeneous the microstructure.
ture defects such as twins, and these also enhance resistivity For the sample of 120 A, the average grain size is on the
prominently. However, to some extent, the deposition pro- order of 500 A and the size distribution has a wide range,
cess can be considered as an in situ annealing. Sputtering for while for the sample of 1800 A, the grain size decreases to
a relatively long time may ease mismatch stress, alleviate the order of 200 A or less and it also shows a tendency
disorder, and also promote precipitation, and as a result the toward homogenization. This probably resulted from phase
resistivity decreases and MR rises. This structure evolution segregation rather than nucleation on structure defects. As a
has been confirmed by TEM. result, this process led to the existence of plenty of fine iron

In Fig. 3 are shown bright-field (TEM) images for three particles, which gave rise to difficulty in saturation as ob-
Fe26Ag 74 samples with different thicknesses, and in the served from the MR curves. Certainly, a great number of Fe
upper-right-hand corners are the corresponding selected-area precipitated particles would also contribute to improvements
diffraction (SAD) patterns. Although energy dispersive of the MR. Besides, it should be noted in the micrograph of
analyses in nanomode indicated that the black areas contain the thinnest sample, which exhibited the maximum resistiv-
considerably less concentration of iron than the white, the ity and the minimum MR, that a number of twins are visible.
contrast does not necessarily imply an elemental difference. They would be expected to cause extra scattering and en-
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hance resistivity. For thicker films, the posibility ot increas- provemennts approach saturation. The maximum value of MR
ing resistivit, caused by small grain boundaries mav be over, observed in as-deposited I~c .,Ag-, is Il`ý- Studies of the
whelmed by eliminating giant twins and other detect,, a% well film% with TIM and SAD demonstrated that the low value.
as lowering the surface scattcring traction. of MR for thinner samples are mainly attributibIc to the

Although there exists evidence fOr the pre'-:ncc of tine existence of a large number ot detects, ,uch as twins, as well
Fe particles. it is difficult to determine the Fc and Ag phases as the increasing effects ot surface scattering, while for
separately by electron or x-ray diffraction because of the thicker samples the increase of both MR and saturation field
overlbp between Fe and Ag spectral lines, and in particular can be explained by relief of structural disorder and pror'm-
the line broadening for especially fine grains or particles. All tion of iron precipitation, caused by a relativel; low, time
electron diffraction patterns shown in Fig. 3 can be indexed deposition, which may serve as an in wit annealir,g.
as those lines of fee Ag. but they still show apparent differ-
ences. For the thinnest sample. the spectral rings are charac-
terized by dispersive diffraction spots. which implies the ex- ACKNOWLEDGMENTS
istence of large grains or preferential crystal orientation. For This work was supported by Chinese National Labora-
thicker samples, those rings become complete and also tory of Magnetism arid Sanhuan Corporation.
broaden. It is an indication of the existence of fine grains
with random orientation, promoted by phase segregation.
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IV. CONCLUSION 'J. 0. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lent. 68, 3749 (1992).4 p. Xiong, G. Xiao, J, Q. Wang, J. 0. Xiao, J. S. Jiang, and C. L. Chien,
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sensitive to the film thickness, which, to some extent, deter- 5C. L. Chien, J. Q. Xiao, and J. S. Jiang. J. Appl. Phys. 73, 5309 (1993).

mines the microstructure and reflects the film growth pro- 'M. R. Parker, J. A. Barnard, D. Scale, and A. Waknis, J. Appl. Phys. 73,mine th mirosructre nd eflctsthe ilmgroth ro- 5512 (1993).
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Magnetic properties of FeSi-SiO 2 granular films
Z. S_ Jiang. X. Go. J T i,. H Sang. G Guo. ard Y W Du

S. Y. Zhang
I~ji' urtmniin of /')% %14 %. %att~imme I nnel~ %a%. \'utn,11) J.'IIN J 34 /4141 .1 1 /,iv,I

The terniniagnetic reýonancnc 0 MR)u %pctia and cttcfti itic mv fI lcsi-s( ), erinu1Ilmi 111m1' ha~ c beeni
ine,isuiLed over ;I ide tange ot I-csi %.olunict f ~i."uii (I/. I I lit tuilI A Cle prepalcil i'.tng thle
ionl-beaml sputtering il' hniqute atnd tran1INtli%.iot' clccuron 1micfrtt.-opx , % roied 11.1fthai th CeSIi lo%
grarnuleN .oe emibedded in it mai~ri- ot Sit ), An cuhI'linced -c~tcrc\ iiý (It, ). as high IN1% '9 ( )c 1mi 10011
temlperature. is oibserved. For %()file Saniples. 4 .i' art e sciiia leii oanct 1w;ik% In tile IA1 M H sp ccira.
which inclIude line majorr peak and wcveral I in nt peak%.k I lie ina tot and minti tr pea.ki L Urtcspt md it)
the usual u ni fotir mode anrd Ipin -w~itv rcsp~c cii ci III otu c s peimc,1Ciii . til heltc d w iaral it t
betweenl thle major and Iihe minor peaks, %ht, t~ aComplc\10 tashmon. O ur rcsutlts, arc discussed in
comipariso n w ith somNie t heo retical inodcKI.

1. INTRODUCTION argon %%,it, maintained The sputtering targets wereý mosaic

Granular solids consist oif' nanomecter li/c nictum granules t;.irgets oft FcSi Q7t. 1k - Sh alloy and SiO~ '. Thle trac-
embedded in anl immiscible matrix which may hie insulating tinlae f i,(n thle targets cikii hie changed so that

or etali. Bcaue ftlc uiqe iicrstuclrcof ultratine various samples in tie rimngc of' FcSi volume fractions (f,.)
or mtallc. Bcaue ofthe niqu mirostuctue l~t~veii 1.25and i Are obtained. The composition of the

particles, many interesting and potentially useful properties bten02 n .

have been found in granular systems.' TIhe magnetic behav- sapewisdtrnduigelconmrpobaayi.
iors of metal granules arc very different from that of' the The microstructure of' the samples was examined by

transmission electron microscopy (TEM), electron diffrac-
bulk. In particulat. intrinsic magnetic properties, such ats tion )i, and x-ray diffraction. The magnetic properties of the
saturation magnetization (M,) and anisotropy constail (K) , films were measured by a vibration sample magnetometer
are changed dramatically and greatly enhanced coercivities (VSMI with magnetic fields til to 20) k~c, the external field
are usually observed. Such properties, especially giant coer- wsapidprle otepaeo h im uigtema
civity, show potential for applications, among them, as% novel wsapidprle otepaeo h im uigtema
magnetic recording media)3 surements. The FMR spectra of the samples were recorded

With the development of the technology of film fabrica- using an electron paramagnetic resonance (EPR) spectrom-
tion and the advancement ot structure analytic methods, the eter operating at 9-.97 Gliz. the angle between the applied dc
magnetic properties of granular metal films have been inves- tield and film plane changed from 9f0' to )0'.

tigated intensively.4-l Recently, some studies have also been
carried out in the granular alloy filmns? However, many prop- Ill. RESULTS AND DISCUSSION
erties on the~se films are still unknown and need to be clari- We have prepared samples with various FeSi volume
fled. To further understand the magnetic properties in the fractions ft. The microstructure of the films is composition
important area of ultrafine alloy, we have successfully fahri- dependent, thle typical TEM micrographs are shown in Fig.
.ated FeSi-SiO 2 grnlralyflsuigteinba l(a) for ft,(.45 and Fig. I(b for ftt).7. For smaller value
sputtering technique. In this paper, we will descmeibe the of ft, one can see that fine and roughly spherical FeSi par-
preparation and characterization of the films. Using these ticles are separated by the host material. The particles are of
samples, we have made detailed measurements on their co- the order of a few nm in diameter and have a rather narrow
ercivities and ferromagnetic resonance (FMR) spectra. Our size distribution. While for larger f,,, the fine particles ag-
experimental study shows that an enhanced coercivity, it gregate into large connected granules; this canl be clearly
high as 329 Oe at room temperature, has been achieved in seen in Fig. 1(b).
thle films. Furthermore, we found that in some of our The coercivities (H,.) of the films were measured at
samples, there are several resonance peaks in FMR spectra. room temperature by VSMA with thle external field parallel to
In the following, we should first discuss the experimental the plane of the films. The dependence of H,_ on ft, is shown
setup, then we will present our results and compare them in Fig. 2. One found that H,. first increases as ft increases,
with some existing theories, after reaches a maximum H,.-329 Oe at f,-0.7, H,~ shar-ply

drops as f, further increases. We found that the increase in
II. EXPERIMENTS thle region of H,. at smaller ft corresponds to the situation

where the size of fine particles 'Increases, while the rapid
The granular FeSi-SiO2 films were prepared by the ion- drop of H,. corresponds to the case when these fine particles

beam sputtering technique. The film,, wvere deposited onto form granular networks. This is similar to the obscrvations of
glass substrates which were fixed at the temperature 300) 'C. Xiao eta 1.3 The maximum coercivity of our granular
During deposition, an ambiient pressure of 2X 1() -2 Pa of samples is about 85 times that of sputtered pure FeSi films.
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(a) FI(. 3. The magnetic resonance field as function of FeSi volume fractions

f, for the applied de field parallel to the film plane.

i •tIn comparison with Fe-SiO 2 granular solids, our maximum
a H,. is smaller. This is due to the fact that the FeSi alloy has a

lower anisotropy constant than pure iron.
The FMR spectra of the samples were measured over a

.4 wide range of f, at room temperature. Presented in Fig. 3 is
the resonance field (H,I1) obtained for applied dc field H in
the film plane. H,11 decreases monotonically as f, increases
up to 0.6, then changes very little as ft increases to 1. Our
result indicates that the structure of the samples changes as
ft increases. The demagnetizing factor of our samples is
reduced continuously as the fine particles gradually form
uniform FeSi layer.

Figure 4 shows the dependence of the resonance fields
H, on 0 for f, -0.45, with the 0 denoting the angle between

(b) the applied dc field and film plane. When 9 is close to 90°,
there are several resonance peaks in the FMR spectra, which

FIG. I. TEM micrographs of FCSi-SiO 2 granular films (a) f,-0.45 and (b) includes a major peak and four minor peaks. As 0 changes

f,-0.7. from 900 to 0', the positions of both the major and minor

400 -10 - major
0 minor o

C o

S 8 CC
300

"6"

S200 --

too
100 0

0 20 40 60 80 i0O

20 40 60 80 100 0 (degree)

FIG. 4. The dependence of magnetic resonance field on the angic (/between
FIG. 2. Magnetic coercivities measured at 300 K of FcSi-Si0 2 granular the applied dc field and film plane for f,,-0.45. The solid circles and the
films vs FeSi volume fraction f, wiih the external field parallel to the film open circles correspond to the field positions of the major and minor peaks,
plane. respectively.

J. Appl. Phyu., Vol. 76, No. 10, 15 Novernb~t 1994 ,2iany el al. 6491



peaks shift towards low-field side. While the intensity of the have observed a large 11 as high as 329 Oc, The FMR spec-
major peak is almost unchanged, the intensities for the minor tra for perpendicular configuration showed several peaks
peaks become drastically reduced and disappear at the criti- which can be attributed to the usual uniforn, mode and spin-
cal angle 1),.-80'. This behavior suggests that the major peak wave modes. These materials open up a rich perspective for
is the uniform mode and the minor peaks are spin-wavc both fundamental investigations and technological applica-
modes.8 At 0=900. the separations between the first and the tions.
nth peak are about 150, 540, 1220. and 1760 Oc, respec-
tively, The corresponding ratios are 1:3.6:8.1:11.7. The spin- ACKNOWLEDGMENTS
wave resonance (SWR) theoriess 10 predict that this ratio
should be proportional to n2 or n depending on whether This work was supported by Grant 95-6 NMS. Grant

NSFS and NAMCC, SKLM, and Grant JSNSF.
magnetic inhomogeneities are localized near the surface or

distributed in the thickness of the films. Our result is within
these two different cases and closer to the surface inhomo- J.. A A. J. Perenborm. P. Wydcer. and F. Meier. Phys. Rep. 78. 173 (1991).

2' m, cC. Lhien. in Scien'ce and 7'achnology of Nanostructured Magnetic AMa-
geneity model. This results from the fact that although a tertals: Granular Solids, edited by 0. C. ltadjipanayis and (. A. Prinz
nanoscale volume inhomogeneity is characteristic of the (Plenurn. New York, 1991). p. 477.
granular films, there are abundant surfaces in our granular Gang Xiao and C. L,. ('hien, J. Appl. Phys. 63, 4252 (1I88).

"" Y. Kanai and S. ti. ('harap, J. Appl. Phys. 69, 4478 (19t91).samples due to small size of' particles, and magnetic inhomo- 'R. ,. toltz, 1. L.ubitz, and A. S. tdeistein, App). Phys. ..-tt. 56, 043
geneities localized near metal-insulator interfaces may play (i199 1.
an important role. 'A. 'Toukatos. It. Wan, and G. C. iladjipanayis. I. Appl. Plhys. 73. 696b7

In conclusion, we have successfully prepared FeSi-SiO, (1,93).
films with different FeSi volume fractions using the A. (iavrin and C. I.. (hien, J. Appl. Phys. 67, 038 It00199).

granular fm idfh 11. Paisikarski. PrIg. Surf. Sci. 9. 191 (19•7).
ion-beam sputtering technique. Using these samples we have 'A. M. Iurti%, Appl. Phys. Lett. 2, h9 (196a31.
studied ferromagnetic resonance spectra and coercivities. We "F ltfftmlann. Solid State ("onmun. 9. 205 1071).
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Hysteresis of binary clusters
lyo Klik
Department of Physics, National Taiwan University, Taipei, Taiwan

Jyh-Shinn Yang
Division of General Education, National Taiwan Ocean University, Keelung, Taiwan

Ching-Ray Chang
Department of Physics, National Taiwan University, Taipei, Taiwan

A pair of parallel uniaxial particles with dipole-dipole coupling has, for bond angles /3=0 and 7r/2,

up to four locally stable configurations: t", T%, it, and 11. Assuming thermal relaxation via
coherent rotation and a periodic driving field we solve a master equation for the occupation
probabilities of these states and find the coercivity and switching field distribution of the ensemble
of coupled particles. For either value of the bond angle we compare numerical solutions of the
master equation with approximate expressions based on extremal analysis and find good agreement
between the two.

There exists a vast body of literature dedicated to ther- one of the relaxation channels changes and no change in the
mal relaxation effects in bistable systems while thermal re- number of local minima takes place. There exist also three
laxation in systems with more than two metastable minima saddle points, labeled a, h, and c, with energies
has received, to date, but scant attention, a notable exception
being the work of Pfeiffer.' We have recently2 applied his Z•"= I + 3p 2 +h2-T- 2hhn2(p), (4)

master equation approach to an array of interacting, ther-
mally relaxing bistable systems and we were able to demon- •," 2(0 - p 2 + h2 )/h,1(p), (5)
strate thot the relaxation rates within such an array must be
interpreted as rates of transitions between its metastable con- where a= a, b and the upper sign refers to the saddle a. The
figurations. The simplest possible interacting array is formed minimum and saddle point energies define [see Eq. (11) be-
by two identical, magnctostatically coupled uniaxial, particles low] the barrier heights to be overcome by thermal relax-
with individual energies E")=KV sin2 O-MHV cos 01 (K ation). If #3= '/2 then the system has again three critical
is anisotropy constant, V particle volume, M, saturation fields h, I>h,2 >hp,
magnetization, H is external field applied in the z direction,
and 01 is the angle spanned by the magnetization vector and h,, 1(P)=(1 -p)1 1 2(1 - 3p)i 2, (6)

applied field), and coupling Ein,=r" 3 MI.M 2
-3r--'(M1 -r)(M2.r) where r=r(sin#3+cos/3k) is the ra- hn2(p)= -3p. (7)

dius vector joining the two particles and P3 the lond angle.
The total energy is E-=E'1+Et 2t +Ein, and for brevity we h,(p)=( I - 3 p)(1 )l/ 2 (; +3p)- 2. (8)
write •=EIKV and h=HIH, (H,,2K/MA, is the nucle-
ation field of an isolated particle). For bond angles 03=0 and and three saddle points with energies

,6= 7r/2 Chen et al.' found analytic expressions for the ex- ;,(a= 1- 3p'+h2; 2hhp(p), (9)
tremal energies and barrier heights of the system. We briefly
summarize here their findings, write down our set of master Kc=2[h2 +hi2(p)(l -2p)]/h,•2(p). (10)
equations,2 and compute then the major hysteresis loop, co-

ercivity, and switching field distribution as functions of the As previously mentioned, there exist up to three physically
coupling strength p= M2V/(2Kr 3). distinct metastable configurations of the two-particle cluster.

For either value of 03 there exist3 up to four metastable They correspond to local energy minima and we shall define
states schematically represented as "I, IT, and T1 (these two
are equivalent) and 1. Their energies are KI=-c-4h, Ký" t(h,p)=Kiajn(h,p)=fo exp( -KVV" . IT) (11)
K?2 =e, and ; 3=-e+4h, respectively; in these formulas
e=4p if /3=0 and e= -2p if /3= r/2 . For bond angle /8=0 as the rate of thermally activated flux from the metastable

there exist three critical fields h,,| > h, > h,, state i to j passing through the saddle a. Here T is tempera-
ture (kt, = 1), fo is the prefactor (we set 4 f 0 =e 25 Hz) and the

h,, 1(p) = 1+p, (1) reduced barrier heights (K7) •a•)-•
For bond angle /3=0 and applied field IhI < h, 2(p) the

h,(p)=(l+p)(1 -3p)" 2 (1-p)" 2 , (2) relaxation channels open in the two particle system may
a h,

h, 2(p)=(I-3p) " 2 (1-p)/2. (3) schematically be represented as 1-2,-.3 where 1=11,
2=1+11, and 3 11. The probabilities ni (occupation num-

The degree of metastability changes at the nucleation fields bers) that the system finds it;clf in the ith metastable state the
ih,, while, as will be explained, at the critical field lip only satisfy 2 the equations
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, K,2 1n I + K''n 2, (12)
1 21

-2 n (13) (b "

= n- -23 K 2 -2,,32n (14)
h (323 32 3' ,

the degeneracy of the metastable state 2. The stationary state I
of Eqs. (12)-(14) is thermal equilibrium and it is easily ' L_ _ .
shown 2 that in the decoupled limit one recovers the single , \ I

particle result. In applied fields h,,2 -I IhI < ;ij, the local - I
2 P - 1l2

minima 2 do not exist so that I" F' I

- -2K (a) nt+2K (a) n3 (15) ,(15)
and n2-0; a=b if h>0 and a=a if h<0, while a=c at , ,
fields h, < hI < h,,. The relaxation rates Ký7V are continu- , ,
ous across all critical fields h,(p) but equation sets (12)-(14) '7" .... ' 1 .

I ].I . - .! . [ t

and (15) are discontinuous at the nucleation fields t h,(p)
where the levels 2 vanish. In hysteresis calculations it is
therefore necessary to verify that the vanishing intermediate FIG. 1. Bond angle /P=0. Nonequilibrium magnetization m[h(t)] (long

states 2 are empty before the transition fiatn the tristable to dash) and switching field distribution x[h(t)l (solid lines) vs applied field

the bistable regime is made. The coercivity h,. is obviously h(t). Coupling strength p=O (rightmost curve, marked), 0.05, 0.10, 0.15,
bounded by the nucleation field h,, h(. c h, 0(2(1, (1.32 (the highest SFD peak shown here), 0.40. 0.50 and 0.60 (leftmost

curve). For p=O we also show the probability n2[h(t)] (short dash), for all
The case of bond angle 0= w'/2 and applied field IhI < ht, other values of p n 2 -0 at all times. Sweep rate f= 101 Hz.

is described by Eqs. (12)-(14), However, a direct relaxation
channel opens between the stales 1 and 3 if h, -- I hI < h,,2  = -l'nt= -,v3 where we retain only the dominant rate:

and we write2 here 2 K22(a2 if -hp<h<O and r=2K~cý if-hI<h <-hp;

- 2Ka ',ntl+ 13 1 n 2 " 213•Kin 3 , (16) =. a)=(h- h) 2 -+4(2p+h) and (:tc)=2(h+h,,t)2/h.,. At
(a) + (2 coercivity nt=n3=1/2 and the SFD function has,

t¢23 -(K~a) K~b))n 2 12 2,32 f3, approximately,4 a maximum, dxldh lh , = 0,so that

,3=2KI +t K-"2 2-2(K~+ K(;)nj3. (18)

At htI > h • hA2 the system has the two metastable states 1
and 2 and at - h,,, < h - -,h,,_ the states 3 and 2. The
evo lu tion equation s are ý (ad i-Ic d_ _ I t

hi2= mnt 2in b.- - -11

where i= 1 and a=b for h>0 while i=3 and a-a for T)
h<O. In this case h, * h,,2. For either value of/ 8the system :- F,
is monostable in fields Ihi >' h,,..-

Now let the applied field h vary with time as h(t) ..o. . . .

= h,,(p)cos 27rft where f is the field sweep rate. At time -. "
t=O, accordingly, It I and n2 =n 3=,0 in Eqs, (15) and
(19). These are the initial conditions for the differential sys- .J . . .....F...

tems (12)-(15) describing the time evolution of the two par- I I F F

tide cluster at bond angle P8=O and for the systems (12)- 1 I F

(14), (16)-(19) corresponding to 6=7r/2. Their sample f /e/edt / 1b
numerical5 solutions are presented in Figs. 1 and 2 where we 2- ,.-
also introduce the reduced magnetization m ý-2(n - n3) and -. -0.4 -0.2 0.0

switching field distribution (SFD) X = adn/ah. In all cases we
have chosen q=KVIT= 42 so that "ie half lifetime of an FIG. 2. Bond angle 3=ir/2. Nonequilibrium magnetization m[h(t)] (long
isolated particle is about one year. dash), switching field distribution x[h(l)] (solid lines), and the probability

n2[h(t)] (short dash, plotted as --n 2 for clarity) vs applied field h(t). TheAt zero bond angle (Fig. 1) the antiparallel configura- magnetization curves labeled as a (p=O), b (p=0.05), c (p=0.10), d (p

tions 2 are energetically unfavorable and at the chosen tern- =0.15). e (p=0.20), and f (p=0.2 5). For p>O the SFD function has a

perature n2,-0 at all times for p>0.01 (not shown in Fig. 1). minimum at cotrcivity and two flanking peaks which we connect by labeled

The coercivity 6 hj(p,f) is shown in Fig. 3. Since n 2 -O the braces. The cu'.ves n2(h) are unlabeled, the broadest curve corresponds to
p=0.2 5, the narrowest one (with max n2= 1/2) top=0. Note how stable the

system may be treated as having only the two level,; i and 3 antiparallel states 2 become at large coupling strengths. Sweep rate f
approximately described by the evolution equation =101 Hz.
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FIG. 3. The exact reduced coercivity (Ref. 6) h,(p,f) for bond angles 13=0 FIG. 4. The exact reductl coercivity (Rcf. 6) h,(p,f) (f= 10' Hz, solid
and 7r/2. Sweep rates are f= 10- 1 Hz (0), 10-' Hz (0), 101 Hz (.r), and line) compared with the approximate expressions h¶:"l [solution of Shar-
10"1 Hz (A). Note in particular that at small interaction strengths hI'p for rock's formula (Ref. 7) 13= only] and h•l, [solution of Eq. (21) for 0=(0
#-=0 but h,.oc- p2 for #= 7r/2. Also shown are the nucleation fields h,, and and Eq. (22) for 6= •/2]. Appi:ximatc solutions based on . (short dash)
the critical fields h. exist at h,<h, and those based on oc, (long dash) at Ia•>-i:. To empha-

size the matching at h,=h, we extend both solutions, a little into the un-
physical region beyond hp . Also t.hown P;• the (scaled) derivatives

2rfhdh(h,) - 0-(hc)6ii(hc) -- 0, (20) Q;(h(x)) and Q,(hAr)) (same markin.ý. as for coercivity).

o-(h) = (h2 - h2)t1 2. Substituting for A and A we finally

obtain The evolution (master) equations of Sec. 1I are fairly
complicated but we have shown here that at least the coer-

ln(folIrf)-Q,(hc)=ln{cT(h,)[Q'(hc)-h,,/lr&(hI)]}, civity h,(p) may easily be found from the approximate Eqs,
(21) (21) and (22). It is remarkable that for #---7r/2 and small p

where Qa(h,)=qe•,j)(h•) for brevity and Q, ý dQa/ the exact coercivity is a nonlinear function of the coupling
dh. Without the right-hand side this is exactly Sharrock's strength (h,.x- p2) while this result cannot be obtained from
formula7 for coercivity and Fig. 4 shows that both the solu- the approximate Eq. (22) (compare Fig. 4) nor from a mean
tion h("x) of Eq. (21) and the solution h~s) of Sharrock's for- field theory.9 Equations (21) and (22) fail if the hysteresis
mula provide a very good approximation to the exact solu- loop approaches the curve of equilibrium magnetization, i.e..,
tion hj(p). Regarding the SFD function x(h) it was shown 4  at high temperatures or small sweep rates.
that approximately Xmax('h) - Q,(h) so that according to This research was sponsored by the National Science
Fig. 4 the SFD function x(h) should attain the greatest Council of ROC under Grant No, NSC 82-0208-M002-35.
height if h,(p)=hp(p) and this trend is indeed observed in
Fig. 1 and in its counterparts at other sweep rates. 'H. Pfeiffer, Phys. Status Solidi A 120, 233 (1990); 122, 377 (1990).

At bond angle P3= 7r/2 the evolution of the two particle 21. Klik, C. R. Chang, and J. C. Yang (unpublished).

cluster is dominated by the great stability8 of the antiparallel -w, Chen, S. Zhang, and H. N. Bertram, J. Appl. Phys. 71, 5579 (1992).

configurations 2 (see Fig. 2), n2(h,)"- 1 and the SFD func- 41. Klik. C. R. Chang, and H. L. Huang, Phys. Rev. B 47, 8605 (1993). W,

tion has a local minimum flanked by two local maxima. The recall that e21 Hz- 10"' Hz. For experimental measurements of the pre-
factor see D. P. E. Dickson, N. M. K. Reid, C. Hunt, H. D. Williams, M.

two level approximation is obviously not applicable, yet an EI-Hilo, and K. O'Grady, J. Magn. Magn. Mater. 125, 345 (1993).

approximate expression for h,(p) follows from Eqs. (20) and 5W, H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling, Nu-

(12)--(14) supplemented by the auxilliary extremal condi- merical Recipes, FORTRAN Version (Cambridge University Press, Cam-
bridgc, 1990), Sec. 15.6, p. 5 7 2 .

tions nl(hc) = n3(hc) and h2(hc)=O: 6 ur system is initially saturated in positive applied field so that it switches

2K (a2(h ) -K K 3 (h~= 27rtf (h,)[Qa(h, ) + ,Q(hc) at negative coercive fields, but in the plots of Figs. 3 and 4 we apply the
12 hc- 23hc = f h Qconvention that h,(p);&0. Similarly, the solutions h$V) of Eqs. (21) and

(22) arc in fact negative.
-- 2h/o'2(hc)], (22) 7M. P. Sharrock, IEEE Trans. Magn. MAG-26, 193 (1990).

where Q,/q = (h - h,) 2  '4(h p d "We recall that the initial equilibrium susceptibility Xq(t))=8q(1
2i) + 4(h - p) and +e_2q)_ for 9=0butX q(O)=8q(l+e 4 5p)- for 1rr/2.

Qb/q = ( b) = (h + h, ) 2 . The solution h0X) of Eq. (22) is 91. K(ik and C. R. Chang (unpublished data based on Ref. 4); D. C. Jile:-;dwith the exact coercivity h(p) in Fig. 4. An ap- and D. L. Atherton, J. Magn. Magn. Mater. 61.48 (1986). Interactions are
represented by the state dependent mean field h(t)=h(t)+±am(t) where

proximate expression for the SFD peak values m(t) is the instanteneous magnetization and a a small empirical constant;

,Vax(h,+ j1)>X.ax(hc- 8 2), 8i>0, is not known to us. h,ccoe if Ial1.
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Some specific features of fine Fe and Fe-Ni particles
Yu. V. Baldokhin, P. Ya. Kolotyrkin, Yu. I. Petrov, and E. A. Shafranovsky
Institute of Chemical Physics, Russian Academy of Sciences, Kosygin Ulitsa 4, 117977, GSIP- 1,
Moscow V.334, Russia

By comparing results of M6ssbauer spectroscopy and x-ray diffraction investigations of ultrafine Fe
and Fe-Ni porticles, a formerly stated supposition on the existence of two spin states of the fcc phase
in pure iro,, and Fe-Ni alloys has been verified. Some structural peculiarities of particles under study
have been observed also. For the pure bcc-Fe particles with an average diameter of 30 and 50 nm
the existence of two hyperfine fields (Ht=330 kOe, H2=360 kOe) at room temperature has been
found. It is supposed that H 2 in the bcc phase could be considered as a remnant of a high spin state
of the fcc-Fe phase at high temperature. Particles of Fe-Ni(30.3 wt %), Fe-Ni(35 wt %), and
Fe-Ni(52 wt %) alloys with an average diameter rangin•g from 5 to 15 nm were studied also.
Particles of Fe-Ni (30.3 wt %) and Fe-Ni(35 wt %) alloys with diameter of 5-8 nm had the bcc
structure. A mixture of the bcc and fcc phases appeared with an increase of the particle size. At the
same time only the fcc structure remained for the largest particles. The observed size structural
dependences and the existence of the stable bcc phase in small particles can be explained by the
martensite fcc-bcc transition.

I. INTRODUCTION Ill. EXPERIMENTAL RESULTS AND DISCUSSION

This work aims to study Fe and some binary system Analyzing thermodynamic functions as well as results of
peculiarities under transition from bulk to fine particles in electric and magnetic measurements for pure iron and its
order to reveal some of their size-dependent properties and to alloys, Weissi came to the conclusion that a high temperature
understand the nature of these properties of the bulk itself fcc-Fe phase could exist in two spin electron states, one of
more profoundly. Subjects of inquiry are chosen magnetic Fe which was antiferromagnetic (N6el temperature TV= 80 K,
and Fe-Ni fine particles. The change in the crystalline and magnetic moment per atom /t=0.5 AB,•, lattice constant
hyperfine magnetic structure of small particles of Fe and a=3.55±0.01 A), and the other was ferromagnetic (Curie
Fe-Ni alloys enriched with Fe as compared with the bulk temperature T(.= 18(X) K, magnetic moment /z=2.8/An, lat-
have been investigated. It is well known from experimental tice constant a= 3 .64_0.01 A). However, so far no direct
data and the theoretical point of view that some Fe-based proof has existed that the fcc phase in pure iron was possible
alloys with fcc structure show many anomalies of physical in two spin states. In an attempt to clear up this question, we
properties. This variety of anomalies is named Invar anoma- used the capability of small particles obtained by the conden-
lies and the most specific one is a behavior of the thermal sadion of a vapor substance in argon (gas evaporation tech-
expansion. The thermal expansion constant is practically nique), to retain their high temperature state.2 A comparison
equal to zero within a wide temperature range. The nature of of MWssbauer spectra with x-ray diffraction data on thermal
the anomalies in fcc Invars is supposed to be due to (i) the expansion of such Fe particles gave a direct verification of
peculiarities of the electron and magnetic structure, (ii) size- Weiss's hypothesis 3 for the first time.
dependent properties of small particles, (iii) an influence of The M6ssbauer spectra obtained at 300 K for particles
various composition, interatomic distances, a number of with a diameter of about 50 nm are shown in Fig. L,3 Coin-
nearest neighbors, a-y and antiferro-ferromagnetic transfor- puter analysis of the initial powder revealed two spectra with
mations, and high and low spin states. the following hyperfine parameters: (1) an effective magnetic

field on Fe nuclei H1=330 kOe, a fraction of whole spec-
trum area S I=37.8%, electric quadrupole interaction A I=0,

II. SAMPLE PREPARATION an isomer chemical shift 1 =(0 (b is referred to metallic iron
at room temperature), half a width of the first line

The fine particles are produced with the so-called "gas (G/2), =0.55 mm/s (this spectrum corresponds to a slightly
evaporation" technique. The principle of the method lies in disordered bcc-Fe phase); (2) H2=360 kOe, S 2=62.2%,
substance vapor condensation in an inert gas atmosphere S=(0.02 mm/s, 6L2=(. mm/s, (F/2) 2=0.56 mm/s. The su-
which transfers the condensation heat from the arising aero- perposition of these two spectra demonstrated a complex
sol particles to the reaction vessel walls (the solidification magnetic structure of the sample. At the same time x-ray
rate is about 104-105 deg/s). By varying the species and the patterns showed the presence of ',nly a bcc-Fe phase with a
pressure of the inert gas as well as the vessel size, it is lattice constant a =2.866-+_-0.002 A. The M6ssbauer spectrum
possible to alter the average diameter of aerosol particles of the powder was varied essentially by fast quenching to
within a range from one to hundreds of nanometers. The room temperature after heating in argon at T=800 'C for
particles obtained are deposited on the vessel walls and have half an hour [Fig. 1(b)]. The area of such the spectrum with
a rather narrow size distribution (maximum deviation from the H2 component was extended to Sz=82% while the con-
the average value is usually no more than a double value), tent of the bcc-Fe phase with the H, component was reduced
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FIG. 1, MWssbaucr spectra of Fe particles with a diameter of 50 nm: (a) the "
initial powder, (b) the same powder after heating at temperature T=g8W) 'C
for half an hour followed by quenching down to room tcmperature.

down to S1=18%. These results allowed us to suppose that .
the hyperfine magnetic field H 2 in the bct phase could be
considered as a remnant of a high spin state available in the
fcc-Fe phase at high temperature.

It was interesting to ascertain to what degree the pzcu-
liarities of the Mbssbauer spectra for Fe particles are retained C(
in small particles of an Fe-Ni Invar alloy for which a stabi-
lization of the high temperature fec phase in iron is typical.
Preliminary results of studies of Fe-Ni alloy particles have
been published earlier.4

Particles of Fe-Ni(30.3 wt %), Fe-Ni(35 wt %), and Fe-
Ni(52 wt %) alloys with an average diameter ranging from 5
to 15 nm were studied by x-ray diffraction and M6ssbauer -

spectroscopy. Foil and wire alloys were used for preparing / -r"
samples. They were evaporated within a vacuum chamber FIG. 2. Miissbauer spectra of Fe-Ni alloys: (a) Fe-Ni(30.3 wt %) foil; (b)
from W wire placed at the center of a beaker with a diameter Fc-Ni(35 wt %) powder with a mean particle size of 8 nm; (e) the same
of 10 cm. The vacuum chamber was filled with argon up to a powder as a previous one heated at temperature I'=9(0) 'C for half an hour
given pressure ranging from 0.08 to 3.5 Torr and a swift followed by quenching to room temperature.

sample evaporation was made. Metal vapor condensation in
argon (the gas evaporation technique) resulted in ultrafine
deposits on the beaker walls formed from spherical particles Typical MWssbauer spectra for Fe-Ni alloys are shown in
with a narrow size distribution. The following results were Fig. 2. The spectra of particles are quite different from spec-
obtained from the x-ray diffraction measurements. (1) The tra of foils. Parameters for the M6ssbauer spectra of samples
lattice constants for even the smallest particles did not differ arc listed in Table I. The spectrum for the Fe-Ni(30.3 wt %)
from those for a bulk solid. (2) The Fe-Ni(52 wt %) alloy foil displays a broad single line [Fig. 2(a)] while the spectra
retained the fcc structure whatever the particle size. (3) The for Fe-Ni(35 wt %) foil and Fe-Ni(52 wt %) wire could be
Fe-Ni(30.3 wt %) and Fe-Ni(35 wt %) alloys in a bulk solid represented as two 6-line spectra: H11=278 kOe (S1 =44%),
originally have a fcc structure with a small fraction of the H2=238 kOe (S,=56%), and H1=308 kOe (St=50%),
bcc phase, while the particles with a diameter of 5-8 nm H2=313 kOc (S2=50%), respectively. In the cast; of the Fe-
consist of only the bcc phase As the particle size increases Ni(52 wt %) alloy its M6ssbauer spectrum pattern and a
the content of the fcc phase rises while the fraction of the bcc crystalline structure keep under the transition from a bulk
phase is reduced. The bcc-fcc transition is completed entirely solid to particles with the diameter of 7 nm. The Fe-Ni(35
in Fe-Ni(35 wt %) particles with a diameter of about 12 nm wt %) and Fe-Ni(30.3 wt %) alloys behave the other way
though larger Fe-Ni(30.3 wt %) particles with a diameter of around, that is the fcc structure of the bulk solid changes into
15 nm have a conspicuous bcc phase fraction. bcc structure for the particles with a diameter of 5-8 nm.

It should be noted that the observed structural size de- The form of the M6ssbauer spectrum and the crystallo-
pendence and stable existence of the bcc phase in small par- graphic features of the Fe-Ni(30.3% wt %) particles with
ticles of Fe-enhanced alloys run counter to the expected sup- about 15 nm diam, which contain both phases at the 1.3
pression of the martensite fcc-bce transition in such fcc/bcc ratio, do not change after exposing samtples at 77 K
particles. 5  for 2 h.
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TABLE 1. Hyperfine size parameters for Fe-Ni samples at 298 K.' kOe, S2=43%, &,=0.02 mi/s, A2-_0.02 mnims) correspond-
ing to the bce phase for the Fe-Ni(30.3% wt %) particles

d Hen Y E Cl S with a mean diameter of 15 nm (see Table I).
30.3 Ni wt % sample

15 330 - - 43 IV. CONCLUSIONS
- + - 5As in the case of the small particles of both pure iron and

345 - - - 44 Fe-Ni alloy the Mbssbauer spectra have a complex structure
8 318 -- 44 indicating, probably, the essential role of a high temperature

- - - 4 12 Fe fcc modification which can be displayed in two different

345 - - 33 states depending on the size, the particle making conditions,
318 . 33 and the heat treatment.

5 - - + 14 Though it has been recently shown theoretically that the
- - + - 20 ferromagnetic fcc Fe was unstable relative to tetragonal de-

330 - - 37 formation, and hence it could not exist itself,6 nevertheless in
5.5 - - + - 63 the case of pure iron the experimental results3 evidence an

35 Ni wt % sample availability of two spin states in the fcc Fe. As for the Fe-Ni
345 - - - 44 Invar alloy in this case also the above given experimental

8 318 .. .. 44 results indicate the existence, at least, of two spin states in
-- + 12 the fcc phase, So, in accordance with the theory' for the

318 - - - 40 Fe-Ni(30.3 wt %) and Fe-Ni(35 wt %) particles the central
8h - + - - 43 paramagnetic peak in Fig. 2(c) apparently belongs to an an-

- - + 17 tiferromagnetic low spin state of the fcc phase but one of the

d-particle size, nm; Her-hyperfine magnetic field, kOc; )-single line two M6ssbauer spectrum components [Fig. 2(c)] with the
with the isomer shift 6'-0.07 mm/s corresponds to the fcc phase; higher hyperfine field (H 1= 345 kOe) on Fe nuclei, probably,
e--unresolved structure ("sagging wire"); Cl---clusters of Fe"*, Fe3" [see corresponds to the hereditary high spin magnetic structure of
Fig. 2(b)]; S-rclative area of subspectra, %. the fee phase in a crystalline bec structure of small particles.

"hSample after beating at Tý900 'C for 2 h. This last magnetic structure is formed during a particle mak-

ing procedure. At the same time after the powder heat treat-
ment at a temperature of 900 °C followed by a quenching to

The spectrum for Fe-Ni(35 wt %) particles with a mean room temperature it transforms to the low spin state of the
diameter of 8 nm, as shown in Fig. 2(b), could be repre- fcc phase simultaneously with the structural bce-fcc transi-
sented by two 6-line spectra: H1=345 kOe (S1=44%) and tion.
Hz='318 kOe (S2=44%) with a small fraction of Fe3" and
Fe2+ oxides. Practically the same value of Ht and H2 were ACKNOWLEDGMENT
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Magnetoresistance of the magnetically ordered icosahedral quasicrystals
Al-Pd-Mn-B

M. H. Yewondwossen, S. P. Ritcey, Z. J. Yang, and R. A. Dunlap
Department of Physic., Dalhousie University, Halifax, Nova Scotia B3H 3J5, Canada

The transverse magnetoresistance has been measured for the newly discovered magnetically ordered
icosahedral quasicrystals Al7T_,Pdj.9Mnj.5B5 (x=0,2,4,6,8,10). Experiments were conducted at 4.2
K in magnetic fields up to 5.5 T. The results showed a systematic change as a function of boron
concentration. The magnetoresistance for x=0,2,4,6 showed a negative field dependence which
biecame weak with increasing x. The samples with x = 8,10 showed a negative magnetoresistance at
low fields, which became positive for higher applied fields, The minimum in the magnetoresistance
shifted to lower field value with increasing boron content (to about 0.5 T for 10 at. %B). The
analysis of the results has been based on the theory of three-dimensional weak localization, with a
strong influence of spin-orbit scattering. The magnetoresistance is negative for low boron
concentration due to weak spin-orbit scattering, and is positive for high boron concentration due to
strong spin-orbit scattering.

I. INTRODUCTION III. RESULTS AND DISCUSSION

Since the first discovery of quasicrystals in AI-Mn Weak localization (WL) effects are manifested at low
alloysi the influence of the quasiperiodicity on the physical temperature as small quantum perturbations of the classical
properties has been studied extensively. In particular, the ef- Boltzmann conductivity and can provide detailed informa-
feet of the local icosahedral symmetry on the magnetic and tion about the electron scattering processes. The theory of
electronic properties has been of particular interest.2' 3 Quasi- WL has had reasonable success in explaining the anomalous
crystals show magnetic behavior that ranges from diamag- behavior of the transport properties of three-dimensional dis-
netic to ferromagnetic,3 Most quasicrystalline materials have ordered systems.9"10 The magnetoresistance is negative in the
been reported to be either diamagnetic or paramagnetic, case of weak spin-orbit scattering systems, ie,, Ti<rs.. In
while a few have exhibited spin glasslike behavior.3 Weak the case of strong spin-orbit scattering systems the magne-
ferromagnetism has been found in Al-Ce-Fe, 4 Al-Mn-Ge,5  toresistance is positive and 7>'r:..

and AI-Mn-Si,6'7  The magnetoresistance, ApIp 2, due to WL effects is
Recently a new class of Al-Pd-Mn-B quasicrystals with given as a function of the applied magnetic field, B, by the

large magnetization ('-5>X 10-I H m2 kg -) and Curie tem- model of Altshuler et al,1 1 as
peratures around 500 K have been reported.8 The room-
temperature magnetization was found to increase with in- Ap 3ae 2 eB [I

creasing B content in the series of alloys of the composition " h _h /f3[ _2 h 2 B•,.(
A170 _5 Pd15Mnj5 B5 . The magnetization is observed only in
the metastable quasicrystalline phase and is not present in the where

equilibrium crystalline phase. In this work the magnetoresis- h
tance of Al 70U_.Pd,5 Mn111B5 has been investigated at 4.2 K. Bi= (2)
Weak localization theory is used to analyze the result and 87reD'7i'

deduce the inelastic scattering time Ti and spin-orbit scatter-
ing time 7,o. B- Bi + 4()D

and D is the diffusion coefficient and a accounts for uncer-
II. XPERMENTL MEHODStainties in sample geometry. The function f3(X) is the Kawa-
Ill. XPERMENTL MEHODSbata function given by'12

AJ7,_.xPd1 5 Mn15 B3., alloy ingots were prepared from high
purity elements by arc melting followed by melt spinning f(=" 2 n + 112
onto a copper roller with a surface speed of 60 in s-'. Re- 11=0 [
suiting ribbons had cross sections of -25 Am thick by -- 1.5
mm wide. The single phase quasicrystalline nature of the ( 1 1-t/2]
ribbons was confirmed by room temperature x-ray diffraction - 1 + 2 + . (4)

using Cu-K,, radiation on a Siemens D500 scanning diffrac-
tometer. The magnetoresistance was measured at 4.2 K in a The transverse magnetoresistance measured at 4.2 K for the
transverse field up to 5.5 T using a conventional four-point Al-() .•PdsMnj.., (x=0,2,,1,6,8,10) alloys is showin in Fig.
dc technique. The electrical leads were attached to the 1. The magnetoresistance is negative for x_-6 and positive
sample using silver loaded epoxy. for x=8 and 10. Data have been fit to Eq. (1) using standard
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1 00 of applied field. Subsequently the function given in Eq. (1)
does not provide a suitable fit to the experimental data for the

I E 0 0'W •*' ..... alloy of this composition.

IV. CONCLUSIONS
-10 ",The values of the parameters given in Table I as well as

the qualitative behavior of the experimental data as illus-
--200 trated in Fig. 1 demonstrate a crossover from weak spin-orbit

x=8 ,scattering to strong spin-orbit scattering as a function of in-
-300 x=10 creasing boron content in the alloys. This crossover corre-

0 1 2 3 4 5 6 sponds to a transition from 7'i<7,r to ri>;r and a corre-

B(T) sponding loss of phase coherence in the scattering. The
present experimental results have demonstrated that the

FIG. 1. The transverse magnetoresistance measured at 4.2 K for the theory of WL gives at least a semiquantitative description of
Al7ti_ Pdj.sMntsB. (x=0,2,4,6,8,10) alloys. Least-squares fits to Eq. (1) are the magnetoresistance of magnetically ordered
illustrated by the solid and broken lines. A17o-xPdl5 MnlsB. quasicrystals; in particular those which

exhibit strong spin-orbit scattering. WL theory gives a poorer
quantitative description of weak and intermediate spin-orbit
scattering. The breakdown of the theory for similar cases in

nonlinear least-squares methods. The slowly converging three-dimensional systems have been reported by other
function fN(x) used by Kawabata12 was replaced by the more authors.15 The increase in the spin-orbit component of the
compact form proposed by Baxter et al. 13  scattering which results from the increase in boron content of

[ +1 -xl_/ 1 .- 2  the alloys may be seen as an increase in the d-band density
f3(x)=2 2 -- V2+-i:I_-ý + of states at the Fermi energy. This is consistent with theX observed increase in the strength of the magnetic coupling in

ý3 + 11-1/21 ( 11-312 these alloys as indicated by an increase in the measurd
++ 2.03+- (5) magnetization.8
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The magnetic and electrical transport properties of amorphous Fe-Zr based alloys with compositions
near 10 at. % Zr with various elements substituted for Fe are of particular interest. In the case of Mn
substitutions the Curie temperature and the average magnetic moment decrease monotonically with
increasing Mn content and the temperature dependence of the magnetization is significantly
modified. The electrical transport properties of amorphous Feg0 -,MnXZrl1 o (for x =0, 4, 8, and 12)
over the temperature range of 4.2-300 K and the magnetoresistance for fields up to 4.0 T at 4.2 K
are reported in the present work. A broad minimum in the resistivity is observed at around 255, 235,
200, and 180 K for the four compositions, respectively. In the case of the x= 8 sample a second
minimum occurs at around 50 K. The magnetoresistance of all samples shows a sharp increase for
small fields and a linear field relationship for fields above about 0.1 T.

I. INTRODUCTION X ray diffraction patterns obtained using Cu Ka radiation

The amorphous FeZr (a-FeZr) alloys with compositions confirmed the amorphous nature of all as-prepared ribbonis.
% form an interesting disordered magnetic The magnetic properties of the alloys were characterized by

near i0 at. % Zr unusual interes, ered magnetic standard ac susceptibility measurements and will be pre-
phase. A variety of unusual properties, e..,elsewhere, Four-point resistivity and ag-
ment, low Curie temperature (TC), a large high field suscep- netoresistance measurements were carried out over the tem-
tibility, etc., have beer. observed in these materials. The re-
placement of Fe with other 3d-transition metals (TM) can to re rang of 4- Keiniedf
introduce significant changes in the magnetic properties. In
particular Mn substitutions' have the following effects on
a-FeZr: (1) a monotonic decrease in T, with increasing Mn Ill. RESULTS AND DISCUSSION
content, (2) a large high field susceptibility for alloys with up
to at least 10 at. % Mn, and (3) re-entrant behavior of the The temperature dependence of the reduced electrical[ ii~itial susceptibility for samples with Mn content up to at resistivity, p(T)/p(300 K) for the a-Fe9m_.Mn5 ZrI[) samples
le sst 10 at. %. is illustrated in Fig. 1. The magnetic data (observed Tc) andAeste M0 subst d a s sthe resistivity data (T i,) of this series of alloys is shown inA s tn~e M a substituted alloys show re-entrant m agnetic F g .I s c e r i o it e fg r st a
bet avior over a wide range of compositions, i.e., 0-10 at. %
Mn, these samples are a suitable means for investigating the
detai,, of the magnetic transitions in amorphous 1.01
ferromo.gnets. 2 Few magnetic and electronic transport stud- d

ies have been reported for Mn substituted a-FeZr alloys and
these do ,iot allow for well-defined conclusions concerning 1.00
the inter-re)lationship of magnetism and electronic properties.
In the preseti werk v, e report the results of a detailed inves- x=4

tigation of resistivity and magnetoresistance of 0.99
a-Fe9 0 -1 MnRZ 0 alloys over the temperature range of 4.2- x=l2
300 K. Particui r emphasis is placed on the regions near " 9
magnetic phase transitions with the idea of improving our
understanding of :he effects of magnetic interactions on elec- .

tron scattering mnchanisms. 0.97

II. EXPERIMENTA'L METHODS 0 100 200 300

Amorphous a.'!oys of the composition FegoxMnxZro T[(K)

with x=0, 4, 8. airi 12 were prepared by arc melting high
purity elemental ct mponents followed by quenching from FIG. 1. r(T)/6p(4.2 K)] as a function of temperature for a-Fe,,, ,Mn,Zr 1 0

the melt on to a si: gle Cu roller in an argon atmosphere. with x =0, 4, 8, and 12.
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180 - 0.98
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x (at%)-" 1.010

FIG. 2. Tj,, (0) and Tc (0) as a function of Mn concentration (x) fora-Fe•o_,MnýZrjo, 1,006-V

(1) all samples show a resistivity minimum at a temperature 1.002 -

(Tm in) near Tc,
(2) both Tc and Tmin decrease by about 30% as x increases 0.998

to 12 at. %, 50 100 150 200 250 300
(3) in the case of x=O and x=4 a small ancmaly in the T (K)

resistivity at low temperatures (-20 K) is observed,
(4) a second minimum is observed at low temperatures for 8 FIG. 3, Normalized resistivity, p(T)ilp(70 K)], as a function of temperature

at. % of Mn and a broad minimum is observed in the for a-Fe,5 _,MnZrj0 wiO' (a) x=0 and (b) x=8 for different values of the

case of 12 at, % of Mn alloy. applied magnetic field: 0 T (01); 0,7 T (0); and 4.0 T (0).

These observations suggest that the resistivity minimum
around Tc is closely correlated to the magnetic behavior, seen that the magnitude of the spontaneous resistive anisot-
This is in agreement with the results of studies of pressure ropy decreases with increasing Mn concentration. The tech-
effects on Tc and Tmin in similar alloys.5  nical saturation is achieved at lower applied field values in

Magnetoresistance data provid& information about the the longitudinal mode than in the transverse case and this is
microscopic magnetization and can aid in the understanding an indication that the domain rotation process occurs at
of the relationship between magnetic interactions and elec- lower fields for the longitudinal geometry.
tron scattering mechanisms. Spin disorder scattering and the The present materials are concentrated magnetic alloys
Kondo effect (in the case of dilute magnetic alloys) can ac- and variations in the exchange interaction between localized
count for the differences between the zero field and the in-
field resistivity. This scattering is expected to be sensitive to
magnetic ordering on a distance scale comparable to the +10.0 -5

electron mean free path in the alloys. On the other hand, the
coherent-exchange scattering (CES) model, which is well +7.5
suited to magnetic systems, takes into account the contribu- , , 5 0 0

tion to resistivity from coherent exchange scattering by 0 +5.0 0 100 200 300neighboring ions and predicts that the change in resistivity _C , 1t K), , *

due to magnetic ordering is either positive or negative de- a, +2.5 0S0 7 w, %
pending on whether the interference letween the scattered +2.5 ads

waves is constructive or destructive. 0.0 so*'' " .,

In order to determine the effects of an applied magnetic VV qV,,
field on the resistivity minimum, we have carried out tem- -2.5 goo* * go
perature dependent resistivity measurements in external I
fields of 0.7 and 4.0 T. Figure 3 illustrates that there is a shift 0 1 2 3 4 5
in Tnin as the applied field is increased. It is also evident that 11(T)
the external field suppresses the minimum. Transverse and
longitudinal magnetoresistance measurements were carried FIG. 4. Ap/po=[p(H,T)-p(0OT)l/[p(O,T)l as a function of applied mag-

out in a field of 4.5 T at 4.2 K and the results for samples netic field for x=0 (0,0); x=4 (V,V); x=8 (1,0i); and x=12 (hA).

with x-0, 4, 8, and 12 are shown in Fig. 4. The magnetore- Closed symbols represent the transverse mode and open symbols represent
the longitudinal mode. Inset: magnetoresistance as a function of temperature

sistance increases monotonically with applied field and the for x=0 (closed symbols) and x=8 (open symbols) in an applied field of 0.7
slope is observ,-d to be positive for both geometries. It is also T (0,1-) and 4,0 T (0,0).
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moments at the first nearest-neighbor distance will result in tering. The present results are, therefore, consistent with the

the formation of regions of short range ferromagnetic and CES model and it is suggested that the magnetic and elec-

antiferromagnetic order. The large values of high field sus- tronic transport behavior observed for the series of

ceptibility which have been observed for the present seriesi a-Fe,_.xMnxZrlQ alloys can be explained on the basis of this

have been interpreted in terms of weakly coupled antiferro- model-
magnetic spins and are a prerequisite for the existence of a
Kondo anomaly. However, the longitudinal magnetoresis- B. G. Shen, R. F Xu, J. G, Zhao, and W. S, Zhan, Phys. Rcv. 1 43, 11 005
tance as measured in the present work is positive at all tem- (199t).
peratures (see insert in Fig. 4 for x=O and 8) and this is 'S. N. Kaul, J. Appl. Phys. 61, 451 (1987).
inconsistent with the assumption that Tmain is due to Kondo .1. E. Fish and J. 1. Rhyne, J. Appl. Phys. 61, 454 (1987).

behavior. It is also seen that the magnetoresistance shows a 4v. Srinivas, S. Rarnakrishnan, G. Chand-a and R. A. Dunlap (unpub-

maximum at a temperature near Tc. Similar behavior has -KShrka.
IOYS6 

5 K. Shirakawu, K. Fukarnichi, 1. Kaneko, and 1. Masumnoto, 56. Rep. Res.
also been observed in rare earth-transition metal alloys6 and Inst. Tohoku Univ. A 31, 54 (1983).

has been attributed to the effects of coherent exchange scat- "A. Fort and R. Asornoza, J. Appl. Phys. 50, 1886 (1979).
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Field dependence of nuclear magnetic resonance in molecular beam
epitaxy grown Co(111)/Cu multilayers

T. Thoinson, H. Kubo,a) J. S. Lord, and P. C. Riedi
Department of Physics, University of St. Andrews, St. Andrews, Fife KYJ6 9SS, United Kingdom

M. J. Walker
Department of Physics, University of Leeds, Leeds LS2 9JT, United Kingdom

An initial study of the field dependence Af 59Co nuclear magnetic resonance (NMR) has been
undertaken for two Co/Cu(111) multilayer films grown by molecular beam epitaxy. The multilayer
structure of the films was nominally identical, [Co(15 A)/Cu(7 A)]× 20 , however by growing the
multilayers with similar structures on different buffer layers, Cu(200 A) and Au(10 A), saturation
magnetoresistances AR/R of 4% and 22%, respectively, were obtained. The NMR signal in
ferromagnetic materials arises due to the enhancement effect from the electronic magnetization.
This enhancement effect is therefore a function of the domain structure and any external magnetic
field. By applying a simple model of how the NMR enhancement factor varies with applied field, in
the absence of a domain structure, the anisotropy fields at the interfaces and in the bulk were
determined separately at T=4.2 K. These were then compared with the coercive field obtained from
magnetization measurements. Our results show that at low temperature the anisotropy field at the
interfaces is approximately equal to the coercivity obtained from magnetization measurements (260
Oe), while in the bulk the anisotropy field was found to be -550 Oe for the low magnetoresistance
sample with AR/R =4%, and -1230 Oe for the high magnetoresistance sample with AR/R =22%.

I. INTRODUCTION MBE grown Co/Cu(111) superlattices, Balt is essentially de-
termined by the parent atom and the surrounding nearest-

The technique of spin echo nuclear magnetic resonance neighbor atoms. Thus Bff can be written as
(NMR) using the 59Co nucleus has already provided signifi-
cant str•ctural info rmation on Co/Cu(111) superlattices,- 3 In
particular it has been established that sharp interfaces in mo- B0 f•= asCtf- bZ , (1)
lecular beam epitaty (MBE) grown Co/Cu(111) multilayers
are not incompatible with giant magnetoresistance (GMR). 4  where the first term is due to the parent atom and the second
This article extends the NMR work on these materials by term is due to the nearest neighbors. Work on Co/Cu alloys
considering the field dependence of the NMR at a tempera- and multilayer materials 3

-
5,

6 has shown that the second term
ture of 4.2 K. Investigating the field dependence of the NMR contributes a discrete shift of about - 16 MHz per atom
in ferromagnetic materials allows the change in the enhance- when a nearest-neighbor Co atom is replaced by a Cu atom.
ment factor of the signal intensity to be examined, which can NMR is observable in ferromagnetic materials due to the
then be related to the domain structure and anisotropy fields. enhancement effect.7'8 The amplitude of the rf field experi-

In MBE grown Co/Cu(lll) multilayers the NMR fre- enced by a nucleus has two components: a regular compo-
quency of the nuclei with parent atoms at a plane interface nent due to the applied rf field, and an enhanced component
(nine nearest-neighbor Co atoms and three nearest-neighbor due to the oscillation of the electronic magnetization induced
Cu atoms) is -46 MHz below that of those nuclei in the bulk by the applied rf field. In a domain wall or in a domain
(12 nearest-neighbor Co atoms). This separation allows inde- within a low anisotropy material the enhancement factor is of
pendent investigation of the magnetic environment associ- the order of 77_10 3. Thus the response of the nuclei to an
ated with the interfaces and the bulk. If a magnetic field large applied resonance rf field is largely determined by the elec-
enough to remove the domain structure is applied, the anisot- tronic enhancement factor (rq). In a spin echo experiment the
ropy field can be determined from the field dependence of magnitude of the received echo is also proportional to q.
the NMR signal. Hence the anisotropy field can be deter- The enhancement factor varies according to the situation
mined separately for the interfaces and the bulk. of the electron spin moments responsible for the electronic

magnetization. In the absence of domain walls the strength
of the NMR signal for a particular environment can be re-
lated to the domain enhancement factor rld where ld> 18 by

II. THEORY

The utility of 59Co NMR arises from the fact that th• signal- r"dB Baff (2)
effective field (Beff) experienced by a nucleus depends or. the app+ B i

atomic environment of the parent atom. When applied to
where Beff is the effective field at the nucleus, Bpp is the

')Permanent address: Dept. of Electronics, Fukuoka Institute of Technology, applied field, Bani is the anisotropy field experienced by the
Wajira, Fukuoka, Japan. atoms under consideration.
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FIG. 1. 59Co NMR spectrum for good quality Co/Cu(Ill) multilaycr films (a) samplc No. 66 ARIR =4%, (b) sample No. 56 AR/R =22%.

Thus by measuring the NMR intensity as a function of facility located at the University of Leeds. The films were

field, once a sufficiently large field has been applied to en- grown on GaAs(l1O) substrates with a Ge(500 A)/Co(15 A)
sure that all the domain walls have been swept out, the an- buffer layer, a Cu(200 A) seed layer was used for sample No.
isotropy field can be determined. 66 and an Au(lO A) seed layer for sample No. 56. The

Ill. XPERMENTmultilayer structure consisted of [Co(15 A)Cu(7 A)L, 20 with
a thin Au cap to inhibit oxidation. The progress of the growth

Two samples, Nos. 66 and 56, were produced under was monitored by in situ reflection high energy electron dif-

similai- ultrahigh vacuum conditions by MBE9 at the SERC fraction measurements and these confirmed that they were no
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TABLE 1. Anisotropy fields determined from field dependence of NMR, multilayer was ir a single ' ,main state the data was fitted
coercivity measured on a VSM. NMR measured at 4.2 K and H, at 8 K. over the range of applied field for which the gyromagnetic
Uncertainty in NMR measurements -100 Oc. ratio (y) had the value associated with free Co. The gyro-

Anisotropy field magnetic ratio was determined from the shift in NMR peak
(oe) Coercive frequency as a function of field. This shift was similar for

field both the interface and bulk peaks in a particular sample, and
Sample No. AR/R Bulk Interface (Oe) in the absence of domain structure was close to the free Co

66 40/c 550 340 260 value of y= 10.054 MHz/T.
50 22% 1230 360 260 Table I shows that the interfacial anisotropy field deter-

mined from NMR measurements is, within error, the same
for both samples and is similar to the coercivity. If these data

gross structural differences between the films. However re- are correlated, ihen it implies that magnetization reversal is
cent worklo has confirmed that in these MBE grown materi- nucleated at the interfaces. The anisotropy field measured for
als an increase in the GMR is correlated wiLh less interfacial atoms in a bulk environment is larger than that measured at
roughness. The saturation inagnetoresistance in a field of -6 the interfaces, and shows significant differences between the
T and a temperature of T=4.2 K was AR..R =4% for sample two samples.
No. 66 while for No. 56, AR/R =22%.

The 59Co NMR was measured using a swept frequency, V. CONCLUSIONS
coherently detected spin echo spectrometer." The pulse By examining the high field region of the field depen-
power was adjusted to ensure the maximum response at each dence of the NMR of Co/Cu multilayers, the NMR response
field and frequency. The data collected were corrected for 02 can be fitted to a simple model that allows independent de-
in the usual way. A further correction to allow for the varia- termination of the anisotropy field in the bulk and at the
tion in spin-spin relaxation time, T2, as a function of fre- interfaces. Our results show that an anisotropy field, approxi-
quency was also carried out. The final data therefore gave an mately equal to the coercivity, exists at the interfaces. The
accurate representation of the product of the enhancement ratio of bulk to interface anisotropy was found to be approxi-
effect and the number of nuclei in a particular atomic envi- mately double for the sample exhibiting a stronger GMR
ronment at all frequencies and fields, effect.

The coercivity was measured at T=8 K in a PAR 4500
vibrating sample magnetometer (VSM) fitted with a CF1200 ACKNOWLEDGMENTS
cryostat and a bipolar power supply.
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Dependence of giant magnetoresistance in Co/Cu multilayers on the
thickness of the Co layers

A. M. Shukh,a) D. H. Shin, and H, Hoffmann
lnstitut fuir Angewandte Physik III Universitat Regensbhrg, 93053 Regensburg, Germany.

The dependence of the giant magnetoresistance (GMR) on the thickness of the Co layers in Co/Cu
multilayers was investigated experimentally. The thickness of the Cu layer was held constant at
tca= 19 A, which corresponds to the second maximum of the GMR ratio oscillating dependence on
tcu. The Co layer thickness was varied from 4.8 to 79.0 A. High resolution transmission electron
microscopy showed the existence of the two-dimensional artificial superstructure with defined
periodicity as well as sharp and flat interfaces. From wide angle x-ray diffraction it was concluded
that at Co layer thickness below 40 A the multilayers are polycrystalline with mainly fcc lattice
structure and (111) texture. In the case of thicker Co layers indications of hcp Co could be found.
The GMR ratio reaches a maximum at Co layer thickness about I I A. It was shown that the GMR
in sputtered Co/Cu multilayers is due to spin scattering at the interfaces and resistance is strongly
influenced by interface scattering.

I. INTRODUCTION istence of a two-dimensional artificial superstructure with de-
fined periodicity, as well as sharp and flat interfaces.Considerable attention is paid in the literature to the gi- The magnetoresistance of the multilayers was investi-

ant magnetoresistance (GMR) effect observed in multilayers gated at room temperature by a tour-point method. The elc-

composed of alternating metal and ferromagnetic layers of trical current was oriented in phne of the multilayers. The

special thicknesses. Since the discovery of GMR in Fe/Cr external magnetic field was applied in plane perpendicular to

multilayers,' the effect has been observed in a variety of the current. The m agnetoresistance ratio aR/R.p is defined by

multilayer systems. At present the Co/Cu multilayers seem to th R c TR e -uag weres ist a maxim valuef th
be f te geaestintres bcaue o th lrgeGMRandof AR/R, = (R,,,- R,)/R,, where R,, is a maximum value of the

be of the greatest interest because of the large GMR and o resistance, and R, is resistance of multilayer at magnetic
its weak temperature dependence. 2 4 Because of these prop- saturation in the applied magnetic field, Tite magnetization
erties this system could be a candidate for an application, loops of the samples were taken by a vibrating sample mag-

The dependence of the GMR in Co/Cu multilayers on netometer at room temperature. The structure of the multi-
the thickness of the Cu interlayers is well known from the layers was investigated using x-ray dlitfraction.

previous publications. 2 '3'5 However the influence of the Co

layer thickness on the amount of the GMR has not been Ill. RESULTS AND DISCUSSION
clarified yet. In this article we report about such experiments
and their results. For constant thickiiess of the Co layers (to,,= 10.8 A) the

oscillation of the GMR ratio AR/R, with variation of the Cu
interlayer thickness toýu coincides with the oscillation of the

II. EXPERIMENT saturation field fl,.. In the thickness interval 6.6
A,.,t00.4 ,A we found three maxima for the GMR ratio

The multilayers Fe(100 A)/[Co(tcY)/Cu(tc(u)] 12/Fe(50 A) ARIR, and the saturation field !-,. at tC,, equal to 9, 19, and
were deposited onto glass substrates (diameter 10 mm) at 30 A. respectively. Our results are in good agreement with
room temperature. The base pressure before the deposition the results of other authors.' 3 5 The maximum of the GMR
was below 8X 10-8 Torr and the Ar pressure during sputter- ratio (ranging up to AR/R.,=36% at room temperature) was
ing was kept 6.0 inTorr. The glass substrates were chemically always observed for the multilayers with the interlayer thick-
cleaned and plasma etched just before the deposition. ness t(,,-9 A. Regarding the thickness of the Cu layer the

An Fe buffer layer with the thickness tr,,= 100 A and Fe oscillation period is about 1(1 A.
protective layer at tFe= 5

() A were dc magnetron sputtered, In this article the dependence of the GMR on the thick-
while the Co/Cu multilayers were deposited by rf sputtering. ness of the Co layers t(,, at constant thickness of the Cu
By experience, Co/Cu multilayers with the Fe buffer layer interlayers tCu should be investigated. A thickness , 19 A
usually exhibit a much larger GMR ratio4't'o7 than systems (second maximum of the GMR ratio dependence on t(.,,) has
without an Fe buffer, especially in the case of Cu layer thick- been selected. By experience, at this thickness the experi-
ness below 10 A. The deposition rates were between 1.8 and ments showed good reproducibility. Typical magnetoresis-
3,0 A•s, calibrated by x-ray fluorescence measurements. The tance loops for three samples with various thicknesses of the
thicknesses tc, tc, and t,. were determined from the cali- Co layers t.,, arc given in Fig. I for t(.,,=4.8, 18, and 79/ ,
brated deposition rates and sputtering time as well as respectively.
multilayer cross-sectional investigations by transmission Figure 2 shows the wide angle x-ray diffraction patterns
electron microscopy (TEM). The multilayers showed the ex- of Co/Cu multilayers with various Co layer thicknesses. At

t¢,,<40 A •nultilayers are fee with predominantly (I 1) tex-
"aPresent address: Sainsung Advanced Institute ofTechnology, P.V. Box 111, ture. The same was founid in Co/C'u nIultilayers grown by

Suwon 440)-600, Korea. molecular beam epitaxy.` With increasing t•., all peaks shift
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FIG. 1. Transverse magnetoresistance vs in-plane field for three multilayers layer thickness for Fc(t(X) A)6Co(i-yCu(I9 A)],,VFc(50 A) multilayers.
of the form Fc(100 A )Co(tc.)/Cu(19 A)] 2a/Fe(50 A) for Co layer thick-
nesses 4.8, 18, and 79 A at room temperature.

thickness of the Co layers. The GMR ratio ARIR, depends

toward the higher 20 values (smaller value of the lattice, on AR as well as on R1. Due to the film structure both values

peculiar to the Co layers). The intensities of (111), (200), and depend on different ways on the thickness to,, of the Co

other fcc peaks decrease but the intensity of a left-side sat- layers. This needs to separate AR and R., for the discussion.

ellite peak of (111) increases with tco increase. This peak The change of the resistance AR of the multilayers is

approximately corresponds to (100) peak of hcp Co. The given by the difference of the resistance of the multilayer

presence of the hcp phase in sputtered Co/Cu multilayers at system at antiparallel and parallel alisnment- :f *he magne-

tco=30 A was observed by rnuclear magnetic resonance spin- tization of the adjacent ferromagnetic Co layers, This differ-

echo investigation. 9 ence AR = Ri, - R, should be solely caused by the difference

The dependences of the GMR ratio AR/R, and the total of the spin scattering due to the orientation of the magneti-

resistance of the multilayers at magnetic saturation R, on the zation, Figure 4 shows the dependence of AR on the recip-

thickness of the Co layers are given in Fig. 3. As can be seen rocal thickness 1/ta, of the Co layers. From the straight line

from Fig. 3 the GMR ratio reaches a maximum for all thicknesses above tc,>10 A it has to concluded that

(AR/R,=25%) at tcoll A and decreases with increasing the observed GMR is due to interface spin scattering. This
finding agrees with former results.") The decrease of AR at
layer thickness tco<10 A (I/tC,>0.1l/A) will be discussed
below.

Icountal. -The dependence of the resistance R, of the multilayer at
1400 magnetic saturation on the thickness t 0,, of the single Co

layers is given in Fig. 3. Magnetic saturation means that the
magnetic moment of all single layer Co films are parallel

1200 aligned, due to the applied external magnetic field. In this
case we do not need to separate the spin-dependent part of

-0- scattering. The application of a model of parallel resistors
allows us to obtain for the total conductance l/R,,

ag .4. BA 0.7-

0.6 ,600 1,A..

10.0.A
0.5- A

400 1E.4 A'

cc 0.3- .

200 0.2- ,l,
A

00 0.5 0.1 0.15 0.2 0.25

2Inverse 
C( Layer Thickness, 1/t.[1/Al

FIG. 2. Wide angle x-ray diffraction patterns of Co/Cu multilayers with FIG. 4. Magnetoresistance change AR as a function of inverse Co layer

various thickness of Co layers (Cu K,, radiation). thickness for the multilayers F-e 100( A)/Co(i..,,)/Cu(19 A)]12 Fe(50 A).

6508 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Shukh, Shin, and Hoffmann



-- + +~+NI + -()
R_ RiFC buffer + . prot 1 C ~o 1.25-

Co/uheriod ofe the RutlyradR~adR, r ei-
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and Fe protection layers, respectively, N is the number of the S
Co/C peiodsof he ultiayes, ad Ru ad Rc, ae reis- -;z0.75-

tances of the single Cu and Co layers, respectively.
Since in the present experiments the thicknesses of the ~0. 5

Fe buffer layer, of the Fe protection layer, of the Cu layers, 02

and the number of periods were constant it is assumed in a 021

fis0prxmto 100 2000 3000 4000 5000 6000 7000

1IR,=A +N/Rc,, (2) ký,2 [A21

with a constant value FIG. 5. Inverse resistance I/R, tit magnetic saturation vs squarte thickness of
Co layer for Fc(lt)O A)4Co(r(.,,)/Cu( 19 A)I,/F5 )tutltca

A lIR Fe buffer) +( 1/R Fe prot)±+(NIR cu). (3) ý/eA nliaes

This constant value needs a special investigation, which has
been shown in other publications.10 "'1 which leads to a straight line. Deviation at large thickness are

The dependence of the total resistance on the thickness explained since there the approximation 1',,>t', is not
tc. of the Co layers has to be discussed on the taickness longer valid.
dependence of the resistivity of the films, including surface At small thickness tc 0,<25 A of the Co layer one has to
scattering and the fluctuation of the film thickness. These take care of the layer roughness, which on mesoscopie scale
discussions have been given in the past."1 For a very first leads to fluctuation of the layer thickness and increases the
approach it is assumed that the Co layers are continuous and resistance. This effect is not included in the foregoing con-
of constant thickness, (The lower thicknesses will be dis- siderations. The systemn then is described by Co, islands in a
cussed below,) In this case the resistance Rcu of a single Co Cu matrix, which can be seen from Fig. 2.
layer depends on its thickness tcu and is given by

Rc0 = pCoLcolwCotco. (4) ACKNOWLEDGMENTS
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Vertical inhomogene ty of the magnetization reversal in
antiferromagnetically coupled Co/Cu multilayers at the first maximum

R. Mattheis, W. Andrg, L. Fritzsch, J. Langer, and S. Schmidt
Institut fir Physikalische Hochtechnologie Jena, PF 100 239, D-07702 Jena, Germany

Magnetization behavior in antiferromagnetically (AFM) coupled multilayer systems was calculated
by using an atomic layer model. Comparisons with the experimental results obtained on sputtered
Co/Cu multilayers reveal remarkable differences in the magnetization reversal and in the field
dependence of the magnetoresistance. Kerr loops measured from both sides of the stack display
strong vertical differences. At the lower side near the Fe seed layer the magnetization reversal is in
good agreement with that of our calculations whereas near the surface in large portions of the stack
the AFM coupling is destroyed or varied. These effects are presumably caused by magnetic short
circuits at defects in the multilayer structure. Cross-section transmission electron microscopy
reveals growth defects which seem to be responsible for the deviations from the calculated ideal
behavior.

I. INTRODUCTION inner layers show strong differences only at low fields

Due to their large magnetoresistance (MR) value up to (<0.25 H/H,). Systems with an odd number of Co layers

80% at room temperature,' Co/Cu multilayers are favored possess a nonvanishing residual magnetization at zero field,

candidates for advanced magnetoresistive applications. A stable up to a threshold field Hth (Fig. 2). The value for Hth
large scatter in the amplitude of the MR and also the satura- decreases with increasing number of Co layers. The resulting
tion fiaeld, Hn haseen amiude Deftectsindas the mutiayera- M(H) curves are very similar to those with even number oftio n fi e ld , H , h a s b e e n fo u n d .2- D e fe c ts in th e m u ltila y e r b l y r o i l s h g e h n H t . O r M u v s a e n r
stack causing magnetic short circuits (MSC) seem to be re- bilayers for fields higher than oinat, Our MR curves are nor-
sponsible. A linear correlation between the amplitude of the ealized with respect to the ordinate (at H=0) as well as to
giant magnetoresistance (GMR) and the antiferromagneti- the abscissa (at H=113, The deviation from the parabolic
cally (AFM) coupled part of the stack was found. 4  curve is small for even n (Fig. 2). For odd n it decreases withWe prepared Co/Cu slacks on thermally oxidized Si wa- increasing number n.Wepr e d estails of ther y a ped SIn the case of an Fe buffer the state at the remanence is
fers and glass plates. Details of the preparation aredetermined by the Fe layer independent of the number n.
elsewhere. 5 d Each Co/Cu stack consists of 24 pairs of 1.7 nmCosewhere., and nm Cu with ack 3. nm iss Cof cov g layer.I7me Therefore, the angle dependence resembles that of one of theC o and x nm C u w ith a 3 .4 nm C o cov ering layer. In so m e sy t m wi h u an V b f er a d o d n ( g . 3 . W h i -
samples a 5 nm Fe buffer layer was used. Magneto-optical systems without an Fe buffer and odd n (Fig. 3). With in-investigations were performed using the longitudinal Kerr creasing n the curves become more and more similar to those

without an Fe buffer. In general, a nearly linear behavior of
effect. For transmission electron microscopy a Philips CM the AFM-coupled Co magnetization with increasing field is20 was used.thAF-opeComgeiainwtinraigfeds

obtained with small deviations at low and high fields. A simi-
lar tendency was found for the magnetoresistivity.II. RESULTS AND DISCUSSION

A. Magnetization reversal and GMR calculated for
Ideal multilayers

Calculations of the magnetization reversal were per-
formed using the atomic layer model (ALM)., Both systems, o 120 2
Co/Cu multilayers with and without Fe seed layer, were cal- 2 - 90-
culated assuming constant AFM coupling Ci between all Co " - 60
layers and vanishing in-plane anisotropy. The field depen- 4 30

0
dence of the MR was estimated by using the angle differ- 30 1 -
ences between nearest Co layers and their parallel connection J4 -60up 3 -90
to determine the total resistance. (a)3 0 (b)

< (a)_______ ._120A linear dependence of the magnetization and a para- I I-'-' ' -
bolic dependence of the MR were obtained only for a stack 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75. 1
with two Co layers (n=2) with no Fe buffer. In Fig. I the Hits H/Hs
angle of magnetization of each individual Co layer for sys-
tems with even numbers of Co (4 and 24) layers is shown. FIG. 1. Angle of the magnetization of each individual Co layer vs normal-

The outermost Co layers, with only one neighboring Co izcd field in a tour bilayer (a) and a 24 bilayer (bh stack without an Fe buffer.
The numhers indicated on the cuives refer to the individual Co layer begitn-

layer, react most sensitively and strongly deviate from tile ning from the substrate surface, In (a) the cosine law is shownt as a dotted

cosine law throughout the whole magnetization process, The line, This is the exact solution obtained for n = 2.
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2 0.04 - front side:

L 0.03 .
0.75 375 0.02 dCu=0.8 nm

=4 f0.01 -f Co-Co--- - -- .O- --f--m
0.5-1.0 back side:2 '.01o .l F.e.

S125 ............ ,....- af Co-Co

0 0.25 0.5 0,75 1 -1200 -800 -400 0 400 800 1200
H/Hl. Magnetic field / Oe

FIG. 2, Relative magnetization and normalized MR vs normalized field for
different numbers of Co/Cu bilayers. The MR values were normalized to a FIG, 5. Kerr loops from frontside (solid line) and backside (dotted line) of

value of 2 and 1 for zero field and saturation field I/,, respectively, our Co/Cu system with Fe buffer. Backside means substrate side. The small
Faraday rotation caused by the glass substrate was taken away. It is obvious
that the AFM fraction measured from the backside is larger than that mea-
sured from the frontside. The ferromagnetic fraction detected from the back-
side is due to the Fc buffer,

B. Experimental results

An Fe buffer causes a strong increase in the amplitude of
GMR and also of the saturation field H, (Fig. 4). The mea-

( 6 0 I I sured dependence of R(H) in both systems is different from
1=5 __ () 60 (b) the one calculated in A but nearly the same on glass and

.0- thermally oxidized silicon.
"The magnetization reversal was studied by Kerr loops

e Ht-60- taken from both sides of the multilayers on glass substrates
S2 =4 (information depth =25 nm).7 For a multilayer with an Fe

n 5 -2o- n =Fe buffer (Fig. 5) the Kerr angle rotation resembles the calcu-

- , t - 180. ith Fe lated magnetization curve only at the lower part of the stack

0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 I near the Fe buffer. Due to differences in H, for Fe and Co
HMSH H/Hs (Fig. 5) we estimated that 100% of the lower and 60% of the

upper part are AFM coupled; Bearing in mind the results of

FIG. 3. Angle of the magnetization of each individual Co layer vs normal- our structural investigations, layer defects concentrated in
ized field in a five bilayer stack without Fe buffer (a) and four bilayer stack the upper part may be responsible for the observed behavior.
with Fe buffer (b). In the stack without Fe buffer (a) the magnetization in the The Kerr loops on Co/Cu multilayers without Fe buffers
first and fifth layer as well as in the second and fourth layer is identical. (Fig. 6) show a remarkable proportion of ferromagnetically
Additiona!, in (a) the position of the threshold field is indicated, coupled Co even near the substrate.

Cross-section transmission electron microscopy (XTEM)
on stacks with Fe buffers (Fig. 7) reveals that the interfaces
between Co and Cu get rougher with increasing distance
from the substrate surface. At the arrow the metallic layers
are interrupted and slightly shifted due to a grain boundary.

0.6- 0'5

0,5- with Fe-Buffer 

ft

0.4- d =0.8 nm 0.2 ............ 0 1 d
0.03-"O." 0.01 - dCa=0.8 rnm o'-..... -•oC o

0.20 _fin Co-CoS0.2- I/\ 10 15 .20 .c 0-I back side:

0.1/ Cu - Thickness ba.k fide:

0 no Fe-Buffer af Co-CoT_"h -0.02 .......

-2500 0 2500 5000 7500

Field/Oe -1200 -800 -400 0 400 800 1200
Field/ Oe

FIG, 4. Resistance vs applied field for our Co/Cu system with and without FIG. 6. Kerr loops from frontside (solid line) and backside (dotted line) of
Fe buffer at the first maximum, The inset shows the amplitude of the GIMR our Co/Cu system without Fe buffer. The small Faraday rotation caused by
vs the thickness of the Cu spacer layer. the glass substrate was taken away.
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as is depicted in the marked region in Fig. 7, The two Co
layers are magnetized in antiparallel directions for I1=0 a
great distance from the MSC. Due to the ferromagnetic ex-
change coupling at the MSC the magnetization directions are
locally rotated towards the defect line. Taking into account
the coupling between the two short circuited layers and in-
cluding their nearest Co neighbors, the local magnetization
distribution can be calculated. First estimations yielded a
width of the magnetization distortion in the range of 10-100
nm depending on the coefficient of a AFM coupling.

Ill. CONCLUSIONS

Deviations from the simple cosine law for the calculated
field dependence of the direction of magnetization were
found in all systems with Fe buffer layer and in systems
"without Fe for n>2, These deviations are primarily limited
to the outer layers on both sides. Comparisons between the
calculated and measured magnetization and MR curves dis-

. play remarkable differences. Depth selective Kerr loopsS20 nm show strong indications for vertical inhomogeneities. These
are probably caused by defect regions responsible for the
ferromagnetic part of the magnetic reversal of the upper lay-
ers, XTEM investigations reveal MSCs at grain boundaries

FIG, 7. l)w magnification cross-sectional image of the sy5stem) which could be a possible source for the observed effects.
Si/SiO2/Fe(50 A)/[Co(17 /)/Cut22 A) j2,,/Co(34 A), underfucus, The arrow
indicates it defect induced by a gruai boundary. Co layers appear darker, 01 The use of the Fe buffer layer seems to improve the perfec-
layers lighter. tion of the multilayer structure, at least for the tirst layers of

the stack.

In all other areas the metallic layers exhibit continuous ACKNOWLEDGMENTS
straight lines without defects. The cross sections of multilay- We thank Dr. D, Hesse and Dr. S, Senz of the Max-
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boundaries it is reasonable that these systems contain more
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IETE Trans. Magit. MAG-28, 2602 (1992).
'S. S. . Parkin, R. Hthadra. anud K. R. Roclie, Phys, Rev, lett. 66, 2152
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Magnetic and structural studies of sputtered Co/Cu multilayer films
J. D. Kim, Amanda K. Petford-Long, and J. P. Jakubovics
Department of Materials, University of Oxford, Parks Road, Oxford OXI 3P11, United Kingdom

J. E. Evetts and R. Somekh
Department of Metallurgy and Materials, University of Cambridge, Pembroke Street, Cambridge CB2 3QZ,
United Kingdom

The structure and magnetic properties of sputtered Co/Cu multilayer films with various layer
thicknesses have been studied. X-ray diffractometry and high resolution electron microscopy show
the films to be polycrystalline with a fcc structure and strong [111] texture in the growth direction.
The magnetoresistance (MR) of the films depends critically on Cu layer thickness (tcu), with
maximum values for films with tcu around 1 nm. Large differences in saturating field are seen for
films with tc, and tco differing by a nominal 0.1 nm. The magnetic domain structure, studied using
Lorentz microscopy, shows strong dependence on tcu. High MR-value films showed evidence of
antiphase magnetic domain boundaries. The high MR samples show antiferromagnetic coupling,
with higher saturating fields than seen in the ferromagnetically coupled films.

I. INTRODUCTION (ODM) analysis of the high-resolution electron microscopy
(HREM) negatives was used to determine the crystal struc-

Multilayer films (MLFs) exhibiting giant magnetoresis- ture of individual crystallites.
tance (GMR) are of interest both because of their fundamen- The magnetic domain structure was investigated by Lor-
tal properties and because of their potential development as entz microscopy, using the Foucault mode which reveals the
magnetoresistive read heads and sensors. GMR was first dis- magnetic domains as areas of diffeient intensity. Use of a
covdred i s grown b epitaxy u specially designed objective aperture mechanism 5 enabled
and is attributed to the spin dependent scattering of conduc- high quality Foucault images to be obtained. Hysteresis
tion electrons, arising from the antiferromagnetic (AFM) curves were obtained at room temperature using an alternat-
alignment of the magnetization in adjacent Fe layers across ing gradient force magnetometer (AGFM) at Bangor Univer-
the Cr layers. The interlayer exchange coupling associated sity. An applied magnetic field of up to 3 kOe was used both
with the AFM alignment is oscillatory with increasing non- parallel to and perpendicular to the film plane.
magnetic layer thickness.2 Parkin et al. reported resistance The MR of the Co/Cu MLFs was measured by the four-
changes up to 65% at room temperature, in an applied mag- point probe method with magnetic fields parallel to both the
netic field of 10 kOe, for Co/Cu MLFs,3 and in addition, the film plane and the measuring current at room temperature.
interlayer coupling constant of the Co/Cu MLFs has been The MR ratio was calculated according to
reported to be about 8 times smaller than that of
Fe(001)/Cr(001). 4 These properties make Co/Cu a promising r(H) = (Rli-Rs.t)/R. 1t,
system for magnetic sensors or magnetoresistive read heads where R11 is the resistance in an applied magnetic field H,
to replace conventional inductive read heads. and R,,a, is the resistance under a saturating magnetic field.

In this article, we report the results of a study of the
correlation of the microstructure and magnetic domain struc-
ture of sputtered polycrystalline Co/Cu MLFs with the MR III. RESULTS AND DISCUSSION
and interlayer magnetic coupling. Figure 1 shows (a) small-angle and (b) high-angle x-ray

diffraction (XRD) patterns from two Co/Cu MLFs with
tc,=2.0 nm, and tc,=0.5 and 1.0 nm. The strong low-angle

11. EXPERIMENTAL TECHNIQUES peaks confirm the clear compositional modulation of the
films, and the bilayer thicknesses calculated from the peaks

Co/Cu MLFs were deposited onto native oxide-coated Si using Bragg's law agree well with the nominal values. The
(100) wafers in an UHV dc-magnetron sputtering system at high-angle patterns show a single strong peak between the
the University of Cambridge. A series of 40 period MLFs, bulk Cu and Co fcc 111 peak positions (calibrated against the
with Co layer thickness, tco, of 1.9 and 2.0 nm and tc, Si 200 peak). With increasing Cu layer thickness the peak
between 0.5 and 1.3 nm, were grown under 0.68 Pa of argon. shifts toward lower angles. This shift, combined with the

The crystallographic structure and periodicity of the small peak width, suggests that large areas of the Co/Cu
MLFs were studied using a Philips x-ray diffractometer. The interfaces are coherent. The Co/Cu MLFs have a strong crys-
atomic-scale structure of the films, and the layer thicknesses, tallographic texture, with a predominantly fcc structure and
were determined from cross-sectional transmission electron {111} parallel to the film plane. The difference in peak
microscopy (TEM) specimens using a JEOL 4000 EX heights between curves A and B is due to differences in
HREM. Plan-view specimens were prepared for TEM and specimen area and is therefore not significant.
Lorentz microscopy by chemical or argon ion etching, or by The [111] texture was confirmed by selected area elec-
floating the films off the substrates. Optical diffractogram tron diffraction of both plan-view and cross-sectional speci-
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FIG. 3. Plots of r vs H (in kOc) for (a) (Co2 ,rCy. -n)40) (closed circles),
(b) (Co,., nr/CU.i =m)40 (closed squares), and (c) (Col.9,,, /Cut., nn)44n (open
circles) MLFs, Note the decrease in saturating field for (b) and (c).

..1. I 1 I I I I 2(b) shows part of the same area of film, taken out of focus,32 34 36 aa 40 42 44 (21) 46

to show the layers.
FIG. 1. (a) Low-angle and (b) high-angle XRD patterns from The MR ratio varies greatly for the films, depending on
(Co2.() .hCujt.) ,m)41 (curve A) and (Co2 ai.,/Cu,)s .m),h) (curve B) MLFs. the thickness of the Cu layers, as has been observed by other
Vertical scale is the intensity in arbitrary units. A and B have been displaced authors.6 The (Co 2.0 ,,/CUO,5 nm)40 film shows zero MR,
vertically for clarity. while films with tcu around I nm show saturation MR values

around 15%, as can be seen in Fig. 3. Each curve is the
average of three measurements on each of a number of

mens. ODM analysis of the HREM images show a dominant samples with the same nominal layer thicknesses (circles-
fec structure with a lattice spacing in agreement with the two samples, squares-three samples). The error bars are
high-angle XRD data. A typical HREM image of a cross- only shown for points for which thcy are larger than the
sectional specimen of a (Co2,., ..n/CU to nn.)40 MLF is shown symbols used. The most striking observation is the large de-
in Fig. 2(a). Textured columnar grains growing normal to the crease in saturating field for a change in nominal layer thick-
film plane are visible with a constant crystal structure across ness of 0. 1 nm, resulting in an increase in slope of the r vs H
several layers and coherent Co/Cu interfaces. The columnar
grain size, determined from both the XRD peak widths and
the HREM images, has a value of about 11 nm for the film
shown in Fig. 2. The film quality in all cases is very similar,
as expected since the growth conditions were similar. Figure

"T ii

FIG. 2. (a) 14REM image of cross-sectinnal spefluCnc of (CO2.11 j,/ FIG. 4. Foucault images of magnetic domain structure i-i
Cu1 1 .m),, MLF. Columnar grain boundary is marked. (b) Part of same area (Co 1.9 ..,/Cu1.u 1)•40 MLF showing AFM coupling, (a) and (b). and
shown in (a) taken out of focus to show position of layers. Light contrast Cu t(o2 . ,/Co'.( ,,,)4,, MI.F showing FM coupling (c) and (dW. Easy axis of
layers are arrowed. magnetization in filni plane for both films.

6514 J. Appl. Phys., Vol. 76, No. 10 15 November 1994 Kim et al,



400 domain walls are in different positions in different layers,

a m and to a relatively low degree of ferromagnetic (FM) cou-

300 pling between the Co layers. The geometry of the domain
pattern suggest that domains do not extend through the

200 whole thickness of the MLF. This effect has also been ob-
served in Fe/Cr MLFs.7 The fact that domain contrast is vis-
ible is in agreement with the suggestion that antiphase do-
main boundaries parallel to the substrate are present,8 and

-0.2 -0.1 0.1 02: H explains the fact that r(O) is smaller than the ideal value for

-10 Co/Cu MLFs. In comparison, Figs. 4(c) and 4(d) show a pair
of Foucault images illustrating the typical magnetic domain

-20 structure of a (Co2.0 ,i/CuO.5 nm)40 MLF, which shows a low
MR. The strong magnetic domain contrast and regular do-

.-. main shape sl;•w that the layer coupling is predominantly
FM. Further evidence for the magnetic layer coupling is

-400 given by the shape of the hysteresis loops, as seen in Fig. 5
for films showing high (Col. 9 ,m/Cul., ) and low MR

400- (C02.0 ,,I/(uos.5 nm).

300 IV. CONCLUSIONS

The Co/Cu MLFs show a clear composition modulation
200 and are polycrystalline, with columnar grains extending

10o across several layers. The films have a strong (111) crystal-
lographic texture with all layers showing a predominantly
fcc structure. Coherent interfaces are observed between the

-0.2 -0.1 0.1 0.2 H Co and Cu layers over large areas. The magnetic domain

-10 contrast depends strongly on tc, which determines the state
of magnetic coupling. The samples with tc,,2.0 nm and

-20 tcu-.O nmn show the highest MR, and weak and irregular
magnetic domain contrast. The magnetization measurements

-30 confirm that samples showing negligible MR exhibit FM
coupling.

..- 00

FIG. 5. Hysteresis loops (magnetic moment m in u. emu against field H in ACKNOWLEDGMENTS
kOe) obtained using an AGFM for (a) (Col, nm/Cul1 ,h),o MLF showing Wp. are grateful to the Magnetic Materials Research
AFM coupling, and (b) (Co2.0 m/fCu 0.5 -)4() MLF showing FM coupling. Group at UCNW Bangor for assistance with the magnetic

measurements on the AGFM, and to the SERC, to CAMST
and to the Royal Society (AKPL) for research support.-

curve (a steep slope to this curve is required for films to be

uscd as MR sensors and heads). The differences in r vs H M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen van Dau. F. Petroff, P.
may be related to differences in layer quality. TEM images of Etienne, G. Creuzet, A. Friederich, and J. Chazeles, Phys. Rev, LWtt. 61,
the (Co2.0 nm/CUl. 0 nm)40 films show the layers to be less fiat 2472 (1988).

than those in the tc,,=1.9 mn MLFs with more "faults" in 2S. s. P. Parkin, N. More, and K. P. Roche, Phys. Rev. Ltett. 64, 2304
(1990).the layers. 3S. S. P. Parkin, Z. G. Li, and D. J. Smith, Appl. Phys. Lett. 58, 2710

The value of MR ratio shown by the Co/Cu MLis can (1991).

be determined qualitatively from the type of magnetic do- 4 D. H. Mosca, F. Petroff, A. Fort, P. A. Schroeder, W. P. Pratt, Jr., and R.

main structure observed. Figures 4(a) and 4(b) show the Laloec, J. Magn. Magn. Mater. 94, LI (1991).
5R. C. Doole, A. K. Petford-Long, and J. P. Jakubwvics, Rev. Sci. Instrum.

magnetic domain structure of a (Col.9 nm/Cut., ,m)40 MLF 64, 1038 (1993).

(r=15%) imaged using the Foucault technique. The transi- 'S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Lett. 66, 2152

tion between areas showing bright and dark contrast occurs (1991).
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Epitaxial Co/Cr multilayers, and single-crystal Co thin films etc. have been grown on MgO and
A120 3 substrates with Cr and Mo as buffer layers by molecular beam epitaxy technique. From the
structure and magnetoresistance studies, we have found that the ferromagnetic anisotropy of
resistance (AMR) is strongly influenced by the buffer layer, but with negligible effect due to the
variation of the structure of Co films. The AMR of Co film on Cr buffer layer is quite small (0.1%);
however, the MR of Co/Cr multilayers is almost one order larger than the AMR of Co film on Cr
buffer layer. An enhancement factor of 4 for the MR in Co/Cr multilayers by the interface roughness
has been observed. This suggests that the effect due to the spin dependent scattering at the interfacial
regions of the superlattice is larger than that due to the spin dependent scattering in the
ferromagnetic layers for the MR in the Co/Cr multilayer system.

During the past several years, the magnetoresistance all the growth, by reflection high energy electron diffraction
(MR) behaviors in many metallic multilayers have become (RHEED). The interface roughness and the thickness of the
the subject of considerable interest. Large (or giant) MR was superlattice structures were determined by the x-ray reflec-
first realized in Fe/Cr multilayer system,' and has been re- tivity analyses.
ferred to as GMR. Relatively small MR occurs in the Co/Cr The magnetic properties of all the samples were studied
multilayers. 2 The MR in multilayers results from the spin by using a SQUID magnetometer. The AMR and MR inca-
dependent scattering of the conduction electrons which oc- surements were carried out by the conventional four probe
curs both in the ferromagnetic layers and at the interfacial technique.
regions between the ferromagnetic and nonferromagnetic Before discussing the experimental data of AMR and
layers. It is quite different from the ferromagnetic anisotropy MR in the CoCr system, we have to clarify their definition.
of resistance (AMR) in ferromagnetic systems, which de- The AMR in ferromagnetic films is defined by (R11-RR)1RO,
pends on the direction of the magnetization.3  where R( is the electrical resistance in zero internal magnetic

Epitaxial Co/Cr multilayers as well as single-crystal hep- field, and R11 and Ri are the resistances when the saturated
Co, fcc-Co, and polycrystal Co thin films have been grown) magnetization is parallel and perpendicular to the current,
on both MgO and AI 20 3 substracts with Cr and Mo as buffer respectively.
layers using an Eiko EL- 10A molecular beam epitaxy (MBE) The MR (or GMR) in multilayers is defined as
system with base pressure of -2X10- 1 Torr. Pure elements [RAF-Rs]/Rs, where Rs is the electrical resistance at satu-
(99.99%) of Co, Cr, and Mo were evaporated from three rated high magnetic field, and the spins in Co layers align in
independent e-beam evaporators. During deposition of the the field dire( ion. RAF is the electrical resistance when the
elements, the growth pressure was controlled at below field is removed, the Co layers .1djacent to the Cr layer in-
5X 10-9 Torr, and the deposition rate at -0.1 A/s. To enable between exhibit antiferromagnetic coupling.
the growth of high-quality samples, polished and epitaxial Crystal structures of thin films or multilayers may be
grade MgO and A120 3 substrates were chemically precleaned considerably affected by the choice of buffer layers, sub-
and rinsed in an ultrasonic cleaner. They were then outgassed strates, and their orientations. In this study, we chose
at 900 to 1000 'C for at least 1/2 h under ultra high vacuum MgO(100), A1203 (li02), and A120 3(000l) as substrates, and
in the MBE system. For samples with a Mo (or Co) buffer Cr and Mo as buffer layers to study the variation of AMR for
layer, Mo (or Co) was deposited on thie substrates at 900 (or Co films. In general, for Co grown on MgO(100) substiate
500) 'C. The substrate temperature for all films during without a buffer layer, an epitaxial fcc-Co film with (100)
evaporating was kept between 300 and 350 'C. The crystal- growth plane can be formed for Co thicknesses larger than
lographic structure of the films were examined, throughout about 60 A, but for Co grown on an A120_(0001) substrate
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FIG. 2. The normalized magnetization as a function of magnetic field at
room temperature for (a) Co/AI0O1 , (b) CotMgO, (c) Co/Cr/Mgo, (d) Co/
Mo/MgO, and (c) Co/Cr/Mo/AllO#.

schematically illustrated below each of the RHEED pictures.
Figure 2 shows the normalized magnetization as a func-

(a) tion of the magnetic field at room temperature for 5 thin film
samples (Co/A1203, Co/MgO, Co/Cr/MgO, Co/Mo/MgO,

and Co/Cr/Mo/A1203). Generally speaking, the magnetiza-
tion is saturated after roughly 6 kG for all the samples. Fig-
ure 3 presents the normalized difference of resistance as
function of the magnetic field at room temperature for 5 thin
film samples: (a) polycrystal Co on A1203 (0001), (b) fcc-
Co(t00) on MgO(100), (c) hcp-Co(1100) on Cr(100) which

is on MgO( 100), (d) hcp-Co(1/120) on Mo( 100) which is on

MgO(100), and (e) hcp-Co(1120) on Cr(100) and Mo(100)

which is on All2y(llt 2). One can see that the values of
AMR for both polycrystal- and fcc-Co films without a buffer
layer are roughly equal to 1.3%. However, the AMRs of all
the Co films with either Cr or Mo as a buffer layer are
roughly one order of magnitude smaller than that of Co films
without a huffer layer. Therefore, we conclude that the effect
to the AMR for Co filmss with different structure is negli-

filmsampes: a) olycysta Co n CAIA03(001, (b fe

(b)0( i
FIG. 1i Typical RHEED patterns of (a) hcp-Coh- 12))) planc viewed along
[0001], and (b) fcc-Co(00) plane viewed along [011]. The surfaca w(ith)
solid circles cutting with the unit cell of both hcp( 11211) and fec( Itl) Co are
schematically illustrated below each RI0ED pictuacs. .50

(T

without a buffer layer, a polycrystal Co film was observed. In
addition when we grow a thin buffer layer of Cr(100) about .

20 A on either MgO(1w00) or A1203(1 i02), then both RHEED
and x-ray diffraction (XRD) studies show an hcp-Co struc- tOha0 t 0 0C fa10 lma

ture with (1120) plane parallel to the (100l) surface of Cr. For
example, Fig. I shows the typical RHEED patterns of (a) nei

hcp-o(120)plae viwedalog [001] an (b fc- feld and zero field as a function of moagnetic field at roomn temope rature for
Co(100) plane viewed along [011]. The surfaces with solid (a) polycrystal Co!AI,0 3, (h) fCC-C'o/MgO. (C) hcp-( n/C r/MgO, (d) hcp-Co/
circles cutting with unit cell of hcp(l 120) and fcc(I 00) are Mo/MgOl atd (c) hcp-Co/Cr/Mo/Al,03.
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Momentum Transfer [A-I] FIG. 5. The Normalized resistivity as a function of applied magnetic field at

10 K for (a) (Co/Cr)22/Mo/Al 20., and (b) (Co/Cr)22/Mo/MgO superlattices.
FIG. 4. X-ray reflectivity measurement of the samples (a)
(Co/Cr)2 2/Mo/AI20 3 , and (b) (Co/Cr)22/Mo/MgO. The arrow indicates the
peak due to the period of the superlattice. The oscillation fringes pattern is (Co34 A/Cr4 A)22/Mo 88 V/MgQ. We can readily see that the
due to the interference of the x-ray reflection between the two interfaces of reflectivity intensity drops more rapidly for the sample
Mo buffer layer 'd the interfaces of the total growth thickness, grown on MgO substrate. The reflectivity formula originally

derived by Parratt 4 was used for the calculation of intensity
reflected from a multiple-layer film on a substrate, Interfacial

gible, if it is compared with the variation due to thi addition inhomogeneity due to roughness was included by adding ef-
of buffer layers of Cr and Mo. However, the exact mecha- fective Debye-Waller factors to each of the layers.5 6 From
nism of this reduction in AMR is not clear at present. It is this analysis the interface roughness of the sample grown on
noted that the buffer layers are not thick enough to shunt MgO is roughly 8 times larger than that on A1203.
enough current to explain this reduction. The normalized electricai resistance as a function of ap-

For Co/Cr multilayer samples, we have selected plied field at 10 K for the above two superlattice samples are
MgO(100), and A120 3(1102) as substrates. The thickness of shown in Fig. 5. The MR, i.e., (R-R,)/R,, is roughly about
each layer is varied from 4 to 30 A for Cr, and from 20 to 40 2.72%, and 0.65% for (Co/Cr)22/Mo/MgO and (Co/Cr)22/
A for Co. We chose Cr as the first layer to form the Mo/A1203 , respectively. This tells us that, roughly speaking,
multilayer structures. For samples without a Mo buffer layer, the MR is enhanced by a factor of 4 in the Co/Cr multilayers
we found that the multilayers we made always had polycrys- by the interface roughness. It is suggested that the effect by
tal structure if the thickness of the first Cr layer was less than the spin dependent scattering at the interfacial regions of the
20 A. This result tells us that it is difficult to grow epitaxial superlattice is larger than that due to the spin dependent scat-
Co/Cr multilayers on either MgO or A1203 with Cr thickness tering in the ferromagnetic layers for the magnetoresistance
less than 20 A and Co thickness less than 60 A, Therefore, in the Co/Cr multilayer system.
we selected Mo as a buffer layer (about 100 A) on both MgO We ace grateful for the financial support by the National
and A1203 substrates to study the epitaxial behavior of the Science Council of the ROC under Grant Nos. 82-0212-
Co/Cr multilayer system. From the RHEED and XRD stud- M006-002 (J.C.A.H.), 81-0204-MOOI-537 and 81-0212-
ies, both hcp-Co and bcc-Cr layers were identified for all the MOO1-534 (Y.L.), and 83-0208-MO01-082 (Y.D.Y.).
multilayer samples on either MgO or A1203 substrates. For
the sake of comparison, Cc/Cr multilayer samples with eitherMOor A03as substrate weeeptMalygrw.id yN. Baibich, J. M. Broto, A. Fort, F. Nguyen Van Dau, F. Petroff, P.
MgO orA a e were epitaxially grown side by Etienne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Rev. Lett. 61,
side under the same batch of crystal growth process. Any 2472 (1988).

difference between these two samples should be due to the 2 S. S. P. Parkin, R. Bhadra, arl K. P. Roche, Phys. Rev. Lctt. 64, 2304
different substrate only; e.g., the interface roughness of the (1990).

Sis one of the important factors. For explanation, 3J. Smit, Physica 16, 612 (1951).
multilayers i 4L. G. Parralt, Phys. Rev. 95, 359 (1954).
Fig. 4 shows result of the x-ray reflectivity measurement on 5 P. Crove and L. Nevot, Rev. Phys, Appl. 15, 761 (1980).

two samples: (a) (C03 4 A/Cr4 0)2 2/Mo88 A/A120 3 , and (b) 6 L. Nevot, B. Pardo, and J. Corno, Rev. Phys. Appi. 23, 1675 (1980).
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Giant magnetoresistance peaks in CoNiCu/Cu multilayers grown
by electrodeposition
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Giant magnetoresistance (GMR) of CoNiCu/Cu multilayers grown by electrodeposition was
measured as a function of the copper layer thickness and effects of the order of 14% were obtained,
The copper layer thickness ranged from 0.7 to 3.5 nm. Two peaks in the magnetoresistance were
observed. One was centered at a copper thickness of -1.0 nm and the second was centered at -2.3
nm. Comparison of the field dependence of the magnetoresistance with the field dependence of the
magnetization, as determined by vibrating-sample magnetometer, suggests that the saturation field
for GMR and the magnetization are similar for the larger copper thicknesses, but are strikingly
different near 1.0 nm copper thickness. This observation suggests that the GMR is affected by
different factors depending on the thickness of the copper layer.

I. INTRODUCTION We present GMR and vibrating-sample magnetometer
(VSM) results of studies on CoNiCu/Cu multilayers grown

Since the discovery of giant magnetoresistance (GMR), electrochemically. The AFM and ferromagnetic (FM) cou-
a considerable amount of research has been focused on the pling states were also studied by analysis of: (1) the field
origin of the GMR effect and on understanding oscillatory dependence of GMR and (2) the magnetization curves as a
exchange coupling mec.hanisms. 1-3 In Fe/Cr multilayers, it is function of spacer layer thickness. Finally, our data suggest
generally accepted that spin-dependent scattering causes the that the GMR behavior is affected by interfacial alloying at
GMR effect and is related to interface roughness.1' 4 How- low copper thickness and by strain at large copper layer
ever, recent studies indicated that spin-independent scattering thickness,
at interfaces reduces the GMR. 5 In the Co/Cu or CoNi/Cu
systems, the GMR depends on substrate type, surface rough-
ness and the nature of the underlayers and overlayers. There
have been many reports 6'7 of observations of GMR in sput- Multilayers were electrochemically deposited on a (100)
tered Co/Cu multilayers suggesting strong antiferromagnetic textured electropolished thin copper foil (0.127 mm thick) at
(AFM) coupling. Typically three oscillations of GMR were room temperature. Electrodeposition was performed from a
observed as the spacer thickness varied from 0.6 to 4.0 nm. sulfamate electrolyte containing Co-2 , Ni- , and Cu- ions
In molecular beam epitaxy (MEE) grown Co/Cu in a single cell. The procedure has been described
multilayers,8 the magnetization shows significant hysteresis. previously. 11-13 We used a cathode potential of -1.8 V vs
It also appears that incomplete AFM coupling exists al- saturated calomel electrode (SCE) for NiCo alloy deposition
though the GMR effect is still large. No oscillations are re- and a potential of -0.26 V vs SCE for copper deposition.
ported in some (111) oriented epitaxial Co/Cu multilayers,9 Copper is codeposited with CoNi so that the real composi-
while other textures of Co/Cu, apparently with nearly corn- tion of magnetic layers is about Co64Ni 31Cu5. Finally, the
parable structures and perfection, exhibit different AFM cou- copper substrate was dissolved by chemical etching, and the
pling strength with GMR values that are attributed to the free standing multilayer was glued on glass to facilitate han-
nature of the buffer layers as well as to the texture."' These dling. In this study the CoNiCu layer thickness was held
results suggest that the magnetic properties of Co/Cu are constant and the copper layer thickness was varied.
sensitive to: (1) interface roughness, (2) nature of buffer The composition of the films was measured using x-ray
layer and (3) texture. In none of these early studies was strain fluorescence which confirmed that the cobalt to nickel ratio
explicitly considered. in all the magnetic multilayers was about 2:1. Structure and
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FIG. 2. Magnetorcsistance of lelctrodeposited ECoNiCu(1.5 nm)/Cu(4,5
FIG. 1. A high angle x-ray diffraction pattern of [CoNiCu(2.2 nm)]X25( multilaycrs measurcd at room temperature. The solid and dashcd
MagCu(tcjX400 multilaycrs with a 0 c. of 1.0 nm and in the of 2.3 nm, line show the data for longitudinal and transverse mode, respectively. Note

The vertical displacement is for clarity, that some drift was apparent at high fields for the transverse measurements.

periodicity of the multilayers were characterized by high CoNi/Cu mnultilayersi.S and previous work for MBE grown
angle x-ray diffraction and the MR measurement was per Co/Cu (111) multilayers in which no oscillations were ob-formed by a four point probe technique at room temperature. served and in which the GMR decayed continuously with
Magnetic fields up to 0.8 T were applied in the film plane, increasin oprtikes
both parallel and perpendicular to the current direction. Mag- Frhringvopert thicknesofs. atrn ehnsswr
netization loops were obtained using carried out by a comparison of the GMR with the magneti-
magnetometer at room temperature. zation l-,ops obtained by VSM. The magnetic field depen..

dence of the GMR and of the corresponding magnetization

III. RESULTS are shown for the samples with copper layer thickness of 1.0
nm in Fig. 4(a) and 2.3 nm in Fig. 4(b). The shapes of the

High angle x-ray diffraction patterns from two of the GMR curves observed with thin (-1.0 nm) and thick (-2.0
CoNiCu/Cu multilayers are shown in Fig. 1. The high inten- rim) copper layers [Figs. 4(al) and 4(bl)] differ considerably.
sity (200) Bragg peak suggests a predominant (100) texture For the thinner copper layers, the GMR peak is broad with a
epitaxial to the substrate with some (111) contribution. The small hysteresis suggesting stronger AFM coupling. As can
first order satellites indicate the presence of layers of well be seen in Figs. 4(a2) and 4(b2), the coercivity increases with
defined periodicity. In most samples the second order satel- increasing copper thickness. Magnetization loops of these
lite was too wcak to be observed, The superlattice period A samples were measured at room temperature at fields up to
is calculated from the satellite positions." The observed in- 0.8 T [Figs. 4(a2) and 4(b2)]. As expected, incomplete AFM
crease in the Bragg peak width is believed due to an increase coupling is suggested in Figs, 4(a2) and 4(b2) by the gradu-
in coherence strain. t14

A typical MR curve of a [CoNiCu(1.5 nm)/Cu(4.5 nm)]
X250 multilayer measured at room temperature is shown in 14

Fig. 2. A 10% change resistivity was observed by changing
the applied field from 0 to 0.1 T with a maximum sensitivity
-0.6%/mT in the linear slope region. Both longitudinal and
transverse orientations were measured (Fig. 2). A symmetric
change of almost the same amplitude was observed for both
cases. The large isotropic magnetoresistance in both modes
implies GMR behavior rather than isotropic normal magne-
toresistance, . A

The variation of the maximum change in MR of
[CoNiCu(2.2 nm)/Cu(tcu)] multilayers as a function of cop- -ip_ _ __2- 1
per thickness tcu is shown in Fig, 3. When the GMR satura- 0 I - -

tion field exceeded the maximum 0.8 T available, the satura- 0 0.5 1 1,5 2 2.5 3 3.5

tion value was determined by extrapolation. We observed a t (Cu) (nm)
first GMR peak at a copper thickness of -1.0 nm. Instead of
a second oscillation of lower value, a large increase of GMR FIG. 3. Oscillation of GMR with variation of copper layer thickness, The

is observed at a copper layer thickness greater than 2.0 nm, thickness of the CoNiCu layer is 2.2 nm with 400 pairs of layers for all the
givg risee ato a boadpperake thicneteredath2.3 an This resul, samples. The squares indicate the measured maximum GMR data for ap-
giving rise to a broad peak centered at 2.3 nm. This result plied field up to 0.8 T, and the triangle gives the extrapolated saturation
differs both from the results obtained from sputtered GMR.
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4 2specimens suggest that all the samples are epitaxial with low
12 (b) intensity symmetrical satellites around the [200] Bragg peak

2 •a small copper layer spacings, and well defined and high
intensity but asymmetric satellites at larger copper layer

.-0.5 0 05 I .1 -05 0 00 1 spacings. The width of the Bragg peak increases with copper
Appd Fi.ed (T) App,,d •ield (T) spacer thickness and may be due to increasing coherency

S. .. strains as the copper layer thickness increases.14 Both nickel
W2) (W) and cobalt are magnetostrictive and so are sensitive to strains

0 .0 I therefore, the broadening of the second peak is consistent
*o.a 0, with both a magnetorestrictive effect and to decreasing

AFM/FM coupling strength as the copper thickness and re-

Applied Field IT) Apped Flid IT] sultant coherency strain increases.
The comparison of magnetization data with MR data for

thin copper spacer layers (see Fig. 4) shows that a much
FIG. 4. The magnetic field dependence of GMR and magnetization of higher field is required to saturate the MR suggesting strong
[CoNiCu(2.2 nm)/Cu(tt..)]:X400 multilayers for (a) t(.u= i. nm, (b) t:u=2.3 AFM coupling. The small coercive field required to reverse
nm, All the measurements have been carried out at room temperature and
with the field parallel to the plane of the multilayer except when indicated. the magnetization is consistent with this explanation. At

higher copper layer thickness, good agreement between the
saturation field of MR and the magnetization is obtained,

ally increasing magnetization with increasing applied field as possibly due to weaker AFM coupling. The large coercive
well as by the large remanent magnetization at low fields in field is consistent with decreased coupling for the thick cop-
all the samples. Remanent magnetization of around 70%- per spacer layers,
80% of saturation is consistent with the existence of some
FM coupling between the magnetic layers. However, from
previous work,8s t° L small fraction of AFM coupling (-30% ACKNOWLEDGMENTS
saturation magnetization) can still produce a reasonable
GMR (-40%), which suggests that the AFM coupling may The authors acknowledge the NSF for financial support
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High sensitivity GMR in NiFeCo/Cu multilayers
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Magnetoresistance and magnetic hysteresis in NiFeCo/Cu soft magnetic multilayers with a fixed
number of bilayers (six) and magnetic and spacer layer thickness but varying composition has been
studied. The highest value of the transverse GMR obtained is 6.8% in a saturation field of -40 Oe
at room temperature. Very high sensitivity, around 1%-2%/Oe and unconventional easy-axis
hysteresis and GMR loop shapes have been observed, The analysis of the GMR effects and the
associated hysteretic behavior by using a model that includes biquadratic exchange coupling
suggests that the samples are composed of at least two distinctively different parts.

Much interest has focused, in recent months, on the de- Eight samples with composition of the magnetic layer
velopment of giant magnetoresistive (GMR) thin film mate- varying between Ni6 7Fc17CO21 (sample No. 1) and
rials with high magnetic field sensitivity. High sensitivity Ni44Fe,1 Co4.5 (sample No. 8) were obtained using the split
here means a relatively large percentage change in electrical target geometry, which was comprised of a Ni8 uFe2, 4 in.
resistance per unit applied magnetic field. One recently de- disk covered partially with a Co foil,"' Figure I shows a
scribed approach to high sensitivity'" has been the fabrica- typical low and high angle (insert) XRD spectra for these
tion of quasigranular NiFe/Ag multilayers with sensitivities multilayer structures. LXRD shows the first and second order
approaching 1%/Oe. A major difficulty with this system is Bragg reflections due the chemical modulation of the sample
that these high sensitivities are only achieved after a high- structure in addition to the intermediate reflections, which
temperature (-300 0C) anneal, High sensitivities have also indicates good multilayer structure. The high angle XRD
been demonstrated in spin-valve structures,3 but here again, shows that the films have (111) texture. A single broad dif-
some technical difficulties arc apparent in the realization of fraction peak which is slightly shifted from the fcc-Cu (I11)
effective antiferromagnetic exchange layers. d spacing is observed (the film is 60% Cu by volume frac-

The thin film alloy system discussed in the present paper tion), Small shifts in d spacing away from bulk values are
has been described elsewhere4.5 in terms of its transverse (or common in as-deposited multilayers which are likely to be
hard-axis) GMR characteristics.f' The system in question is strained.
NiFeCo/Cu in a six-bilayer configuration prepared by high Figure 2 shows the easy (EA) and hard-axis (HA) hys-
rate dc magnetron sputtering. Its longitudinal (or easy-axis) teresis loops for four different compositions of the mag;;.iic
GMR effect is characterized by an extremely sharp spin layer. As the Co concentration increases, a canted and/or an-
flop 7'8 transition of high field sensitivity in the range (typi- tiparallel spin alignment starts to develop. This is shown by
cally, for these particular alloys) of 1% to 2%/Oc. A plhenom- the arrows in Fig. 2(b). Also, notice the evolution of the
enological model1 of biquadratic coupling in GMR multilay- "double" hysteresis loop and consequent vanishing of renta-
ers has been used to describe the data. nence as the composition approaches that of sample No. 6

dc magnetron sputtering was used to prepare NiFeCo/Cu and its reappearance with any further increase in the Co con-
niultilayers, using high purity argon (99.99%) gas at a base centration (sampke No. 8). Although the coercivity along the
pressure --3 X 10.-7 Torr. Samples were sputtered at a power HA increases monotonically from sample No. I to No. 8, the
of 100 W and the argon pressure during sputtering was fixed EA coercivity and remanence have a minimum for sample
at 2 mTorr. Corning 7059 glass at ambient temperature was No. 6. The length of the exchange coupled region "cd,"
used as the substrate and a permanent magnet (field -60 Oc) marked in Fig. 2(c) also increases with Co concentration.
was held behind the glass to induce uniaxial anisotropy. A The change in the magnitude of HA and EA GMR and
split target consisting of a 4 in. Ni80 )Feci, disk, partially coy- the length of region "cd" are plotted as a function of the
ered with a Co foil, was used to sputter the magnetic layer, sample position (or composition) in Fig. 3. A representative
and an 8 in. Cu target was used for the spacer layer. The error bar resulting due to the gradient sample composition
thickness of the magnetic and Cu layers was 16 and 23 A, along the x axis and causing an associated error in the GMR
respectively. Sputtering rates were calculated front thickness value is marked on sample No. I (open circle). The length of
measurements of reference films. Multilayer and crystal the region "cd," which is related to the canted and/or anti-
structure were studied using low and high angle x-ray dif- parallel spin alignment in the sample is found to scale with
fraction (XRD). MR measurements were made using a linear the composition of the magnetic layer. Also, as the Co coil-
four-point probe method with the current flowing in the film tent increases (or from sample No. I to No. 8), GMR in-
plane and along the induced easy-axis direction, The most creases until sample No. 6, whereupon any further increase
widely used definition of GMR is as follows: in Co causes a slight decrease in GMR. The sharp spin tran-
AR/R [((iI)-R(H)•,t)]/R(tf ,,,). A vibrating sample mag- sitions [Fig. 2(b,)] observed along the EA direction result in
netometer (VSM) was used for other magnetic characteriza- an extremely high sensitivity. This is shown in Fig. 4, where
tion. the EA GMR for sample No. 5 (NigF`e Co,8/Cu) along with
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FIG. 1. A typical low- and high-angle XRD pattern of NiFcCo/Cu multilayer sample (No. 3). The relative position of the fcc-Ni lI 11), bcc-Fc(l 10),
fec-Co(Ill)), and fcc-Cu(i 11) diffraction peaks are also markcd.

its first derivative or ARIR per unit change in the field is 40-50 Oe and sensitivity of about 0.2%/Oe. The smooth
plotted. To our knowledge, 2%/Oe is the highest sensitivity variation in the MR along the HA indicates uniform magne-
observed in magnetic multilayer or spin valve structures. But tization rotation.
it should be pointed out that such a high sensitivity is only Figure 6 correlates the EA GMR and hysteresis curve
observed along the easy axis of the sample and it also fea- profiles. The fields at which a change in the angle between
tures some hysteresis. Figure 5 compares the EA and HA the adjacent magnetic layers (marked with two arrows) takes
GMR profiles. The HA GMR profile in this figure is typical place is marked by lower case letters o through f on the
of all the compositions studied, with a saturation field of hysteresis loop. The corresponding transitions in the GMR

loop are marked by the respective capital letters. The ob-
served shape of the longitudinal GMR and hysteresis curve

. -- t-A F-EA. can be explained by considering a two phase magnetic sys-
HA H
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-('20
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FIG. 3. Change in the magnitude of GMR along the easy and hard axis, and
FIG. 2. Hysteresis loop profiles alon, .. e easy- ant hard-axis directions for the length of region "cd" (defined in Fig. 2), as a function of the sample
different compositions (mark,- on, each figure) of the magnetic layer. No, (or composition). The solid and dashed lines are drawn to guide the eye.
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FIG. 6. GMR and hysteresis loop profiles for sample No. 6
FIG. 4. EA GMR and sensitiity for sample No. 5, Nis4 Fc15Co 31/Cu six (Ni.31Fci 3Coyi/Cu), measured along the EA.
bilaycrs.

the ratios ttk/"' and H2/H, are -0.5. The scaling phenom-
tern. The total energy per v: "it volume of any one of the enon of the length "rd" [in Fig. 2(c)] with the sample corn-
phases is approximately ,ven 9 by po,-Ition is ascribed to the increase of the ratio HkIHI . The

sharp spin flops from b to c, which consequently causes a

E(,01,02) ( sin 2 01 + sin 2 02) double hysteresis loop, are also predicted by this model. 9

4 However, only one magnetic phase described by Eq. (1) can-

M not explain certain features of the hysteresis and GMR loop
+-+ - cos( 01 - 02) +±U2 cos 2 ( 01 - 02)] shown in Fig. 6, such as the opening of the region o to a and

e to f and the corresponding regions of the GMR loop la-
MH beled by the capital letters. One way of explaining this is to

- 2 [cOs(q1- 01)+cos((I- 02)], (1) consider an independent magnetic phase described also by
Eq. (1) with an independent set of variables Hk, H I, and 112.

where 01 and 02 are the angles between the magnetizations An overlap of two such phases can simulate the hysteresis
and the easy-axes, depending on whether they are in the odd and GMR loops observed in this study.
or even numbered layer, respectively. The angle between the We have shown clearly in as-deposited sputtered
magnetic field and the easy axis is i0, and Hk, H1, and H2  NiFeCo/Cu multilayers a sharp, highly distinctive spin-flop
are the effective uniaxial anisotropy, and first- and second- transition of extremely high GMR sensitivity (>l%/Oe)
order (biquadratic) exchange fields, respectively. Minimiza- along the easy axis. This study has also shown that this
tion of the total energy [Eq. (1)] with respect to 01 and 02 switching mechanism can be controlled by varying the Co
results in a qualitative fit to the obser -I hysteresis and concentration. A direct observation of the domains or mag-
GMR loop shapes. For samples 2 to 8 this is . ;hieved when netization direction at various fields may prove the presence

of the biquadratic coupling and a two phase system as dis-
cussed in the text and predicted by theory.

7 This work has been supported by the National Storage
........ HA .. Industry Consortium-Advanced Technology Project heads di-

-,' '. ".. -vision program funded by the Department of Commerce.
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The element specific magnetic hysteresis curves of Fe/Cu/Co trilayer structures can be used in
conjunction with the measured magnetoresistance curves to extract the coefficient of the giant
magnetoresistance (GMR) independent of magnetic domain effects and incomplete alignment
effects, allowing for a measure of the maximum attainable GMR for that trilayer. Information
concerning the details of the trilayer switching can be extracted showing that sputtered
polycrystalline films of Fe/Cu/Co deposited on Si switch their magnetization directions like
multidomain Ising magnets.

I. INTRODUCTION aligned magnetic film orientation is never achieved. Instead,
during the moment re',zrsal process, before the first ferro-

To understand and optimize trilayer and multilayer - magnetic film has completely switched its magnetic orienta-
tems which exhibit giant magnetoresistance (GMR), an rp- tion (establishing the anti-aligned state), the second magnetic
preciable change of the resistance of the multilayer in re- film has already begun to reverse its moment direction.
sponse to an applied magnetic field, it is important to There have been a large number of comparative studies
separate the intrinsic GMR, the maximum achievable change which have attempted to determine variations of the intrinsic
in the resistance, from extrinsic variations to the measured GMR on material and interface parameters (including mag-
GMR. A clear example of an extrinsic modification to the netic layer and interlayer composition, layer thicknesses, and
magnetoresistance is the dependence of the resistance on mi- film and interface quality). Unfortunately, modifying these
cromagnetic details of the ferromagnetic film reversal, parameters may also dramatically affect the details of the

The giant magnetoresistancefae as function of the applied film reversal process including the degree to which the two
magnetic field, I, is typically defined as' films are not completely anti-aligned. Any comparative stud-

R(H) -R(H.H) ies of the GMR must first correct for, or eliminate these
MR(H) R=(H,) (1) incomplete anti-alignment effects. To this end, we have de-

veloped a method to extract the coefficient of GMR, the

where R(H..) is the film resistance at the saturation field H, maximum achievable GMR, from the nonideal magnetoresis-
(the field where all ferromagnetic layers are fully aligned tance data, provided that the details of the magnetization
with each other). In the absence of anisotropic magnetoresis- reversal process of the two ferromagnetic films is known.
tance, the maximum attainable magnetoresistance for a For simplicity, we will consider only two models for the
simple sandwich structure is understood to be the difference magnetization reversal process-the single domain xy model
between the low resistance state of the sandwich, when the and the multidomain Ising model.
two films are fully aligned (at high field >H,), and the high
resistance state when the two films are fully anti-aligned (at 11. SINGLE DOMAIN xy MODEL
low or zero field). For trilayer (sandwich) structures, an ideal
switching behavior would result in square magnetic hyster- The single domain xy model treats each ferromagnetic
esis loops and GMR curves with abrupt transitions separated film as a single magnetic domain with a constant total mo-
by well defined plateau regions.2 Unfortunately, the majority ment which can point in any direction in the film plane, but
of reported systems display rounded hysteresis loops and must remain in the film plane. The magnetization reversal is
peaks in the GMR curves, 1-3 Since the low resistance therefore accomplished by an in-plane rotation of the mo-
aligned film configuration can be achieved by application of ment direction. Since magnetometry measures the projection
a sufficiently large positive or negative magnetic field, the of the magnetic moment along an analysis direction, typi-
absence of plateaus in the GMR indicate that the fully anti- cally coincident with the applied field direction, the mea-
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Single Domain xy Model Multidomain Ising Model In the simplest view, there are only two domain configu-
rations which contribute to the overall resistivity, when the
current flows between two domains of opposite orientation
or between two domains of aligned orientm'tion. Because

..l4 these two configurations represent two well defined resis-F___m I tance states in parallel with each other, then if the domains
--- are large compared to the mean spin scattering length6 and if

Film 2 w62' we ignore the additional resistivity associated with current
flow between domains within the same magnetic layer

FIG. I. Models for the magnetization reversal. (which would also depend on the distribution of domain
sizes and domain configurations), then the total film resis-
tance is just given by

sured hysteresis loop can be used to determine the angle, 0, RA Rr RARp
that the moment makes with the applied field direction Rp(H) = f ,H fr41/) - RAf,_ RI'fA, (5)

M ly (Hn) = Mo0 cos[ O(H) ],(2) T()1 iI- ~l f
where Rl,(RA) is the resistance of the film in the completely

where MU is the constant magnitude of the film magnetiza- aligned (anti-aligned) configuration and fl,(fA) is the fraction
tion vector. of the film in the aligned (anti-aligned) state. The magnetore-

If independent hysteresis loops of each of the magnetic sistance can be expressed as (noting fl,'+fA = I)
films can be obtained, then a determination of the relative
angles of both films as a function of applied field, and there- MRt(H)-(H) RH = fA

fore the angle between the two magnetic films, can be made Ig R fA + (RA/Rp)fp' (6)

(a schematic of the two films is shown in the left-hand panel where G=(RA-R1,)IRl,. If RA-Rp, (i.e., G is small) then
of Fig. 1). From the relative angles of each film, we can
determine the magnetoresistance, given by4'5  MRIi.,g(H)-GfA = G[fll(H)f(H)+f (H)f'(H)], (7)

2 A O(H) ( 01 (H)- 02(H) where the term in the brackets is the fraction of the two films
2 G sink 2 which are anti-aligned (in the absence of domain correla-

(3) tion).

where G is the coefficient of the GMR and A0 is the angle
between the magnetic moments of the two single domain IV. INDEPENDENT HYSTERESIS LOOPS
films. From the measured hysteresis curves of the two mag- The major difficulty is of course in determining indepen-
netic layers, we can then calculate the form of the magne- dently the hysteresis loops of the two magnetic films. Most
toresistance curve. By comparing this curve with the inca- dntyheysrsilopofhewomgtcfls.Mtsured hysteresis curve, we can cxtrait a value for G, the nmagnetometry techniques determine the total hysteretic be-coefficient of magnetoresistance, which corresponds to the havior of the system. Recently, we have developed a methodmaxffimmchie vable magnetoresistance whito determine element-specific hysteresis loops of heteromag-
maximum achievable magnetoresistance, netic materials. 7 By recording the absorption intensity of cir-

cularly polarized soft x-rays at each transition metal L3 ab-
III. MULTIDOMAIN ISING MODEL sorption edge as a function of applied field, the hysteretic

The multidomain Ising model treats each magnetic film behavior of each magnetic element in a compound or
as if it were composed of many magnetic domains, each multilayer structure can be determined using magnetic circu-
allowed to be oriented along with or opposed to the applied lar dichroism (MCD).8 -12 In this way, the complicated con-
field direction, Now the magnetization reversal is accom- ventional hysteresin; curves can be resolved as a linear com-
plished through the abrupt magnetization reversal of the bination of simple elemental hysteresis curves. In the case of
separate domains. The hysteresis loops, which reflect the net a multilayer system with different magnetic elements in each
moment, are a measure of the fraction of the film pointing ferromagnetic layer, the separate element-specific magnetic
along the applied field hysteresis (ESMH) curves are now equivalent to the hyster-

M,,g(lt)=Mo[f I (H) -f (H)], (4) etic behavior of the individual ferromagnetic layers.
To demonstrate this, an Fe/Cu/Co trilayer structure,

where Mo is the maximum moment and f t (f1) is the fraction known to exhibit a reasonable GMR effect, 13 was sputter
of the film pointing along (opposed to) the field. For two deposited onto a Si(100) surface which was chemically de-
magnetic layers, if the moment direction of domains in the greased prior to the deposition. The multilayer film consists
two films are uncorrelated (i.e., the direction of the moment of 50 A Fe film and a 50 A Co film separated by 50 A of Cu
of a romain in one film is independent of the direction of the and capped with an additional 30 A of Cu to prevent oxida-
moment in a domain of the other film), then the measure- tion. The films were deposited in an argon gas of -3x 10-
ments of the two independent hysteresis loops can be used to Torr at a rate of a few angstroms per second. X-ray absorp-
determine what fraction of the films are aligned and anti- tion spectroscopy measurements showed that no oxidation of
aligned with each other. (A schematic of this model is shown the buried Fe or Co layers has occurred. Details of the MCD
in the right-hand panel of Fig. 1.) setup have been described previously.14'.5
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In summary, we have shown that in nonideal systems

with peaked magnetoresistance curves and rounded hyster-
FIG. 2. Top panel: conventional total moment VSM hysteresis loop (solid esis loops, the maximum measured GMR is reduced from the
line) and the summed element specific magnetic hysteresis loops for Fe and
Co (dotted line), Bottom panel: ESMII loops for Fe and Co, The scaling maximum attainable value by multidomain and incomplete
values were determined by a best-fit of the summed data to the VSM data. alignment effects. We have also used ESMH measurements,

in conjunction with the measured magnetoresistance curves,
to extract the coefficient of GMR, In any comparative study
of the GMR, it is this larger extracted coefficient which

The conventional, total magnetic hysteresis behavior of should be used.
this trilayer is shown in the top panel of Fig. 2. This hyster-
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Interface alloying and magnetic properties of Fe/Rh multilayers
K. Hanisch, W. Keune, R. A. Brand, C. Binek, and W. Kleemann
Laboratorium fiir Angewandte Physik, Universitit Duisburg, I)-47048 Duisburg, Germany

Rh(20 A)/ 57Fe(tF.) multilayers with Fe thicknesses tF. of 2, 5, 10, and 15 A prepared by alternate
evaporation in UHV have been investigated by x-ray diffraction (XRD), MWssbauer spectroscopy,
and SQUID magnetometry. First- and second-order superstructure Bragg peaks (but no higher-order
peaks) in small-angle XRD patterns suggest some compositional modulation. M6W.b,iuer spectra
taken at 4.2 K are characterized by a distribution P(Bhf) of hyperfine fields Bhf. Peaks observecd in
the P(Bhf) curves near 17 and 35 T are assigned to an fcc-RhFe interface alloy (-7-24 at. %O, fe)
with spin-glasslike properties and to a disordered ferromag"•tic bcc-FeRh alloy (-96 at. % Fe),
respectively. The magnetic transition temperature of the fcc alloy was round to be 23 and 45 1K for
tFc= 2 and 5 A, respectively, and Bhf follows a T3/ 2 law. For tF,=2 A, spin-glasslike behavicr was
observed by magnetometry.

Metallic multilayered films offer an exciting field for the bcc-Fe Bragg peaks could be detected. However, a shoulder
exploration of magnetic properties in novel systems and at (near 20-40') on the low-angle side of the Rh(l 11) peak
interfaces.1 In a search for new multilayers with interesting observed for the thicker Fe films (10 and 15 A) may be
magnetic behavior we have studied the Fe-Rh system. Ac- assigned to a bcc (110) reflex with a corresponding bcc-
cording to the thermodynamic Fe-Rh phase diagram 2 a wide lattice parameter which is enhanced (relative to that of pure
solubility range exists at rather low temperatures on both the bce Fe) by 11.4% (for t I-- 10 A) and 10.0% (for tI.= 15 A).
Fe-rich and Rh-rich side. Therefore, a tendency for interface- In view of the small-angle XRD and M6ssbauer results (be-
alloy formation may be expected in these multilayers. The low) the observed reduction or increase in lattice parameter
properties of Fe/Rh interfaces are unknown so far. is interpreted by the main effect of interface-fcc-alloy forma-

We have prepared a series of Rh/Fe multilayers with tion or bcc-alloy formation, respectively. For fcc Fe-Rh al-
constant Rh thickness (20 A) by alternating evaporation of loys, our interpretation is qualitatively supported by the
Rh and 57Fe isotope (95% enriched) in an UHV system. The known decrease of a,, with rising Fe content in the bulk.3

pressure during evaporation was <5x I1-9 mbar. The sub- M6ssbauer spectra measured at 4.2 K (Fig. 2) indicate
strates were polyimid foils for M6ssbauer and magnetomet- magnetic hyperfine (hf) splitting at all Fe thicknesses. These
tic studies and Si wafers for small- and large-angle x-ray spectra were least-squares fitted using a histogram
diffraction (XRD). To reduce intermixing, the substrate tem- distribution,4 P(Bhf), of hyperfine fields Bhf. It was found
perature was held at •100) K during multilayer growth. Rh necessary to include a small linear correlation between iso-

and 57Fe were evaporated from a 2-kW electron-beam gun mer shift S and Bhf, given by about +0.004 mm s--

and a small resistively heated evaporation cell with alumina For tfc= 2 A, the most-probable (peak) hf field, ,
crucible, respectively. Four different types of multilayers has a value of 16.8 T (Fig. 2) which is typical for that of a

have been prepared, namely [Rh(20 A)/ "7Fe(2 A)] 1,)+Rh(20 -7 at. % Fe disordered fcc-Fe-Rh bulk alloy at 4.2 K.-' This

A), [Rh(20 A)/"'TFe(5 A))]92+Rh(20 A), [Rh(20 A)/ 57Fe(lO
A)]30+Rh(20 A), and [Rh(20 A)/Fe(15 A)] 20+Rh(20 A).
(All samples were coated by 20 A Rh for protection.)

The small-angle XRD patterns (Fig. 1) exhibit a clear
first-order superstructure Bragg peak for all samples, and an -. e7oA),"oI. OO.Rh(2oAI
additional second-order peak for t Fc= 10 and 15 A. This and 1
the fact that no higher-order superstructure peaks have been
detected (not shown in Fig. 1) dumonstrates qualitatively that "Rh(20-

our samples are compositionally modulated structures with 1 " ,
some degree of intermixing at the interfaces. The multilayer zj
periodicity deterntined from Fig. I is 23.7, 24.9, 29.7, and Z
37.7 A for ti:c=2, 5, 10, and 15 A, respectively, being in .2 1 h(20A;,,Yun0Al130.Rh(20A)

agreement with the nominal periodicity within 7% or better.
The large-angle XRD patterns from our samples (not shown) 2\,
exhibit a dominant fcc Rh(ll1)-Bragg peak and weaker 1,
peaks from higher-indexed Rh planes. However, the Rh
peaks were fL -1 to be shifted slightly to higher Bragg 2
angles upon inc ase of tI:, implying a fcc-lattice parameter 2 1. 6 8
(an) reduction with increasing Fe-film thickness from 2 .1"

ao=3.808 A• (pure Rh film) to 3.793, 3.780, 3.738, and FIG. I. Sinall-angle XRI) patterns of Rh(20 Af)7I:c,.) multilayers with

3.713 A for t;:, v2, 5, 10, and 15 A, respectively. No pure t1.=2, 10, and 15 A (fromn top) (Cu Ka radiation).
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FIG. 2. Mossbauer spectra measured at 4.2 K and distributions P(Bhf) Of TEMPERATURE WS
Rh(20 A)/17 Fe(t,,) multilaycrs for tEe=2 , 5, 10, and 15 A (from top).

FIG. 3. Temperature dependence of Brfk for t,,-~2 A (A), 5 A (7), 10) A

suggsts hat he A 5 Fe ilm -,Imonoayer(ML)bcc (0) and 15 A (0). Crosses (X): for t~l.=15 A after annealing at 355 K.S~suggests that the 2 A, 57Fe film [Hi monolayer (ML) bcc

Fe(110)] is completely alloyed with Rh resulting in an fcc- paring the measured (average) magnetic transition tempera-
Fe-Rh alloy of average Fe concentration c hf of -7 at. %. In ture T7 of our films (Tf= 23_4 K for tFe= 2 A and
the case of tFe=5 A, ,"(Bhf) in Fig. 2 shows a pronounced =5=45_7 K for t A5=5 A, respectively, see Fig. 3)
peak at 18.2 T which demonstrates that this is also a pure with the Tf vs cFC behavior of disordered fcc-RhFe alloys;5

fcc-RhFe multilayer. This hf field corresponds to cB however, the corresponding (calculated) I values
19 at. %, according to Ref. 5. We have also estimated the (Table I) are unreasonably high (e.g., 34 A for t,,=5 /A).

Fe concentration (c"') in the fcc-alloy layer by comparing This very likely indicates that the Tf vs cF, behavior in ul-
the measured lattice parameters (a 0 ) with those of bulk trathin RhFe alloy layers deviates from that in bulk alloys as
alloys.3 Table I shows that c"" values for 2 and 5 A Fe are in is the cas'e for other spin glasses.( From the M6ssbauer-line-rough agreement with corresponding c~ h values. The ealcu- intensity ratios the Fe-spin orientation in these samples waslated Rh thicknesses,n w th alcoy, required for explaining the found to be nearly randonm which can be expected for spin-

Bobtained c o a va glass-type magnetism where a magnetic shape anisotropy ,oban cFe or c values are given in Tablc I, too. (It was absent.
assumed that tF•= 2 and 5 A are completely alloyed). The One can notice in Fig. 2 that the P(Bhf) curves (and the
"Rh values obtained front c- appear somewhat too large spectra) change drastically with increasing Fe thickness: the
as compared to the deposited 20 A-Rh layer, while those fcc-alloy distribution peak near -17 T decreases gradually in
values deduced from c"0 appear to be reasonable. Table I relative intensity and shifts to slightly higher values, while
indicates also the Fe concentration (caf) obtained by corn- simultaneously a new peak near 36 T (35 T) evolves andSdominates at tve=10 A (or ttc=15 A). This new per!, is

assigned to a disordered ferromagnetic bcc-Fe-Rh alloy. This
TABLE I. Estimated Fc roncentrations c T f, csh' and c".) of the fcc and bcc follows from a comparison of our B 1 ,,k values with those of
Rh-Fe alloy phase in Rh/Fc multilayers. tfh is the calculated Rh thick- Fe-rich disordered bcc-Fe-Rh bulk alloys. 7 We may estimate
ness consumed in fcc-alloy formation. the average uomposition c1e of the bcc alloy in our multilay-

l_._- ers by using the BhR vs c~c curve in Ref. 7 (with Blif in Ref.
Rh(20 A)/Fe(tp.) tr,=2 A tF,=5 A tF,=; t1 A tF,= 15 A 7 corrected by a factor of 1.03 for the low temperature (4.2

fcc phase K) used in our case). This leads to CF, -96 at. % for tF,=l()

C /a-, % 7 12 24 ... and 15 A in the bcc alloy (Table I).
y( A?) (34 '?) (94 A?) The shape of the distribution P(Bhd) for tF,=I10 A (Fig.

l) 2) demonstrates that fcc and bce alloy phases coexist in this
cBh/at. % --7 -19 >25 >25 multilayer, (with the fcc-alloy distribution peak located at
(ro alloY) (25 A?) (20 A?) ... ... 19.8 T). Even for tF,= 15 A, the fcc-alloy distribution peak

t%1) 24 50 62 (at 20.0 T) is still present, together with a low-field distribu-
- c•at. t lion part (for Bhf< 2 8 T). The relative area of the low-field or

K(t ,loy) (17 A) (14.8 A) (3.0 A) (1.2 A high-field (Bhf> 28 T) distribution part provides values for

hcc phase the relative phase content (fcc or bcc) in the multilayer. In

-ceat. % .. ... -96 -96 the case of t F,= 10 A we find that (36±- 15)% of the Fe atoms
Fe 

- form the fcc-interfacc alloy (and 64% the bcc phase); for
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FIG. 5, Teniperature dependence of magnetization in a Rh(20 A)/' 7

FIG. 4. B vs 1/T
5 2 tFr t A (0) and 5 A () Fe(2 A) multilayer measured in B,,,=0.5 T, zero-tield cooled (O) and fieldcooled (0).

t•c=15 A, the corresponding values are (30+5)% (fcc) andtr,ý15 , te crreponingvalus ae (0t5% (cc)and could be due to a change in bcc Fe-film morphology (island
70% (bec). This means that in the average a thickness of 3.6 c oul h nd t a change in bhe-l moph ndA Feof he rignal10 bc-Felayr i trnsfrme tothe formation) and a resulting change in the T dependence ofA• Fe of the original 10 A• bcc-Fe layer is transformed to the Bg•k (possibly due to superparamagnetism).

fcc-interface alloy by interdiffusion; for the 15 A Fe film, the f (posly ue tepereara magneti zi).coresonin vaueis4./A Fe. The Fe-spin direction of the The temperature dependence of the magnetization in the
corresponding value is 4.5 be Theferent irectin the multilayer with t1r=2 A (Fig. 5) indicates typical spin-
bcc phase was observed to be preferentially oriented in the glasslike behavior, i.e., different branches after zero-field
film plane inicating a shape anisotropy due to ferromag- cooling and during field cooling. It can be seen that the tem-
netism.

It follows from the temperature dependence of Bf~ak perature of the maximum in the zero-field cooled magnetiza-It fllos frm te tmpertur depndece fBfa tion (23_t2 K) is in very good agreement with the magnetic

(Fig. 3) that the magnetic transition temperatures of the bcc tion (23±2K)tisinovey igod arem with te mgeticphase (in multilayers with tFe= 10 and 15 A,) are much higher transition temperature obtained from Mfssbauer spectros-
thanthose ofn thefccphase (with tF10 and 15 A). Fore much hig copy. This proves that interface fcc alloys with spin-glasslikethan those of the fcc phase (with tp,=2 and 5 ,A). For tFe=-2 poete a eotie nR/emliae

and 5 A, Bffk(T) follows closely a T3 /2-spin wave law over properties can be obtained in Rh/Fe multilayers.

the whole temperature range (Fig. 4). For tFe=15 A, B ak We are grateful to U. von H6rsten for technical assis-
shows a remarkable linear T dependence over a wide T tance and sample preparation. This work was supported by

range. It has been suggested that such a behavior is related to the DFG (SFB166).

superparamagnetic relaxation of bce-phase clusters.8 How-
ever, as we have not observed a remarkable change at 150 K 'For an overview of recent work, see Proceedings of the First International

Symposium on Metallic Multilayers, Kyoto, Japan, 1993 [J. Magn. Magn.
in the central component of the spectrum (not shown) even Mater 126 (1993)).

by applying fields up to 1 T, we may exclude superparamag- 2o. Kubaschewski, Iron Binary Phase Diagrams (Springer, Berlin, 1992).
netism. Therefore, the linear T dependence observed can be "C, C. Chao, P. Duwez, and C. C. Tsuei, J. Appl. Phys. 42, 4282 (1971).

explained by quasi-two-dimensional behavior of the bcc 4J. Hesse and A. R1ibartsch, J. Phys. E 7, 526 (1974).
-B. Window, G. lAngworth, and C. E. Johnson, J. Phys. C 3, 2156 (1970).

phase in the 15-A sample, as predicted theoretically. 9 In con- 61l. Vloeberghs et a/., Europhys. Lett. 12, 557 (1990).

trast, the tF,=10 A multilayer has been observed to be su- 70. Shirane, C, W. Chen, P. A. Flinn, and R. Nathans, J, Appl. Phys. 34,

perparam.,gnetic by applying a magnetic field. After a mea- 1044 (19631.

surement at 355 K and recooling to 295 K, an irreversible 8Z. Q'. iu, S. H. Mayer, C. J. Gutierrez, I1. Tang, and J. C. Walker, Phys.
ak Rev. Lett. 63, 1649 (1989).

drop of B f at 295 K occured. As we did not observe a 9J. C. Levy and J. L. Motchanc, J. Vac. Sci. Technol. 9, 721 (1971); J. A.
change in P(Bhf) at 4.2 K after annealing, this drop in B ~ak Davis, J. Appl. Phys. 36, 3520 (1965).
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Heat treatment to control the coercivity of Pt/Co multilayers
J. Miller, P. G. Pitcher, and D. P. A. Pearson
Johnson Matthey Tech. Center, Sonning Comnmon, Reading RG4 9NH, United Kingdomn

We report on controlled changes in the coercivity of sputter deposited Pt/Co multilayer films by
thermal treatment under controlled atmospheres. The as-sputtered coercivities of typically 3.3 kOe
can be increased to 10.5 kOe by annealing in air, however for coercivities greater than 6 kOe the
rectangular ratio of the multilayer decreases with increasing coercivity. The loop shape can be
regained and the coercivity decreased by annealing in a H2/N2 atmosphere.

I. INTRODUCTION (H,,) increase with annealing time and the hysteresis loops

Pt/Co multilayers are a promising candidate for the next maintain a high rectangular ratio (r), however the H,,

generation of magneto-optical recording material.1 -2 These reaches a maximum at 6.2 kOe while the H. continues to
muitilayers have been found to have large polar Kerr rota- increase to a maximum of 10.5 kOe (Fig. 2) resulting in a
tions and coercivities in both evaporated and sputtered skewing of the hysteresis loop. The H1 increase could be
films. and reversed and the loop's original rectangular ratio regained by

In this article we report on the effect on annealing in heating in a reducing atmosphere of 10% H2/90% N2. An

controlled atmospheres on the coercivity of sputtered Pt/Co as-sputtered multilayer had its coercivity increased from 3.3

multilayers. to 8.2 kOe by heating in air to 160 and 185 'C for 20 and 27
min, respectively. The before and after polar Kerr loops be-
ing almost identical to those of Figs. 1(a) and 1(c). The co-

il. EXPERIMENT ercivity was then reduced from 8.2 to 3.3 kOe and the origi-

Pt/Co multilayers were magnetron sputtered using dual nal loop shape regained by heating for 30 min at 185 'C in a
source deposition in an Ar atmosphere onto glass substrates. 10% H2/90% N2 gas mix.
The multilayers all consisted of 9.5 periods of 8 A Pt/3 A Co The mechanism for the coercivity increase is thought to
(the Pt layer was deposited first and last). Pt/Co individual be related to oxygen incorporation into the film structure.
layer thicknesses were confirmed using x-.ray diffraction and Coercivity increases after annealing the sample in air5 '0 and
inductively coupled plasma emission spectrometry. also in vacuum have previously been reported.7 Yamane

The magnetic and magneto-optical properties of the mul- et aLs obtained increases from 0.2 to 2 kOe in the coercivity
tilayers were examined using a polar Kerr loop plotter and a of sputtered Pt/Co multilayers with a 500 A Pt capping film.
vibrating sample magnetometer (VSN" 1be maximum ap- They concluded from similar work with thicker Pd/Co
plied field was 8 kOe so VSM nt "s could not be multilayer films that oxygen incorporation at the grain
done on the higher coercivitý sn ,n .Itilayer micro- boundaries of the columnar microstructure caused domain
structure was examined u;i., x j...jn (XRD) and wall binding resulting in the increase in the multilayer
transmission electron micr ,coi-y IT" "' 'ercivity. 5 The reversible nature of the coercivity in a re-

A post-deposition ann. 11 nerit. on the multilay- ducing atmosphere suggests a similar mechanism causes the
ers, the atmosphere was ei,'i r air or 1% H, in N2 , the coercivity increases observed in our films. The saturation
annealing temperature was vaijcd betwten 100 and 400 'C.
The air annealed multilayers were heated by placing on a
heater block at the required temperature. The transition from. F I i g v 1)

room temperature to the anneal temperature was achieved in •---
under 2 min. Samples were cooled to room temperature by t
placing them on a large aluminum block. Cooling took less _-T-
than a minute. The multilayers annealed in H2/N 2 atmo- -. "

spheres typically reached the anneal temperature in under 5
min and were force cooled reaching room temperature in 4

under 5 miln. H, s F~eld (1Ou) fl'as ,e]d tkre)

i. - Ic . ig ld

III. RESULTS AND DISCUSSION

The as-sputtered multilayers typically had coercivities of _• - --

3.3 kOe and hysteresis loops with a high rectangular ratio
r( =H,,/H.), as shown in Fig. l(a). The coercivity was found ,'

to increase on heating the multilayer in an atmosphere con- ......

taining oxygen. Figures 1 (b)- 1(d) show the room tempera- , r .. A (MOo,,, F,ci :,1k

ture polar Kerr hysteresis loops obtaiu I after the multilayers
had been heated in air to 200 'C for 2, 8, and 24 mmin. FIG 1. 1.tllr Kerr lootp of Pt/i(o multilayers alter annealing at 20110 C, (a)

Initially both the coercivity (H,) and the nucleation field as-sputteccd, (h) 2 main. (cM 8 rmin, (tt) 24011 aint
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FIG. 2. Coerclvity and nucleation variation with anneal time at 200 'C,
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magnetization of our multilayers decreased as the multilayer Fig 4c
coercivity increased from 3 to 6 kOe, this further suggests-- L._ 4_

cobalt oxide formation as the cause of the increased coerciv-
ity.

A bright field TEM image of an as-sputtered multilayer
is shown in Fig. 3. The multilayers are polycrystalline with a _,

grain size of approximately 10 nm.
To examine the effect of the coercivity increase on the -. 4

magnetization reversal mechanism initial magnetization E, as Field (kOe)
curves were examined. A set of multilayers was demagne-
tized by heating to 400 °C for 15 s, the dwell time had to be .4 F 4 d

short to avoid damaging the multilayer structure. Hashimoto
et alt. have previously found that a 30 min anneal at 400 °C "
resulted in loss of perpendicular magnetic anisotropy and _

multilayer structure. However XRD measurements of our de- L
magnetized multilayers showed that the satellite peaks of the
multilayers were unchanged after thermal demagnetization.
Figure 4 shows the initial magnetization curves for these -. 4

multilaycrs. In Figs. 4(a)-4(c) the coercivity is a result of the B ias F i Ied (k Oe)
difficulty in creating a reversed domain, since the magneti-
zation initially increases from the demagnetized state at FIG. 4. Initial magnetization curves of thermally demagnetized Pt/Co mul-

tilaycrs.

fields smaller than the nucleation field. In contrast the coer-
civity of the high coercivity multilayer in 4d is domiiiated by
domain wall pinning. This '- demonstrated by differentiating
the polar Kerr signal with respect to the applied field, Figs.
5(a) and 5(b) are the differentials of Figs. 4(a) and 4(d) re-
spectively. The rate of change of the initial magnetization as
a function of applied field is different to that of the magne-
tization reversal in Fig. 5(a), where as in Fig. 5(b) both dis-
tributions are the same.

In summary the initial magnetization loops show that the
___ _ coercivity increase is initially caused by an increase in the

50nm nucleation field. As the coercivity increases further, wall pin-
ning becomes the dominant effect in determining the

FIG. 3. TEM bright field image of an as-sputtered Pt/Co multilayer. multilayer coercivity.
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15 F ig 5 a cause of the coercivity increase is thought to be oxygen in-
corporation in the multilayer, initially the effect is to increase
the nucleation field of the multilayer however further coer-
civity increases are caused by domain wall pinning.
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Magnetostriction and magnetic properties of iron-cobalt alloys multilayered
with silver

Tamzln A, Lafford and M. R. J. Gibbs
Department of Physics, University of Sheffield, Sheffield, S3 7RH, United Kingdom

R. Zuberek
Institute of Physics, Polish Academy of Sciences, Al. Lotnik6w 32/46, 02.668 Warsaw, Poland

C. Shecarwood
Department of Physics, University of Sheffield, Sheffield, S3 7RH, United Kingdom

Commercially available Fe-Co alloys with Co contents of 50 and 24 wt. % have been rf sputtered
to produce multilayers with noble metal (Ag or Cu) interlayers. Series with fixed Fe-Co or noble
metal thicknesses have been produced, as have plain Fe-Co films. In all cases, the coercivities of the
multilayers are signiflcaiitly reduced from those exhibited by the plain alloy films. For example, a
film of the alloy containing 50 wt. % Co had H,,-6.9 kA m-1, whereas a multilayer with 12 nm
Fe-Co layers and 2 nm Ag layers had H,=480 A m-1. The saturation magnetcstriction is also
enhanced, in some cases increasing by 60% over the expected bulk polycrystalline alloy value. For
example, the literature X, value for a Fe-Co alloy containing 24% Co is about 28 ppm; in a
multilayer with 12 nm alloy layers and 8 nm Ag layers, X,=45 ppm. The combination of high
magnetostriction and low coercivity makes such mnaterials as these attractive for their potential as
stress sensor and actuation transducer elements.

I. INTRODUCTION layers (Cu turget 99.99%). Plain alloy films were also depos-

There is currently interest in many aspects of magnetic itnd, 600 n•i thick for HiSat50 on one side of the substrate

multilayers (e.g., giant niagnetoresistance and magnetic and and 2X600 ri thick for Permendur24, i.e., 600 nm on each

magneto-optic recording media). For sensor and transducer side of the substrate. These thicknesses are comparable to the

applications, high saturation magnetostriction, X,, in soft typical total thickness of Fe-Co alloy in the multilayers.

materials is desirable. Our investigations began with an iron- In-plane .dacnetic hysteresis loops were measured using
cobalt alloy of a composition known to have a value of a quasitdc inductive magnetometer, 2 bHyx=2 2 kA m"nl
X.,(-53 ppm) comparable with most conventional soft mate- Saturation ragnetostriction was measured by small angle
rials. Ag and Cu were chosen as the interlayers because they magnetization rotation (SAMR) 3 (see Ref. 1 for application
are noble metals, immiscible with Fe and Co, nonmagnetic, to deposited samples) and strain-modulated ferromagnetic
and are larger than Fe or Co atoms, We found that Ag inter- resonance (SMFMR).4 The films were examined structurally

layers in films sputtered from this alloy softened them con- using high-angle x-ray diffraction (XRD) in the 0-20 mode

siderably and, in some cases, caused enhancement of the with Cu-Ka radiation.

magrietostriction.1 Here, we report further investigations into
the Fe-Co alloy/noble metal multilayer systems, including
two types of alloy and various thicknesses. Results for Ag Ill. RESULTS AND DISCUSSION
interlayers will be compared to those for multilayers contain- Electron probe microanalysis of sputtered HiSat5O films
ing Cu in order to give the first indication of an explanation shows that they contain 45 wt % Fe, 55 wt. % Co, and ap-
for the observations. proximately 0.2 wt. % Ta. A bulk polycrystalline alloy of this

composition would have X,-53 ppm; this is true for compo-
II. EXPERIMENTAL METHODS sitions -±,-5% of the nominal.,5

The multilayers were rf magnetron sputtered from alter- XRD traces of the Fe-Co/Ag and Fe-Co/Cu multilayers
nate targets of commercially available alloys: HiSat506 show that the alloy layers are polycrystalline, with bcc struc-
(50% Fe, 50% Co with less than 0.2% Ta) or Permendur24® ture and no significant crystallographic texture. Peaks due to
(24% Cc, 75.4% Fe, 0.6% Cr) (Telcon Metals Ltd., U.K.); fcc Ag generally coincide with alloy peaks, so it is not pos-
and Ag (99.99%) at 75 W. The background pressure was sible to say whether the Ag layers are textured. No XRD
2-5X 10-7 Tort; during sputtering, the Ar pressure was 5 satellite peaks are seen, indicating that the alloy-noble metal
mTorr. The substrates were 26-Am-thick Kapton® polyimide interfaces are rough. This is supported by low-angle XRD
(DuPont Ltd., U.K.); the substrate platen was water cooled. and kinematic modeling. Ag layers are possibly not continu-
T1ypically 50 bilayers were deposited on each side of the ous for tAg<S5 nm. 7
substrate to equalize any film stresses, Two series types were The Scherrer equation7 has been used with the bcc (110)
made: (1) tAg= 2 nm, tnis 1t 5s=2--2 nm or tpermenur24=2-1 5  peak widths to estimate the grain sizes in the films. (No
nm; (2) tAs=0.5-10 tim, tti SatS0=12 nm, or tperen,ndur24=lO1 account was taken of any possible inhomogeneous lattice
nm. Results for the first ttiSat50 series will be compared strains, which also contribute to peak broadening.) Grain
with those from multilayers with Cu in place of Ag inter- sizes in the HiSat50/2 nin Ag multilayers are 3-14 nm; in
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FIG. 1. Saturation magnetoslriction of HiSatMt/Ag multilayers, 1A9=2 nri. FIG. 2. Saturation magnetostriction and coercivity for HiSatSO (Ref. 5). H,.
O X, , SAMR data; U X,, SMFMR data; 0 bulk polycrystalline X, (Ref, 5): plain alloy tlrn=f.9 kA to
A H,. H, plain alloy film=6.9 kA ni- 1.

grain sizes, give the softer films). X, is slightly enhanced

HiSat50/2 nm Cu, 5-14 nm. Thicker alloy layers produce over the bulk value-' but the increase is not as large as that
larger grains in both cases, seen for thicker H-liSat50 layers with Ag interlayers.

Average lattice strain was calculated from the XRD peak Figure 3 shows the effects of different thicknesses of Ag

positions by comparison with bulk Ag dII or the d,,0 spac- interlayers on the properties of multilayers with tillsat5j=12
ing for the thick Fe-Co films. In the series with constant nm. It is thought that Ag layers become continuous only for
tAs=2 rim, for thinner alloy layers, the average F¢-Co drl10 t^g>,-5 nin' and this may account for the dip in X, at around

spacing perpendicular to the film plane is expanded (up to that value. The maximum H. in this series occurs around
1.0% for HiSat50, 1.6% for Permendur24). The spacing re- tAg=

8 1m.
laxes towards the plain film value for thicker alloy layers. These results are to be compared with those for multi-

The Ag( 111) spacings show no trend with /Fe.Co but the lat- layers containing Permendur24 (Figs. 4 and 5), which con-
tice is contracted up to -- 1,0%. In multilayers with fixed tains a greater proportion of Fe and has a lower bulk poly-
tre.C, and varied tAg, there is contraction up to -1.0% in crystalline X, than HIBM%5 (around 28 ppm).-5 Again, the

thinner Ag layers, tending weakly towards the bulk value as alloy films are softened by the presence of Ag interlayers and
tAS increases. The Fe-Co d11 ) spacings follow the same pat- X, is enhanced. H,.=56( A in - for a multilayer with 12 nim
tern as Ag dlll as tA. varies, The HiS;,t50 d~lo strain rises to Permendur24 layers and 2 nm Ag layers, compared with 4.6-

+0,3% as tAg increases; similarly, the Permendur24 dtlo kAmn' for a 2X600 nim plain film. The highest X, value
strain rises to + 1.1%, Please note that although these strains observed is 45±3 ppin an increase of about 60% over the
are perpendicular to the fihin plane, it does not follow that the bulk value, for the niultilayer 2X401 (10 nm Perniendur24/10

in-plane strains are necessarily of opposite sign.8  nm Ag). A similar value is found for 2X50(10 nm
We have already reported some results on l-iSat5[)i2 nim Permendur24/2 nrn Ag), which has low 11,. The differences

Ag multilayers.1 Here we add X,. data obtained SMFMR in behavior between the Ag and Cu series may result from

measurements (Fig, 1), which confirm the validity of the
SAMR technique for such samples. Enhancement of X,. is 1
observed for multilayers with thicker 1HISat5( and ag= 2 inm; 0

83 ppm is the highest seen, compared with 53 ppm for bulk.-
A significant reduction of H, is seen for all the multitayer.;, 80 8

compared to that of a plain 600 nm l-HiSat50 sputtered filra.I
H¢=450 A m'- is observed for a multilayer containing 12 .E 6 I
nm HiSat5O layers and 2 nm Ag layers (this is also the most a

magnetostrictive sample) compared to 6.9 kA m - for the 2 , >
plain HiSat5O film. H, values for plain alloy films given here
are underestimates, since these films were not saturated in 20 2
the field available in the dc magnetometer. The values given K

are those for which M =0 on reducing the applied field from 0 0
H = x 2 2 kA m 0 2 4 6 a 10

H, and X, for HiSat5O/2 nm Cu multilayers are presented
in Fig, 2. The softening effect of interlayers is again seen tag / nm
with similarly low coercivities obtained, although the trend is FI. 3. Saturation nagnetostriction and courcivily ofliSat5O/Ag multitay-
opposite to that seen in the HiSat5O/2 nm Ag multilayers rs wiith fixed HliSat5) tliicknes. (tliti5,,,1 12 rim). * X_, 0l1,.. Open syrn-
(i.e., for Cu interlayers, thinner lHiSat50 layers, with simal'tr hols: hulk alloy X, (Ref. 5) and II,.
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70 5 atom than Cu (Ag a0=0.41 nm, Cu a0 o=0.36 nm) Cu has a

60 larger Young's modulus (Ec.=118 GPa, EAg= 7 6 GPa)9 so it
4 strains less readily, forcing the alloy layer to strain more. The

50 data we have do not permit a comparison of the roughness of
E 40 the interfaces in the two systems, although we can state that
""I. neither is smooth. It appears that lattice strain is not the

"30 2 mechanism for enhancing X,; work is in progress regarding
* u - magnetization orientation effects.

20

10 1 IV. SUMMARY

Both Ag and Cu interlayers of various thicknesses re-
0 2 4 6 a 10 12 14 18 duce the coercivity of Fe-Co alloy sputtered films by up to an

order of magnitude. In certain cases, X, is enhanced by
tp*~gj~~4 timnearly 60% over the value expected for bulk polycrystalline

alloys of similar compositions. Some Xs results taken by
FIG. 4, Saturation magnetostriction and cocreivity of Permendur24/Ag mul- SAMR have been dmdentl confirmedXbrs SMt MR.

tilayers. ts=2 nm. 0 Xx, U Hf, 0 bulk polycrystalline alloy k, (Ref. 5) inepeney by SNWMR.
Plain alloy film H,=4,6 kA m-f. Greater effects are seen in multilayers containing Ag inter-

layers than in those containing Cu interlayers; this difference
is tentatively attributed to the difference in wetting of Ag and

the different wetting characteristics of Cu and Ag on Fe and Cu on Fe and Co. It has been demonstrated that multilayers
Co. The crystallographic strain perpendicular to the film can be deposited which are simultaneously magnetically soft
plane in multilayers of HiSat50/2 nm Cu is slightly greater and highly magnetostrictive, a characteristic desirable in sen-
than in HiSat5O/2 nm Ag multilayers. Although Ag is a larger sor and transducer applications.
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Stabilization of the hexagonal close-packed phase of cobalt
at high temperature
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J. L. Leal, L, V. Melo, and P. P. Freitas
INESC, Rua Alves Redol, 9-l', 1000 Lisboa, Portugal

The structure of thin cobalt films sputtered on a rhenium buffer was analyzed from room
temperature to 963 K, using the perturbed angular correlation technique with the .. ln/"'Cd probe.
The hyperfine field corresponding to the fcc phase, which is the stable one above 704 K, is never
observed, and the measured hyperfine field follows closely a theoretical prediction for the hcp phase.
This is a consequence of the good match between the cobalt and the Re hcp lattices that leads to the
stabilization of the hcp phase up to 963 K.

I. INTRODUCTION apparatus (Alcatel SCM 540). The pressure in the target
chamber before the introduction of argon was 5 X 10 8 Torr.

As the structure of magnetic thin films and superlattices Chas deposite i n etron sptarg at 5 1Torta
(SLs) determines their magnetiL properties, it becomes im- Co was deposited by rf magnetron sputtering at 5 mTorr andporantto ontol t o a niroscpi leelleaingto he Re was deposited by dc magnetron sputtering at 2.5 mTorr.p o rta n t to c o n tro l it o n a m ic ro s ý;o p ic le v e l, le a d in g to th e T e d p o i o n r t s w e 0 . 4 a d 0 1 i / , r s e c v l y
tailoring of materials with prespecified properties. Cobalt is The deposition rates were 0.04 and 0.1 nm/s, respectively.
one of the elements more frequently uwed in magnetic SLU. Film thickness was monitored in situ by the vibrating quartz
While its stable phase has a hcp stracture below 704 K, crystal method, and checked with Rutherford backscattering
above that temperature a phase transition to fcc is observed.' (RBS) analysis.6 The Co layers were 22, 34, and 40 nm thick
Total-energy band structure calculations at 0 K predict cor- for the films studied in this work. The Re buffer layer was 30

rectly the hcp phase as the stable one,2 with the fcc and bce nm thick in all cases.

phases slightly higher in energy. The small energy differ- The Re buffer is highly struciured with the c axis normal

ences suggest however the possibility of occurrence of the to the film surface, and the same orientation is observed by

fcc and bce metastable phases, even at room temperature, x-ray diffraction and cross-sectional high resolution trans-
The bec phase was first obtained3 by epitaxial growth of Co mission electron microscopy for the Co films,7'8 This is a
on (110) GaAs, and later 4 by epitaxial growth on (100) Fe. consequence of the good lattice match between the Co and
The fcc structure is generally presented in samples submitted Re hcp strctures, where A(c/a)=t0.5%.
to mechanical or thermal treatments.' Although the mecha- The "'Ca probe atom has been introduced in the films
nism of the phase transition at 704 K is well known5 and by implantation with 80 keV energy of the 11,In parent iso-
explained as corresponding to the slip of planes normal to tope to doses of about 1013 at./cm2 . The implantation range
the (0001ý hep and (111) fcc axes, its cause is still not yet and width are 16 and 6 nm, respectively, so the probe is
understood. Temperature-dependent calculations of the total confined to the Co layers. The PAC technique measures the
energy should be able to determine whether an energy cross- Larmor nuclear spin precession frequency induced by the
over between the hcp and fcc phases exists. magnetic HFF at the probe site. The Larmor frequency is

In this work, the 704 K phase transition in Co thin filns observed in the oscillating anisotropy amplitude of the coin-
grown on a hcp rhenium buffer is investigated. Re was cho- cidence spectra of the 173-247 keV y-y cascade of '"1Cd.
sen due to the small mismatch A(cla)=0.5% relative to the This is done by measuring the number of coincidences as a
Co hop lattice. Measurements were carried out at tempera- function of time, N(O,t), using four detectors in the same
tures up to 963 K, using the perturbed angular correlation plane at 90' angles, and calculating the usual anisot-
(PAC) hyperfine interactions technique, based on the obser- ropy function R(t)= 2.[N(1880",t)-N(90t)",)/[N(180",t)
vation of the spin rotation of al'Cd probe implanted in the +2.N(90",t)]. For a pure magnetic interaction, the R(t)
film. Since the magnetic hyperfine fields (HFFs) are well function is a sum of cosines with the Larmor frequency
known for both Co phases, the method is very sensitive for w,,=-'BJ/h and its 2w1, harmonic, where B is the local
following the phase transition in a microscopic way. field at the '"1Cd probe and M the magnetic moment of the

1= 5/2 intermediate state of the cascade. The known weak
11. EXPERIMENTAL DETAILS electric field gradient of the hcp Co lattice leads to a small

damping of the spectra,') and was taken into account in the
Co thin tilms on a Re buffer grown on glass and silicon calculations. In this way the experimental data have been

substrates were produced with a modified argon sputtering fitted with a theoretical function using Wt and the percentagc
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- 5 ) .0..o 0. 500 o transition temperature (Ref. 13). The temperature dependence of the hyper-
t (01s) (M.d/.) fine field at '1 'Cd in fee Co (Refs. 13-15) is also shown.

FIG. 1, PAC time spectra and corresponding Fourier transforms for one of
the films.

temperature dependence of the frequency was also the same
in the three films, so the results obtained will be treated as a

of probe nuclei with a particular hyperfine interaction as ad- single experiment.

justable parameters. The magnetic frequencies obtained fol- RBS experiments were done using a 1.6 MeV He beam

lowing this analysis are also observed in the Fourier spectra, detected by a 15 keV energy resolution detector located at

where the linewidth is broadened due to the quadrupole split- 1600 with the incidence direction in the Cornell geometry.

ting.
Two setups were used, one with NaI(TI), and the other

with BaF 2 detectors. The time resolution of 2.3 ns for
NaI(TI) and 0.7 ns for BaF 2 allows the observation of the In Fig. 1 the spin rotation curves and their corresponding
precession frequencies, with a 1% error mainly due to the Fourier transforms are shown for one of the films, measured
error in the time calibration. The measurements have been with the BaF 2 detectors setup at different temperatures. The
performed as a function of temperature under 10-6 Torr pres- normal to the plane of the film was in the detector plane, at
sure. The maximum temperatures reached for each of the 45' with two of the detectors. The field orientation is clearly
films were, respectively, 963, 759, and 773 K. In each of the reflected in the relative amplitudes of the w1, and 2 WL fre-
films several runs were done starting at room temperature. quencies. It is in the plane of the film, as already seen in
The frequencies obtained for the same temperature in differ- Co/Re multilayers.'0 Separate experiments were done at
ent runs were the same within experimental errors, and the room trnmperature with the film in different positions, leading

to different Wol. and 2 "kL amplitudes, confirming that orienta-
tion of the HFF. In Co single crystals the HFF is along the c

30- ~axis at room temperature, and turns slowly to the basal plane
before an•ealing lie, afer aricalig Re between 500 and 600 K.9 This reorientation of the magnetic

SI I moments does not occur in these thin films, due to the de-

The clearly separated satellites observed at the left of the
Co Co.WL and 2wt. peaks correspond to a well-known stacking fault

• defect.. t't. This defect is due to the sputtering process and
100 1200 3M) 1400 1100 200 13(M 1400 does not interfere with the determination of w.. Its fraction is

FI-nry IIkeVi Einergy lkcVl maximum at room temperature, and decreases with anneal-
be~fore azasIIglilg alter ailineallrig~l ing.

100 a ter anl, At temperatures higher then 800 K, new frequency com-6"l ponents (not shown) are seen in the Fourier spectra. How-
40 ever, the 1t tCdCo peaks are still clearly defined. RBS studies
20. of the 22 nm Co film were done as function of annealing
0 temperature. Below 823 K no change could be observed. The

0 20 40 60 810 100 0 20 40 60o 1) 1 o RBS spectra taken before and after I h annealing at 923 K
inp llnlI depth Ilnl are shown in Fig. 2, together with the derived depth profiles,

FIG. 2. RBS spectra and derived depth profiles of a Si/Re 301 ini/Co 22 nnm showing clearly that diffusion occurred between the (Co and
film taken before and after I h annealing at 923 K. Re layers. Therefore, the new frequency components are
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T (K) fit to the data above 625 K assuming an Arrhenius law. The
900 700 500 300 extrapolation of the fit to a 1.0 normalized fraction of probe

nuclei in substitutional positions in a pure Co environment
O 1 -e yields T(f= 1.0)= 655 K. This is 150 K below the occur-

0 1 rence of mixing between the Co and Re layers, so the de-
"crease observed must be related to diffusion of the probes out

9o of the Co layer.
0-40
4.)~

V. CONCLUSIONS

o 0 0 0 him I The hop structure of Co was retained above the fcc phase
o 0.1 n o a film 2 transition temperature and up to 963 K, as a metastable
P A film 3 phase, by growing thin Co films on Re substrates. No fcc

. . . .. phase was observed, and the temperature dependence of the
15 25 35 45 hyperfine field at the Cd site in the Co films above the usual

1 /6'r (eV-') phase transition temperature of 704 K follows closely a theo-

retical prediction for the hcp field,
FIG. 4. Temperature dependence of the fraction of probes feeling a well-
defined hyperfine field, nornmalizcd to the room temperature value,

ACKNOWLEDGMENTS

likely to be related with a fraction of probes in the mixed N.P.B. and J.L.L. acknowledge grants from JN1CT under
region, while some remain in a pure Co environment, leading Programa Ci•ncia, and partial support by the ERASMUS
to the t.. CdCo field, program. H.W. acknowledges a grant from the Alexander

von Humboldt Foundation under the Feodor von Lynen Pro-

IV. DISCUSSION gramme.

The temperature dependence of the reduced H-IFF
BH,(T)/B1IF(0 K) is shown in Fig. 3 together with the bulk p,. lebble ard 1). Cratk, Magnetic Mat,,,als (Wiley, New York, 1969),
Co magnetization M(T)AIM(( K)' and the 1FF of t Cd in fcc "It. Miii, 1. Oguchi, and A. Freenum, Phys. Rev. 1133, 7852 (1986).
Co.3-1-5 It is clear that throughout the temperature range of .46. A. Prinz, Phys, Rev. L.ett. 54, 10151 (1985).
this experiment, the temperature dependence of the measured 'Il. LIA and It. 'onner, Phys, Rev. It 40, 111241 (1989),
field is smooth and in very good agreement with the oie sZ. Nishiyama, Iolhoku Sel. Rep. 25, 79 (1936),

"1. Melo, 1, Trlidade, M. From, P. V. Freitas, N. T"ixeira, M. F. da Silva,
expected for hcp Co; indeed, the fcc field is never observed, and J. Soares , Appl, hys, 70, 7370 (1991).

and the known 10% discontinuity of the HFF that takes place '7J. L. teal, N, 1'. Bairrads, J. C. Soares, M. V. dti Silva, M. Rots, antd , 11.
at the phase transition is not present, which proves that no hrcitas, Proceedings, of the Symposium on Mognotic Ultrathin Films, Mul.

phashdeviation from the bulk ag- iiyers, and Surfaces, San lrancisco, April 1993 (Materials Ruseiareh
fcc phase is present. Also, the d- Society, Pittsburgh, 1993). p. 773.
netization of the HFF of Cd and other 4 sp impurities in Co 5N. R Barradas, J. L. Leal, J. C. Soares, M. F, du Silva, P. R. Freitts, M.
has been explained previously by Lindgren el al.13 In this Rots, S. 1. Molina, and R. Gurchi, Noel. histrurn. Methods I1 85. 2(12

model a temperature dependent sd hybridization contributes ,/(91.94)

laN. P. Bariaduis, M. Rotb, A. A. Melo and J. C. Souares, Phys. Rev, It 47,
a local field at the probe site adding up with the conduction 8703 (19))3).
electron contribution. Their calculation for the HFF of Cd in "1N. . firriidia, aJ,I.. L1..:,l, it. Wolters, M. I:. dla Silva, A. A. Melo. J. C.
hop Co is given as the dashed line in Fig. 3. The H1FF ob- Soarcs, 1., V. Melo, V. I.reitas, 13. Swinnen, and M. Rots, J. Mugn.

tained in the present study is in very good agreement with Magn. Muter. 121, 8(1 ((993).
It(,. Allard, G. S. Collins, and C. Ihohentemser, I'hyv, Rev. B 32, 4839

the predicted values above the phase transition temperature, (1985).
confirming that the hcp structure was retained as a meta- 12 F. Raether, D. Wlarda, K. P_. ieb, .J. Chevallier, and (. Weyer, Z. Phys, B
stable phase throughout the temperature range attained. 73, 407 (1981)).

Te f t. lindgren. S. Bedi, and R, Wappling, Phys. Scr. 18, 26 (1978).
Thle fraction of probes feeling the well-defined HIFF of t413, Lindgren aind Y. Vijay, Hyp, Int. 9, 379 (1)81).

Cd in hcp Co is shown in Fig. 4 as function of temperature, '1M. Senbi, 1). Raghaivn, W. Senioilcr, and 1.. Raghalviiti, I yp. lnt. 9, 449)
normalized to its room temperature value. The solid line is a (198I).

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Barradas ot al. 6539



Observation and computer simulation of static magnetization process
In soft magnetic thin film

Zhigang Wang, lkuya Tagawa, and Yoshihisa Nakamura
Research Institute of Electrical Comnnunication, Tohoku University, Sendai 980-77, Japan

"We have developed a new numerical micromagnetic simulator based on the curling particle
assembly model and the finite element method which describes the static magnctization process in
soft magnetic films successfully, and which exhibits many details of that process. Compared to
conventional numerical treatment of the magnetic structure in soft magnetic films, e.g., the Landau-
Lifshits-Gilbert equation method or recently proposed Monte Carlo method, our approach has the
following advantages: high calculation speed, arbitrary meshing size, and good agreement with
experiment.

I. INTRODUCTION longitudinal direction is about It Oe, and is much smaller

Studying the static magnetization process in soft mag- than tie waue of 50 Oc determined for 11s along tile trans-

netic thin film is of interest for domain-control technology. verse direction.

As a conventional analytic method, the Landau-Lifshits-
Gilbert (LLG) equation method has been well used. 1

,
2 Re- Ill. DESCRIPTION OF SIMUATOR

cently a Monte Carlo method was proposed 3 which uses ran-

dom numbers to calculate an approximate result for eventual The flow chart of our simulator is shown in Fig. 2. A soft
phenomena such as unknown magnetization distribution in magnetic filn is divided into an array of a X in square cells,
soft magnetic films, where each cell is assumed to be an assembly of a certain

In this article a new numerical micromagnetic simulator number of magnetic particles. The angle of the magnediza-
based on the curling particle assembly model 4 and the finite tion in each particle is chosen such that it minimizes thie
element method (FEM) is developed. Compared to the other energy function which covers the exchange, anisotropy, de-
methods, our approach has the following advantages: high magnetizing, and external field terms according to the cur.-
calculation speed, arbitrary meshing size, and good agree- ing model. The magnitude and direction of the magnetization
nment with experiment. (magnetization vector) of each cell is determined by conmput-

Magnetic structures of rectangularly striped ipermalloy ing the arithmetic mean of those of all particles in that cell.
film, which can be typically used for magnetoresistive head, The magnetic properties of each particle are determined by
are modeled. The easy magnetic axis is aligned in the trans- forcing the calculatcd hysteresis curve, with the aid of our
verse direction, At the beginning, the spontaneous subdo- hysteresis curve simulator,4 to resemble the measured curve
main configuration for a stripe ofi a given length/width ratio in shape. The parameters to be adjusted lor the curling model
is simulated by determining the minimum free energy. The are shown in Table 1. The adjusted paraiteters are as follows:
static magnetization process due to a slowly changing exter-
nal field is then simulated. The above simulation results are
generally in agreemrent with Bitter pattern experiments.

II. OBSERVATION
al(0 0(!) a2(50e) at(10 00 ) a0(50 00)

The sample for the Bitter pattern experiment is a rectan- r.
gular Ni8e)Fe20 film (thickness=100 urn, width It) am)
formed by rf sputtering, photolithography, and ion-etching i1
process. An anisotropic field Hk -4. 2 Oe is induced along
the width direction by applying a field of 15.5 Oe in the same t)l (0 0 0) h2(5 t00) b30(0I 00) b4(50 o,)

direction while sputtering. The samples were coated by a thin
magnetic colloidal solution and the domains were observed .... I
under an optic microscope.

The static magnetization process for a stripe with the dl(0 Or) C2 (3 00) c.( 'I 0e) c4(10 00)
length/width ratio of 2:1 is shown in Fig. I. Based (n the
equilibrium ground state of the closure domain pattern, ai
uniform external field It is applied along the transverse and 'i X./
longitudinal directions. The common rule is that those do-
mains with magnetizations parallel to 11 grow whereas those 1t(0 0t0 (1(3 0I0) d2( 37 0C) 0 (1 ( t(!)
domains with magnetizations antiparallel to 11 shrink and
therefore magnetic walls move. Eventually ia single domatin
state is achieved at a field I1,. We find that 11, ahlo g lile FI( I TI hv lih It1t?',t , \l1ciIcill.
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Startlenigthwidth ratio

[set interaction factor, /

1.= w1VxM

[Modify magnetization cu rrent,
=2 7T-' arctan( 6/0) Z~

Calculate potential, A, from 1
Vx( /3'M/' 'NA) = j., + j

B =VxA

H = &' - M)

Caiculate magnetization, M, by4:
the curling particie assembiy modei

An Iteration method,
M,-M,,+ k ( My - M,,., FIG. 3. T he spontilncous subtdolinniii Collfigulriltion.

ionnverged7 -

It is taken for granted to assume a mean field interlactionlý

[stop between particles for permialloy. The mcan magnetic field is
assumed to be proportional to thle intensity o4 tile mean miag-

FIG. 2, Flow chart. netization in the surroundings of' the particle. Far simplicity,
we take the mean field as I a/i where 13 is thle
magnetic flux density and (Y is a constanlt. The effective field

the urlng ode parmetr S (I.8Hk1, 12 337, in a soft magnetic filmn is then expressed as

M.V= 700 emu/cc,I-I, = 0.4 Oe, o,11, /11(. = 0. 1, HA= 4.2 Oe, +~~I+~,~,l 1 alBI/~i0 +I--(lI±a~

aik[k= 0. 1, ao= 10 deg.(I
In general two-dimension model the thickness of the film Here H- is the niagiti.'o;stutic field which consists of* the cx-

is assumed as large enough. To realize the quasi-three- ternally applied field and the demagnetizing field, 'The eqtta-

dimension (FEM) simulation of very thin film, we have to tion expressing the relationship b~etween thle fMix density B?
correct the demagnetizing field by a factor (21',r)arctan(&/D), and the field 11 theni results ini

where 8 and D are the thickness and width of the film, re- B = IA01l1-r I Al - ( I I (Y) (AolIl I Al) /I(/ c)1II W)
spectively. This is because the demagnetizing factor of a long (21
stripe thin film with the thickness & and the width D is ap- where h

8  ±awhich represents thle niterparlickc mlean field
propriately (2/ir)arctan(8I1)) in the transverse direction. In interaction. Applying Ampere's law V X<i 11 the essential
FEM program, however, we cannot separate the demagnetiz- euto f E eoe
ing field from the total field, so that we modified the magne- eqaonf Mbcms
tization current j instead of the demagnetizing field, as (l IV A 01 3
shown in Fig. 2, VxA Vx ) IoI. 3

TABLE 1. Thec adjusted pararnscetrs, for the curling model. '

Magnetic Distribution Parameters to
property function be adjusted "V .

Curling model S1' 7
parameter

Saturation M, ~ . ~
msagnetization

Coercive Gauss Average H,, standard-
field distribution deviation rr1 ,, /11,.

Anisotropic Gauss Average 1Ik , standard , .

flild distribution deviation (TH 111k'' Vi

Direction Gauss Average 0, standard
distribution distribution deviation 00p

of easy axis
FIG. 4, '['tic simulated static magnet izat ion process.
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where A (B = V X A) is the vector potential. The solved mag- and finally disappear completely in the Bitter pattern experi-
netization M in every cell is converted into an equivalent ment. It is because of the large-angle rotation of the moments
magnetization current by j,,- A-0j '(V X M) and the substi- in the main domain, as shown in Fig. 4(c3) and Fig. 4(d3). In
tuted into the magnetization curneitl term j,, in Eq. (3). This other words, from this simulation we can observe clearly the
procedure is repeated until the final equilibrium state is two major magnetization mechanisms: wall displacement
reached. and magnetization rotation.

IV. SIMULATED RESULTS V. CONCLUSION

By making use of the above micromagnetic model, the Attempts to simulate the static magnetization process in
spontaneous states of the well-known closure domain pattern soft magnetic film using the particle assembly model yield
are given in Fig. 3 for various length/width ratios. For com- good agreement with experiment. In the future it may be
parison, the corresponding Bitter patterns are also shown in interesting to find a direct microscopic evidence in physical
the same figure. structure.

Then the static magnetization process due to a slowly
changing field is simulated. The uniform external field H is 'T. L. Gilbert, Phys. Rev. 100, 1243 (1955).
induced by a pair of Hehnholtz coils. Figure 4 is a example 2Z. Ga nd E. D. Torre, Digest ,,f INTERMAG'93, AC-06, Stockholm,
for a 2:1 stripe which demonstrates good agreement with the Sweden, 1993.
Bitter pattern experiment in Fig. 1. Further, this simulation -1 K. Tan, 1. Tagawa, and Y. N-'kamura, Proceeding of the 1994 IEICE An-

nual Conference, C-496, Kcioh University, April 1994 (unpublished).
can explain the pheenolenon that the walls of the main do- 4 Y. Nakamura and 1. Tagawa, IEEE Trans. Mag. MAG-25, 4159 (1989).
main become less well defined in Fig. 1(c3) and Fig. 1(d3) 51. Tagawa and Y. Nakamura, IEEE Trans. Magn. MAG-29, 3981 (1993).
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Magnetic and structural properties of Fe-FeO bilayers
X. Lin, A. S. Murthy, and G. C. Hadjipanayis
Department of Physics & Astronomy, University of Delaware, Newark, Delaware 19716

C. Swann
Bartol Research Institute, Newark, Delaware 19716

S. I. Shah
Dupont Experimental Station, Wilmington, Delaware 19808

The structural and magnetic properties of sputtered Fe/Fe-O films were studied by x-ray
photoelectron spectroscopy (XPS), Rutherford backscattering spectroscopy, transmission electron
microscopy, and superconducting quantum interference device. XPS studies showed the presence of
FeO and Fe203 on the surface of as-made samples. Microstructure studies showed a uniform
nanostruct'ire with the grain size in the range of 50-150 A with smaller grains corresponding to
thinner fims. The coercivity at 10 K was found to increase substantially with decreasing film
thickness below 60 A. A high H, (2.7 kOe) was observed in samples with a thickness about 20 A.
Magnetization curves showed a planar anisotropy with a shifted hysteresis loop characteristic of an
exchange anisotropy between the Fe and Fe-C coating. The coercivity was found to drop steeply
with increasing temperature. This may be attributed to the superparamagnetic behavior of the Fe-C
surface layer.

I. INTRODUCTION study the structural and microstructural properties of the
film. The thickness of the films was between 20 and 200 A.

Durng e thensivlat svertigald yecars, iron theirunuslmshave Soon after the film was made, a small amount of ambient air
been extensively investigated because of their unusual mag- was introduced into the system to passivate the surface of Fe
netic properties and potential application in high density re- films under three different pressures (335, 735 and 1070

cording media.- 5 In these studies, iron oxide thin films were ms uor the d ient ressu re (3e 735 ad e

prepared by a var-uty of methods, including reactive rf sput- mTorr) for 2 h at the ambient room temperature (we use the

tering from iron targets in a mixed 02 and Ar atmosphere. same passivation conditions as in Fe particles9 ). The as-made

The structural and magnetic properties of the films were samples were protected by depositing a 100 A Ag coating
found to strongly depena on the oxygen flow rate, the sub- layer on top of the bilayers.
foundtostr ongly teperre ond thiess oxy hen flow Diaterhent sThe Fe-Fe oxide bilayer thickness was measured by Ru-
strate temperature and the thickness of the film. Different tefr akcteigsetocp RS n h ufciron oxides (FeC, Fe30 4, ar-Fe 2O3, and "y-Fe20 3) were found therford backscattering spectroscopy (RBS) aiid the surface
iron fxims wih kes in thFe23, rang y-From 3 se eralhudred oud composition and depth profile were studied by x-ray photo-
in films with thickness in the range fron several hundred to electron spectroscopy (XPS). The crystal structure of bilay-several thousand angstroms,.r a eemndfo eece raeeto ifato

Very few studies have been conducted on iron-iron oxide ers was determined from selected area electron diffraction

systems.6- 8 Schneider et al.7 found a high coercivity in (SAD) data and the microstructure was studied using a JEOI

Fe-Fe2 O3 annealed ;,t 200 'C. However, Ruf and Gambino8  JEM-2000 FX transmission electron microscope (TEM). The

observed a strong exchange anisotropy in sputtered Fe-FeO magnetic properties were studied using a superconducting

layered films instead of a high coercivity. Recent studies on quantum interference device (SQUID) magnetometer.

Fe-Fe oxide fine particles showed a high coercivity and ex-
change anisotropy at low temperatures consistent with a III. RESULTS AND DISCUSSION
core-shell partiLzle morphology.

9

In this study we extended the studies on Fe-Fe oxide Figure 1 shows two bright field micrographs and a se-
particles to bilayer films made by dc magnet'on sputtering. lected area diffraction pattern of a 112 A sample sputtered at
Iron oxide was formed by direct oxidation of the surface of 1.0 A/s and oxidized at 1.07 Torr air. A uniform and continu-
the as-made Fe film. ous distribution of grains could be seen from the bright field

pictures. The grain size determined by the line ;ntercept
method was observed to increase from 50 to 150 A as the

II. EXPERIMENTAL PROCEDURE thickness of the samples increased from 20 to 200 A. For
A dc planar magnetron sputtering system was used to films with the same thickness but with different sputtering

prepare the Fe-Fe oxide bilayers. The sputtering target used rates and oxidation pressures, the grain size was found not to
was a 99.9% Fe disk 2 in. in diameter and 0.053 in. in thick- vary significantly. From selected area electron diffractiun
ness. The distance between the target and the water cooled patterns, bec a-Fe and fcc Ag were recognized. The apparent
substrate holder was 13.5 cm. The sputtering chamber was absence of reflections from the oxide layer in !he diffraction
initially pumped down to 7 X 10 - 8 Torr by a crypopump and pattern is probably due to the very small grain size and the
then the Fe film was deposited onto a kapton substrate by small thickness of the oxide layer.
sputtering in a 5 mTorr Ar atmosphere. Aluminum and Figure 2 shows a typical XPS spectrum ot an Fe-Fe ox-
carbon-coated copper grids were also used as substrates to ide sample. The asymmetric broadening of the higher energy
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,,,,'., S •. edge of the metallic Fe peak was deconvoluted to determine

.'t the type and amount of Fe oxides present. After argon etch-

'".t': I~ling for about 40 A•, thc peak due to Fe became stronger,

'•,,=' ,Figure 3 shows typical hysteresis loops for an Fe-Fe oxide
'Y•" :,".. -sample at 10 and 300) K. The shifted loop (shift hy about 120
II•]lll~~f• •.•L,...•IIOe) indicates the presence of exchange atnisotropy at the in-

i! - " ,terface of a-Fe and Fe-O phases. The loop shift was found to

r ,,. be smaller in thicker films.

(b) Magnetization studies perpendicular and parallel to the
film plane showed an anisotropy in the film lphame in a sam pie
of thickness of 112 A, which had been sputtered at 1.0 A/s

and passivated at 1.07 Torr (Fig. 4). The lack of perpendicu-
lar anisotropy is consistent with previous studiesil which
showed that oxygen contamination reduces the uniaxial sur-
face anisotropy in Fe films having a thickness of several
mnonolayers. With the increasing thickness, the surface an-
isotropy energy is further reduced and the easy axis becomes

The coercivity of Fe-Fe oxide bilayers wils found to de-
pend strongly on bo~th the total film thickness and tempera-
lure. tI,, showed a large increase in samples with thickness

(c) below 60 Ak reaching a value about 2,7 kOc in at 21) A thick

FIG.I. righ hed nlerorapa o twosamlessputere A~ t~ilhm (Fig. 5). In samples with a larger thickness, the cocrciv-
oxidized at 1.07 Torr. (a,) 56 A' and (hi 112 A• thick. (c) .SAt) pattern of ity was alniost a conlstant, -•250( Oc. The thickness depen-
:.ample in ib).

40.014
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FIG. 2. X 'S spectrum ot an Fc-F e o sidte ilayer sa mllple with thickness o3. I: . 4. M agn1 l izatie ot l 'rvoo parallel and perp iuL oxider Itu the t liu plun e in
8t A. atp anc-dc o nxidle o-nample.

6544 J. App). Phys., Vol. 76, No. 10, 15 November 1994 10 at



3000 0.014

Fc
2500

T-IOK 0.013

2000 R-1.0 Ns oP,1.o7T-8-•1500 0.012

1000O.I0T,.0.1 Field- 5000.t
1000 0.1 ZFC 1N /nm -,1...2A

500 R-0.3 Ah

0________ 00.?O -1.07 Tcgv

0 s0 100 150 200
Thickness(A)

0.Q00
0 60 100 150 200 250 300 350

FIG. 5. Thickness dependence of H, in Fe-Fe oxide bilayets. T(K)

FIG. 7. Magnetization as a function of temperature of an Fe-Fe oxide

dence of He may be influenced by both the grain size and the sample at an applied field of 500 Oc. (ZFC: zero field cooled; FC: field

amount of iron oxide in the sample. The grain size is larger cooled.)

in thicker films and this may lead to a multidomain structure
with a reduced coercivity. However, the grain size is well IV. CONCLUSIONS
below the single domain size of iron particles (200 A) even
in the 200 A thick sample, and therefore the size does not Fe-F e oxide iar er made by de m atrns
play a significant role here. On the other hand the relative tering method. The oxide layer was formed by passivatingamout o irn oxde resnt n th biayes ismuc hiher the surface of Fe film. The thin film was observed to have a
amount of iron oxide present in the bilayers is much higher uniform distribution of grains and the grain size increased
in thinner films leading to a stronger effective exchange cou- with the increasing thickness from 20 to 200 A. A high co-
pling between the iron and iron-oxide layers and therefore a ercivity (2.7 kOe) was observed in a sample of 20 A, depos-
higher coercivity. The latter assumption is consistent with the ited at 1.0 A/s and passivated at 1.07 Torr air. A displaced
fact that the coercivity of films with less oxidation is lower., ytrsslo a bevdi ape niaigasrnThe quantitative aspect of this interaction remains to be fur- hysteresis loop was observed in samples indicating a strong -
ther investigated. anisotropy at the iron-iron oxide interface. The coercivity

ther vercivityde e swas found to decrease substantially when the film thicknessT he coercivity decreases substantially w ith increasing i c e s d a o e 6 n h e p r t r n r a e b v
temperature, as shown in Fig. 6. At room temperature, the increased above 60 A and the temperature increased above
coercivity is small but at lower temperatt,,z it increases sub- 100 K. The latter behavior was attributed to the superpara-
stantially. This behavior may be caused by the magnetic be- magnetic behavior of the Fe-O coating which might consist
havior of the Fe-O coating which may become superpara- u, very fine grains that had a blocking temperature around

magnetic at temperatures above 100 K. This is further 100 K.

supported by the thermomagnetic data (Fig. 7) which show a ACKNOWLEDGMENT
magnetic transition below room temperature possibly associ-
ated with the blocking temperature of Fe-O. This work was supported by NSF DMR-9307676.
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Ferromagnetic-ferromagnetic tunneling and the spin filter effect
P LeClair,) J. S. Moodera, and R. Meservey
Francis Bitter National Magnet Laboratory, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139

Tunneling characteristics of a ferromagnetic-antiferrornagnetic-ferromagnetic (FM-AFM-FM) thin
film tunnel junction were studied in high magnetic fields with a view to investigate magnetic
coupling by the tunneling process. Gd20 3 , a stable oxide which undergoes antiferromagnetic
ordering below about 3.9 K, was chosen as the tunnel barrier between the ferromagnetic electrodes
Gd and permalloy. Tunnel characteristics showed as much as 32% decrease in junction resistance in
an applied field of 20 T, below 4.2 K. The resistance behavior as a function of H can be explained
by two different effects: firstly, the change in tunnel conductance due to change in the relative
magnetization of the two FM electrodes in low H; secondly, the spin filter effect in high fields, due
to the exchange splitting of the Gd 20 3 conduction band.

I. INTRODUCTION on the junction resistance is observed upon the application of
n a magnetic field. The present experiments show that the latter

In the past few years, there have been many investiga- effect is related to the spin filter effect, similar to that ob-
tions with multilayer magnetic thin tilms. For example, if served by Moodera et al.9 Nowak and Rauluszkiewicz have
two magnetic films are separated by a thin nonmagnetic recently reported excellent domain structure study in the tun-
layer, then the current flowing in such a trilayer depends on nel junction area and about 2.5%-7.7% change in tunneling
the relative magnetization direction of the magnetic film.[ resistance for Gd/GdO.,/Fe junctio in a field of -80 Oe
This is the case whether the current flow is by the tunneling which they partially attribute to the spin filter effect.") How-
process or in plane through the entire length of the trilayer. ever, the exchange splitting due to the applied field, 2/AH, in
Several trilayer systems in non-tunneling work (generally, their case is only -7 MeV and is too small compared to the
with a metallic film interlayer) have shown the characteris- reported barrier height of 0.276 eV to effectively show sig-
tics needed to fabricate field-activated devices.' When tun- niflcant spin filter effect.
neling occurs between two ferromagnets, interesting effects
can be expected if it is assumed that spin is conserved in the II. EXPERIMENT
tunneling process. 2 Having two ferromagnetic electrodes

with different coercive fields, one can expect the tunnel con- Thin film junctios of Gd/Gd2O3 /NiFe were prepared on
ductance to be dependent on the relative magnetization of the LN2 cooled glass substrates by vacuum evaporation. Metal
two electrodes. 3 -7 When the two electrodes are aligned par- masks were used to obtain the tunnel junction cross pattern.
allel, a maximum in conductance is expected; the opposite is Initially, 40 nm cross strips of Gd were deposited. The
true for an antiparallel arrangement. The effects of FM-I-FM Gd203 barrier was then created by oxygen glow discharge of
tunneling and the change in the relative magnetization direc- the Gd film surface. NiFe long strips of 18 nm were then
tion have been observed to bring up to 2%-3% change in deposited. The preparation process was entirely in situ. Two
junction resistance. 4,6 A simple model4 gives the change in out of the 72 junctions were selected to be mounted on a
tunnel conductance due to the change in the relative magne- probe to measure the resistance as a function of magnetic
tization directions equal to 2PIV,2 , where P1 and P 2 are the field and temperature down to liquid helium temperatures.
conduction band spin polarizations of the electrodes. For ex- The magnetic field was applied parallel to the junction plane.
ample, taking PI =34% for Gd and P 2=30% for NiFe, one Two kinds of measurements were done: R. was measured as
expects a change of 20% in the tunnel conductance. How- a function of applied field up to 20 T; second, I-V character-
ever, the observed change for various combinations of FM istics were plotted at H =0 and 1-=220 T up to 300 mV bias
electrodes and barriers is far less than the expected value across the junction. The four terminal resistance measure-
based on the simple model. Earlier, using a NiO, barrier in ment was used to avoid contact and lead resistance.
FM-FM tunneling showed limited suc,. ss. 4-6 ThiN. deviation
can be partially accounted for by impurities in :he tunnel III. RESULTS AND DISCUSSION
barrier, magnetic domain walls, and insufficient field to align Tunnel junction resistance was observed to increase as
the electrodes fully." Recent theoretical studies have also in- temperature decreased, showing the semiconducting nature
dicated a small effect.' The present work is about the study of the Gd2 O.3 tunnel barrier. At temperatures 4.2 K and be-
of an antiferromagnetic layer intervening two ferromagnetic low, a significant drop in junction resistance was seen with
layers, with a view to investigate magnetic coupling by the applied magnetic field. Figure 1 shows the variation of tun-
tunneling process. Gd103, a stable oxide which undergoes liel junction resistance as a function of magnetic field, taken
antiferromagnetic ordering below -3.9 K , was chosen for at 1.1 K for a representative sample. As seen in Fig. 1, june-
this study. In Gd/Gd.03iNiFe tunnel junctions, a large effect tion resistance showed a sharp initial decrease of --6%, in

low fields, region A(A'), followed by a slight increase in
"lPresent address: Phillips Academy. AnidovCr, MA 0t1810. region B(B') where it nearly regains its original value. Some
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IIcurrent-voltage characteristic of a tunnel junction has been
theoretically derived by Simmons,"l based on a trapezoidal

B' o B tunnel barrier. The tunnel current density is given approxi-

; I mately by

W J = J J t - ex p - A - ý 112 4+
Ix 0 .9 C ' • 2 2'A'

X exp( -A 0+ 1/2 ,]0.8 2,

where J0l= (e' 2/2'ih)s' 2 and A (4 rs/h)(2,)" 2 , with s
0.7 being the barrier thickness, and d) is the barrier height. By

fitting the J-V curves to Eq. (1), tunnel barrier height (ý))
-1o -5 0 5 10 was obtained for H=O and H=20 T separately. This fit is

H (Tests) also shown in Fig. 2. The barrier thickness (s) was found to
be 3.05 nm. In H=0, the mean barrier height was 0.4105 eV,

FIG. 1, Tunncl junction resistance variation with magnetic field. Data taken while at H20 T it was found to be 0.4006 eV Thus the

at T= 1.1 K. mean barrier height decreased by 9.9 meV in 20 T field.
R,1 variation seen in Fig. I may now be explained as

follows, At low H, the -6% decrease in R,(A,A') can be
other junctions did not show this rise after the first decrease due to ferromagnetic-ferromagnetic tunneling with the rela-
in resistance, In higher H, a more gradual and greater change tive magnetization of the electrodes changing from antipar-
in Rj is seen, and by 11 = 10 '1, the change is -20% [region allel to parallel direction. Region 0 represents the antiparal-
C(C')]. As seen in Fig. 1, R., variation is not simple and lel alignment. This change is still quite low when compared
straightforward. However, invoking the phenomena of tun- to the expected 20% change4 as discussed above, but the
neling conductance dependence on the relative magnetiza- values in this region are quite similar to those observed by
tion directions of the two electrodes and the spin filter model, others.3 7 The effects due to the relative magnetization direc-
one can try to explain the general trend of the deta. Although tion dominate at low U. The increase in region B(B') is not
not shown in Fig. 1, R7 vs H was measured up to 20 T, fully understood at this time; for example, exchange anisot-
where R., decreased by -32%. The magnetoresistance of the ropy at the AFM-FM interface may be at least partially re-
electrodes alone was measured and found to have a negli- sponsible.
gible contribution to the junction resistance change. In high fields, the change in junction resistance is more

The I-V characteristics of the junctions were measured gradual and greater as well. Simmons' tunneling theory
in H =0 and H=20 T at various temperatures. Data reported shows that a decrease in Rj is possible when 4) or s is de-
here is for T=1.1 K; data at 4.2 K or less showed qualita- creased. In the present case, the change cannot be due to a
tively similar behavior, while at higher temperatures Rj var- decreasing barrier thickness, since s is Gd203 thickness,
ied only a few percent. Shown in Fig. 2 is current density (I) which is fixed. Such behavior was observed recently by
versus voltage at 1.1 K, in 11=0 and H=20 T. The J-V Moodera etal.9 in tunnel junctions with antiferromagnetic
curves are typical of junctions with good barriers. The EuSL, bui iers. There, the variation of the barrier height was

o Zero
1.2 0 Field

Low

4 F,eid

Field

000 .5 .10 .-5 .20 .25 *
V (Volts) t

FIG. 2. J-V characteristics taken at 1.1 K in 11=0 and 20 T (L- and ., FIG, 3, Schlmaaic of conductio band exchange splitting of thi antil'rro-
respectively) applied field. Solid lin e is the fit to Simmons' theory [F(q. (1)1. magnetic Gd.,() ttonncl harrier and the spin tilter effect.
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attributed to the AFM to FM phase change in EuSe in an P=(J -J 1 )/(Jl+J,),9 which gave values of 17%-23%.
applied H, leading to exchange splitting in EuSe and result- This does not take into account spin scattering or other ef-
ing in an energy separation of spin up and spin down bands fects.
(see Fig. 3). Since Gd 20 3 is antiferromagnetic, applying a
strong magnetic field can be expected to drive it towards a IV. SUMMARY
ferromagnetic phase. The magnetic moment of the Gd&÷ ion, In conclusion, FM-FM tunneling has been studied. The
7 ,,2 is conductive to such a phase change. The exchange present work shows that the junction resistance variation
splitting (21) in a field is given by the Zeeman energy, 2 jH, with H of the Gd/Gd 2O3/NiFe tunnel structure can be ex-
where Az is the magnetic moment of Gd34 ions in Gd 203. plained by two distinct effects; namely, FM-FM tunneling
The exchange splitting value is fo: the splitting of the bottom and the spin filter effect. Exchange splitting in H, given by
of the conduction band in Gd 20 3 , similar to europium the Zeeman energy, explain the J-V characteristics quite
chalcogenides. 13'1 4 The change in barrier height as expected well. This latter effect also causes spin polarization of the
from the exchange splitting, 2 ALH, is 9.03 meV at 20 T, tunneling electrons. The low H results are in agreement with
which is in close agreement with the observed change of 9.9 previous studies,3- 7 and the high H results are similar to
me.V from H=0 to H=20 T. This clearly shows that the those seen in EuSe junctions by Moodera et al.0
change in barrier height is closely associated with the con-
duction band splitting in Gd 20 3 . This energy separation ACKNOWLEDGMENTS
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Theory of Brillouin light scattering from spin waves in multilayers
with interlayer exchange and dipole coupling

A. N. Slavin
Physics Depairtinent, Oakland Unive'rsity, Rochlcste; Alichigan 48309

I. V. Rojdestvenski and M. G. Cottamr
Physics Deparitnent, Univeirsity of Western Ontario, London, Ontario N6A 3K17, Canada

An analytic Green-function theory is developed for the dipole-exchange spin waves and their
Brillouin light-scattering spectra in perpendicularly magnetized magnetic multilayers and
superlattices. We consider periodic structures consisting of a large number of similar ferromagnetic
layers separated by nonmagnetic spacers. The dipole-dipole and exchange coupling are inEluded
between magnetic layers, as well as within the layers.

We extend our previously developed analytic theories of spin-wave (SW) polarizations ar i and a with respect to any
Brillouin light scattering from dipole-exchange spin waves in complete orthonormnal basis /•A(r,i), indexed by label k
magnetic films' and double layers2 to the cases of perpen-
dicularly magnetized magnetic superlattices consisting of al- ar= akýE fk(r i-.i), a , a'45(r,, i). (3)
ternating layers of a ferromagnet and a nonmagnetic spacer, k k

The effects of dipole-dipole and exchange interactions (both
intralayer and interlayer) are included. We obtain explicit The quadratic part W, of the energy density is then

approximate expressions for the spectrum of the collective V A
spin wave modes of a superlattice. Numerical examples for W,= ( -2a 2+ , BI,aa 24+c.c. (4)
Fe/spacer superlattices arc presented. 2 12

We assume a perpendicularly magnetized multilayer where, delining g as a gyroniagnetic ratio,
structure consisting of N identical magnetic layers separated
by identical nonnmagnetic spacers. Thle energy dmsity W of gM1 r 1
the system can he written as A 2 2f- dr dr'V (r,i)42(Nr'j)

1 gM,1  f

W='Q- f. dr dr'Mi*.i(2(ýrr'iil~ij+(Srr'i)Mr 'j X< rr, -r'rp) I + (5i) -2 (5(r -r')

X ýj dr (;,r'' + (5)
TN f. drl-rjM rj, I

where V is the volume of each magnetic layer (labeled by i B[2=--A- . dir dr'd/(r,i)c2(r',j)

and j) and M,. is the total magnetization at position i in lN "

layer i. The sccond term describes the Zeeman interaction X . I +(6)
with tihe static magnetic field, assumed to be !1W in all layers.
The tensor G,.,,u represents dipole and exchange interac- I lere indices I and 2 stand for k I and k,, and the superscripts
tions, with the diagonal term Grr,ii corresponding to a single +, -, and z denote the corresponding components of tile
film ease. We take tile dipole and intralayer exchange inter- interaction ten.:or in terms of M -=M' iM and Mz.
action tensors in the same form as for a single film] and To choose the orthonorrnal basis cb&(r,i) we assume that:
assume for the interlayer exchange (i) the interlayer interiv'tion is weak, so that the SW modes of

a single layer (SWSI.) du not differ significantly from the
,noa /" corresponding modes S, of a single magnetic film13 and (ii)

dNJr J M,.,N,,( - p ), (2) the individual layers are thin enough for tile different SWSLs
to be well separated in frequency. With these two assurnp-

where i is the superlattice periodic length (i.e., tihe sumr of a tions the SW modes of a multilayer can be represented as
spacer thickness and a magnetic layer thickness), and a is a SW composite modes (SWCM) of the following form:
constant of intralayer exchange' related to exchange constant Ok(r,i) = , r,i ) =- L,,(S,,( ý )cxp( - k p ), (7)

/ by cy=. //(27rM2), where At, is the saturation magneti-
zation (assumed to be the same in all layers). Also where k is the in-plane wave vector, and 4-'i is the spatial
/3=. -/11. / is an effective interlayer exchange parameter de- coordinate perpendicular to the layers measured from the
fined as in Ref. 2. The sum is over the adjacent layers, and 1) center of layer i. The orthonorntality condition is
and p' are the in-planc components of r and r'.

Next we rewrite VV, using the linearized Holstein- i-N . (8)
Primakoff representation4 as before,3 and we transform the ,,
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We now substitute the above expressions into Eqs. (5) and with the single-film results we conclude that, if the
(6) to obtain A 12 and B 12 in terms of the coefficients LjQ, multilayer has no "macrosurface" anisotropy, i.e., the inter-
which we take to have the form Action between the first (or last) layer and its neighboring

one is the same as for any adjacent layers in the bulk, there
are no pseudosurface. (Im Q>0) composite modes. In this

where Q, which generally depends on the mode number n, is case the lowest frequency excitation will be the uniform pre-
a (dimensionless) superlattice Bloch wave number for the cession (constant LJQ) mode, which also will be the only
SWCM. one excited in FMR experiments. If there is a macrosurface

By analogy to the single film case, 3' 5 the values of R,,Q, anisotropy on the edges of a multilayer, the consistency
TQ, and Q depend on the effective "macroscopic pinning" equation to determine the composite modes transverse wave
at the top and bottom magiietic layers of the multilayer struc- numbers Q will be similar to that for a film:" 3

ture. These macropinning parameters may depend on the dif- (18)
ferent effective anisotropy fields in the top, bottom, and bulk (Q-D 1 D2 )tan(QNL)-Q(D1 +D2 )
layers as well as on the anisotropy of interlayer exchange. with the parameters D, and D2 characterizing the boundary-
Details will be given elsewhere,6 but in the simple case of no layer anisotropy of the interlayer exchange. The solutions of
multilayer boundary anisotropy we get Eq. (18) for Q with imaginary values correspond to the pseu-

i\ m dosurface excitations while real values produce the pseudo-
L,,jQ (2 -8ol)1/ 2 cosj N j - 21 , (10) bulk solutions.

We first relate the above results to some recent FMR

where Q wrml/N, and m = 0,1,2,..., N- 1. For any given k measurements.7 The two branches of FMR can be associated
and n, we can eventually rewrite the coefficients A and B with the hybridized pseudosurface and first pseudobulk corn-
and the lowest nonhybridized SWCM frequencies wwQ as posite modes. The hybridization occurs as the spacer thick-

ness becomes greater than 5 A and is due to mixing of the
branches with different q,, but close SWCM frequencies. We

4 .oMUkI,,Q',, (11) expect low value of macropinning constant as the first
Spseudobulk composite mode has relatively small resonance

BJi,,QQI -iWoMUik.QQ,, (12) amplitude. We assume that D2 ý0 and DI-D, which
2  =A 2  -lBkQQI 2= (flk,,Q(fli.,Q+ !wUk,,QQ). roughly matches assumptions in Refs. 7 and 8. Using Eq.
-. 2Q QQ 2 (13) (18) we can write that far from the hybridization area for

small D
Here wom= 41rgMo, oa1t=g(H-4'rM0 )i-)gH,, q,, is the
single-film transverse wave number for mode n, and A a aU

22-=- _ [ j& +4D + r(7r2 -I-4D)1 1 ] (19)
f-W,L U=co1+awM[k +qt++(/3Q2/2L)], (14) WM 2NL

1 Equation (19) enables the value of D to be deduced from the
,,Q,- LQL,*JQ'Pn(k)+P,,(kL) &f " experimental values of Aw. Although our approach is ca-

(15) pable of predicting the behavior of the FMR dispersion rela-
tionships, there is no simple way to include hybridization in

The dipole matrix elements P,,,,q(k) and P,,,(kL) are defined our formalism. The reason is that the possible mechanism for
analogously to the single film case.3 The following factoriza- hybridization is mixing of single film modes with different
tion is possible: transverse wave vectors but close frequencies, occurring due

= .!j(i,j)P,(kL), (16) to the micropinning dependence on the spacer thickness. It
would be worth developing a numerical perturbation theory

where P,,(kL) depends only on the single-layer parameters of the kind used in Refs. 9 and 10 that would use our ana-
and lytical expressions as a zero-order approximation.

k For the case of Brillouin light scattering (BLS) experi-
-10= exp(-kLi-j) (17) ments, where k-lO5 cn1, the above-mentioned effects will

-- be much less important as the main role in the hybridization

is a discrete analog of the dipole Green function3 knoting will be played by dipole interlayer interaction. Hence we
k=Ikl). For N>1 we can write6  Uk,,,QQ apply the SWCM formalism to Fc/spacer multilayers with
- PQQ(kLN)P,,(kL) where the function PQQ isgivenl by the the parameters: a=l.15X10-13 cm2 , 47rMo=21 kOe,
same formal expression as the matrix element P,,, for a H=22.5 kG, L=100 A, spacer thickness 10 A, and zero
single film.3  macro- and micropinning. It is straightforward to confirm

Now, using Eqs. (11).-(15), we can calculate the fre- numerically that for these parameters there is no noticeable
quencies of the nonhybridized composite modes in a similar hybridization of the modes with different n. In Fig. I we
way to the single film case. Equations (13)-(15) constitute a display the boundaries of the bulk bands for multilayers with
description of the multilayer in an effective-medium approxi- /3= 105 cm-' and different values of N. One of the bound-
mation. In particular, Eq. (13) has the same form as for a aries (at Q "-ir), is independent of N within the given k in-
single film, but with renormalized parameters. By analogy terval. This can be explained by the vanishing of the dipolar
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FIG. 1. Dispersion relationships for Fe/spacer multilayers with number of FIG. 2. The dispersion relationships for a five-layer structure. The solid line
layers N - 0 (A), 20 (B), and 40 (C). "Me flat curve represents the purely corresponds to the purely dipole branch, while the dashed arid broken linesexchange branch (Q -or); curves A, B, and C represent the purely dipole refer to 9= 105 and -1( cm- 1, respectively.

branch (Q -0). P= 105 cm-1. See the text for the other parameters.

efficients, at the various surfaces and interfaces. Once the
contribution for the modes with high Q. The other boundary appropriate Green functions have been calculated from the

(at = ) des ot dpen ontheintrlayr echage.The formalism described earlier (by linear-response methods), it
dipolar contribution to this branch is significant and it de- is straightforward to determine the BLS intensities associated

pens o N.Fro ou anlyss w execta salig bhavor with the various SWCM modes. Details will be presented
w ith th . Fromensouanalysis weniv e cta v ari cableing keN. In- elsewhere.6 In general, it is necessary to take account of the
dedith i.1weseta the diesols nvrosalvaiable beinote UN. arnow various internal multiple reflections of the incident and scat-
dreequd, i stn t F ig. 1 he thatitheicrkossings, den oe by arrsows tered light at the surfaces and interfaces of the sample,',' but
are eudistantsion trnhes logrih c k /scale. InFig.yer weithow we avoid this difficulty by restricting attention to the case

the isprsin banchs fr F/spcermultlayrs ithN=5 where the optical penetration depth of the light in the sampleand diff erent v alu es o f Pl correspon ding to ferrom agnetic and is m al r t n L ( e g , s w o d b e yp c ly n th c se fantiferromagnetic interlayer exchange. The branch sepaiationl iessaller muthlan (€.gawol etpalyithcsef
for the low k region, which is directly mneasurable froirt the F/sarmuiayr)
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Spin wave spectra in semi-infinite magnetic superlattices with nonuniaxial
single-ion anisotropy

E. L, Albuquerque
Departantento de Fisica, Universidade Federal do Rio Grande do Norte, 59072-970-Natal, RN, Brazil

A microscopic theory, based on the Heisenberg model, is employed to investigate the spin wave
spectra in a semi-infinite superlattice made up of two ferromagnetic materials, where the
constituents may present both the uniaxial and nonuniaxial components of the single-ion anisotropy.
Our calculations are carried out for the exchange-dominated regime, and a transfer-matrix approach
is used to simplify tile algebra, which otherwise could he quite heavy. The calculated spectra show
that, in addition to bulk spin wave modes, there may be surface modes associated with the truncation
of the superlattice.

I. INTRODUCTION material B. Both materials are taken to be simple cubic nonu-

As a result of recent advances in fabrication techniques, niaxial Heisenberg ferromagnets, having bulk exchange con-

there has been a continuing interest in investigating the prop- stants JA and Jsu with nearest- ne ighbor exchange interaction,

erties of spin waves that propagate in multilayer magnetic a is e lattice nt of is A stat aped

microstructures. Many of these works have been concerned a is the lattice constant of both materials. A static applied

with these excitations at the low-temperature regime, where magnetic field Ht is assumed to be in thc z direction. The

at least one of the components is a ferromagnetic or an an- superlattice is truncated at z = 0, with vacuum occupying the

tiferromagnetic material (for a review see Ref. 1). Further, region z<0.

depending on the relative importance of the magnetic dipole- The two materials are characterized by single-iondependinguniaxial anisotropy parameters DA and D,1 , as well as single-
dipole and exchange interactions, different models for the uniaxial anisotropy parameters D A and D1, as ts e

magnetic behavior can be employed, For instance, for suffi- i ntaces, b nicotiuns t are FA and

ciently small values of the excitation wave vector, dipolar interfaces, between constituents, these values are DA, and

effects are dominant and magnetostatic modes should propa- Fsj Q =A or B), while at the free surface (material A), (le-

gate in such superlattices. 2- 4 On the other hand, at lar e ex- fined by z=0, we have Do and F(), respectively. The ex-

citation wave vectors typically greater than 108 m-" in a change constant across each interface A-B is equal to 1.

ferromagnet, exchange interaction, which is the restoring The Heisenberg Hamiltonian for a bulk specimen of

force for spin waves, will be dominant.5 -10  component . =A or B is

In this article we are concerned with the spin wave spec-
tra in exchange-dominated magnetic superlattices. We intend H= -- (1/2)2 Jd8J.S-gIlzjnio1 Sý+H1 ,i (1)
to extend previous work7 il2 by considering surface effects I

in a semi-infinite magnetic superlattice, whose constituents with
have nonuniaxial ("easy-plane") single-ion anisotropy, be-
sides the uniaxial ("easy-axis") single-ion anisotropy. Nonu- )2 ( (Sy 2- ,i[ (sD) -- Y , ')[]1 (2 )
niaxial anisotropy exists in many magnetic materials, like the i (
ferromagnet CrBr3 and the antiferromagnet NiO, and it can
be different at a surface or interface because the crystalline
electric fields are different there. We employ a microscopic
theory to investigate the spin wave spectra based on the
Heisenberg model, together with a transfer-matrix approach. --- e--o 0 --- : 0
This method was used with success in dealing with the i I I I I
theory of superlattice plasmon-polaritons (for a review see -- 0 0 0-- -o - - n/.
Ref. 13), and it leads to a compact expression for the spin r) 0 0-0 0- -
wave dispersion relation of the magnetic superlattice. Ex- I A I I
perimental systems are likely to be more complicated than -- 0 0 0- -0 -
the model described here, with less simple crystal structures - 0 0 0- -0 --

and possible different ordering at interface layers.14 How- --- 0 0 0- -0 0- -
ever, these details would influence only the detailed form of -- 0 0 0_ _e _ -.

the transfer matrix, and neither the general method nor the -- B
qualitative form of the dispersion relations should be af- -- • 0 0--0 0--
fected. _0 0 0 0--6 0---

0 0-0 0- - z (n/)L
I I I I I

II. THEORY

As indicated in Fig. 1, we consider a superlattice in FIG. h The seni-infinite nonuniaxial rerronmagnelic surolaitticc discussed
which n,, layers of material A alternate with n,, layers of in this article.
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Here, Si donates the spin operator at magnetic site i, g is the vectors IA"', JB") and IA"' I) formed by the corresponding
usual Land6 factor, and At, is tile Bohr magnetron, undetermined amplitudes A", B"3 and A Q (j= I1-4), these

The dispersion equation for a bulk spin wave in medium equations can be cast in matrix forms as
J is found within the randomn-phase-approximation (RPA) MIA," = NnIWB,)
from the equation of motion for the operator Sl = S'± iS, I.
This equation is and (11)

( -_-),S )' -)+ 2P.S 1" 2' S, (3) NAIA" '

where the 4X4 matrices M and N can be found elsewhere,."
Now, making use of the transfer-matrix treatment and

where we have made a Fourier transform to frequency wo. Bloch's theorem, as in previous works,7,12 we find that
Also, 77= [I- (2S)- 1, and S is the RPA approximation for
Sf, The value of A,, is TIA") = exp(iQL)IA"), (12)

Aj=g/LjH(- + 2D./S V. (4) where Q is the Bloch wave vector, and the 4X4 transfer

Considering plane-wave solution for the operators S , matrix is defined by

and either by diagonalizing the Hamiltonian (1) or by solving T= N, A MliNU NM,. (13)

Eq. (3) directly, we can find that the spin-wave dispersion Also, a T is a unimodular matrix, the cigenvalues of Eq.
relation in a nonuniaxial ferromagnet J115 isI(12) occur in pairs (I, 1), i= 1, 2, and they are related to

cos(kza) =(A,12JjS) + [3- y(k,,) ] the two Bloch waves vectors Qi by ti=exp (iQiL). Thus,
once 'r is evaluated, the required eigenvalues can be deter-

(5) mined in a standard way. This calculation generalizes those

Here, flj=hIw/JjS and A(k,,)=cos(k.a) +cos(kva), with presented in a previous paper,12 where we discussed two lim-

kt,= (k., ,k3). iting cases, namely first the nonuniaxial parameter F in each

We now turn to the semi-infinite magnetic superlattice medium has the same value at the interface as in the bulk,

depi,'ted in Fig. 1. At nonzero temperature the equilibrium and second the nonuniaxial anisotropy is considered only at

configuration must exhibit the analog of surface reconstruc- the interfaces.

tion. This implies that the mean spin S in both materials is a Now we consider the truncation of the superlattice at the

function of its distance from the n,.'arest A-IB interface. I-low- plane z=0, with vacuum occupying the half space z<0.

ever, although this effect is important, we can overcome it by This allows us to investigate the occurrence of surface spin

restricting our attention to the low temperature regime, that waves for this superlattice structure. For these modes Eq.

is T,4 T,., at which the spins are fully ordered. The spin wave (12) still holds, provided we replace tile Bloch wave vector

dispersion equation can then be found by solving the RPA Q by if3, with Re(13>() to guarantee a localized mode. Fur-

equations of motion for the spin operators S. A spin that is ther we should take into account the equations of motion (3)

not in an interface layer, labeled a, 6, y, t5 and " in Fig. I, for layer 4 at z =0, considering the single-ion anisotropy

has the same nearest-neighbor environment and therefore the parameters Do and Fa1 . This provides an implicit dispersion

same equation of motion as a spin in the corresponding bulk relation for the surface spin waves and in fact, once the equa-

medium. Thus, the spin wave amplitudes should be given, tions are solved, we can obtain a value of fP which satisfies

within each bulk material, by a linear combination of the Eq. (12), with Re (4)>(). The details of this calculation can

positive- and negative-going solutions, i.e., be found elsewhere. lo

S) L'/+ "'J./ I2J, (6) III. NUMERICAL RESULTS AND DISCUSSIONS

S "-=QjjFjjlj2+ (2J, (7) In Fig. 2 we show the spin wave spectra for the surface

where and bulk modes which can propagate in a semi-infinite nonu-
niaxial ferromagnetic superlattice. We have plotted a reduced

.. 1=A•' exp(iktz) +A exp( - ik 1 z) (8) frequency ilA=th1W/JASA against a reduced wave number

and C1, is equal to C1.1 provided we replace A"•, A", and k, kx.a across the whole Brillouin zone. The wave vector

by A1, A,4, and k21. Also, (./=A or B):2 kp,=(k, ,ky) is taken in the [1t)] direction.
The bulk superlattice bands of spin waves are shaded

Fj.= F /.I , (€ and they are bounded by the curves QI. = 0 and 7r. There are

Qu= 21 11j + (l12 +4 t2)1121 +((Q •+ ,. (,-, frequency gaps where no bulk superlattice modes exist, and
J 4..) -the locations and widths of these gaps are influenced by the

The wave vectors k I and k2, are related to ilj by Eq. (5). nonuniaxial anisotropy, being more pronounced for small
The equations of motion for layers cy and f3 relate the values of kxa where exchange effccts are small. As a conse-

amplitudes A", (j = 1 -4) of medium A with the correspond- quence, surface modes may propagate in these forbidden re-
ing amplitudes B' (j = I -4) of medium B. Similarly, the gion, and indeed, as shown dashed in Fig. 2, there are surface
equations of motion for layers y and 5 relate the amplitudes spin waves occurring as discrete branches to the spectrum, in
A -14t (j = 1-4) of medium A with tile corresponding ampli- the gap regions between the continuum bulk mode bands, It
tudes B' (j= 1 -4) of medium B. If one defines the column is important to notice that some of the surface modes emerge
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We also have extended the present ferromagnetic theory to
"take into account systems in which there is an antiparallel

6n magnetization between the ferrornagnetic materials."' High
quality antiferromagnetic superlattices have recently been
fabri,:ated,17 and we have also interest to extent the present

0 theory to Heisenherg antiferroniagncts.
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Ground state of antiferromagnetic systems in a magnetic field
and in the presence of surfaces

L. Trallori, P. Politi, and A. Rettori
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We deteri'minc the gronord state of' senini -infinlite on iaxial ant ife rroni agne ts and films. inl termis of at
two-diniensional area-preserving mnap, where thle surfaces are introduced as appropriate boundary
conditionis. For tile film, tlic ground state is calculated in at very rapid and accurate waly for any value
of N, the number oif planes%. lor the semii-infiniite systemi, we show that the So-called sotrface
spin-flop state does not exist, while a non1-homo1geneCous ground State is founrd inl the hulk spin-flop
phase,

Recently, new materials niade of'ferromnagnectic films anl- nmapping is characterized by the fixed points and the orbits of'
tiferroniagnectically coupled, were synthetized. Usiiig Kerr the infinite sistenil, but tile spin structures relevant for our
and SQUID miagnetomietry, sharp cusps5 in dM/1dl- were de- prob~lemiiare only those which satisfy the previous conditions,
tected for such aii N/= 22 multilayer of Fe/Cr(2 II) Withi a at very selective constrainat. Inl this way we are able to calcu-
miagnetic field applied parallel to the easy axis.1 Thle peak at late thle iionhoogeneous ground state very rapidly and with at
the higher field /I,, was attributed ito the bulk spiti-flop (13SF) high accuracy (within niachinec double precision). For filmns
transition, and the p~eak at the lower field Hsl to thle surface with zero anisotropy, so that II,~ () 0. we recover tile results
spin-flop (SSF) fratisitioi.1 obta inted by numnerical selIf'-consiste lit miethods.1

For a semii-inifinite antiferroinagnct Withi thle surface lot the semii-itifinlite systemi, we show that thle 5SF state
spins antipara I/el to thle magnietic field (AF,1 ), the presetece does not exist; for /1<Hll. thle stable ground state is always
of the SSI` inistability was il'Crred sonic years acgo,'23 by thle AFj1 one. We show that the AF1  state is metastable for
noting that the k I) surface miode softenis foir 11<lls. while for lls<11l<lI1 it is unstable Witli respect to
H ýHs=-' Ii,,/ 2 . Inl the SSF state, the spins were predicted-' the formationi of a Bloch wall which makes thle surface spitis
to turn by necarly ir!2 near tile surf ace and asymptotically turn lrion antiparaflel to parallel to the field. For 11 >11 , a
reach thle AFj1 configuration in thle hulk, It was also nionutiiformi bulk spin-flop grountd state is found,
suggested'" that the extension of the region of' turned spinis For at fili Withi even N, it'll K Is, thle grounid State is thle
should itncrease with increasing 11, until thle (iStif, for AV one, with zero nmagnletizat ion. For ll1ý< /1< III,, the low-
"i = HB , of a uniforiii bulk spin-flop state, Withi all thie spins est free energy is accomplished by an inhoniogeticous con-
rotated by necarly 7r/2. Ili conlitrast , for at serni-ii iill It systemi figuration Carrying at finiiite imagnet izat ion. In fact, if conisist s
Withi tile surface spins 1)artallL'l to the field (AF 1),3 tilie only of' a doinlainI wall separating two necarl y antitiferrortoagliet ic
inistability was found at Hf = 11 , as in thle iiifiiiite systetil, il regiotns, Withi thle spinls onl tile two surfaces almlost parallel to
correspotndence to thle softeninig oh' a hulk miode. the applied field. lIi contrast, for a ti liii withi odd NM thle

A doubtful poinit of' this descriptioni is that, ill the semri- ground state is the AF one Withi the spinls oti both the two
infinite systern, thle samec uniform 13SF phase would be Surf'aCcs parallel to 1- for any I11<11;,. This explains whly a
achieved in different ways, depeniding onl the parallel or :il peak in c/Al id/ was observed atiill i only for filmis Withi
tiparallel orientation of the surface spins with respect to If. an even tinimber (if planes ['or 11 > 1/1 , in both cases onle has

For at til Wii wit I finite numtrbe r of'p Iarnes, N, onec finds a il a [lotio1n i forml 115F Coll figo rat ion, owing tol the s ti rf'aces e f--
analogous behavior oft the excitations. For N even, there are feet.
two surface modes, anid for 11=1 on (ily thle one focalized at TIhle energy of, thle systeml is giveli by
the surface Withi thle spins antiparallel to if shows a comlpleteE
softeniting: For N odd, if' thle excitationis arc calculated with '---~ [ICos( b - I 0 1 1, cos21
respect to the AF ground state with thle %pins5 on bothi the two N 11S
surfaces parallel to thle field, t he oiilIy i ltstability is fountd at 211 Cos I)
H = HB -.

Ill t Iiis article, lie determiina tiont of tlie grounid state oif' whlie Ill ii aind //,. are tilie exchange antd aniisotropy tiehIts,
both the semii-infinlite system atid thle filmn is f'ormulated ats at respectivelyý it is the lplariC index, Wiliith c Z foir the infinite
two-dinrietisinnal area-preserving inl p" whlerme lie sumrfaces system. it c N:' fo r thle scriiii- infinite onle, anid it - 1, 2,...,Ni for
are introduced w itfi app;ropriate boounda ry cot ndi ti is," '[ie af ii yd ivtIci e(hti i
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0.30 form ground states of the infinite system, and are second-
order ones owing to its antiferromagnetic nature. Carrying
out a stability analysis, it results that the AF fixed points

0.00 ......... PAF( 0 ,0), PA+(,) are hyperbolic for H

"a ooH.• '". ... +2H.H+HA - HB [see Fig. 1(a)] and elliptic for higher
fields [see Figs. 1(b) and 1(c)]. On the contrary, the 13SF

• .oQ fixed points p-sF=(-,-sin 4), Pt s`=(ý,sin ý), where

cos &=H/(2HM -fHA), arc hyperbolic for H

0.25 >.* [2HEHA -3H =_ H'1 [see Figs. l(b) and 1(c)] and ellipticH>H,,o[So

H>H, , ,. for lower fields't [see Fig. l(a)].
1

* *." ,"-." " In order to take care of the presence of surfaces in the
S0.00 film [see Eq. (2c)], we introduce two fictitious planes for

. '•-1 0,=O and n=N+ 1, so that the boundary conditions are
b given by

0.29a s I = sin(k 't-b0() 0 , (4a)

1.00 -- , I = sin(V+ I -ON) = 0. (4b)

For the semi-infinite system, only one fictitious plane
.%, , _____ must be introduced for n = 0 [see Eq. 2(b)], and the boundary

condition is given by Eq. 4(a). Among all trajectories ob-
S0,/ tained from the mapping (3), only those satisfying Eqs. (4)0 represent equilibrium configurations for the system in pres-

"-"°°-. "0 . ence of surfaces. This is a very selective constraint; e.g., for

e(red.) a film, the physical trajectories must have two intersections
with the s, = 0 line, separated by exactly N steps of the recur-
sive mapping.

FIG. 1, Phase portraits obtained from mapping (3) for HA=0,9 kG,

HE-= 1O0 kW (ý-=,).)09), (a) H= 10 kG, (b) H= 15 kG; full circles denote From the analysis of the phase portrait at different values
two nonhomotopic to zero trajrctorics pertinent to films with N=20 and of the field, we have found the ground state configurations
N=5 0, respectively, (c) H" 50 kG. for the semi-infinite system and for a film with even N.

(1) For H < ýHEHA±+HA ia HS, the phase portrait
does not show peculiar features: the ground state is the AF1 I

sin(0, 4. 1 - 0,.) + sin(o,_ - O, + 24 sin 9, one for the semi-infinite system, and the AF one for the film.
(2) For Hs < H < fil [see Fig. 1(a)], the surface spin-

+ sin 20,,=0 (infinite), (2a) flop state is not an equilibrium one for the semi..infinite sys-

s,,) +(1 - 6•,,)sin( f,,_ I - (f,) tem. This happens because none of the inflowing orbits, con-

(2b) verging to one of the hyperbolic fixed points, ' and pAn
+2ý sin 0+ sin 20,=0 (semi-infinite), is found to cross the line s=0 at (k00,-r." It will be shown

later, by energetic arguments, that the configuration assumed
(1- N.,)sin(, - ,,) + (1 - .,,)sin( _ - ) by the senli-infinite system in this field regime is the AF1 ,

+ 2 sin q0,,+ " sin 2 0 (film), (2c) one. For the film, the ground state configuration is provided

where ýHI/HE and ýwHAI, E-. We first consider Eq. by one of the non 1 homotopic to zero curves, since they are
(2.Introducing 8 s lthe only ones crossing the s = O line in two different points

(2a), valid for the infinite system. which are not fixed points. In Fig. 2 we show tihe ground
Sit can be written as a two-dimensional state configuration of an N=50 film for different values of

mapping H. It results that there is only one trajectory which is able to

1= p,~+ sin-s , (3a) satisfy the boundary conditions (4), and the corresponding
energy turns out to be smaller than that of the AF one. For

s,,+I=s,,-2• sin , sin 2•,,. (3b) Hs < H < Hil, we find an inlilomogcneous configuration

The mapping is area preserving (because the Jacobian is consisting of a domain wall separating two nearly antiferro-
J= 1), and invariant with respect to the transformation magnetic regions, with tile spins oil the two surfaces almost

( *)( - b, -s.v). Trajectories in (O,s) space are associ- parallel to tile applied field. Thus; for H=IHs, the magneti-
ated with equilibrium configurations. In general, front the zation of a film with an even number of planes presents a
mapping (3) we obtain phase portraits [see Figs. l(a)-l(c)] jump from zero to a finite value. Such a field-induced phase
characterized by inflowing and outfiowing orbits connecting transition was experimen'ally revealed as a peak in dM/dH
the hyperbolic fixed points, elliptic orbits which encircle the in Fe/Cr multilayers.I

homonymous fixed points and, finally, nonhomotopic to zero (3) For H>HI- [see Fig. I(b)], the uniform bulk spin-
curves (i.e., curves which cannot be reduced to a point by a flop state is never ain equilibrium one since the hyperbolic
continuous deformation). The fixed points correspond to uni- fixed points, P"St and Pi~5S, do not lie on the line s-=-, ts
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0 . the system in its AF, 1 state. Performing in Eq. (5) a T= 0
"00 I decimation procedure in order to eliminate the even spins,'

S-we obtain, for smnal HA and H

2H O201- o 1 (6)

-n K -'00jwhere the last term is due to the existence of a free surface at
n s0 n = 1. Equation (6) has the well-known sine-Gordon form. In

order to investigate the t:ansformation of the AF[ state into
FIG. 2. Ground r'tatc contigurrion for an .V J 0 film with HA= .Q kGW, the AF11 state, and also the stability of the SSF state, it is of
HE = 100 Wt. Open circles: 11= 10 kG. Full circles: 11 = 15 kG. The solid interest to minimize this energy for a given value of 01 and
horizornlal tines show the canting angles for un infinite system in the bulk for fixed cos 02ni + - 1 at n = -. The solution of this prob-
spin-flop phase for H = IS kG. len' is given by the Euler.-Lagrange equation oif a domain

wa!)

iequired by the boundary conditions. For the sem~ri-infinite HE(20,+1 0n+3-0n-I
systemy, an ir~homogeneous ground state is found since all the ~ 2 2±t- , ± -

inflow ing orbits, converging to one of the hyperbolic BSF H2~
fixed points, intersect the s = 0 line. For the film, the nonho- +(2, ~sn22l+t0 7
motopic to zero trajectories giving the ground st Iate configu- HEA!si 92n1 0 7

ratien, are closer and closer to _ls1 as N increases: then, for Isrigisslto noE.() ehv
H>B and moderate fields, only the middle planes present a

*configuration similar to the BSF one, while the spins in the E '2HH-H2 '
planies near the surfaces are rotated by angles significantly = E JIcS'k 1-HcsSi 8
diftcrent ;rom ir/2 (see Fig. 2). For Hl>H! and high fields For weak fields, the coefficient of cos 01 is posit~ve, so that
(H;ZHE!2), the phase portrait becomes chaotic [see Fig. teeeg rsnsamnmmfrcs0 r0=r
I ] iot is imotn.o"t hteidacfrcatcbhv Thus, the AFT, state is a metastable one, in agreement with

irialofound5 for those high values Iof the HA/HE ratio the spin wave argument. In other words, if a Bloch wall is
,,-0I.25) pertinent to Fe/Cr rnultilayers. introduced into the At.F state from the surface, the sse

Axt this point wet put lorward an energetic, though ap- xesi hog h uic.Ti cusi < ý-system,
proximate, argument to confirm that for the semi-infinite sys- expels Ot throg other suracen hid ccr if Hs:H , tHhe , ine.,y(8
tem in the field range Hs<H<HB, the SSF state (or any ifHHs Onni theothe 0=.Ithand, se if ' H aHHlochewlli energy(8

ote ouiom-niuao)cannot exist, We rewvrite Eq. ismnmmfr/=OInticaeifaBohwlisnr-
othe nouiomaonsuain duced into the AF,, state from the surface, the system swal-

(1) aslows it and transforms progressively into the AF11 3tate. In

E Hi" ~par ticular, the SSF state corresponds to cos 1 ---0, and it is
~ 1H. osrf,-~,1 )--HA cos 2 

011 1 unstable, in agreement with the mapping argument.

R. W. Wang, D. L. Mills, E. E. Fullerton, J. E. Mattson, and S. D. Bader,

H jCos 0,1 + co~s 0,, + H cos ~ . (5) Phys. Rev. Lot. 72, 920 (1994).
21). L. Mills, Ph'ys. Rev. Lett. 20, 18 (1968).
11) L. Mills and W. M. Saslow, Phys. Rcv. 171. 488 (1968); 17o, 76(0(E)

Only syitems in which c.) 0,,±cos ý6,,+ ) goes to 0 whetin (1968).

gosto - will be consid-ied It is so both in the AFu state 4 1- Keffer and H. Chow, Phys. Rev. Lett. 31, 1061 (1973).
-5 L. Trallori, P. Politi, A. Rettori. M. G. Pini. and J. Villain. Phys. Rev. LIxt.

ai;d in the A K T s; .te, since (cos , + cos ek, )is iden dcalIlIy 72, 1925 (1994); L. Trallori el al. (unpublished).
zero for any n in both cases. Therefore, in both states, the "S. Aubry, in Soitons and Condensed Matte~r Physics, edited by A. R.

Z'ýeman energy reduces to -H cc,- 96 which is minimum in Bishep and T. Schneider (Springer, New York, 1979),
theý AFII state., but maximium in the AF 1 , state! Since the T.~ Bak, Phys. Rev. Lett. 46. '91 (1981).

Ar 8P'. 1. Belorov, V. V. Belosharl,. 0, . N. Za'Aavskii, and A. 0. Trct'yakov.
ti tate is not the groun~i state, but it is stable with respect Zlt. Eksp. Terrr. Fiz. 87, 310 (1984) [Soy. Phys. JtiTP 60. 180 (1984)).

to spin waves for H<H H, we conclude that it is metastable 'R. Pandit and M. Wortis, Phys. Rev. B 25. 3226 (1982).

for H<Hs. However, for HS<H<HBiSF the situation is dif- l'r C. Niirtemann, R. L. Stamps. A. C. Carriqo, and R_ E. Camley. Phys.
feret. e ar gong t arue hat he YI, tat :s nstble Rev. B46. 101547 (1992).
ferent. ~ ~ ~ ~ ~ ~ ~ ~ ~ "h Wedeiongtfagfehtthrencates ntal between Hý and HB is related to ihe metasiatliliiy regioni in

wth respect to the formation of a Bloch wall wh)ch will the first order BS17 phase transition.
form a;' the surface and sinks; into the bulk, thus transforming 'ýJ. killain and J. M. Lerveluck. J. Phys,. 38. 1.77 (1977).
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Magnetoresistance of ultrathin Co films grown in UHV on Au(111):
Crossover from granular to continuous film behavior versus Co thickness
(abstract)

C. Dupas, E. Kolb, J. P. Renard, and E. V6lu
Institut d'Electronique Fond, Universitu I'aris-Sud, 91405 Oisay,, France

M. Ga!tier, M. Mulloy, and D. Renard
Institut d'Optique Thu;orique et Appliqu.e, Universitf Paris-Sud, 91405 Orsay, Fronce

Co/Au(111) is a model systf-m for magnetoresistance (MR) studies due to abrupt interfaces without
intermixing between Co and Au and perpendicular magnetization of Co films for Co thickness
below nine atomic monolayers (AL). The high quality of Co/Au(lll) multilayers is revealed by
highly contrasted MR oscillations versus Au spacer thickness. 1 We report here a detailed study of the
effect of cobalt thickness done to 0.2 AL on the MR of various Au/Co structures. Experiments were
performed on single Co layer sandwiched between two Au(l 11) films, Au/Co/Au, and on double Co
films, Au/Co/Au/Co/Au, in the T range 1.5-300 K and in magnetic field- up to 10 T. For the
sandwiches, two series were studied, each including eight samples grown in UHV in a single run,
with Co thicknesses tc, from 0.2 to 1.6 and from 1.4 to 4 AL. The MR in the perpendicular and
transverse configurations show that the easy magnetization axis is perpendicular to the films, even
for low tc,,. The MR value increases with tc,) to the high value of 5% at low temperatures for a
noncentinuous Co film and decreases afterwards, clearly evidencing the transition from islandlike to
cc.,ntinuous-like character of the Co film. In the islandlike regime, the magnetic domain size is
limited by the island size and is thus smaller than in the continuous Co films, leading to higher MR
values. In the double Au/Co/Au/Co/Au samples, different Au spacer thicknesses were chosen in
order to ensure either FM or AFM coupling between the magnetic layers, and t c,, was varied up to
10 AL. Wc did not observe coupling oscillations versus t,-,,. Moreover, the lack of any significant
variations of the MR value shows that the electronic mean free path in Co is larger than 10 AL at
any T.

'V, Grolier et al., Phyr. Rev. Left. 71, 3023 (1993).
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The micromagnetics of periodic arrays of defects in trilayers with interlayer
exchange coupling (abstract)

H. A. M. van den Berg
Siemens A G, Erlangen, P.O. Box 3220, Gertnany

A significant loss in the giant magnetoresistive signal of magnetic stacks with antiferromagnetic
coupling across nonmagnetic intermediate layers is caused by regions with a ferro- rather than an
antiferromagnetic coupling. The impact of these ferromagnetic coupling regions extends itself into
the lateral direction due to the bulk exchange coupling. The present micromagnetic model provides
a tool by which a detailed quantitative evaluation of the impact of periodic arrays of parallel line
defects is possible. These defects have deviating exchange-coupling constants, and/or anisotropy
constants or directions, bulk exchange constants, saturation magnetization, etc., in specific regions.
Previously, we developed a phenomenological model of trilayers with two magnetic films separated
by a nonmagnetic interlayer t that contains one such defect. This model, with a relatively small
number of free parameters, allows one to trace complete hysteresis curves. A large number of mode
branches reveal themselves and jumpwise transitions between these modes frequently occur along
the hysteresis loops. The present micromagnetic model requires a sufficiently accurate assessment
of the starting magnetization configuration in order to get a convergence of the code. In general, the
micromagnetic code is not capable of overcoming the above irreversible mode conversions. The
mode branches evaluated by the phenomenological model are applied to provide the micromagnetic
model with appropriate starting configurations after meeting a situation of nonstability. The
micromagnetic theory of Brown 2 constitutes the basis of the present approach. The micromagnetic
effective field is calculated at grid points and the torque exerted by it on the magnetic dipole is made
zero at each grid side by an iteration scheme. The long ranging magnetostatic fields are given by
convolution integrals and are evaluated in the Fourier space by using two-dimensional fast Fourier
transforms. The single defect is mictomagnetically studied by zero padding techniques. Depending
on the course of the external field, two different wall regions reveal themselves, to wit, the wall core
and the so-called N6el tails. These tails were not incorporated into the phenomenological model.
Provided that the defects are sufficiently wide spaced, the agreement between both models is rather
good in the core regions. The impact on the GMR signal, in particular of the Noel tails, will be
discussed with emphasis on systems with weak interlayer coupling, e.g., the decoupled systems.

'H. A. M. van den Berg et al., IEEE Trans. Magn. L9, 3099 (1993).
2

W. F. Brown, Micromagnetics (Krieger, New York, 1978).
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FMR doublet in two-layer iron garnet films (abstract)
A. M. Grishin, V. S. Dellalov, E. I. Nikolayev, V. F, Shkar, and S. V. Yampolskii
Donetsk Phystech, Donetsk 340114, Ukraine

Multilayer epitaxial iron garnet films have been investigated very intensively in thc recent past. The
dipole and exchange couplings of spins lying irt different layers results in the existence of new types
of oscillations in these structures and give rise to the characteristic resonance properties of them.'-2
Resonance microwave absorption in two-layer iron garnet films, of which one layer is in a saturated
state and the other is in a demagnetized state, is investigated. The films were prepared by the
epitaxial method on a gallium-gadolinium substa.-e with (111) orientation. The first layer on the
substrate was the doped iron yttrium garnet with the easy plane magnetization. The second easy axis
l-,yer was the bubble domain layer. The resonant field of the first layer FMR line versus the external
in-plane magnetic field was investigated. It was determined that the FMR line is doubled when the
external field is applied along the [I 12]-type axes. The lines of the FMR doublet merge into a single
line and the resonance intensity is doubled if the magnetic field is oriented in the [I 10] directions,
It was established that the FMR line splitting is conditioned by the layer exchange interaction, the
cubic anisotropy, and the domain dissipative field. The magnetic and anisotropy of the resonance
fields agrees with the model of an isolated layer magnetized by the domains of the neighboring
layer.

'A. M. Orishin eti al., Phys. Lett. A 140, 133 (1989).2 V. F. Shkar, I. M. Makmak, and V. V. Petrenko, JETP Lef. 55, 33t0 (1992).

Influence of the dipole interaction on the direction of the magnetization
in thin ferromagnetic films (abstract)

A. Moschel and K. D. Usadel
Theoretische Tieftemperaturphysik, Universitiat Duisburg, Lotharstrasse 1, 47048 Duisburg, Germany

The magnetization of thin films depends in a very sensitive way on surface anisotropy fields which
often favor a perpendicular orientation and on the dipole interaction which favors an in-plane
magnetization. A temperature driven transition from one to the other orientation has been observed
experimentally.' In order to understand this behavior theoretically we performed detailed
calculations of the magnetization of very thin films (thickness of up to 5 layers) within a quantum
mechanical mean field approach. A surface anisotropy that favors a perpendicular orientation and a
long range dipole interaction were taken into account. It is shown that these competing interactions
for certain values of the parameters may result in a temperature driven switching transition from an
out-of plane to an in-plane ordered state. Varying the strength of the dipole interaction we found that
the switching temperature is a very sensitive function of the ratio of these two competing
interactions. A perpendicular ground state magnetization of the film is only found for values of the
surface anisotropy which are larger than a critical surface anisotropy value. The reorientation of the
magnetization vcctor has its physical origin in an entropy increasc of the system when going from
a perpendicular to an in-plare ordered state,

This woik was supported by the Deutsche Fotrschungsgeniceiischalt through
Sonderforschungsbereic.' UI6.

11. P. Pappas, K.-P. Kiimper, and |1. Hopster, P1hys. Rev. Lett. 64. 3171)
(1990).
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Fine Particle:-_" S. H. Liou, Chairman

Coercivity and switching field of single domain rFe20 3 particles
under consideration of the demagnetizing field

Paul L. Fulmek and Hans Hauser
Institut fur Werkstaffe der Elektrotethnik, Jechnische Universitiit Wien Gusstzausstrasse 27.29,
A-1040 Vienna, Austria

The coherent rotation of the spontaneous polarization in ellipsoidal ferromagnetic single domain
particles is calculated under consideration of the magnetocrystalline anisotropy and the true, inner
field. Magnetization curves and switching fields are computed for uniaxial and cubic
magnetocrystalline and shape anisotropy. Considering only the magnetic energy inside the particle,
the resulting switching fields are lower than those predicted by the Stoner-Wohlfarth theory, and
they are qualitatively and quantitatively comparable to the results of other models, 7he comparison
to measurements on isolated y-Fe2O3 particles shows excellent agreement.

I. INTRODUCTION In crystalline ferromagnetic materials I., prefers certain

The idealized particles discussed are small, perfect directions of the crystal lattice to minimize the inagnetocrys-

single crystals of exactly ellipsoidal shape. They consist of talline energy E,.. For cubic crystal structures (bcc, fcc) we
one single domain only.' The magnetization process happens use a series expansion of the directional dependence (direc-

by coherent rotation of the spontaneous polarization. This tion cosines a0) with respect to the crystal axes

rotation need not happen continuously, switching occurs for E,.= K()+K1( 0" 10" 2 + o 13(1)

critical field strengths.
2

It is further assumed that all processes happen at temn- Three coefficients K0 ,1 2 are sufficient to describe thi,; prop-
peratures far below the Curie temperature, where the spon- ert,. Uniaxial magnetocrystalline anisotropy is described by
taneous polarization of the material is constant. The analysis
assumes static and isothermal ferromagnetism. Effects asso- E,=K~ 0 ± Ku1 sin 2 9+ K, 2 sin4  , (2)
ciated with the time rate of change of magnetization are not where cp is the angle between the easy axis and I,..
considered. The general expression for the power density of the

The coherent rotation of the spontaneous polarization is magnetic field in any material, especially ir. nonlinear and
determined by the behavior of the minima of the total energy anisotropic materials,8 is
density. Therefore, only anisotropic contributions have an in-
fluence. The energies taken into account are the magneto- =E,, aB
crystalline energy E, and the energy of the fields in connec- " t- H-t (3)
tion with the applied field Ha and the demagnetizing field
"Hd. All other energies are neglected. As single domain par- The time integral supplies the general formula for the energy
ticles are always in the state of saturation, the demagnetizing densit) of any general magnetic field config"ration"'l

field has a strong influence on the true field and on the en-
ergy due to the field. Stoner-Wohlfarth (SW) calculations E,= f1dB. (4)
demand that the particle does not interact with surrounding J
magnetic material. Completely neglecting the field outside The true H acting in the material is the vectorial sum of
the particle, however, yields results that agree perfectly with the applied field H, and the dcmagne:izing field Hd. In the
measurements on single y-Fe 20. particles, special case of a specimen surface of second order (e.g., a

Magnetization curves are calculated by tracing the general ellipsoid) all fields in the volume of the specimen are
minima of the energy areas (the three-dimensional space homogeneous, and therefore, the demagnetizing field can be
variation of the total energy) as the applied field is changed determined by a demagnetizing matrix N
continuously.

2-6
1

Hd= - -NI
II. ANISOTROPIC ENERGIES /.. _

To calculate magnetization curves we have to find the (

minimum energy configuration for a given applied field. H=Ha+Hd= Ha-- NI,.
Only the direction of I. can vary. Under this assumption the
energy is a function of only two variables, of the direction of Demagnetizing factors are determined in the directions of the
I,. For searcning the minima we have to take into account axes of the ellipsoid.'' This diagonal matrix has to bt. trans-
only anisotropic energies. formed for general ellipsoids in arbitiary orientations.

J. Appl. Phys. 76 (10). 15 November 1994 0021-8979/94/76(10)/6561/3/$6.00 (C 1994 American In3titute of Physics 6561

S.. ... . . ....~ . . .. ... ...... . • •.. . . .. . ... . . . . . . . . . .. .. . . . . . .. .. . . . .• • - " " _ i : - -



The induction B in the specimen results from the 1.00
vacuum induction of the magnetic field H ind the polariza-
tion of the materi-'l:. SW /

0.80 A ______ --

B=A0H+tI,..t0Hu +(1-JN) I. (6) /03

As an approximation for the total energy we integrate Eq. (4) o o.60 "
with Eqs. (5) and (6) over the volume of the specimen only. - - . - "
The variation of the energy density is dt'- to the variation of
the polarization vector 1, only. Thc ent :,y density of the 0.40 -3
material is therefore reduced by

- ,, 1 B dH,+ B 0.,20-Et= f iH_ • Odi,

2(7) Angle in degrees

For a given applied field the energy can be expressed asFora functio n ofptwoevriable the diereyctin of exprAeminimum FIG. I. Switching field of prolate ellipsoids (aspect ratio 4:1:1) with van-
a function of two variables, the direction of I1. A minimum ishing magnetocrystalline anisotropy. The dashed line gives If, according to
energy for constant H, yields stable solutions of l,(H,,). Two SW theory. All H,. values are related to SW-/,.= 138 kA/m. [L Measure-
interesting properties of the magnetization curve will be dis- merits y-Fe.0. particles (Ref. 13); A Micrornagnetic calculations (parallel-

cussed here. The point of magnetization reversal-the coer- epiped) (Ref. 12); 0 calculations f'r additional cubic anisotropy

cive force--and the point(s) of instability-the switching (K 46(( k/m 3(

field strength. As single domain particles are always in the
state of saturation, we have to define the magnetization curve
as projection of 1, in the applied field H, versus the value of In the SW model the influence of shape and magneto-
the applied field H,,. crystalline anisotropy can be included as an anisotropy field

HA-- 4 h = Ha/HA . This reduction is impossible for our calcu-
lations. To find a direction V for the polarization with mini-

Ill. UNIAXIAL CALCULATIONS mum energy, we have to find the value for h [Eq. (9)] that

For comparison to other models it is convenient to cal- gives OE*/10p=( [Eq. (10)]. With a second derivative Eq.

culate the coercive force and the critical field (switching (11) greater than zero, h gives a stable minimum, a stable

field) in the case of simple uniaxial anisotropies (magneto- point on the magnetization curve. When Eq. (11) is zero, the

crystalline and shape anisotropy, K, 2 =0) for prolate ellip- corresponding field is a critical field, the solution is an un-

soids. The polar axis of the ellipsoid is identical to the axis of stable one. This critical, switching field strength is important

uniaxial maginetocrystalline anisotropy. The angles a of the for magnetic storage.

applied field and ýp of the polarization are denoted with re- Figure 1 shows the switching field strength depending on

spect to the axis of uniaxial anisotropy. the direction of the applied field calculated by the formulas

As we need the energy expressions Eqs. (2) and (7) to from above..In comparison to our results Fig. I shows the

find the minimum energy only, we can reduce the total en.. switching tield curve according to SW calculations, results

ergy E to E* from a micromagnetic approach by Yan and Della Torre us-
ing a parallelepiped as model geometry (aspect ratio 6:1:1,

E= -E ,-F* ýsill2  -/ICos (Y Cos length 30( nm, uniaxial rnagnetocrystalline anisotropy), 2
U , [ and measurements of the switching field on small isolated

I (I +N y-Fe2Ot; particles (aspect ratio ---4:1:1) by Knowles.13

+ 2- _.--N sin at sin •o, (8)

h =nH,, I -N)]-1-I,( 1 -- 3N)/(8o)' (9)

d_ sin(2 P) -h cos a sin ýp ft 11]

± ]--(i•-sin a cos ýp (10)

d 2E pool
-- 2 cos(2p)+ h cos a cos ýp

+ I (-_-• N sin a sin ý . (Il) t`IG. 2. coordinate system for t 'magnetocrysta line anisotropy', (1i), shape
2 anisolropy (ao bc), and the direction of the applied ticld iaf,).
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FIG. 3. Magnetization cuwves for y-Fe20 particles (aspect ratio 4: 1:1) in FIG. 4. Magnetization curves for y-Fc20w particles (aspect ratio 4:1:1) in
dependence of the angle a (,=() of tie applied aield with respect ttr the dependence of the angle ie3 for icn3h1.
easy axis of shape and cubic magnetocrystalline aeisotropy. a is varied from
0i to 90h insteps of 15h. soad. The second angle l is the angle between the (ac0)

plane and the field vector (see Fig. 2).
For uniaxial considerations, we did our calculations for Figure 3 shows the resulting magnetization curves when

r-Fe203 particles with I, =0.45 T, K,, I=0, and an ellipsoid the direction of the applied field is changed in tile (Ilo0)
shape with an aspect ratio of 4: 1: 1. The demagnetizing factor plane by 15' steps (a=O°"...90', 8l=0). The magnetization
in the direction of the longer axis is N=0.075. curve for a=0° calculated by SW theory would have a co-

For an angle of the applied field of 00, our calculations ercivity of 138 kA/m. For a<60° the switching field is iden-

yield exactly half the value for the switching field of SW tical to the coercivity.

when the uniaxial anisotropy constant K,, is zero. In this The influence of the second angle 63 is shown in Fig. 4:

case are both angles a=lp=0 the angle a between the applied field and the easy polar axis
of the ellipsoid is constant 30'. The coercive force varies by

E~w=sin2 •-hsw cos(a-g,), 15%, as the secondary angle 63 changes from 00 to 900.
hsw=4tJ.Ao/[l (I -3N)], (12) Values of the coercive force variation due to the cubic

anisotropy are plotted in Fig. I in comparison to pure

h/hsw= 2-H,,1H,.o= 0.5. uniaxial shape anisotropy. The values of switching fields for
a>60' could not be determined precisely, as with increasing

IV. CUBIC CALCULATIONS angle the continuous rotation yields steeper slopes of the

For cubic anisotropies the two-dimensional minimum magnetization curve, numerically indistinguishable from a

search on the surface of the energy areas was realized by a real instability (compare Fig. 3).

numerical algorithm implemented on a computer.
The calculations have been carried out for elongated el- 1C. Kittel, Phys. Rev. 70, 965 (1945).

lipsoids of -y-Fe2O3 with an aspect ratio of 4:1:1. We assume 2 E. C. Stoner aiid E. P. Wohlfarth, Philos. Trans. R. Soc. lon1don Ser, A
240, 599 (1948),

that the long axis of the ellipsoid lies in the [111] direction of 3 11. Lawton and K. 11. Stewart, Proc. R. Soc. LAmdon Ser. A 193, 72 (1948).

the crystal lattice.4 The material parameters are: 1.,=0.45 T, •C. E. Johnson, Jr. and W. F. Brown, Jr., J. Appl, Phys. 30, 320 (1959).

Kl=-4600 J/m 3. K 2 AO J/m 3 .H4  5P. L. Fulmek and H. Hauser, Appl. Electroniagn. Mater. 5, 323 (1994).
As we calculate magnetization curves for cubic anisotro- (H. Hauser and P. L. Fulmek, IEEE Trans. Magn. 28, 1815 (1992).7H-1. J. Richter, IEEE Trans. Magn. 29, 2185 (19931).

pies, we have to consider two angles of the applied field with '1-1. Hofmann, Das Elektroinagnetisc/;e Feld (Springer, New York, 1982).

respect to the axes of the ellipsoid. The angles are denoted 9J. A. Stratnto, Electromagnetic Theury (McGraw-Hill, New York. 19)41).

according to the angles in a spherical-coordinate system with "T. A. Guggenheim, Proc. R. Soc. London 155, 49 (1936).

the long axis of the ellipsoid as polar axis (i.e., the [111] '1J. A. Osborn, Phys. Rev. 64, 351 (1945).
12Y. ). Yan aud E. Della Torre, 1. Appl. Phys, 66, 3201 (1989).

direction). The first angle a is always the angle between the 'J. E. Knowles. IEEE Trans. Magn. MAG-14, 858 (1978).

direction of the applied field and the long axis of the ellip- 14M. E. Schabes, J. Magn. Magn. Mater. 95, 249 (1991).
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Structural and magnetic characterization of Co particles coated with Ag
J. Rivas, R. D. Sanchez, A. Fondado, C. lzco, A. J. Garcia-bastida, J. Garcia-Otero,
J. Mira, and D. Baldomir
Departamento Fisica Aplicada, Universidad de Santiago de Compostela, Spain

A. Gonzalez, I. Lado, and M. A. L6pez Quintela
Departamento de Quimica-Fisica, Universidad de Santiago de Coinpostela, Spain

S, B. Oseroff
San Diego State University, San Diego, California 92182

Co fine particles coated with Ag have been synthesized through the microemulsion method in an
inert atmosphere. The size of the particles is controlled by the water droplets of the microemulsions.
Fine particles prepared by this method, consist of a magnetic core of Co covered by a layer of Ag.
Samples containing from 3.3 to 40.5 vol % Co have been prepared. The average size of the particles
obtained is in the nanometer range. The magnetic properties were studied by dc magnetization at 77
K and room temperature. The data show a strong dependence of the magnetic properties on the
annealing temperature.

I. INTRODUCTION two microemulsions were mixed and the magnetic particles

Single domain magnetic particles show very interesting were formed inside the microdroplets. The microparticles,

properties, such as high coercivity and remanence, which are separated from the microemulsion by ultracentrifugation,

of special interest to several applications in magnetic record- were washed later with n-heptane and ethanol several times

ing and permanent magnets. Different methods can be used and finally dried with acetone.

in order to obtain small particles in the submicrometric (2) Coating with Ag: The magnetic particles were redis-

range. Among these, chemical reactions and vacuum deposi- persed with AOT in an aqueous solution containing AgNO 3
tion are the most usual ones. Most studies of ultrafine metal- and EDTA (ethylendiaminetetracetic). Silver ions were then
lic particles have been performed on granular materials in absorbed on the particles which acted as nucleation centers.
nonmetallic matrices.1-3 Interest in single domain particles This solution was later irradiated with UV light during 30
immersed in a nonmagnetic metallic matrix has increased min to obtain a metallic cover of silver on the magnetic
recently.4.5 The interest in granular materials, such as Fe-Ag, particles."' The amount of EDTA and AgNO3 used depends
Co-Ag, Ni 81 Fej 9-Ag, etc., is because they present a giant on the Ag/Co ratio to be obtained. The coated microparticles
magnetoresistance (GMR)./' Although much effort has been were separated again from the solution by ultracentrifuga-
devoted during the last years studying the origin of their tion, washed several times with n-heptane and ethanol in
properties, a quantitative understanding of the phenomenon order to remove the AOT surfactant, and finally dried with
is still lacking."' acetone. Then, the microparticles were examined before and

In this work we describe a new chemical method for the after annealing in flowing Ar.
preparation of ultrafine Co particles covered by metallic sil- Most of the organic impurities were eliminated after an-
ver. This method consists in mixing two water-in-oil (W/O) nealing, followed by a process of oxidation and reduction.
microemulsions containing the reactants dissolved in the These were observed by differential thermogravimetric
aqueous phase in order to produce the Co core. The reaction analysis measurements.
takes place inside the droplets, which controls the final size The samples were characterized analytically by induc-
of the particles. Subsequently, silver ions are adsorbed onto tive coupled plasma-atomic emission spectroscopy and the
these particles and finally are reduced to produce a silver final composition of Co, Ag, and impurities were determined.
metallic shell. The structural characterization was carried out by x-ray pow-

der diffraction. These measurements were performed at room
II. EXPERIMENT temperature, and matched with diffraction patterns from the

The microemulsions employed in the production of the total access diffraction database. In order to determine the

particles were composed of n-heptane, aqueous solution, and size distribution, measurements of transmission electron mi-

aerosol-OT (AOT, sodium dodecylsulfosuccinate). The drop- croscopy (TEM) and dynamic light scattering (DLS) were

let size of these microemulsions was controlled by the ratio carried out. For both TEM and DLS measurements, particles
R=[H,0]![AOT]. This ratio was set to 10. The whole pro- were dispersed in water using AOT. The average crystallite
cess for obtaining the particles, that was carried out in an sizes were calculated from the shape of the x-ray diffraction
inert glove box, can be divided into two stages. peaks using the Debye-Scherrer formula. The magnetic

(1) Formation of the magnetic cores: To carry out this properties of the samples were measured with a vibrating
first stage, two different microemulsions were prepared. The sample magnetometer in the temperature range of 80 K<T
first one consisted in an aqueous solution of Co(N0 3)26H 20 <300 K. The powder was introduced, loosely packed, in a
(0.i M) and the second one contained NaBHI4 (0.2 M). The cylindrical sample holder.
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FIG. 1. X-ray diffraction pattern for Co,4 5Ag07.. after annealing at different T,. 700'0
temperatures. The arrows show the position of cobalt reflections. C

Ill. RESULTS AND DISCUSSION 100 mulg co

A. Structural characterization
t bulk

X-ray diffraction on as-prepared Co particles (first . ,
chemical stage) shows a typical amorphous spectrum. Figure - 1i5 15
1 shows the x-ray diffraction pattern for a typical Co/Ag H (KOeO
sample at five temperatures of annealing (TA = 100, 300, 500,
600, and 800 *C). Long measurement times, counting times FIG. 3. In plane M-H loops at room temperature of Co•Agl -,with x-0.12

of 20 s per 0.0020 step in 20, were needed in order to observe at different annealing temperatures in series A. (a) 7 A=3 0 0 °C, (b)

cobalt peaks in samples with high concentration of Co and TA =500 'C, (c) TA =700 'C, and (d) hulk Co.

high treatments of temperature. Only one Co peak is visible
(200) because the others overlap with those due to silver. In B. Magnetic properties
Fig. I it can be observed how the width decreases with an- The temperature dependence of the magnetization has
nealing temperature. Studies of the width of Ag (111) and Ag been measured after cooling in zero magnetic field (ZFC)
(220) peaks done as a function of annealing temperature and also after cooling in a field (FC). The M-T data show a
yields the size of the Co/Ag particles grows from 15 to splitting between the FC and ZFC curves. For the as-
60 nm. prepared samples, this splitting occurs close to room tern-

Figure 2 shows the TEM electron micrograph for the perature (RT). For annealed samples, the sizes of cobalt
sample with x~=0.12 of Co, Agt -. treated at 500 °C. To ob-samle ithx =0. 2 o CoAg1 -x teatd a 50 'C Toob- cores grow and this splitting point •s shifted towards higher
tain the micrograph, the samples were dispersed in water and corerangrth
then deposited onto Cu grid substrates. The average diameter The magnetic hysteresis loops have been measured in
was of about 30 nm, similar to the results obtained by DLS. three series of CoAg1 -x (A, B, and C). Series A and B are

two separate fabrication runs with the same Co concentration
(x=0.12_±0.02) but with different annealing temperatures,

0<.•-,. :100 'C<TAT<800 QC. Series C are samples of different

compositions, from x =0 to x=0.66 annealed at TA =500 'C.
Figure 3 shows magnetization (M) as function of magnetic
field (H) at RT for TA=300 °C [Fig. 3(a)], 500 'C [Fig.
3(b)], and 700 'C [Fig. 3(c)]. Figure 3(d) is the M ir cobalt
powder (d<250) Am) and reflects the bulk properti, of the

•' ,• material. The coercive field (H(.) as function of TA is p1otted
in Fig. 4(a). The squareness, SQ, defined as Mr/M, where
M, is the remanence magnetization and M, is the magneti-

: • zation at H = 13.5 kOe, vs TA, is shown in Fig. 4(b).
According to Fig. 4, for series A and B, it is possible to

- . .define three regions of annealing temperature. The first for

low TA , between I(X) and 300 'C, shows a reversible M-H
behavior, The second region, for 3 0 0 <TA< 6 0 0 'C shows a

FIG. 2. TEM microphotograph of a sample of Co,,.uA) H.. hysteresis loop [Fig. 3(b)]. The dramatic change of the mag-
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(b) TA (QC) FIG. 5. CoAgl-x samples (a) M, vs x (experimental composition) after

annealing at 500 TC (the solid line comes from CoCu1 -, in Ref. 5) and (b)
FIG. 4. (a) H, vs TA and (b) SQ vs TA for two different runs of CoxAg1 -x H, vs x. The solid lines are guides to the eye. Open and filled symbols show
()r-0.12). Series A (A) Xr, (A) 77 K, series B (0) RT and (0) 77 K. measurements at RT and 77 K, respectively. The filled stars are data from

Ref. 11 of CoAg, -, films.

uetic properties in this range could be due to an increase of
the Co nuclei and/or the crystallization of some amorphous analysis we observe that Ag crystallizes in the face centered
portions of the Co cores as TA increases. For TA -500 'C, .'/, cubic structure. The magnetic behavior of these samples after

and SO have maximum, as seen in Fig. 4. This maximum is thermal treatments (TA -500 °C) shows coercive fields as

similar to the one found by other authors in Cot9 Ag8s and high as H,-600 Oe at room temperature. These values are

Cos0 Ag•,r granular magnetic thin films." The third region similar to those reported for granular materials which present

(VA >600 'C) shows that the 1I, and SO decrease as TA in- GMR.6 '7 We are now in the process of measuring the MR in

creases. The reason for it is that the interaction between the our samples.

particles is strong and they are no longer single domains so

their magnetic behavior approaches the one found for ACKNOWLEDGMENTS
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Magnetic properties of Fe clusters in NaY zeolite
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Clusters of up to 28 Fe1) atoms have been introduced into the "supercages" of NaY zeolite by ion
exchange of Fe 4 2 for Na4 followed by reduction to Fet with solvated electrons and Na 1 ions. The
temperature-dependent ac and dc susceptibilities, which exhibit Curie-Weiss behavior before
reduction, change to something approximating superparamagnetic behavior afterwards. The
blocking temperature, Tb shows a strong dependence on magnetic field but weak dependence on
frequency. There is at best a very weak remanence and coercive field while the onset of
irreversibility occurs at temperatures well above Tb,. In addition, the real and imaginary parts of the
ac susceptibility show essentially similar temperature dependence. Some of this anomalous behavior
can be attributed to a distribution of particle sizes. To the best of our knowledge these preliminary
data-while poorly understood-represent the first measurements of the temperature, frequency,
and field dependence of the magnetic properties of such small clusters.

I. INTRODUCTION "large" (1.2-nm-diam) "supercages" are connected by

The study of the magnetic properties of small particles "small" (0.7-nm-diam) sodalite cages. The unit cell has a

or clusters has been divided into two regimes. Small clusters lattice parameter of 2.5 nm and contains one supercage and
consisting of between 10 and 600 atoms are produced in a 56 Na ions. These charges are balanced by negative
"molecular" beam by laser vaporization. Particle size is se- charges produced by the substitution of Al 3 for Si+4 in the

lected by mass spectrometry and the magnetic properties are alumino-silicate framework. 3

determined in a Stern Gerlach experiment.1 Large clusters-
nanoerystals--consisting of between 103 and 107 atoms are 4.OE-5
produced by sputtering, evaporation, or chemical techniques
and are collected in quantity in an insulating matrix. 2 These ,
larger particles can be characterized and their magnetic prop- 3 0OF 5 A

erties measured by using all of the standard techniques-x
rays, extended x-ray-absorption fine structure, magnetic sus- ,
ceptibility, M6ssbauer spectroscopy, NMR, electron spin -

resonance, etc.
By using conventional ion exchange methods, we have 1

introduced up to 28 Fe' 2 ions into NaY zeolite and reduced ,, ... . •,,, •, AL, A

them to metallic Feo particles that are presumably trapped in Nl 0
the supercages. According to the stoichiometry of this zoo- (a) J0 IU /0) .1:1, ."Ou
lite, an average of not more than 28 Feo atoms can be present (a,

per supercage. We are thus able to measure for the first time
the temperature, field and time dependence of the magnetic
properties of such small clusters. Although these are prelimi- 1. ,6,r
nary weasurements and the samples have not been coin- I4L

pletely characterized, our experimental results agree qualita- I 2,,

tively with previous results on small clusters obtained at a ".4
single temperature and field. The overall magnetic behavior .1- ff6

is quite complex and requires further experimental and theo- 8 Ili
retical study. ' ,.

II. SAMPLE PREPARATION

Zeolites are alumino-silicates which are characterized by :*!
an open structure (about 50% of the volume is voids) in ' it , ."
which charge unbalance in the structure is compensated for (b) *,t,,,• ..... t .

by tht, appropriate number of charged ions in the open holes FIC. tTe dc soaceptilility (r an on exchanged sample Consisting
or cages. NaY zeolite, with the chemical formula entirely of Fc2'. (hiThe reciprocal susceptibility obtained fronm the dala ol

Na 56Al56Si1340 348,240H 10 has an fcc structure in which (i).

J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6567/3/$6.00 Q 1994 American Institute of Physics 6567



5.OE-5 1.6E-5
9.0E-5

•.4.0E--5
E 7.1L-5 1.2F 5

'3'0E-5 ll

5.3E-5 0-

*.... 0 0K OF 6

$ 20E-5 o o.o
- 3.4AL-5 a

cP 001 0 0
oo o 4.OL-60 .0• 0 0°

U 1 .E-0 . 1.5E-5 0o 000 0c,0.

O . E 
I , , , , , , . ' J'- () '()I ý

0 100 200 3O50 0 50 100 150 200 250 300

Tumperature (K) Temperoture (K)

FIG. 2. The dc susceptibility of a sample after a single reduction to Fc FIG. 4. The real (solid circles) and imaginary (open circles) parts of the ac
measured in a 10 G field. The upper curve is field cooled; the lower is zero magnetization of a reduced sample measured at 10 Hz,
field cooled.

shown in Fig, 1. The high temperature behavior is Curie-
By using conventional ion-exchange methods, we have Weiss (CW) with 0 - 10 K with small deviations from CW

introduced Fe+2 ions into the NaY zeolite and reduced it to at low temperature.
Fe0 with solvated electrons and Na-1 anions in an ether The dc magnetic susceptibility measured after reduction
solvent.4 The ion exchange process followed by the reduc- to Fe0 is shown in Fig. 2. The upper and lower curves are
tion is expected to yield iron clusters in the supercages with obtained from the field cooled (FC) and zero field cooled
a maximum of 28 Fe atoms, with 56 K" t and/or Na+1 ions (ZFC) measurements, respectively. There are three interest-
reintroduced to maintain charge neutrality. Although we have ing features in these data; the irreversibility which starts near
tried to prevent exposure to oxygen we expect some oxida- 300 K, the peak near 100 K, and the Curie-like behavior at
tion of Fe atoms to occur yielding a mixture of Fe0 and Fe+ 2  low temperatures. The Curie behavior arises from residual
of unknown proportions. Although both multiple-exchange Fe+ 2 ions which were missed in the reduction process or
and multiple-reduction processes are possible, the samples were oxidized after reduction. Magnetic measurements made
used in these experiments were the result of one stage of several months after sample preparation give essentially the
each. same results implying no long term oxidation. The peak near

100 K can be attributed to a blocking temperature, Tb, asso-
ciated with superparamagnetic behavior, although if this

III. EXPERIMENTAL RESULTS were a conventional superparamagnet the irreversibility
would begin near Tb. Figure 3 shows the field dependence of

We are reporting here the temperature- and field- the ZFC data for magnetic fields between 10 and 5000 G.
dependent dc susceptibility and the temperature- and The blocking temperature peak is first shifted to lower tern-
frequency-dependent ac susceptibility which have been mea- peratures and then destroyed by fields of less than 1000 G.
sured on a Quantum Design MPMS2 susceptometer. The dc Hysteresis curves taken between Tb and the paramagnetic
magnetic susceptibility and reciprocal susceptibility of the regime indicate remanence and coercive fields of about
zeolite sample after Fe 2 exchange but before reduction are I x10-6 and 5 G, respectively.
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FIG. 3. The dc susceptibility of a reduced sample measured in: 0, 1U; A, FIG. 5, The real pa't of tle ac magnetization of a reduced sample measured
100; N, 500; and 0, 5500G. at: ., 0. 1; A, 10; aind U, 1000 Hz.
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The real and imaginary parts of the ac susceptibility-X' supercages of NaY zeolite have produced novt;I samples
and X", respectively-were measured in an ac field of I G whose magnetic properties can best be descrihed as "nomi-
(with no static field) for frequencies between 0.1 and 1000 nally superparamagnetic." Some of the anomalous behavior
Hz. The temperature dependence of X' and X" measured at which is observed is certainly due to a distribution of particle
10 Hz is shown in Fig. 4. The absence of an imaginary corn- sizes or possibly to particles which consist of a mixture of
ponent in the low temperature range confirms our suggestion Fe( and Fe' 2 leading to a frustrated spin glass. Currently we
that this is a paramagnetic regime-where there are essen- are investigating the effects of multiple exchange and reduc-
tially no losses. On the other hand, near the peak in the tion on the magnetic properties and the use of M6ssbauer
susceptibility of a superparamagnet (or a spin glass) where spectroscopy to characterize the structure.
the measuring frequency and relaxation time are related by
Wo= I/T, the real part of the magnetization, X', should have
an inflection point while X" should have a maximum."5 The
data do not show this behavior at any measuring frequency.
In addition there is a weak frequency dependence of TI, (Fig. 1 W. A. de tleer, P. Milani. and A. Chatelain, Phys. Rev. Iett. 65, 488

5). (1990).
2G. Xiao, S. H. Liou, A. t.cvy, J. N. Taylor, and C. L. Chicn, Phys. Rev. B

IV. SUMMARY 34, 7573 (1986).
-D. W. Breek, Zeolite Molecular Sieves (Wiley, New York, 1974).

The ion exchange and reduction techni4 ues which we 4
K. L. Tsai and J. L. Dye, ('hem. Mater. 5, 540) (1993).

have developed to incorporate small clusters of Fett into the 5C. Y. Hluang, J. MagK . Magn. Muter. 51, I (1985).
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Preparation and microwave characterization of spherical and monodisperse
Co 20Ni30 particles

G. Viau, F. Ravel, and 0. Acher
Comnmissariat ii L'Energie Atontiquc, BP 12, 91680, 1ruye.s le C1h('ittl, IFramce

F. Fi6vet-Vincent and F. Fi6vet
Laborawire de Chimie des Matrriaux Di)is.s et Catalyse, Unihvrsitl Paris 7-Denis Didcrrtg,
2 Place Jussieu, 75251 Pars, Cedex 05, France

Spherical and monodisperse Co,,,Niq1, particles were prepared, in the micrometer and submicrometer
size range, by the polyol process. X-ray diffraction showed crystalline particles with a fcc structure.
From electron probe microanalysis a fairly homogeneous distribution ol both elements within each
particle was observed. Microwave properties of metal particles dielectric matrix composites were
studied in the 0,1-18 GHz range for different filler concentrations. The intrinsic permeability of the
metal powders was obtained using the Bruggeman effective medium theory. The control of the
particle size allowed the study of its effect upon dynamic permeability, Whereas micrometer size
particle permeability precnts a single resonance band at low frequencies which can be correlated to
the low magnetocrystalline anisotropy of the particles, submicrometer size particle permeabilitV
exhibits an original behavior, never reported before, with several resonance bands.

I. INTRODUCTION growth steps allows the synthesis of powders made up of
One way to make electromagnetic absorbers is to dis- particles with a well-defined shape, a controlled size, and a

narrow size distribution.5
perse ferromagnetic powders in an insulating matrix. Previ-
ous studies' 2 showed that the microwave properties of such
materials depend on particle shape and granulometry. Spheri- B. Preparation o0 Co20NIB0 particles
cal particles present an advantage in minimizing permittivity CoNi particles were prepared as follows: cobalt and
level of the composites whereas the maximum of the imagi- nickel acetate hydrate were used as precursors, they were
nary part of permeability decreases when the particle size dissolved in a NaOH-ethylenc glycol solution; the NaOH
increases, concentration was in the range 0.5-2 mol dm 3, the precur-

The polyol process is a method for preparing fine metal- sor concentration was typically 0.2 mol dm in with a Co/Ni
lic powders which has been developed over the last few molar ratio: 20/80. The solution was stirred and heated up to
years,3 This process which applies to cobalt and nickel al1- 195 'C; the water and the volatile organic products of the
lowed the elaboration of spherical and monodisperse par- reaction were distilled off while the polyol was refluxed.
ticles with an accurate control of the particle mean diameter After a few hours the metal was quantitatively precipitated
in the micrometer and submicrometer size range. 4 Out aim from the solution, the metal particles were recovered by ced-

was to adapt the polyol process to the preparation of fine trifugation, washed with ethlol, arld dried io air at 50 °C.

bimetallic cobalt-nickel particles. We focused the study on The use of a basic solution of ethylene glycol shortens the
the Co2oNig,, composition which corresponds to low magne- reaction time and allows one to obtain, by homogeneous
tocrystalline anisotropy in bulk alloys. Composites were nucleation, monodisperse particles more casily. CoNi par-
made with the Co 21)Ni84, powders and their microwave per- titles were also obtained by heterogeneous nucleation, the
nieability was measured, seed particles being tiny metallic silver particles formed in

situ by the admixture of silver nitrate dissolved in ethylene

II, EXPERIMENTAL METHODS glycol to the original reactant solution.

A. General description of the polyol process

Finely divided metal powders (Co,Ni,Cu,Pb, precious
metals) are obtained by precipitation in hot liquid polyols.
The reaction proceeds according to the following scheme:
progressive dissolution of a suitable powdered metallic com-
pound (precursor), reduction of the dissolved species by the
polyol itself; nucleation and growth of the metal particles
from the solution.

4

In standard conditions the metallic nuclei are formed
spontaneously (homogeneous nucleation). However this ho- 35 45 55 65 75 85 96

mogeneous nucleation call be replaced by an heterogeneous 20/degrees

one by the formation of seed particles acting as foreign nu - FIG. i. XR) ipat4crn of a (o,,Ni.. powder o•htitncd by reduction of Co and

clei. More generally, the kinetic coatrol of the nucleation and Ni ;cCCUt' in Na(o)tl-cihylcm: glycol solution 4('o K(V nt it io0).
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probe being associated with a scanning traisruikSiOnl electron
* microscope (STEM). Magnetization saturation of' powders;

atnd composites were mneasured by at vibiat inrg sample inag-
netonieter.

Particles were randomly dispersed in epoxy resin with
concentration ranging trom 30 ':( to 50C( IIN byvol u I . Particle
concentrations were determined by saturat ion mnagznetizat ion
mecasuremnictts. Microwave properties of' comnposites were
mecasured in 0.1I-1I8 C i I t'rcquency range withI an AP( 7
coli aN I line associamted w ith Ii net w rk anit v /er.

Ill. RESULTS AND DISCUSSION
Co,,Ni,,, powder% obtaincd aic \%-ell ciolsalli/ed -is cvi-- ~ . ~deuced hN XRI) (Fig. 1). T he pattern can he indexed ats at fee

(a) lattice. It" is well known' thai nickel crystallizes with a feec
lattice (W -10.352 38 rnml and that there are two cobalt pol y-
morphs: C('ol & with a lit xagonaf lattice and C(ot ) with a feec
one (a -0)354 47 lint I. From Fig. I it can he intecrred that
there is no ('of a' polymiorph but it is itot poassible to ascer-
tain if' ('o2 Ni,,, poiwdei s are solid solutions or mixtures of
cobalt and nickels fee phases awing to thle very close \ dlues

s of' the cell parameters of' these two phases.
Typical examples of (Nt,4 Ni511 powders obtained by the

polyol process are provided by the scanning electron microis-
2 Jim cepy micrographs in Fig. 2. Trhe first sample [ Fig. 2(a)]j was

.obtained by homogeneous nucleation from a 2 mol dtin .1

(b) a 6 Y 401-411 WWNaOH-ethylene glycol solution. The particles are quasi-
FIG. 2. (a) Micronie size Co,a)Nil,,, mmnodisperse particles obtained by lio. spherical with a mean diam~eter d = 1 .4 ýur, a narrow size
rnogcncous nucleation (d,,= 1.4 )um, u=0.2 Arn). (b) Submieroniti size distribution (standard deviation (Y=0.2 um). and at low de-
Co2uNim,1 ) ronodispersc partilets obiained by htteerogeneous nucteation gree of agglomeration. The second sample [Fig. 2(b)] was
(d4=0.33 Aim, (7r0.05 Ain). obtained by heterogenous nucleation (Ag/Co+Ni atomic ra-

tio: 5X 10--). The particles are smaller (d1 =t.33 itmn,

C. Caraceriatio tecniqes (---0.05 gim). Heterogeneous nucleation gives particles in
C. Carateriatin tehniuesthe submicrometer size range and allows their mean dianmeter

Phase analysis was performed by x-ray diffraction to be controlled by varying the amount of AgNO 3 used to
(XRD) using a COGR. x-ray powder diffractometer (Co Ka form the silver seed particles.
radiation). The form and the size of metallic particles were The Co/Ni ratio in the final metal powder is the same ats
determined by scanning electron microscopy (Philips 505). in the starting solution: 2(0/80. Chemical analysis shows that
The average diameter and the standard deviation were esti- the main impurities arc carbon and oxygen at at level lower
mated from image analysis of -250 particles. The distribu- than 0).5% by weight.
(ion of the two elements within isolated particles was studied The global composition CoiNi,, is founid again for each
by energy dispersive x-ray spectrometry (EDS), the micro- isolated particle analyzed I y energy dispersive spectroiscopv

-i-
FI 1.11a c '1 't011tl. l II Il I, II' o '4 , 1% il ,-1 14

J Appi PHys Vol Mi No 10 15! Nci''(i...[1, 1 1#14 VIOTI vf ji 65 71



14

12 (a)(a)

10 I (b)

Jp 6

2

0' - reqkuency fGHi)

FIG. 4 Itnrinsic peormtcatuaiiv I M .. 1i44l uI w)i to I"u' the dsnamur
W-1.5 Am'., Nh Ni rxwwrT~ id- 4 pin. 1c lx~c Id I Y no th dnr 1 wrmecticiblit% with gtaituloniett% could Ix Inter-

preted liw tile cdds current effect%. We presenti here aI com-
paris~uii boetween 1Ap ,(.) for tw (I Uo~.M41 samples of differ-

(EDS). Moreover. the distribution of each element w ithii Cilt giaiiulomitriie II inthe micromeiter And submIICuumeter~ Slit:
one particle appeais fairly homogeneous (Fig 31 ilowcser. it range 4ti~g. 51 Whereas micrometer sitec particles tdý I 5
small concentration gradient can be observed front the Iteart pill)1 exhibit a liecimeahility curve with at %tngle resonance
to the outer part of' the particle. the heart besing %lightl% hind the %uhitticronimter s.i/e particle% id. 01.3 pial) exhibit
poorer in nickel than the outer part, 1ibis diff~renice in corn- art original behavior with three resonance: hand% I hlis unex-
position which cannot be cstimated quantitatively i, related pected phenomena for llarticles exhibiting uniformity of
to different kinetics of rediiction and precipitation for lthe two tshape. siic. mid compttI!ition. can he clearly related to their
meitals, small side Actuall%, we have obseryed at similar lichavior

Saturation magncti.14tion value% were typically 75 ind with ferromiagnetic fitle particles, of. different comiposition but
72 cmu/g for micrometer and %ubimicronteter slie pArticles. with it %imilar mean diamecter. Results, will tv reported
respectively. These values are very close ito hulk metial value elsewhere"'" To our kinow ledge such aI p~he~nomtena ha% never
and corroborate the low level of impurities. beeii ie1loilIed before I! can he 1crtativelv% ri-ated either it)

Dynamic permeability of ('o,,Ni,,podrsepx resin the: magnetic domain structure of %Imall particles or to a sur-
composite materials presents a resonance: in the I.) 1 A 9 (ill fi ace effect similar ito the effect r tpnihle for spin wave
range. The composite permeability Aw depend-% on the ler- resoance:I in thin fertromagnetlic filmsl'
romagnetic particle concentration. It has been shown
recently1

.
2 that a homogenization law adapted front Brugge- IV. CONCLUSION

man theory" can describe this effect. According to thcse stuid- rThc Ilintrisi 1writleabilit1% pf) ILI) oft (o.,,,Ni, particle%
ics intrinsic permeability ju1(w) of our piowders was Inferred lILISirg controlled and well-defined morphological character-
ftom composite permeability measurements. For a given istic-. hav e been ineasured A size effect has been clearly
po~wder the values AL1fw). computed fronm jA,.(Le measure. C% idenrced I ir particls InI thle m icroliiic slie r ange .1 single
ments for several composites of different volume tractio-n,. resMInnce banud has (went obsersed at tow frequenc% as ex-
were found weakly depenfcnt on the volume fra ction. Thus,. JWCted for aI iiiaterial With J lo%% maetrstltC iiergN.
IA,(w) may be considered as an intrinsic propert% oif the piow -Particle% Iin th,7 %ufrnticron range: e xhibit all original behavior,

dr.Figure 4 shows gs(tv) for Co,(Ni~j. Ni. and Co powders niever reluirted Isivfore. with ses eral resonanice bands

of comparable granulometry in the micrometer range, Mhe Aý-t~l )Ru,,lt n ./ i.J'h hiM l.A
maximum of' j7( w) appears at 1.4. 1.8. and (05 Mi for ' ki~i ) is t dIAih ~ kriSic l.-'

Coz(1Ni,,,. Ni and Co powders. respectively 'Me shifl(t of reo- (I 0wd.tý ( I (hjils JU t 1h It kil.t ,ji I tI WI Cult. J %[)illI 'tu' 1.3

nance hands observed with chemical compositonl call 1W :or- I~J tJI kr1

related ito a variation of the magnetocrystalitri aniAotrop% lit Mt I lIgIA11 I Iioct( aiml J P I igici I jv,,jx.n Nii %k Mi 'Ii 21 %A
IAkiii ý 4" "A(44 1 iuui I'aiit %,- -44 If, l;4p n 'Aui i li SIi 16W'"1i2

the cast of t monodontain and miono rs'stalline sphere 'I M~I it,,V '1nII.1 . K.I,/ St141i Mc, SVk Ilult 142'

Kitte.r11 linked the rc-Amanct: frvquencý io)rtte ittgneruu%11 r. I. .h

tatlirie aniunittispy field: f, I y 2 ff11 ý 14 %1 alues coniputed 1 I 14 , t I j P I ALI, I It 11111 1 t .,1,-.LI It ".01"1 51 IFi~ Im S-)I Sti At,

from resonance frcqucwn2v measurements h% Kittel formula 32 33 1 111, ,uu I. I- si

present a variation with chemical couMpo~sutuo iM squalilatisc I, 15 " ",iIna 11%.4, A11 .' 1, Pb II pI'n 14 I.ii It

-igrcemcnt with the variation ofl the mmiuttopi, Li iMstllts rIC I Kim(I 11,- k,, 73 ]it i. - I, '~~i~

piorted for Ni. Co. and NiCoIlls Ii"f (If I Pj,'1H ianI

liffct of particle side up1100n ruiLrow as C jWrmeailC~its ' ,' 1 1!1l~fl ,III i~t$I.-i

W-Cre studied bN lILrihaull t aI l .%il jtwprtivA~ll's p.AIrtL ls " I, ,Ml i *Il .A~- S
1

Pl''1l _1- I

Ihc 4 Iti .an sitc range IIt wasI Outwit th tlt Ih \,411,1111111o Sl.t `44t' "' N .,..i
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Coercivity of Fe-S10 2 nanocomposite materials prepared by ball milling
Anit K Gin., C. de Julian, and J. M Gunza'lez

l~c'aunn1114 14, iPr~ippdadc' )ioa thigicl,. (aN % d IransLp.Lrie, limiuoih I(o.tOLEti 1JLL

MIadIrid (AR4 .% i eraim 144. 28M 5MWadmi 141 Vain

SaInpIc'% Containing ic nlalloparticis dfisptrscd tin SIO., wAcrc picparctd lit high cncrg% hall nilfling
WC haCV %tilditI fIile %.riaillnr %%f.ill ulite mill1ing liteinll N111 bthlt diTile aif111 ma~gnct Ii/a1loll and tile
cocrclivC torcc of these %aelplyc%. I lw raped il CTcicilC ofl ~ocrct ii'. %1 tilltlile deccrcasc of ICtnl)Iatdtlic

Ah',t r'.cd InII hItile ' o%% lelp~cIalur UTt .1IlgC "ggL %lcd tile p IICWIIC 11CC 41 U pdT IIM~a iniltI I pati&N IIIs lItlic

%anipic% N'.'citticics'. 44u2 :xpcrlnlcntal tia.ia sActc Iin J-MM4T dgrccllncl %%II tle lhc'cil -knos~ n I ,L

LICN&,1ib1i19 ticAl eft 14 I Cs f kC III lti %tqxrpla (aIigiw te pa ItIcII Cs ( (W I 1%1 Ics .Is hItgfl as ',4(l and K,,( I(c

%4crc oialhidctl 1,11 samllpl %ith % cib AI al 144011 Ivmctiiclurei nd at I -' K. icL9wUt~IC I 14411 i1w

.welsiis tif 111w ltIii) alp tiult dtlivildcicc (it thiw 5.dl t.Iiilli Ili.ggIICId/II/allol lilw spin 'l i ' 1A % sIlflicSS1

L'011% 1.1111 A .1% Ob44i'inl 111 ,1.111 %dndk lisqiti. seccdtie C11Mh;.IIIc'nl of1 the thunleItuIllglulatil
.1554K ti~lle %. fIil lilt IL (lil 11,111 In %li/

1. INTRODUCTION Ill. RESULTS AND DISCUSSIONS

I he high LIWiL 1% 11 %II.SdLICk Ullt 1404I I I ICA fiv.s lldt' \RD) palutwilln 441 c th'amplc% TV'.calcul aliL~g %%lil Owh~

IC HIIAIpjAIILItsIC 03II~I% ~Il III insul.1iuiig Oil kclidUc~leglig lA- IplCS(IILC 44W It u Jt'CS til11l ife %.IpL5'.4Ctc tlee 1110111 ltle

till ha.'.C indus td -a.il tit 441 at~ ic Wi i f . k off lit:Il;tpIvi)1l144tl oxidtcs (i Ic do l 4 14)51 4 tile TtS4E1tl~~ioli 44 tilt Itch iuleqo lite

Aind 4.ildi4 ivriialloi of1 lilt,. kind )I! ii.miklk n4 sillt~t 1 .'ct.igc Ic graitn i/c V45 if .c% luaitcd rotin tilte %% dill at hallt-

in~atctri~Alk %t, I4of thcst in~iteriwi %%etc pleiapic ~sulcii tl.~illlt Lpllf mai iu lit tile (HO, ictlcclion atici making lite oircctioll

Ing c~miuc 'Although ýAicliL blk pipIncI.tliationl mnICIhIIKls dile1 to ile Iil'truicniall ltI rodcintlg. IIgrtI` I %hcW'. life tIlill-
iigh A Iccle liqcipbl nlln 11 C itwel 5uccev5 111t'. uw.d Ing l ittl dtpICI)dtict ofitlile .iticg agrai ýIi/c~ SiL s tlleasUrtd ill

if) pitpait: IlJilloNIULtWitd 1lIIItiIlS. Onlll A1 ICA tLSUIS 11.1SV [iew sample~l ,A iti % 0.3. FrointFig. I aI rapid decrease (it tile
lvcl, It;x)fltcl Itg.ilclig tile piljcitit:S ill incltal lljll44paliLt5cc a'. cage grain silt d0wlI to at saturation %illue (of 1) n111 I%

prtciarcd Il'. thslilt% lquIIII1C Rc.ctiit'. usling hlighiltil tg4
. kill apparentli tile tiw s ltit of hg. I we plotted tie saturation (701

m111iln. Allibmw e a/ 'l .Ink-licd ~ IW vc Cnanil i K . Ill an If mIilling)I ave rage grailn size of' sa mple s as a funcwtion ofI

M~ 0, inattri an oh1(1 iiitincd ckwrciS ilic of NO1 Ov if()tt 5 K anid cmihlop4sitionl. Particit size anld dispersion were examined by

1141 (k- m~ i.xin tenipciauicr Ill thisl paIper \%sc wpretl on1 lte TiLM. Figure 2 presenlts af picture taken in aI x -(0.3 sample

tilart p o an14)1.iid dcl alcit d ii ITact Ciiilation of twile magn etic niffiiled for 71) h ). Fromi this picture it was possible ito evalu -

propeirltis o citItSio.,I~Ob~il~~lc prcpalned bY high enI- ati tile average particle size as I I - 2 tim and ito observe the
cig'. Kill 111illtng. excellent degree of dispersion of the particles. For all the

samples comparison of' the average grain and particle size
showed reasonable agreement and led us to identify both

parameters. Ini Fig. 3 we present, for the different composi-
It. PREPARATION OF SAMPLES AND EXPERIMENTAL lions studied, the variation of' the magnetization with the
TECHNIQUES milling timne corresponlding to anl ap~plied field of I1) kOe. In

Swnjic% it(li srie IcSio),, wthFc olme 'rc- all the cases the magnetization decreased down to a

tiolt It li ilt ran~ge 1). 1 I, (i0.0 were prepared by high composition-dependent saturation value. The milling time
tileg> illmllcil. llt taringmatrias cnsitedof 325 dependence of the as-mnilled room temperature coercive force

illes hall m~ivllis nd. sIlic argel matralrs y h convisentional32 is presented in Fig. 4. This parameter increased with milling

method' of h~. rolvsis :lidt poil Vc( dcnsat ion of' silicon .Ži ra-
ctilloxide ill '.4alt! and vttilianl solutions unlder acidic nie- 50 ~, '

20~
dulm The gcl '.% as Lrict Iin air at 333 K for 15 days. The 40 -15ý

aimeirphleu% nalauic of silica gel was confirmled by x-ray dii- 0
Iracion I XRIH) Appropriate anlioults of Fe and SiO, gel ~'30 5

54 Cit piliL'dil Ili a harttit- slainlcss ,teel vial with four hard- 0~ 00. : 3 08
Cotd %tai~llicsS sittl balls so thatl lilte ratio ofth wigh ,tie200K
ballk ti that of1 tleIto('.Ltic %%ifas 14-1 I'hc vial was sealed in 10 0 0 -

,ill iin.'il .tiiio~phCerl:4 ilt) .iltc oxildation. Tihese nmaterialsI

V.cII. thct,% nuicid hf till *it) "I. 'i I lic .i%-iniiltcd s"iniplcs wcrc 09 20o 4 0 6 0 ---
thariactci iicdi h%' \ RI ind I i.liimll5iofin elctronn nlicroscop% t (hours)
1 * it M agnerIilt'.llli.tI \%erti carridctlout ill prcsstcl

,xs4kdcit o~iiis I'. ii~is f iii~ig salipi) Indgieltoflit- I i(4 I llspialI 111t41 il? ttlu iiviriac Lallri4t w/ tId) vs lite Iniling (iffi It) for
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,htow% a plot ol tt. v%, t for the: 70 ht milled ,,anpb:,,

time up lt a maximum u saturation) value which was
achieved after .14 Ih of mtilling. The correlation o(f these re- where results corresponding to xc=0.3 milled for 7(0 h are
,ults with the milling time evolution of the particle size al- presented]. From these results we obtained the blocking tern-
lowed us to conclude that both the decrease in saturation perature. T7n, plotted in the inset of Fig. 5(b). The values
magnetization and the iscreas of coercive force %" ere origi- obtained are in quantitative agreement with the magnetomet-
nated by the reduction of particle size. Regarding the first ric results, considering the typical measuring time character-
quantity this correlation suggests the presence: of superpara- istic of both techniques. We can conclude that the average
magnetic particles in the samples. As lot the coercive force volume of the superparamagnetic fraction of the samples was
the values we obtained are larger than the anisotropy field of not influenced very much by the preparation parameters.
Fe which evidences that an interaction different from the Considering the evolution with these parameters (and also
bulk magnetocrystalline anisotropy rules magnetization re- with the composition) of the average particle size (XRD and
versal. The inset in Fig. 4 presents the compositional evolu- TEM) we can conclude that the superparamagnetic particles
lion of the coercive force of samples milled for 701 h. Inter- corresponded to the tails of the size distribution and therefore
estingly a maximum is obtained for x = 0.3 which evidences were only small minority. Going back to thermal evolution of
the occurtence of interparticle interaction since this value is the magnetic moment of the samples [Fig. 5(a)) it is worth
clearly lower than the percolation concentration.

In Fig. 5(a) we present results corresponding to the tern- 6,0 - +,- -_---__
perature dependence of the magnetic moment. in for the 0 f0-.FU- 0 elko9eo5 I5-O.FC ICl ihO+ZI-

sample with x= 0.3 milled for 70 h. These results represent 5" 5,0

the behavior of all the samples studied. The magnetic mo.. E 5 a 0

ment was measured after zero field cooling (ZFC) and field S 0,06,
cooling (FC) with two different applied fields (20 kOe and E 00 o
75 Oe). Our data evidence the presence of a fraction of su- 0 04 {
perparamagnetic particles in the samples. Nevertheless, mag- 0,040 5'0 100 150 200 250 300
netometric measurements did i, it allow us to distinguish any
variation of the blocking temperature either with the compo- (a) T (K)

sition of the samples or with the milling time (blocking tern-
peratures close to 4 K were observed in all the cases). In 3
order to clarify this point we measured the temperature de- '15

pendence of the ac (1 kHz) susceptibility [see Fig. 5(b) .09

0.2 0.4 0.6

200 2
0 x=0~.2 0

15 -- . x3 -00 0 0 0000000 x=0.4 0.
- -. U1 x=O65

E 10
" --.. 10 50 100 150 200

50 0 o - (b) T (K)

0 20 40 60 80 100 FIG. 5. (a) Plot of the magnetic moment (m) vs temperatures (7) for the
t (hours) sample with x=0.3 milled for 70 h (see the text). (b) Plot of the ac suscep-

tibility (X) vs temperature (7) for sample with x t0.3 milled for 70 h. Inset:

Plot of the blocking temperature (T1). as obtained from ac susceptibility
FIG. 3. Plot of the saturation magnetization (Mj vs the milling time (t). measurements, vs Fe volume fraction Wx).

6574 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Girl, de Julian, and Gon7ilez



6 6 1000

U• 0\800 x=0.3

t.O 3 • • -q•-l...T, 1"6 18 2o0 600

1- 400 O O O

'0 AAA
V o o ',2 o'.4 0 ',6 ' o8 ° °,o 16 o 3

0,x, , , , 0 50 100 150 200 250 300x
T (K)

FIG. 6. Plot of the spin wave stiffness constant (B) against Fe volume
fr-:~iWn (x) for the samples milled for 70 h (inset). Plot of B against the FIG. 7. Plot of cocreive force (H,) vs temperature (71.

average grain size (d) for the samples milled for 70 h.

more clear for the sample with x = 0.1 where the coercive

pointing out that the increase in magnetic moment with the force increased up to 970 Oe at 1.7 K. The temperature de-
aulpendence of the coercive force of our samples does not obey

increas of temperature observed in the low field curves can the T11 2 law 4 which can be ascribed to the occurrence of
be understood as corresponding to a decrease of the magnetic interparticle dipolar interactions (evidenced by the compost-
anisotropy with the increase of temperature, which originates tional dependence of .he coercive force).
the alignment with the field of the moments of a larger num-
ber of particles. From the high field m(T) curve it was pus- IV. CONCLUSIONS
sible to obtain the theirmal evolution of the magnetic moment
using Bloch's law given by m (l)=m(0)(1 -iT" 31 2) where We have studied the effect of particle size on the mag-
8 is spin wave stiffness constant, m(T) and m(O) are the netization and coercive force of Fe nanoparticles dispersed in

moments at temperatures T andt 0 K, respectively. For that silica-gel matrix prepared by ball milling. Reduction in par-
purpose we considered a tcmpe-tature range clearly above the ticle size originated a decrease of the saturation magnetiza-
blocking temperature of the superparamagnetic particles. Our tion and an increase in both coercivity and spin wave stiff-
results are presented in Fig. 6 where we have plotted the ness constant. It is worth remarking that our room
values of H obtained from the fits of the straight line plots of temperature coercive force values were of the same order as

m(T)/m(0) vs T312 as a function of the composition and those obtained in Fe-SiO 2 nanocoinposites prepared by
average grain size (inset, for the samples milled for 70 h). sputtering.1

The occurrence of the enhanced thermal demagnetization in
the small particles (compured to the equivalent bulk process) ACKNOWLEDGMENTS
is apparent from Fig. 6. Also it is interesting to note that our The authors acknowledge Fundacikn l)omingo Martinez
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demagnetization results from the influence of size in the fellowship.
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the occurrence of a cutoff frequency in the spin wave .C.. L'hien, Science and lchnology , V4ano'trurtured Magnetic Mate-

spectrum. rials, edited by (6. C. Iladjipanayis ad G. A. Prinz (I'leun., New York,

The temperature dependence of the coerive force (Fig. 1991),1 p. 477, and references therttit.

7) also suggested the presence of superparamagnetic par- 'T. Amhrose A. Gavrin. and C. L (hien. J. Magn. Magn. Mater. 116.1.311

ticles to which the rapid increase of this parameter with the 'D. MK Krol and J. u. tierop, J. Non-.ryst. Solids 126, 52 (19%(t).
decrease of tenrrerature could be ascribed. This effect is '4E. F. Kniller and F. E. I ulorsky, J. Appl. Phys. 34, 0s56 (1963).
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Nuclear magnetic resonance study of the magnetic behavior of ultrafine Co
clusters in zeolite NaY

Y. D. Zhang,a) W. A, Hines, and J. I. Budnick
Departtment of Physics and Institute of Materials Science, University of Connecticut, Storrs,
Connecticut 06269

Z. Zhangb) and W. M. H. Sachtler
Ipatieff Laboratory and Department of Chemistry, Northwestern University, LSvanston, Illinois 60208

"59Co spin-echo nuclear magnetic resonance (NMR) experiments have been carried out at 1.3 and 4.2
K, for external magnetic fields up to 9 kOe, in order to study 6--10 A, single-domain Co clusters
isolated inside zeolite NaY supercages. The magnetic behavior is characterized by a
superparamagnetic blocking temperature, relaxation time behavior for increasing and decreasing
fields, and a dependence on the magnetic history. The observed NMR spectra are broad with
structural features characteristic of both fcc- and hop-like short-range order. Unlike bulk materials,
the application of fields up to Q kOc causes a dramatic increase in the signal intensity. The results
are discussed in terms of the particle-size distribution and crystalline anisotropy, and their
relationship to the temperature and field dependence of the superparanmagnetic/ferromagnetic
behavior.

1. INTRODUCTION the superparanmagnetic/ferromagnetic behavior.

In atn earlier work, it was demonstrated how information
concerning the size and location of' Co clusters in zeolite Ih. EXPERIMENTAL APPARATUS AND PROCEDURE

NaY could be obtained by "'Co spin-echo NMR Zeolite NaY (Linde LZY-52) was dehydrated at 5W0 "(C
measurements.' In particular, the superparamagnetic block- for 2 h in Ar. followed by ('o(C')) vapor absorption at
ing temperature was used to obtain an estimate for the aver- room temperature in ('O atmosphere. The yellow colored
age Co cluster size in Co/NaY samples which were prepared sample was then thermally treated at 2(H) (' for I h in I!, to
using different thermal treatments. Also, a selective chemical remove the carbonyl ligands. The adsorbed hydrogen was
treatment with triphenylphosphine was used to determine the subsequently reumoved by purging with Ar gas at 2(X1 "(C fnr
location of the clusters. It was found that preparation of Co0/ i h. The Co/NaY sample was evacuated and then sealed in a
NaY under "mild" conditions (decomposition and annealing IPyrex tube. The final Co loading was approximately I wt %.
carried out at 2(X) (') resulted in the production of 'o clus- Spin-echo NMR measurements were carried out on a
ters with an average diameter of 6 --10 A inside the NaY commercial Matec model 77WX) pulse modulator and receiver
supercages, while preparation of' Co/NaY under "extreme" (mainframe), with matching Matec model 705 rf pulsed os-
conditions (decomposition and annealing carried out at cillator plug in (90-3(X) MIlz and 5(W) W). The spectrometer
500 oC) resulted in larger clusters outside the NaY cages. system was matched with a Varian model V34(X) electromag-

This work focused on the interested magnetic behavior net and Fieldial regulated power supply capable of fields up
which characterizes the 6-10 A. single-domain Co clusters to 9, kOc. Operation at liquid helium temperatures was pos-
isolated inside the zeolite NaY supercages.1 In order to study siblc with a conventional glass double-dewar system and
this behavioi, detailed "'Co spin-echo NMR experiments pumping system. The measured echo amplitude was normal-
have been carried out at 1.3 and 4.2 K. for magnetic ficlds up ized and divided by the first power of the frequency in the
ito 9 kOe. The observed spectra are broad with a primary usual manner. Additional details concerning the sample
peak and a secondary peak characteristic of fcc- and hep-like preparation procedure. pulsed NMR apparatus, data acquisi-
short-range order, respectively. Unlike bulk materials, the ap- tion, aed spectral analysis can be folund in the previous
plication of a magnetic field causes a dramatic increase in the report.1
NMR signal intensity which is reversible. As described be-
low, in addition to a superparanmagnetic blocking temperature Ill. RESULTS AND ANALYSIS
which occurs within this temperature range, the magnetic
behavior is characterized by relaxation time effects for in- Figuic I shows the "(C'o spin-ccho NMR spectrum ob-
creasing and decreasing fields, and a dependence on the nlag- tamned froni the C('o/NaY sample described above at 4.2 and
netic history, [More precisely, the superparamagnctic relax- 1.3 K. tfr zero external magnetic field. As illustrated in Fig.
ation is blocked in the time window of the NMR I, not NMR signal was observed at 4.2 K (solid diamnonds):
measurement (5 ns). I These results are discussed in terms of however, as the temperature was lowered toj 1.3 K, a broad
the particle-size distribution and crystalline anisotropy, and spectrum with a central peak at 212 MlIz dramatically ap-
their relationship to the temperature and field dependence of peared (open circles). A scContdary peak in the spectrum ex-

"ists at approximatcly 222 MlIz. As indicated in the earlier

"()On Ieavc tromll)L ho U iniveraitv. LIalnhou. (i:u R (1 hinIa. work.I a consideration of the signal-to-nnoise ratio indicates
"'P.cesent addrcss: AKZ() ( hcmical tnc. I t.iving%'tm Ave I), Dob Icrry NY that this is indeed the result of a blocking otf the superpara-

10.522. magnetic relax ation. and noit just anUt icrcasc int the signal
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FIG. 1. "Co spin-echo NMR spectra obtained for zero magnetic field from clusters inside zeolite NaY supercages, solid triangles. HU9 kOe; open

6 to tO A clusters inside zeolite NaY supercages; solid diamonds, 7'=4.2 K circles, 11 =0. The sample was initially cooled from room temperature to 1.3

(no signal observed); open circles, T= 1,3 K. The sa'nple was initially K in zero field.

cooled from room temperature to 4.2 K and then 1.3 K in zero field.

to the corresponding relaxation time, and hence, can be con-

intensity due to the Boltzmann factor. The existence of a sidered as equilibrium values. Further, although it is not

superparamagretic blocking temperature in this temperature shown in either Figs. I and 2, the application of an external

range along with an approximate value for the crystalline field of 9 kOe causes a reappearance of the NMR signal at

anisotropy for small Co particles resulted in an estimate of 4.2 K. Finally, a careful comparison of the two spectra illus-

the average cluster diameter between 0 and I) /V. This is trated in Fig. 2 shows that the application of an external field

supported by the fact that a chemical treatment with triph- of' 9 kOe causes a downward shift of the spectrum by 2.5

enylphosphine does not change the observed spectrum, indi- --0.5 MHz. Based on an analysis carried out by Gossard

eating that the clusters must be protected by being located el al. for single-domain Co particles, the shift observed here

inside the NaY supercages. Consequently, an upper limit of is about one-third that predicted from bulk behavior.

12 A, which is the diameter of the supercages, is established Figure 4 shows tile "Co spin-echo intensity (echo

for the clusters. The principal peak at 212 ?Allz and second- height) obtained for the Co/NaY sample at 1.3 K and 210

ary peak at 222 MHz are characteristic of tcc- and hep-like MHz as a function of time for both increasing and decreasing

short-range order, respectively. These values are lower than external field. Ihere, !he sample was first cooled in zero field

the corresponding bulk cobalt values by about 7 Mliz. This front room temperature to 1.3 K. The field was quickly in-

tentative assignment seems reasonable in view of a similar creased to 9 k~c and the time dependence of the signal in-

spectrum which was obtained from a Co/NaY sample that tensity was measured (open circles). After coming to equi-

was prepared under "extreme" conditions (decomposition librium at 9 kOc. the field was quickly reduced to 0 and the

and annealing carried out at 5W) "0 ). resulting in larger clus- signal intensity was again measured as a function of time

ters outside of the NaY cages.1 The larger Co clusters were (solid triangles). Fitting the data in Fig. 4 to single exponen-

characterized by a spectrum which was similar in shape to tials resulted in values e; 47 and 16 s for the relaxation time

that presented in Fig. I, although about 25% narrower. The
two peak frequencies were quite close to the bulk vawucs. 2.0

Figure 2 shows the 5"Co spin-echo NMR spectrum oS-
tained from the Co/NaY sample at 1.3 K for external mag- o a.amingH H

netic fields of H=9 kOe (solid triangles) and 11=0 (open . 1.5 dca•g H

circles). The spectra illustrated in Fig. 2 were obtained by -- 1.3K

cooling the sample in zero field from room temperature to
1.3 K, measuring the H =0) spectrum. increasing the field to ( 1.0
Hý9 kOe, and then remeasuring the spectrum. It is signifi-
cant to note that, unlike bulk materials, the application of
magnetic fields up to 9 kOc causes a dramatic increase in the 2 0.5

signal intensity which is reversible. This is illustrated in Fig. 0L

3 which shows the spin-echo intensity (echo height) obtained 0.0
at 1.3 K and 215 MHz as a function of the external magnetic 0 2 4 6 8 10

field. The open circles are for increasing field and the solid DC MAGNETIC FIELD (kOol

triangles represent decreasing field. As discussed below, the
variatton of the NMR signal intensity with magnetic field is FIG. 3 '"('i spin-echo NMR intiensitv lccho fhcighl) tobaitncd at 1.3 K and

also characterized by (different) relaxation time behavior for 215 MII, from 0 ti I10 A ('C clust'er, iniside tceolite NaY surpcrcagss vs
external magnetic field, It. in k(c: open crcles. increasing field: solid tri.

buith increasing and decreasing fiLlds. The points illustrated iangles. dticreasi g ficld. lTre data poin ts arc charactctriic tfi the equilibriunm

in Fig. 3 were measured for times that were long compared values.
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20 . .(aC)-1 exp(K.V/kBT), (I)

"c 16 where a is a geometrical factor and kB is the Boltzmann
0o o o 0 o 0 o 0 o constant.3 The frequency factor v is the Larmor frequency of

12 1.3K the magnetization vector M., in an effective fieldS12 0 f1-210MHz
0 HHCff=K,,/M, The behavior of a magnetic particle depends

op00 on the experimental observation time ro. For -,,t,,>,r the
0o particle will appear to be superparamagnetic, while for

7 rbs<<, the superparamagnetic relaxation will be blocked and
a. A A A A the particle will show ferromagnetic behavior. For the

present NMR observations, rTo,,= l/lv,5X 10.l9 s, where rl
0 . . is the resonance frequency (or Larmor frequency of the

0 100 200 300 400 500 nuclear moment about the magnetic field at the nuclear site).
TIME(s) Thus, if 1/vj.<r (i.e., ferromagnetic behavior), the nuclear

FIG. 4. 59Co spin-echo NMR intensity (echo height) obtained at 1.3 K and Zeeman splitting caused by the hyperfine field at the nuclear
210 MHz from 6 to 10 A Co clusters inside zeolite NaY supercages versus
time, t, in s: open circles, field quickly increased from 0 to 9 kOe; solid site will be observed. Conversely, for l/ut.>>¢ (i.e., super-

triangles, field quickly decreased from 9 kOc to 0. The sample was initially paramagnetic behavior), the Zeeman splitting and, conse-
cooled from room temperature to 1.3 K in zero field. quently, the NMR signal will disappear, A superparamagnetic

blocking temperature can be defined as T1,= KV/k1 3 . Kin-

at 1.3 K characteristic of increasing and decreasing field, dig et aL.4 have used the Missbauer effect to study small

respectively. The corresponding values at 4.2 K were signifi- particles of o-Fe,03 and P-Co. They find that as the particles

cantly smaller. transform from ferromagnetic to superparamagnetic behavior
(by varying the particle size or the temperature), the MWiss-

IV. DISCUSSION AND SUMMARY bauer spectra shows a decrease in the Zcman structure with
a corresponding increase in the quadrupole structure. The

The magnetic behavior of the small, single-domain Co relaxation time described above by Eq. (1) can also be influ-
clusters isolated inside zeolite NaY supercage, is character- enced by the application of .an external magnetic field, H. In
ized by a superparamagnetic blocking temperature which oc- this case. there will be a magnetic energy M,HV in addition
curs at liquid helium temperatures, relaxation time behavior to the anisotropy energy KV which will contribute to the
for increasing and decreasing fields, and a dependence on the superparamagnetic blocking. This will cause more of the
magnetic history. I lie 5"Co snin-echo NMR spectra are broad (smallcr) particles to exhibit ferromagnetic behavior and,
with a central peak at 212 Mllz and it secondary peak at 222 hence, contribute to the NMR signal intensity. Further, the
MHz, which are attributed to fcc- and hop-like short-range application of ant external magnetic field will cause the clus-
order, respectively. The application of fields up to 9 kOc ler noments to reorient such that the internal fields at the Co
results in it downward frequency shift of the spectrum which nuclei become more aligned perpendicular to the rf excita-
is approximately one.third that expected for bulk, single- lion field of the NMR spectrometer. Consequently, more nu-
domain Co. For bulk multidomain ferromagnetic materials, clei undergo the appropriate transitions and the signal inten-
the application of an external magnetic field causes a de- sity is increased. It is even likely that the clusters are free to
crease in the NMR signal intensity due to the disappearance reorient such that the easy axes arc aligned with the magnc:ic
of the domain walls. The dramatic increase in NMR signal field in equilibrium. The change in magnetic field behavior
intetsity with applied field that is observed here for Ohe small shown in Fig. 3 provides an estimate for the anisotropy field
Co clusters is worthy of special mention, of 2 k(c. For external magnetic fields in excess of the ) kOe

For zero applied field, a singl-domain ferromagnetic used here. the NMR signal intensity may eventually start to
particle is magnetized along some easy crystallographic di- decrease due to it decrease in the domain enhancement factor.
rection (for fee cobalt, this is the III I direction). The energy Work is currently in progress in an attempt to extract a quail-
requited to reverse 1he direction of the m:ignetization relative titative description of the cluster size distribution from the
to the easy direction may be written as K11V, where K, is the field dependence of the NMR signal intensity.
crystalline anisotropy constant and V is the volume of the
particle. (It is assumed that the particles are spherical afit not 1.. Ainhang. Y. IS. 114,~ng. W A. 1111.,. I. I, udnick, and W. M. It. SIdt4tl2r1J. Ame. (hr¢m. S,,c. 114. 41543 ( 09•21
stressed by external forces, so the shape and strain anisoropy A. C. I os5.atd. A M I'tori,,. M. Rubinmtcin. Mind R. II. l.indmlquit. l'lhy'.
can be neglected.) The single-domain particles will have Rv. 1t.38 A1415 114t51.
thermal fluctuations in the magnetization direction :1,d, at a '.- Noel. Anti (6-ophyv,. 5. 99) (1 9491.

given temperature T, there exists a finite prot. hbility that tile W. Kundig, K. It. IindquW. and G. (onstaharis..iroccding )I th In-
IernatOional C(",nshre,)n,, , AVtgetit" R"omanci , tmd Reamiull.oti, C(olloque

magnetization vector will reverse its direction and the time Anipet XIV. i.juhljana. 19W, (North IHlland, Anmtcrthm. 11)01,. p.

titat describes how rapidly this occurs may be writtetn Iu2).

Pubh5hed wA.houVl N 0 N m 1tht r e'l al.i\

657A J, Appl, Phys,, Vol. 76, No. 10. 15 November 1994 Zhang of al.



Perfluorocyclobutane containing aromatic ether polymers as planarization
materials for alternative magnetic media substrates

Donald J. Perettie
The Dow Chnemical Compan', 1702 IBidding, Midland, Michigan 48074

Jack Judy and Qixu Chen
Univer.'ity of .4inc'sota, 200 Union Street, S. L-., Minti'a polis, Minnesota 55455

Rick Keirstead
Nashua Corporation, 44 Franklin Strt'et, Nashua, New 1/amp.nshire 0.3061

Perfluorocyclobutanc aromatic ether polymers (PFCI3) are being researched as planarization
materials for alternative magnetic media substrates allowing smoother surfaces for lower head flying
recording. The results of. current work reported herein have shown that PFCB can be used to affect
surfaces on canasite with RA's less than 2 rm. In addition, magnetic media can be produced of a
quality comparative to that obtained on standard NiP-coated Al as well as that produced on regular
canasite with cquivalent coercivities at about 1500- 1600 Oc and squarenesses of 0.8 or better. In
addition to the above magnetic properties the recording performance was excellent with
signal-to-noise ratios of planarized media 3.5 dB higher than that on regular canasite.

i. INTRODUCTION performance of the thin film media deposited on PFCB-
planarized substrates arc compared with that on regular ca-

Alternative or nonaluniinum magnetic media substrates nasite.
have been the topic of numerous discussions as well as semi-
nar series as presented by IDEMA' and the subject of a
recent presentation by one of these authors at the Head and 11. EXPERIMENT
Media Technology Conference (1992) during Comdisk.2 In
addition to these presentations two recent publications by A. Substrates
Perettie et a1.3.4 have focused on the use of benzocyclobutene The surface morphology of the substrates was character-
(HCB) as a planarization resin for aluminum substrates with ized with an atomic force microscope (AFM).
conceptually the same idea; the difference being that the
BCB work required the coated substrates be cured in an inert
atmosphere. A continuation of this effort is presented here B. Magnetic media
with the resin being PFCB.

P,.rfluorocyclobutane aromatic ether polymers (PFCB) The deposition conditions of the C/CoCr (12 at. %) 111 (2
arc being researched as planarization materials for altcrnative at. %)/Cr films are shown with Table I. The magnetic prop-
magnetic media substrates allowing smoother surfaces for erties of' the thin film media were measured using a digital
lower head flying recording. C(anasite is a glass ceramic ma- vibrating sample tmagnctomleter (VSM). The recording per-
terial, and is being used as an alternative substrate for ad- form atice of the thin lilm media were tested using thin film
vanced magnetic thin filnm media. Even though the height of heads with 0.4 /m gap width and 16.5 Atnl track width. The
the automatically textured surface peaks of polished canasite head wrote and read back an all ones pattern at a relative
are uniform. the large peak-to-valley heights are not. Hlow- linear velocity of 10 m/s. The flying height was approxi-
ever, PFCB-coated canasite substrates have small and uni- mately (1,2 Atm. The average signal output amplitude was
form peak-to-valley heights which should improve durability determined by averaging digitized wave forms, The medium
and recording performance. The properties of the materials noise was obtained by subtracting the integrated noise power
and the surface roughness of' the PFCB3-coated canasite sub- of the recording system from the total integrated noise power
strates are being reported here. The magnetic and recording over a 20 MHz bandwidth.

"IAtlLF 1. I.)cD pNition conditions ot /C'('r'Ta/('r thin film n 'mdia.

Ar
Sputter Thickness prcssurc l)eposi)ion rate K .kiiistrate -ias

Fil.ms, ioide (A) ( in',rrt) I/1/lill) AV) Deposition tcnpcraturc

(Cr dtc iigtctrotn 1000 1 1. 1 Varied
(' Y(ErIl' ri magnetron 5110) 1.42 4I Varied

C i tnic gnctrlti 310 K 0.3 0 Ruo lIw rtn1rc
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1TABI LE Ill. Magnetic properties of /('('orTa/Cr tihns deposited on canta-

site and IT:'lC-coatcd canasite subs~rates.

Substrates i'FC3i,'elrasitc ('ariasitc i'CB/Calnasile ('anasite

it, (00l 1523 1329 1594 1457
MrT (rnEMU/cn&) 1,( 2.1 1.9 2.2
S (1.73 (1.76 (1.75 0.75
S* (1.81 0.82 0.801 (0.76

S .D 0.22 (. 22 0.25 0.27
Preheat temperature 20(1 OC 301) )

40
S 30

(--) 20
pure canasite and PFCB-coated canasite substrates under

."ntical deposition conditions but at different experimental
runs. The magnetic properties of the films deposited on ca-

nasite substrates are not subject to the effect of the possible
outgassing from PFCB polymier. Thc magnetic properties of
the CoCrTa/Cr films are shown below in Table Ill.

The coercivity of the magnetic files deposited on PFCB-
coated substrates is higher than those of films deposited on
canasite substrates as shown above. Figure 2 also shows the
comparison of signal-to-media noise ratio of C/CoCrTa/Cr

(b1 tilms deposited at identical conditions on canasite and
,. ~ ~ ~ ~ 4 ........., FBeated canasite substrates, respectively.

.- 30

"20 The depositio conditions of these samples are shown in
(b) to Table 1. The preheat temperature was 200 'C with the mag-

FIG. 1. Surface profile ot regular clunasite and UCI'F -plhnarized tana.,ite netic properties of the samples shown in Table 111. The media
substrates rneasured witll AFM. deposited on PFCB-coatcd canasite substrates exhibit about

Ill. RESULTS

Figure I sho',,s the comparison of the surface topogra-
phy of regular canasite and PFCB3-planarized canasite sub- 45

strates measured with AFM. Tlable 11 shows the calculated
roughness of the two types of substrates using the data from 40
AFM with RA showing mean roughness and IR,,x indicating
maximum height which is the difference in height between as
the highest and lowest points on the profile relative to the ," ..... ,01
mean line over the length of the profile. It is obvious that the 'a 3,

surface of PFCB-planarized canasite substrates is much
smoother than that of regular canasite substrates.

The effect of sputtering parameters on magnetic proper- "
ties of CoCrTa/Cr films deposited on NiP/Al substrates has 20
been intensively investigated. For example, it was reported
that in-plane coercivity increases arid in-planes decrease as ",
substrate temperature increases.5 The same relative result is
true for the CoCrTa/Cr films deposited on PFCB-planarized
substrates. In addition, C/CoCrTa/Cr films were deposited on

TABLE II. Surface roughness of regular and ITl(ll-planarizcd canasite.
__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _o I I I I I I

Scan size (otn) 1 511 5 kX) ](H) I,)iU ?t15) 71,) M 351

itt-density (lr/mm)
Substrates (anasitt Ill( 'li/catasite (altasitc PF(I l/canasite

RA (ti11) I.0 01.48 h.5 I1.( IFIG. 2, (Cotmparison ol signal-to-liedia noise rutio otf (/CoC(rTa/C lilns
"R,,ý.ý (full) 14,9 101.2 76 22 deposiled ill cnam silt: ard I'FI Cl-oatc d carrasitc substrates, respCclivCly.
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3.5 dB higher signal-to-media noise ratio than the films on signal-to-noise ratio over a wide range of recording densities
canasite substrates. The films deposited at 300 'C also shcw in comparison to media deposited on regular canasite sub-
the similar results. strates.

IV. CONCLUSION

PFCB polymer films can be used to affect a surface 'Alternative SuhstrateM presCnted ;t ll)EMA Seminar. 1993 and 1994.
smooth on Henm i n5 scan 2 Head and Media Technology Conference, November 1992.canasite with RAs less than 2 n in 50 s 'J. Magn. Soc. Jpn. 15, Supplement, No. S2 (1991).
size. CoCrTa/Cr thin film media deposited on PFCB-coated 'IEEE Trans. Magn. MAG-27, 5175 (1991),
canasite exhibited higher coercivity and a 3.5 dB higher 5M. Lu et al.. IEEE Trans. Magn. MAG-28, 3255 H1992).
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Anomalous perpendicular magnetoanisotropy in Mn4N films on Si(100)
K. M. Ching, W. D, Chang, T. S. Chin, and J. G. Duh
Department of Materials Science and Engineering, TBing Hua University, tlsinchu, Taiwan, Republic of
China

H. C. Ku
Department of Physics, TRing Hua University, Hsinchu, Taiwan 30043, Republic of China

Ferrimagnetic Mn 4N films were deposited on Si (100) substrate by dc reactive magnetron sputtering
from sintered Mn target. Highly (002) textured Mn 4N ordered phase is formed in situ at studied
substrate temperatures of 150--250 'C without further annealing. Anomalous perpendicular
magnetoanisotropy exists in these face-centered cubic films with larger coercivity measured
perpendicular to the film (2000-3000 Oe) than that parallel (1100-1300 Oe), as is the remanence.
Coercivity in either direction decreases, while the saturation flux density (from 240 to 610 G)
increases with increasing substrate temperature. The anomalous perpendicular magnetoanisotropy is
attributed to (1) the stress-induced anisutropy due to in-plane tensile stress coupled with a reverse
magnetostriction, and (2) the shape anisotropy due to columnar grain structure.

I. INTRODUCTION ogy like sputtering, it is possible to obtain such films much
more easily, because high temperature phases could be suc-In 1932 Ochsenfeld observed that manganese takes up cesuydpoidatow usrteeprtrs.nth

nitrogen at about 1100 'C and gives it off again at 1300- cessfully deposited at low substrate temperatures, Onf thenitrgenat bou 110 ° an givs i of agin t 100- other hand, Mn4N films were rarely studied. One report stud-
1320 'C, and that the nitrided product has a Curie point of oed Mn 4N films prepared by facing target reactive sputtering
about 500 °C, a coercive force, lie, of 200 Oe, an intrinsic idM4 im rprdb aigtre eciesutrn
aboutio 5 f200 0  acoeriveaforce, H e, of 2 00 C e, an intrinsic and obtained a film with saturation flux density of 510 G and
induction of 200 G under an applied field of 600 Ce, and a coercivity of less than 900 Oe.5 It is interesting to investigate
remanence, Br, of 110 G.' . again other synthesis methods and magnetic properties of

Although there was an argument that Mn4N is such films. In this study, Mn 4N films have been prepared by
ferromagnetic,1 2 according to the result of neutron diffrac- dc reactive magnetron sputtering at low substrate tempera-
tion in 1962, the Mn 4N compond was identified to be a tures on Si (100) substrate. Structure and magnetic properties
ferrimagnetic material,3 which can be formulated as of the films were studied.
Mn(I)NMn(II) 3. It crystallizes in a perovskite-derived struc-
ture ABX3 : A is Mn(I) at the corner position, B is N at the 1U. EXPERIMENT
body center, and X is Mn(II) at face centers of the cubic cell. The Mn 4N filas were prepared by de reactive magnetron
Mn(1) has a large moment (3.53 AB at 300 K) with antipar- sputtering from sintered Mn (99.9%) target. The substrates
allel spin alignment with respect to Mn(II) (-0.89 ABt at 300 used were Si (100). The vacuum system was pumped to the
K), leading to a ferrimagnetic order of the lattice with a total base pressure of 5X10 5 Torr. Ultrahigh purity Ar and N,
magnetization at 300 K of 0.86 AB per formula unit: gases were first mixed at a ratio of 80:40 sccm, and the total

It is arduous to synthesize Mn 4N powder by traditional pressure during deposition was set at 3 mTorr, controlled by
ceramic processes, because it requires high temperature a needle valve. The substrate temperature was varied from
(>925 K), long reaction time (>200 i), and precise atmo- 150 to 250 'C. Distance between the target and the substrate
sphere control.4 However, through the assistance of technol- was 3.5 cm.

The resultant films were examined by x-ray diffract-
ometry (XRD) using Cu-Ka radiation at a scanning speed of
I-/min for phase identification. Hysteresis loop both perpen-

M,•4N/)( M,,N)202) Si('mo) dicular and parallel to the film plane were measured at room

Si(2t00H) itemperature by using a vibrating sample magnetometer with
-.I a maximum applied field of 20 kOe. The sign of magneto-

(,i( ,.,)(21)( striction coefficient was measured by a strain gauge. Micro-

structure of the films was observed by means of a scanning
S_2 - electrcn microscope (SEM). Stress of the films was inca-

'1'TABLE I. Magnetic properties of Mn4N vs substrate temperature (7,, inSI •175"(' TC). S is the squareness ratio, H, in Cie, B, in G.

K Sample 1', If ,., B, S!i S

21) 30 1 50 0(0 70 8() AI 15(0 1333 3048 24(1 0.40 0.56
2(0(degree) A2 175 1143 2476 200 (0.35 (1.43

A3 225 1143 2381 530 0(.38 (0.,
FIG. 1. X-ray diffraction patterns of as-deposited Mn4N films at various A4 2511 1153 2(12( 610 (0.37 01.59
substrate temperatures shown.
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FIG. 2. Hysteresis loops measured perpendicular (1) and parallel (11) to the FIG. 3. Týpical maýnetostricticrn vs appnid field of a Mn4N film.

lilm plane of a MnaN film deposited at 225 TC.

(1770 G). This discrepancy should arise from impurity
sured by a film stress measurement apparatus (FSM). Thick- phases (e.g., Mn and MnO) embedded in the films.
ness of th films was measured by means of a stylus method. By FSM measurement, it was found that films show 'a-

plane tensile stress, which increases with increasing substrate

Ill. RESULTS AND DISCUSSION temperature, as shown in Table II. Further, by measuring
with a strain gauge bonded on the film, it was confirmed that

Films of fixed 1.2 /m thickness, as monitored by ex situ films deposited on Si(100) at various substrate temperatures
thickness measurements, were deposited on Si (100) at sub- have negative magnetostriction coefficient X in the film
strate temperature (T,) of 150, 175, 225, and 250 °C, respec- plane, as shown in Fig. 3. However, precise magnetostriction
tively, with a controlled deposition rate of 27 nm/min. Figure was not possible by this method. Magnetoelastic anisotropy
1 shows the XRD patterns of films deposited on Si(100) constant Ku can be calculated bý the following formula: 6

substrates. The films exhibit a strong Mn4N (002) texture
with distinguishable (001) superlattice reflection. The degree Ku= -(3/2)X r (1)
of ordering, estimated from the peak height ratio between
(001) and (002) diffractions, is practically the same for all since r of the films is positive, the reverse magnetostriction
T,. There are contaminative phases, MnO and oa-Mn. The makes a positive Ku, that is the perpendicular magne-

amount of lMnO increases with T, due to higher oxidation toanisotropy.
tendency for a-Mn on the substrate with residual oxygen. Besides, microstructure observation of the films by

While the amount of a-Mn decreases with increasing T, due SEM, as shown in Fig. 4, reveals that films are in fact com-
to oxidation, posed of columnar grain structure which gives rise to the

Magnetic properties of the films are shown in Tabie I. shape anisotropy that is proportional to the square of satura-
For an fcc structure, large magnetic anisotropy is not usually tion magnetization. For the grain shown in Fig. 4, the aspect

anticipated. However, it is not true for the deposite6 Mn 4N ratio is estimated to be 5.6, giving rise to a shape anisotropy

films. Comparing the hysteresis luops of the films measured constant Ks of, assuming the grain structure is perfect having
parallel (1i, to the film plane with those perpendicular (_L) a theoretical saturation magnetization,
(se%; Fig. 2) the perpendicular coercivity (He1 ) and rema-
nence (Br1 ), hence the perpendicular squareness (S1 ) are
always much larger than Heil, Br11, and S11, for all substrate
temperatures (T5). Specifically, He1 can be 1 8-2.3 times
higher than Hell. Due to much higher Hc values and larger
squ:reness ratio in the perpendicular direction, the films de-
posited on Si(100) show apparent'y perpendicular magnetic
anisotropy. Ao it is found that saturation flux density (Bs)
increases with increasing T,. The film deposited at 250 °C
has a Bs of 610 G, which is 34% of the theoretical value

TABLE 11. The in-plane stress of the films vs substrate temperature (Ta,
in 'C).

Sample T, Stress (MPa)

At 150 622
A2 175 648
A3 '25 667
A4 250 730 FIG. 4. A typical SEM micrograph of a Mn4N film showing cross-sectional

view of the film structure.
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The contribution of the shape anisotropy to coercivity caused by in-plane tensile stress coupled with a reverse mag-

would be as high as 760 Oe, which is within the reasonable netostriction, and (b) the shape anisotropy caused by colum-

increment range as comparing the perpendicular coercivity to nar grain structure.

that parallel.
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Formation kinetics of polycrystalline Eu 2 ,_xCexCUO4 _y obtained
from a sol-gel precursor

P. A. Suzukia and R. F Jardim
In %1tittU de' I - c'a. I " ' t ,d , dc Na' Pau I',. ( I 20' ./. 014 1 , 990o .. I, I',jt4h ,. .•1 Iiaz:u

S, Gat.a
III',auto" I4 I[m4'a (;/,', tUtaaghtin. I 'tit i•e.S ihJa I Itadu eal i i' ("anmllw. ("'amltna%, SP Brazil

Polyerystallinc samples of [ (',( U() , f ll0.-t 0. 1X) were prcparcd fromt a sol-gel precursor
and sintered in air at different tempceraturcs. From the x-raN diffraction results. the beginning of
Eu, CcCuO, , phase formation is o•,crved by increasing the sintering temperature up to. IX) 5 (

as indicated by the presence of very broad Bragg reflections belonging to the desired phase. At
7(W) 'C. Eu ,Ce,('uO , coexists with Eu,(). Cco,. and CuO. Additional sintering at 950t °C in
air for 20 h results in single phase materials. The effectiveness of Eu replacement by Ce in the
Eu 2CuO4 pristine phase has been confirmed by a decrease in the hImucc parameter c with increasing
x. Also, the solubility limit of Ce in these series was found to be higher than x =0.15. The results
of thermal analysis reveal that the eutectic temperature T,.- 1020 O( is Ce independent. On the other
hand, the peritectic temperature Tp, increases significantly with increasing Cc concentration. It is
close to T1,--1180 °C for Eu'CuO4 and T•,- 1105 °C for Eut ,2Cc) 1XCuO 4 .. Thermogravimet.,c
analysis performed during the heating process in all samples studied revealed a weight loss of
-1.5% at the peritectic temperature. This weight loss has been attributed to an oxygen removal
which is partially recovered during the cooling process.

1. INTRODUCTION materials should be as homogeneous as possible. This im-
plies samples sintered without the presence of a liquid phase,

Since the discovery of electron-doped superconductors provided that an appropriate Ce diffusion also occurs.
by Tokura, Uchida, andTakagi t many investigations towards Among several processes available in th'2 literature, the sol-

thene lased o materials have been carried out in order gel route allows homogeneous samples and complete Ce dif-
0.0toxbet.20) based terionship been carried ystallo- fusion at sintering temperatures well below the eutectic
to better understand the relationship between their crystallo- temperature. 9

graphic structure and physical properties." Compounds of In this work we focus on the preparation of polycrystal-
Ln2_,CeCuO4 _y crystallize in the so-called T' (Nd2 CuO 4) line Eu2,.CeCuO,4 -_; 0.0--x--0.18, starting from a sol-gel
structure, but their physical properties strongly depend on the pl w heat trtin from a sof-er

hos L an te ubsiten Ceorh 2~3 nfatthsimr- precursor. All samples were heat treated in air and at differ-host Ln and the substituent Ce or Th. In fact, this is Mir- ent temperatures up to 950 *C. The formation of the desired
rored in the observed superconducting critical temperature phases were accompanied by x-ray diffraction measurements
T,: it is almost constant -23 K for Ln= Pr, Nd, and Sm, and and ihermal analysis. We have also determined either the
it decreases significantly for Eu (T,.- 13 K). In addition, eutectic temperature T, or the peritectic temperature Tp, in all
when Ln is replaced by heavier Gd, although the T' structure samples studied.
is preserved, the material does not reveal superconducting

3.4properties for x up -0.15. Some authors have proposed 11. EXPERIMENTAL DETAILS
that Gd2 _.xCexCuO4-y should show superconductivity for x
higher than the Ce solubility limit, which is close to 0.15. Powders of Eu 2 _CerCuO4 -y; x=0.0, 0.05, 0.10, 0.15,
This upper limit should be related to the structural instability and 0.18, were prepared as described below. Initially, appro-
originated by the growth of the intraplanar stresses.5 CoM- priate amounts of high purity Eu 20 3 were dissolved in 75 ml
pounds of Eu 2 _XCe,.CuO4 y are on the frontier of this prob- of water and 10 ml of 65% HNO 3 in a beaker to form -3.5
lem involving crystallographic properties and the appearance g of the desired phase. The solution was heated on a hot plate
of superconducting properties. Up to now, few studies have at -50 'C under magnetic stirring. After the complete disso-
been carried out on the crystallographic and physical prop- lution of the Eu2 0 3 , stoichiometric amounts of
erties of Eu 2 _CexCuO4 _" compounds. 2

.3.6 (NH 4)2Ce(NO3), and Cu(NO3)2 were slowly added to the
The conventional procedure used to obtain polycrystal- solution. Ethylene glycol (--40 ml) and 7.6 g of citric acid

line samples of Ln 2 _,.Ce.CuO 4 _ compounds utilizes simple were also dissolved in the mixture. The resultant blue solu-
oxides as starting materials and subsequen. heat treatments tion was heated at T- 100 'C and magnetically stirred to
to promote Ce diffusion into the T' structure. Usually, these evaporate water in order to form a homogeneous mixture. A
heat treatments are carried out at temperatures above the eu- brown NO 2 gas evolution during the heating process was
tectic temperature T,, which involves the presence of a liq- frequently observed. Then, the solution was heated until it
uid phase.7'8 On the other hand, it is desirable that sintered initiates a process of polymerization through a transforma-

tion into a green gel. The product was then transferred to an

"1Permancnt address: Faculdadc de Engcnharia Quimica de LArcna, CI' 16, alumina crucible, and subjected to a continuous heating up to
12600 Lorena, SP, Brazil. 150 'C. When the product dried, it reacted by spontaneous
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ignition, transforming into a tine browin 1-gwdei. •! hi. I"%PM dce . ..... . .... I. . . ... ....

was heat treated in air in a muffle furnace at iein r[atrure'% o• I

3(M), 5(M), 7(M. and 95(1 T for 22 h. .()
In order to characterive thewe poAwder,. \-rav difltraction

measurements (XRI)) and thermal analysis wvere performed. ,

The XRD measurements were taken in a Jena- Zcis% URI)-6/

diffractometer with Ni filtered ('uLIK radiation. All samplc', )+

were measured between 1 - z with angular an-
ning of 0.05'. All measurements were mn.de at ambient tent.

perature, Lattice parameters were obtained through the re-

finement of the corrected peak positions utilizing a lea1t- n.

square program. (11M . . .. . ,. .. ..

The XRD reflections belonging to polycrystallitic ,n,, e, ,, (hi

samples of Eu, Cc,CuO4  ,. 0.() .tx'-I0.18, were indexed 'I

according to the symmetry of the tetragonal T' phas.

namely the I4Immm space group.'"''1 A computer simulated X

pattern was generated by using the experimentally calculated

lattice parameters and by replacement of Lin by Eu and Ce on 1"0)l

the atomic coordinates of the 7" structure."'"" The simulated ZoO

and the experimental patterns were in good agreement, s', ith +

typical deviation _-3% for the intensity of the Bragg retlec-

tions. o
Differential thermal analysis and thermogravinictric 100 -------

analysis (TG) were performed in air by using AI(O) as M')

the reference. The temperature 7' ranged between M4) 1 90 0)

20 *C-T7 1400 'C. Heating iid cooling rates of It °('/main

have been employed in these measurements.

Ill. RESULTS AND DISCUSSIONS 400 (x' (2 )) (21I'3) (22t))

While the as-dried precursors revealed low crystallinity. (21k4) tl,)) (220)

Fig. 1 displays XRD patterns measured on polycrystallife 200 (x2()4• (2)

samples of Eu1,85Ce,0, 5CuO 4 . , heat treated at several higher

temperatures: 500 °C (a), 700 "C (b), and 450 °C (c). In Fig. 0

1(a), the XRD pattern of the heat-treated powder at 5(K) (. 20 30 40 .50 60 70

shows very broad reflections which are strong evidence for 20 (Deg)

low crystallinity. Some of these broad peaks have been iden-.

tified as belonging to CuO and Eu20 3. All the reflections FIt;. 1. XRI) patterns of tlcat-treated p)lycrystalline s•n•ples of

belonging to CeO 2 are probably overlapped with those of hIu K(Co 1(j(u04 , at different temperalurLs: 5Xi °(" (a). 7(0 °C (h), and

Eu203. A few reflections attributed to Eu,,. CeC.C'uO 4 v ,t50i (" ). The desired phase is marked with Miller's indexes.

phases are also identified. Additional sintering at 70) °C
[Fig. l(b)] promoted the crystallization process of the de- the lattice parameter evolution has been followed. This can

sired phase. However, vestiges of reflections belonging to be made by monitoring the observed shift in the (006) peak

Eu20 3, CuO, and CeO 2 were still present. The lattice param- in samples with different x. It shifts to higher 20 angles with

eters obtained for sintered samples at 700 'C showed that increasing x, while the (200) peaks are almost constant since

they have intermediate values between EuICuO4 and the lattice parameter a shows small changes with increasing

Eu1.85Ce0.15CuO 4 -. ,, suggesting a partial Ce diffusion at this Ce concentration. Another perceptible evidence of Eu re-

temperature. placement by Ce is the observed enlargement of the (103)-

Finally, sintering at T=950 'C for 20 h [Fig. l(c)] (110) peak separation with increasing Ce concentration. Fol-

resulted in almost single phase material for lowing this analysis, the lattice parameters a and c have been

Eu1., 5Ce0.i5CuO4 _,. A very small unidentified peak at calculated from several reflections and the relevant data are

-29.0° has been detected in all samples studied and it is the shown in Fig. 2. The lattice parameter c decreases with in-

object of future work. Similar XRD patterns as those shown creasing Ce concentration, while the lattice parameter a is

in Fig. I were obtained for other x values, except for x =0.0. almost constant for all the range studied. The decrease in the

For this particular concentration and sintered samples at lattice parameter c with increasing Ce concentration strongly

500 °C, the XRD patterns showed ad'ditional peaks (not suggests that Ce, ' ions, with an effective ionic radius 0.97

shown), which were attributed to Ce-frme complexes formed A, replaces Eu- 3, with an effective ionic radius 1.066 A, in
during the ignition of the mixture. these series. The calculated lattice parameters were

By comparing the diffractograms obtained in heat- c = 11.9(02(2) A for Eu2CuO 4 and c=11.834(3) A for

treated samples at 950 'C with different Ce concentrations, Eu,.8 2Ce1 .1 SCuO 4 •.
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. . . .. .... . . .. .beccn obsecrved by ( )kit and U noki - inl isomorphic series of

I Ndl- Uc,('u0, , 0.0 x-0t.3.

T he results of 'I TG not showni) revealed it large weight

*loss. about 25"'( tot tile total mass, during the reaction of' the
formation ofl the phases. 'Ibhis weight loss. which occurs at

~~ temnperatures between 2501 O(-t T~-.5(1 'C. is believed to be
* related to the decomposition of thle complexes into simple
* oxides as, Eu,01. ('eO,, and CuO. Another weight loss,
* ~which is of die order of 1 *2ý , near thle peritectic temperature

.. . ..... . ..... .... . ..... 1' 119 - 0IW QC has been also observed, during the heating pro-
11 92 . I ........ cess. flowever, this weight loss wats found to be reversible

I during the cooling process. Such aweight loss was then at-
I tributed to thle oxygen removal from the T' structure. This

I I 8~ oint is now being explored.
f From these results and the preliminary discussion made

above, one call Surmise that, in samples prepared through the
ItI.M sol-gel process. the Ce diffusion into the T' structure occurs

even at low temperaotures (T--950) *Q. Such it complete dif-
fusion can he explained by invoking features of the precursor

11.80 material as a higher contact surface that improves the diffu-
0 0.0)5 0l (10.15 01.2 sion at low sintering temperatures, etc.

X inl EU2-ý Cc .l In summary, the formation of polycrystalline
Eu ..,Ce.,CU0 4 ~, 0).0--x-0.18, prepared from a sol-gel

FIG. 2. L-attice parametcrs a and c as a function of Cc concentration of precursor, has been investigated. The desired phase has been
potyctystalline samptes of EU2.,CCeCUO 4 --, obtained at sintering temperatures up to 700 'C, but the com-

plete Cc diffusion otnly occurs at -950 'C. This temperature
is well below the eutectic temperature of - 1020 'C. The Ce

The results of differential thermal analysis performed on solubility limit was found to be higher than x=0.15 in these

the as-grown powders (not shown) revealed a broad endo- series. Thermogravimetric analysis showed a small weight

thermic peak in the range of temperatures between 260 and loss near the peritectic temperature. This weight loss was

530 'C with a prominuut maximum at -- 4(X) 'C. Such a peak found to be reversible and it was attributed to an oxygen

has been associated with the desired phase formation. At removal from the T' structure.
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Thermal decay of N coupled particles
lyo Klik and Ching-Ray Chang
Department of Physic.', National Taiwan UniversitY, Taipe'i, Taiwan, China

Jyh-Shinn Yang
Diviion of General Education, National 'aiwan Ocean University. Keelung, Thiwan. China

A periodic chain of N magnetostatically coupled uniaxial particles is considered within the
nearest-neighbor approximation of weak coupling. The time-dependent magnetization of the
ensemble, which .elaxes thermally in constant reversing field, is calculated using a master equation
approach. It is found that at very small applied fields the net magnetization relaxes via simple
exponential decay while at large reversing fields its relaxation becomes multiexponential. It is
conjectured that at large N this effect gives rise to field induced logarithmic decay.

In a recent work' we analyzed the evolution of an array long periods of time. The distribution of relaxation rates
of N identical interacting uniaxial particles whose magneti- within the sample is usually attributed to a distribution of
zation reverses by thermally activated coherent rotation. activation volumes or nucleation fields23 but Eq. (I) shows
Such an array has up to. I '=2N distinct metastable configu- that a similar effects may occur also due to the presence of
rations and its evolution may then be given by the master interparticle coupling. This conclusion has been reached pre-
equation viously, within a mean field theory, by lAttis et al.4

.1, The determination of the matrix K poscs a major prob-

dni/dt= - Y Kiknk, (I) lem. We have analyzed'"5 the case of two magnetostatically

,=j coupled particles described recently by ('h- n el al." The easy
axes of the two particles are aligned with applied field and

where ni is the probability that the system finds itself in the their bond angle 0(=0 or 7r/2. To the first order of small
ith configuration and K1 k is the matrix of transition probabili- coupling strength p (defined below) the magnetization rever-
ties between these configurations. By conservation of prob- sal of the particle pair t.ikes place"' by single particle switch-
ability l~n,= 1 and hence YiKAk=O for every k. Zero is thus ing events during which one particle remains frozen at the
an eigenvalue of K to which there corresponds the stationary metastable minimum while the other particle reverses in
state of thermal equilibrium, We shall address first the formal magnetostatic field. At larger p both particles deviate initially
properties of Eq. (1): If K is independent of time (constant from the metastable minimum, but only one of them over-
applied field H and temperature T) and if it has no degener- comes the energy barrier while the other returns back" and at
ate cigenvalues then the solution of Eq. (I) assumes the even larger J) both particles reverse simultaneously."
simple form ni(t) = :EkctkU4 e 'rl where ut's is the cigen- We consider here a chain of N identical uniaxial par-
vector corresponding to the eigenvalue rA (rI(=0 and u'(' is ticles with individual energies E, KV(sin2 f,-2hcos 0,)

the thermal equilibrium probability distribution) while the where K is the anisotropy constant, V is the activation vol-
integration constants cA are to he determined from initial umne, and 0, is the angle spanned bý the applied field H=lk
conditions. Let further M,=tniM, , M, is saturation magne- and the magnetization of the ith particle. The reduced field
tization, be ihe magnetizatior. of the ith configuration whose it = H/H,, , =I,, 2K/M,. Following Chen et al." we write
reduced magnetization is in,. The nonequilibrium magneti- .i,,,=2KV(ta,.a,-3(r.a,)(r.a,)] for the interaction energy
zation then becomes of two particles at a distance R from each other,

.p=M'V/(2KR3) is the coupling constant, a, is a unit vector
MM) =M.,. Wke- rt (2) in the direction of the magnetization of the ith particle, and

k=1t r=sin -1+cos Qj, fg=0 or 1r/2. We assume here the weak

where the weights Wk are defined as wk
N_ ckY-= tM'"Ui. Equation (2) may be viewed as an av-

erage, M(t)=Ms(e-'t,, over a discrete distribution w nor- 3
malized by initial conditions, M(O)/M, = 1AWk, equilibrium 2,o

magnetization, M q = Mew 1. The time dependence of M (t) is 21,..:
determined by the index function Wk and one may encountersimple exponential, multiexponential, or logarithmic decay.--• •
In either case one may write

SMt= -dM(t)/d ln(t/t,)=M,1•_ wkrkte-' (3)

FIG. 1. A schematic reprcscntation of the transition ndatrix K for N=4
(ta is an arbitrary time scale). Logarithmic decay is particles, I =6, with periodic boundary conditions. Labeled arrows repre-

observed2 if the the sum S(t) maintains its peak value over sent transitions betwcen individual contigur titons and their respectivc rates.
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FIG. 2. The weights wj for N=8 al selected values of reversing applied
field h, The system was initially saturated and XwtA = 1. Coupling strength FIG. 3. The derivative S(t) plotted vs the scaled time 1r,. r, =.t(p.h),

p=0,03 for #3= v/2 and p=0.05 for /3=0. The scaling factor eej.= 1.5 and N =8,/= 7r/2 (top), and 13=0 (bottom). Applied field I =0 (solid lines) and

E 1 ,2= I. r, (ph) is the smallest nonzero eigenvalue (f K. it =0.05 (dashed lines). Coupling strength p=0 (no nmarks), p=0.01 (*),
p=0.03 (0), and p-0.0 6 (*) if f3=7r/2; p=O.05 (*), p=0.l (0), and
p=O, 15 (*) if f3=O0.

coupling limit of single particle reversals, periodic boundary
conditions, and nearest-neighbor interactions. There exist' in Fig. 1. Here K 11=41 1 , K 12 =-K 4 , K2 1 =-4K1,
then only six independent relaxation rates K22=K2 +2K3-+K 1 , etc. For large N we use a separate pro-

ttt I 2 gram which classifies all configurations and writes down the
TTT-+TT-oTIT, (4) FORTRAN code for K=K(K1) which is sparse and the

"K1 ,'4 initial value problem (1) is fairly easily solved 8 even for
,T + 1" , - I-- I t, (5) large N.

The associated eigenvalue problem is numerically much

IT 12 , --- I I I1, (6) more demanding since K is not symmetric and its eigenval-
ues are not necessarily real though Re rk-() by construction.

where K211  = fa exp _ -- q(l 8),)2 1 and K2,+2  In order to gain some insight into the problem we shall re-
io exp[ - q(1 - h(')), ' t] =I + t(l) 1f-h, and strict ourselves here to a small number of particles, N--8,

h•#=h-e(/), with e(0)=4p and ~r(/2)= -2p. For the pre- .14 '-_27, where the eigenvalue problem is easily solvable. In
factor we take the value7 fo=e 2' Hz and we set all cases M(O)=M. and n1 (0)=l (see Fig. 1). Then all ci-
q=KV/kBT=25 throughout. All possible metastable con- genvalues are real9 and for N=8 we show the weighls Wk in
figurations of four particles (.,f'=6) are schematically shown Fig. 2 and the corresponding functions S(t) in Fig. 3. The
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two bond angles share a common feature: At very small It field is the main result of this work which was sponsored by
only a single eigenstate is excited and one observes simple the National Science Council of ROC under Grant No. NSC-
exponential decay regardless of the coupling strength and the 82-0208-M002-35,
h=O curves are thus almost identical, The exception is the
P=7n/2, p=0.06 curve and we ascribe its irregular behavior
to a ',reakdown of the weak coupling limit. With growing It 'L Klik, C. R. Chang, and X. X. Yang (unpublished).
ever hbgI•e• eigenstates are excited so that the system, which 1. Klik and C. R. Chang, Phys. Rev. B 47, )09l (1993); t. Klik, C. R.
at zero field exhibited simple exponential decay, relaxes mul- Chang, and J. Lee, J. Appl. Phys. 75, 5505 (1994).
tiexponentially. The two graphs of Fig, 2 are unlike in their 'M. EI-Hilo, S. H. Uren, K. O'Grady, J. Popplewell, and R. W. Chantrell,

IcEE Trans. Magn. MAG-26, 244 (1990).
character: At zero bond angle the weights are highly oscilla- 4)D. K. Lottis, R. M. White, and E. Dan Dahlberg, Phys. Rev. Lett. 67, 362
tory (also note the scale) while at #= ir/2 they resemble, in (1991).
particular at higher fields, a smooth distribution. This leads •1. Klik, C. R. Chang, and L. S. Yang (these proceedings).6W. Chen. S. Zhaag, and H. N. Bertram, J. Appl. Phys. 71, 5579 (19921.us to conjecture that at very large N and sufficiently large 7 D. P. E. Dickson, N. M. K. Reid, C. Hunt, H. D. Williams, M. El-lilo, anu
reversing fields the weights wk may assume the aspect of a K. O'Grady, J. Magn. Magn. Mater, 125, 345 (1993).
real distribution function and give rise to a field-induced "w. H. Press, Ii. '. Flannery, S. A. Teukolsky, and W. T. Venterling, Nu-
magnetic viscosity which vanishes if the applied field is re- merical Recipes. (FOrTRAN Ws.,RstoN) (Cambridge University Press, Cam-
moved, bridge, 1990), Sec. 15.6.

9For N-I12 we find some complex eigenvalue pairs r5=r j±ird2t,
The finding that the number of open relaxation channels rj-".4rj", which correspond to attenuating oscillations between closely

depends, in interacting systems, on the magnitude of applied spaced levels.
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Influence of size and magnetocrystalline anisotropy on spin canting
anomaly in fine ferrimagnetic particles

D. H. Han, J. P. Wang, Y. B. Feng, and H. L. Luo
.;aote Laboratory fior Magnetisn, Institute ofJ llhscs. 'Chinese Acadenny of Scictens, Beijng 100080, China

Fine equiaxed y-CoFe A (x=0, 0.06) particles with a diameter ranging from 200 to 10(W0 A
were prepared by chemical precipitation. The average crystallite sizes were determined from x-ray
lir.t broadening measurements. The saturation magnetization and nmagnetocrystalline anisotropy of
the particles were deteiu.ýned by using the approach to saturation. An empirical linear dependence
of the specific saturation magnetization (r, on the specific surface area S, of the fine crystallites was
obtained in the form of Tr,(S) = T,(r)( I -AS,). The slope A which reflects the surface spin canting
anomaly is different for "y-Fe:03 and -Co0.(),Fel.,)40 3 particles. Under the s!!nnosition of the fine
crystallite consisting of two parts, i.e., the surface layer, whose magnetic moment cannot be turned
entirely along the direction of the applied field, but makes an average canting angle with the field,
and the inner part, whose magnetic moment can be aligned along the direction of the applied field,
the above formula can be interpreted well. The different slope A for y-Fe20. and "y-Co1 .•,Fe1 m4O3
particles may be caused by the different anisotropies of the two series particles.

I. !NTRODUCTION of 20) kOe. The saturation magnetization of the particles was

More recently the spin canting anomaly and its origin in obtained by a i/H extrapolation to infinite field.

fine ferrimagnetic particles have experienced a renaissance
of fresh research activities.1-2 The surface spin canting I1l. RESULTS AND DISCUSSION
anomaly in fine ferrimagnetic particles was demonstrated All the particles were determined with the structure of
more than two decades ago, 3 and it was found that the )y-Fe20 3 with a crystalline lattice parameter a0=8.35 A, and
smaller the particles, the larger the reduction of the sawuration no other phase was found7 The particles are equiaxed with a
magnetization.' However, the results of the specific satura- small size distribution. The dependence of u on 1/H for se-
tion magnetization decreasing with the reduction of the par- rics C, measured at 295 and 79 K are shown in Figs. 1(a) and
ticles or crystallites size have not been explained yet. The 1(b), from which o-. can be obtained by extrapolation to
origin of this phenomenon is still a matter of dispute.2''5 As infinite field. As the result, the average crystallite size D, S,
Co-,)-Fe2 0 3 particles or crystallites have become the funda- under the assumption of cubic crystallites, as well as or, are
mental structural units of very high density magnetic record- listed in Table I. The dependence of o-, on S, of series C and
ing media, it is necessary to study the dependenc,; of the F at 295 and 79 K are shown in Figs. 2(a) and 2(b), respec-
specific saturation magnetization (-.,) on the specific surface tively. It can be seen clearly that for the two series a,. de-
area (Sa) of the fine crystallites in detail. creases linearly with the increasing S, at both 295 and 79 K.

In this article, the relationship between r,. and S,, of the These results are very similar to that of Mollard el aL4 and
crystailites of equiaxed y-CoFe2 Ix03 (x=0,0.06) particles
with various sizes are studied. An empirical formula of t5
cr,(S) = ou..()(1 -AS.) was obtained. The results are well (b
explained with the assumption of the surface spin canting. (a) (b)
The different slope A may be caused by the different 75

anisotropies of the two series particles. 65 C--A

II. EXPERIMENT 65-
C-B C- A

The cquiaxed y-CoFe2-,O3 (x=~0,0.06) particles with E 55-
the diameter from 200 to 1000 A were prepared by chemical '--C C Ci

precipitation. The samples with x =0 are denoted, in the fol- 5 -,_

lowing, as series F, and the ones with x=0.06 as series C, C-D
respectively. The crystal structure of the particles was deter- 45- 4,_
mined by using a SRA M18XHF x-ray diffractometer. The C-D2  CD,
average crystallite sizes were determined from x-ray diffrac- - -

tion line broadening measurements by using the Scherrer I 8
formula.6 The morphology of the particles was determined 4 20 5 1.5 2.5
by using a Hitachi H-700 transmission electron microscope. 1/H (10-' Oe-') 1/H (10-' Oe-')
The magnetic properties and magnetocrystalline anisotropy
of the particles were measured at 295 and 79 K by using a
LDJ vibrating sample magnetometer with a maximum field FIG. 1. The dependence of (r on 11H of series F at (a) 295 and (N) 79 K.
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TABLE 1. 1 hc measurcd D, S,, and r, at 295 and 79 K of series F and C. TAILE II. The values (f r,(rx) and r,(v-)A I by linear regrcssion oft ,(S,,)
vs S,, for scries F and C' at 295 and 7(9 K.

(r, (emu/g)
('r,( Z ) (enlu/gl/• I rt( 1.4 IA ]tella/llln

Sample D (A) S, (m2/g) 79 K 295 K

SSample 295 K 79) K 2Q5 K 79 K
F-A 431 28.4 71.3 66.0

F-B 305 41,.2 711.1 63.5 F (). 1 73.8 I. 12 01.08
F-C 151 81.1 67.4 58.9 C 73.) 8o.1 0.17 V:.14
F.D 119 1013.3 66.2 57.6
F-E 1013 119.1 62.7 53.8

-A 768 15.9 84.2 71.8
C-B 231 53.1 78.8 65.3 54.50,8 which is consistent with the results of Cocy t a1.;3
C-C 159 76.8 75.4 611.5
C-D, 106 115.3 72.5 55.6 (3) the crystallifes in acicufar y-Fe2 3 particles are separated
C-D2  91 134.3 65.2 49).2 by a nonmagnetic grain boundary on the order of 6 /A wide;'

(4) in small particles below the superpararnagnetic blocking

temperature, tile magnetization dircetion fluctuates around an
average minimunm corresponding to an easy direction of

also to that of the estimated data from Berkowitz et al." magnctization with average angle (cos 0~r..M

These dependencies can be expressed as the following em- In order to analyze the effects of the fluctuation on the
pirical linear formula: magnetization reduction of the particles, the coercivities,

|measured at 79 K, of samples F--D (242 C)0 and C-D,
(Tr(SU) =(r )( I -AS,,), (I) (2737 Oe) were first taken into Eq. (2) M

where -(r(S0,) is the specific saturation magnetization (It the 2Ký 5jlýI
particles composed of tile crystallites with an average diam- H, ---li--1 -)- (2)
eter 1), r,(•o) the specific saturation magnetization when S,, Ms K1

approaches zero, and A the slope of the straight line. Tile to calculate the effective anisotropy constant K, and then
values of t7,(() and [(r,(x)A ] by linear regression of tr,(Sa) estimate (cos 0)1.. respectively. The results are listed in Table
vs 5,, for series F and C are listed in Table Ii. 111. From the large differences between the calculated

Various assumptions have been proposed to explain the (cos 0),., values and the mleasured ones (cos O)T.M [iena-
decrease of the saturation magnetization with the decrease of sured from the curves of 79 K for samples F-D and C-D, in
particles and/or crystallites size. Some of them are, (I) the Fig. 2(b) and Table II, respectively ], one knows that the mag-
magnetization is actually reduced by adsorbed water and a netization reduction with the increasing S,, cannot be ex-
noncollinear spin arrangement; 3 (2) the nonmagnetic grain plained by the magnletization thcrmal fluctuation.
boundary may instead be a magnetic boundary in which the We assume that the fine crys,,.lite consists of two parts.
spin suffers considerable canting, and at 4.2 K the random- The fitst part is tile noncollincar surface layer with a thick-
angle assumption is equivalent to an average canting angle o4' ness 1, whose magnetic moment cannot be turned entirely

along the direction of the applied magnetic field, but makes

an average canting angle ir with respect to the field direction.

75 - r-C 0o OFeO 1 (9.j) The second one is the inner part, whose magnetic mnoment
can be aligned along tile direction of the applied magnetic

0 -field. Under this circumstance the measured (r, of the
g65 - -.I .. samples is actually contributed by the effective magnetic vol-E

..- Fe20- unle Vcff, not by the geometric volume V,,. i.e.,

- .VeM , V1)M, (3)

45 )I _J_ W LL _ LJI_ V11p T, ,,) )

95 r_- where p is the density of the corresponding materials and in

(b) this article it is taken as 4.9 g/cml' for both y-Fe,0 3 and
85 -er-Co 06Fc 0 y-94(1 Y-('oI) F,. )4 O3 particles.

According to this model and neglecting the small values
75 - of higher powers of t. the relationship between or, and S,, can

be deduced as
65 r-FeAO

55 1 1 1 .I _ LI I • L _j TABILE Ill. The measured It, . V. (cns and,,•. a)l the calculated K.
0 30 60 90 120 1 50 (eos 01t of sanmlecs F-D and ('C-)D at 79 K.

So (r 2 /g) Sample II, (0e0 V(e'l0) K(Crgctnl'l (Cos 0)jy (COs O)I.Ar

F-D 242 X.8X II 3.1 X l0' 1.98 11.85
FIG. 2. The dependencies of (t, on 5, of series F and C measured at (a) 295 C-1), 2737 3.9x I0 1.4 " 10" (1.91) 01.76
and (b) 79 K.
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TABLE IV. The measured A, assumed ar and calculated t of series F and C, plained with the simple model of the fine crystallite being
consisted of the spin collinear core and the spin canted sur-

Sample T (K) A Ott 'g) ift'egt tMA) face layer. Under the assumption of the same (r,

1: 79 1.14X 10 54.7 6 y-Co,,15 ,Fe1 ,14 O5 crystallites show a larger 1, 8 and I1 A at
1. 295 1.77x I10 54.7 8 295 and 71) K, respectively, than those of y-Fe,01 crystal-
C 70 I.hx 10 54.7 8 lites, 6 and 8 A at the above two temperatures. The different
C 295 2.344 . H) 54.7 4t slopes of the different straight lines for series F and (C mayy- Fe:O,• 4.2 .." 54.5' 4 - 7'

r-Fe2O•dl 4.2 2.63X 10tt 54.7 13" be caused by the different effective anisotropies of the two

y.Fc,.O3' 293 1.26X 10t 54.7 0 series particles. The magnetocrystalline anisotropy constants
__Measuredfrom___________effect,_- K, were determined by using the approach to saturation at'Measured from Mosshauer effect, 295 K to he 2.2× 10Y ergs/cm3 for series C and 4.4x lO4
bMcasurcd from the relation of (r, vs the average particles' /izc.

'Rcfecrcncce 8. ergs/cmn for series F, respectively. The larger thickness t of
4Reference 4. the surface spin canting layer for series C. compariag to that
'Reference 9. of series F, may be caused by the larger effective magneto-

crystalline anisotropy of tile particles.

IV. CONCLUSION
I(°o) = V-f = I -(1-Cos a)pIS,,. (4) The specific saturation magnetizations of' both y--e(3

i(() vo and y-Cot,,Fe t.9403 particles decrease linearly with thle in-

Comparing Eq. (4) to Eq. (1), one knows that the measured creasing specific surface area of the fine crystallites. The
linear dependence of r,.(S., on S,, has the same form to that results can be explained with the model of the spin canted
of the deduced one witn an equation of surface layer. The fine crystallites consist of two parts, i.e.,

A I(1 - cos a)pt. (5 the surface layer, whose magnetic moment cannot be turned
entirely along the direction of the applied field, but make an

Therefore according to the measured A in Eq. (1) and the average canting angle with the field, and the inner part,
assumed a in Eq. (5) one can calculate the thickness t of the whose magnetic moment can be aligned along the direction
noncollinear surface layer. of the applied field. With this assumption, the empirical lin-

It is worthy to point out that in Figs. 2(a) and 2(b) there ear formula of (r, and S,, can be interpreted. The different
are obvious differences in slope A between series F and C at thickness I of the surface spin canting layer between series F
the same temperature and between 295 and 79 K for one and C may be caused by the different effective anisotropics
series. At a certain temperature, as shown in Figs. 2(a) and of the two series particles.
2(b), .Co1.otFet 9403 particles show a larger slope than that
of y-Fc 20:j particles. And for a certain series the slope is ACKNOWLEDGMENT
larger at 79 K than that at 295 K. According to Eq. (5) the This work was supported by the National Science Foun-
slope of the straight line is affected by two independent fac- dation of China.
tors a and t. If one factor is measured or assumed, then the
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ness t of tile noncollinear surface layer. Ii., E. Warren, X.Ray Ihffrwtion (Addison -Wesley. Reading, MA, I9S8t),
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Magnetic properties of nanometer-sized Fe 4N compound (abstract)
Y. B. Feng
State Key Laboratoro' of Magnetism, IUli•titt of I'Pysics, Chillse Academy ol *•'(ciw e., P.O. Box •.3,
Beijing 100 080, China

Nanomcter-sized magnetic materials have attracted a lot of attention because of their potential
applications in the fields of ferrotluids, high density magnetic recording, and magnetic refrigeration.
The sol-gel method' has been considered to be effective for creating dispersions of small metal
particles in nonmetallic materials. In this work, nanometer-sized Fe-N compound particles were
prepared by nitrogenating the iron-boron oxide glass powders, which were synthesized by the
sol-gel method from ethylene glycol gel. The magnetic properties of nanometer-sized iron nitride
were measured by a vibrating sample magnetometer (VSM). The specific magnetic moment (Y is
equal to 132 emu/g and the coercivity H, is 150) Oe. The phase composition was determined by
using an x-ray diffractometer (XRD). The diffraction pattern shows that the sample consisted of a
main phase of Fc4N and a small aY-Fe phase. The crystallite size d of the Fc 4N particles was
estimated by Scherrer's formula, and is about 12 nm. The nanometcr-sized Fe-N compound was also
studied by using Mossbauer spectroscopy. The Mossbauer absorption pattern consisted of a
ferromagnetic component superimposed on a superparamagnetic doublet. The ratio of
superparamagnetic fraction to ferromagnetic is about 13%, It is shown that the sol-gel technique
could be used to prepare ultrafine particles of Fc-N compound.

K. Yamaguchi t aW., ItiI T'Irans. Magn. MAG-25, 3321 (18t9).
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Giant Magnetoresistance E. D. Dahlberg, Chairman

Theory of the negative magnetoresistance of ferromagnetic-normal
metallic multilayers (invited)

L. M. Falicov and Randolph Q. Hood
Department of Physics, Universiiy of Glalifornia, Berkeley, California 94720-7300 and Materials Sciences
Division, Lawrence Berkeley Laboratory, Berkeley, California 94720

Transport properties for a system consisting of a ferromagnetic-normal metallic multilayer are
theoretically examined. The in-plane conductance of the film is calculated for two configurations;
the ferromagnetic layers aligned (i) parallel and (ii) antiparallel to each other. The results explain the
giant negative magnetoresistance encountered in these systems when an initial antiparallel
arrangement is changed into a parallel configuration by application of an external magnetic field.
The calculation depends on (a) geometric parameters (the thicknesses of the layers); (b) intrinsic
metal parameters (number of conduction electrons, magnetization and effective masses in the
layers); (c) bulk sample properties (conductivity relaxation times); and (d) interface scattering
properties (diffuse scattering versus potential scattering at the interfaces). It is found that a large
negative magnetoresistance requires, in general, considerable asymmetry in the interface scattering
for the two spin orientations. All qualitative features of the experiments are reproduced. Quantitative
agreement can be achieved with sensible values of the parameters. The effect can be conceptually
explained based on considerations of phase-space availability for an electron of a given spin
orientation as it travels through the multilayer sample in the various configurations.

I. INTRODUCTION Ge, Ir, or Al) deposited at the Fe/Cr interface lead to changes
in the MR which correlate with the ratio of spin-up and spin..

Ferromagnetic-normal metallic superlattices and down resistivities arising from spin-dependent impurity scat-
sandwiches1 '2 display several interesting properties, such as a tering of these elements when alloyed with Fe. This result is
varying interlayer magnetic coupling 3 and a negative, some- in agreement with the suggestion of Baibich et al.4 that the
times very large magnetoresistance (MR) effect. 4- 15 A few spin dependence of impurity scattering at the interfaces is
examples include (Co/Cu),,, (Fe/Cr),,, (Fe/Cu),,, (Co/Ru), , related to that observed"9 in alloyed ferromagnetic metals
(NiFe/Cu/NiFe), and (NiFe/Ag/NiFe). In these systems the such as Fe, Co, and Ni.
magnetic moment of each ferromagnetic layer is arranged Further confirmation of the importance of the interface
with respect to that of the neighboring ferromagnetic layers in the MR effect was provided by Barth616my et al.2' who
either in a parallel or an antiparaLlel fashion, depending on point out that the experimental data they obtained for epitaxi-
the thickness of the metal spacers and on the quality of the ally grown Fe(001)/Cr(()01) multilayers seem to be in agree-
interfaces, ment with a variation of the MR of the form

When the consecutive moments are arranged antiparallel
to each other, the application of an external magnetic field to exp(- tcr/X*),
the sample rearranges the moments into a completely parallel
arrangement for fields of the order of 1 T. Also, the resistance where t(,r is the thickness of Cr layer and X* is a length of
of the sample decreases-negative MR-in all directions (in- the order of the mean-free path. Such a variation of the MR
plane in particular). The MR can vary from a few percent to v..,h layer thickness is expected from spin-dependent inter-
as large as 55% (for Co/Cu at liquid-helium temperatures).' 3  face scattering.
A decrease by more than 20% is generally known as the It is important to distinguish clearly between the con-
giant magnetoresistance effect (GMR). cepts of spin-flip scattering and spin-dependent scattering.

Spin-dependent interfacial scattering plays an important The first refers to an event in which, during scattering, an
role in the MR in many different ferromagnetic-normal me- electron reverses its spin orientation; such a phenomenon is
tallic multilayers. Experiments by Fullerton et al. ' indicate normally caused by spin-orbit effects and/or by scattering
that increased interfacial roughness enhances the GMR in from impurities with a localized magnetic moment. Spin-flip
(Fe/Cr),, . Parkin17 found that the addition of thin Co layers at scattering is neglected in this contribution. The second one
the interfaces of (NiFe/Cu),, enhanced the MR. The MR in- refers to the fact that electrons with different spin orienta-
creased monotonically as the Co layer increased to 4 A, then tions experience different potentials and have different
become insensitive to the thickness of the Co layer with a phase-space distributions. Consequently, they have very dif-
MR similar to that of (Co/Cu),, despite the presence of the ferent scattering cross sections both in the bulk and at tile
NiFe layers sandwiched between thin Co layers. Baumgart interfaces. The latter is extremely relevant for the purposes
et al.'8 have found that ultrathin layers of elements (V, Mn, of this study.
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The aim of this contribution is to present a model that The electrons involved in transport are considered as
incorporates spin-dependent interfacial scattering in a more free-electron-like with spherical Fermi surfaces. Within each
realistic way. While the model presented here is similar in layer the electrons move in a constant potential Vi, which
many respects to that of Camley and Barnas2 1'22 it does not depends on the particular layer i and the spin (" of the elec-
suffer from the shortcomings encountered there iii the de- tron.
scription of interfacial scattering. Utilization of a more accu- The electron distribution function is written in the form
rate description of the interface permits a study and separa-
tion of the various scattering mechanisms and their relevance f (2)

in the MR effect. for each layer i and for each spin a", which is independent of
The present model, an extension of the Fuchs- x and y by symmetry. The first term Pf,,(v) is the equilibrium

Sondheimer theory,2324 uses a Stoner description25 of the distribution in the absence of an electric field and git,(vz) is
itinerant ferromagnetic layers; it introduces different poten- the deviation from that equilibrium in the presence of the
tials for majority and minority spins. Band-structure and electric field. For an electric field of magnitude E in the .

electron-density effects are included only by means of a con- direction, the Boltzmann equation in the relaxation-time ap-
stant, metal- and spin-dependent potential, and an isotropic proximation reduces to
effective mass for each spin in each layer. The different po- dg, g ,. e IeE dpi',,
tentials in neighboring layers result in coherent potential + - - (3)
scattering (i.e., refraction) of electrons as they traverse the z 'Ti,,Vz mi(v dv'
interface. The angular-dependent effects are treated by a where "i, is the relaxation time in layer i for spin a-, and e is
quantum-mechanical matching of the electron wave func- the charge of the electron. The second-order term, propor-
tions at the interfaces. Scattering at the interfaces from ir- tional to the product (E . gi,), has been discarded since non-
purities and interfacial roughness are also a source of spin- linear effects (deviations from Ohm's law) are neglected. The
dependent scattering, and they contribute to the present Lorentz-force term, proportional to (vXH/c), has also been
model through a spin-dependent function, in a way similar to dropped from the Boltzmann equation since it gives an effect
that used by Camley and Barnas. which is orders of magnitude smaller than those considered

The model predicts the dependence of the MR on the here.21
quality of the samples (mean-free path), on the quality Because of the nature of the boundary conditions it is
(roughness) of the interfaces, and on the thickness of the useful to divide gi,r into two parts: g ,(vz) if vu-0 and
layers. g-,,(v,z) if v,<O. The boundary conditions for the potential

(nondiffusive) scattering at the (i,j) interface then take the
II. THE MODEL form

'The in-plane conductivity was calculated for a gh,=Sij;i;,trRjjyrgi+ +Sji;jj;JrTji;,rgpr,
multilayer consisting of alternating layers of a ferromagnet (T . (4)
(F) of thickness d,.., and a spacer layer of thickness d, . The g j, Sji;j;uRjijrgj~r+ Sij;j;(ryij;+rgi,
coordinate system is chosen with the z axis perpendicular to Here Si/k;,, which varies between zero and one, is a factor
the layers. There is complete isotropy in the (x,y) plane. that indicates the degree of potential scattering at the inter-

For each structure the conductivity was calculated for face (i,j) for an electron of spin ar arriving at the interface
both an antiparallel alignment, denoted oaU, and for a paral- from the layer i and being scattered into the layer k. The
lel alignment, denoted ol 1, of the moments of successive F scattering is completely diffusive when S =(0 and follows the
layers. The structure repeats itself after four layers (. ./F t/I reflection-refraction laws when all S= 1. The notation used
s/F Is/... ) in the antiparallel arrangement, hI the parallel for the transmission T and the reflection R coefficients is the
arrangement the period consists of two layers (...IFT/s/...). following: Tij:,r probability for an electron of spin cr in
Application of a sufficiently large magnetic field to a sample layer i to be transmitted (refracted) into layer j; Rij;,y• prob-
in the antiparallel arrangement results in a parallel alignment ability for an electron of spin oa in layer i with a velocity
of the magnetic moments. The magnetoresistance (Ap/p). is directed towards layer j to be reflected back into layer i. The
defined by equations and boundary conditions, as written, satisfy all

A =PT I -p1 I-pi t l - o1 t necessary conservation laws.
p P1 a.1 , (I) The functional dependence of the transmission and re-flection coefficients was determined 2 ) by matching the free-

where p1,,=(a,,) '. Note that this quantity varies between electron-like (plane-wave) functions and their derivatives at
zero and one (or 0% and 100%) whenever the resistance each interface. The solution to this problem, which is identi-
decreases upon the application of an external magnetic field. cal to that encountered in optics for an interfacec between two

For both alignments the conductivity is obtained by add- media with different index of refraction, is illustrated in
ing the contributions of the spia-up and the spin-down elec- Fig. 1.
trons, calculated separately. This is the two-current model,19 The current density along the electric field in each layer
which provides a good description of electron transport in i for electrons with spin or is given by
magnetic 3d metals. As mentioned above spin-flip processes, I
which mix the two currents, are neglected. Their effect is ei f r)g,'( vz)d3 v, (5)
know to be small at low telnperatmues. hlir
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Metel I Metal j jority spins within the F layers and for the spacer metal are
SCFT different, since the Fermi velocities are different.) The inter-

S0 R T, . faces are treated in two different ways. In the first approach

the angular dependence of the functions Sij;k,, is neglected

> - S, and the eight functions are replaced by two constants

1 SF,.;F;M = SF,s;s;M Ss,F;sM = Ss,F;F;M = aM,-

SF~s;Fm = SF.s;s;m = Ss.F:s; ý S s.F;F*;m . Sm.

FIG. 1. Schematic dipgram of the scattering process at the metal-metal
interface. The p.a.rameter S, defines the fraction controlled by the potentials; In this approach the system is defined by 11 constants.
S.R is tlhe probability of specular scattering; S,T is the probability of trans- In the second a~pproach the different angular depen-
mission (refraction) into the other metal, dences in various Sij;k;, are explicitly included.

Results are presented for two different multilayer sys-
tems, (Fe/Cr), and (Fe/Cu),,. In these three metals the iso-

where h is Planck's constant. The conductivity of the tropic effective mass is assumed to be independent of the
multilayer is obtained by averaging over the whole film material and spin orientation with a value

1 mm = mm, = m = 4.0 X free-electron mass. With this effective
= IEd . Jxi,h(z)dz. mass the potentials, with respect to the Fermi energy ElS,,"_t, Ifchosen to be at EF=O, are

The MR, (Ap/p), is found by calculating independently
the conductivities o- Il and o-"T. Many parameters are neces- VM=-8.23 eV, Vm=-5.73 eV for Fe;
sary to characterize a structure. Associated with the electrons V,= - 5.77 eV for Cr;
in the F layers are the minority (denoted using a small sub-
script m) and the majority (denoted using a capital subscript V,= -8.54 eV for Cu.
M) spins with effective masses mm and mM, relaxation times
Tm and 7-M, and potentials Vm, and Vm. In the spacer layer s The parameters that remain to be specified for each
the spin-up and spin-down electrons move in a potential V, case-(Fe/Cr), and (Fe/Cu),-in the constant-S approxima-
with an effective mass m, and relaxation time 7:. At the tion are altogether five: (a) one relaxation time T, which de-
interfaces, the functions Sijk;,r, which vary with angle of pends on bulk sample properties; (b) two geometric param-
incidence, describe the interfacial scattering of the majority eters dF and d, ; and (c) two interface scattering parameters
and the minority spias. SM, S, (diffuse scattering versus potential scattering at the

TLe values of the potentials are determined by treating interfaces for the majority and the minority spins, respec-
all of the valence s and d electrcns as being in a single tively).
free-electron-like band with an isotropic effective mass. In Even with these simplifications, the phenomena under
general the effective mass is taken to be larger than the elec- consideration are complicated functions of the five variables,
tron mass. since the d electrons, which contribute to the den- and the task of describing these dependencies is not simple.
sity of electrons, are in narrower bands than the free- In general terms, and with excP9 1ions, it is found that (Ap/p)
eklctron-]Pke s electrons. Within the F layers th. bands for is a strong function of the intLa,;e parameters SM and Sm,
the minority and the majority spins are shifted by a and a relatively weak function of the thicknesses and
k-independent exchange potential, yielding two different the mean-free path. For example, as SM and S,, indepen-
spin-dependent, constant potentials, V,, and VAf. The value dently vary between 0 and 1, the calculated (Ap/p) varies
of the exchange splitting is chosen so that the difference in between 0% and 92.7% for (Fe/Cr), and 0% and 94.4% for
the density of the majority and the minority electrons yields (Fe/Cu),, when values of dF= 2 0.0 A; d,=10.0 A and
the net magnetic moment of the bulk ferromagnetic material. r=5.0X 1 0 --13 s are chosen. Figure 2 shows the regions in the

two-dimensional parameter space (SM-Sn,), where (Ap/p) is

Ill. RESULTS greater than 20% for these values of dF, d,, and r. With this
choice of T, the mean-free paths are (i) 4250 A for the

As developed thus far, the theory includes 11 parameters majority-spin electrons and 3540 A for the minority-spin
and eight angular functions: electrons in Fe; (ii) 3560 A for electrons in Cr; and (iii) 4330

three effective masses my, in, and m,; A for electrons in Cu. These values correspond to all mean-
three constant potentials Vm, V,,, and V,; free paths which are orders of magnitude larger than the film
three relaxation times "rm, 1,, and r,.; thicknesses, i.e., the clean-film limit, where interface effects
two thicknesses dF, and d,: are supposed to be paramount.

and Some of the interesting results of the calculations are
eight interface scattering functions SFs;F;M, SF,s:;m, illustrated in Figs. 2-6. It was found in general that:

SFs;s;M, SF,s:,;m, Ss.l;s;M, Ss.I:s;m, 5
s.,FF:M, and S.v.F:Fm. (a) (Ap/p) is only a few percent when S m=Snm except21

The results presented here include only the cases for when both parameters are close to 1 (see Figs. 2 and ?).
which the relaxation times are identical r-=rm= rm= T. (b) (Apip), as a function of dF, exhibits a variety of
(Note that the mean-frme paths of the minority and the ma- behaviors that include (i) a monotonic decrease with increas-
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P (Fc/Cr),,, "r=5.0X1O-1

3 a, d,,=d& tO A and three values of SM: (1)
•/ ~ dashed curve SM= 1 ; (2) chain-dotted curve SM=0.5; and (3) solid curve

SM=O.

scattering at the interface requires the full angular depen-.
dence of the eight functions Sij;k;,,. In general2s- 3 ' the dif-

Sm

Sm • fuse scattering is considerably larger for electrons impinging

upon the interface in directit, ns close to the normal, Grazing-
angle electrons are less effectively scattered, and they tend to
be almost completely internally reflected. A common (first-
order) approximation to these functions 2. 3t is

0 Sjj;i;,r=S,, exp[- 4 "t2 (kir cos 0i)2 ], (6)
0.0 0.5 1.0

SM 0.0;,=, 8.2[ 6A~k 6.6 08-j, coO).0 (7

(b) Here, 1r/is a parameter which depends on the roughness of
the interface as well as the strength and physical distribution

FIG. 2. The region in thc two-dimensional parameter space (SM ,Smn), where of the scattering centers at the interface, k10. is the magnitude
(Ap/p)>0.2 for df-=2 0 A, ds-= 10 A!, and t'=5.0X10-' 3 s. (a) Potential of the k vector at the Fermi sphere of the spin-o" electrons in
parameters corresponding to (Fe/Cr). (b) Potetial parameters correspond a tn r et
ing to (Fe/Cu),,, layer 10 A an thee velof and

ing dF; and (ii) an initial increase followed by a decrease (a
single maximum); in all cases the asymptotic value as dFr ".d
is zero (see Fig. 4). c o- " ......

(c) (up/p), as a iunction of increasing dc, exhibits either norma
(i) a continuous monotonic decrease, or, more commonly, (ii) ........

a single maximum at a value of d2 of the order of di; the
asymptotic value as d147 is also zero (see Fig. 5). (6

(d) (Hp/p), as a function of the relaxation time th, either t(i) increases monotonically and saturates at a maximum

value, or, more commonly, (ii) increases to a maximum, and .n

then very gradually decreases (see Fig. 6). o
Figu'.e 2 contains information on how the quality of the o . .....

ipariaces influences the MR, for specific values of dr., d., t--. corre
and - From the figure it is evident that the region of large 0.0 50.0 100e0 150r0 2000 2500
MR is close either to the line SM=I, or to the line Sn=l, dF (A)

and away from the line SMiS, There is a very large asym-
(mery between SM and of in (FeiCr),, but considerably less FIG. 4. e rariation of (Apip) as a function of d,- for the parameters of

a(Fe/Cr),,, di 10 A, ma5.0Xlt. and three different values of aM and
asymptic() chain-dotted curve vMalue=O

8
' (2) dashed curve SM=0s S,,zr i;

A in ore realistic approach to the diffuse-versus-potential and (3) solid curve es=a S,,,xm
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FIG. 5. Variation of (Ap/p) as a function of d, for the parameters of FIG. 7. Variation of (Ap/p) as a function of r7 for the parameters of
(Fe/Cr)., dr=-20A, Tr-5.0X10- 13 sand different values ofSM andS,,,: (t) (Fe/Cr), d,=IOA, dp=20A and two different values of Soin Eqs. (6) and
solid curve SM =1, Sm=O; (2) dashed curve SM= 0 , Sm=1; and (3) chain- (7): (1) solid curve SM=S,= 1; and (2) dashed curve SM= 0 . S.m=1.
dotted curve SM=S,,=0.9.

the normal to the interface; S,, is the overall diffuse scatter- IVMI < V, I V l.1
ing strength at grazing angle 0= w/2. It should be noted that By contrast, a large asymmetry is not present in (Fe/Cu),,
the limit 77=0 reduces the approximation to the one previ- Fig. 2(b). Here,
ously discussed. Vd I Vul < I Vl,

The influence of this angular dependence on the MR is
shown in Fig. 7. As tr increases, the MR in general de- This difference in V, has a large effect on the MR, as can be
creases, except for the case in which SM and Sm are very seen in plots of the in-plane current distribution across the
close in value; in the latter, the difference in k vector be- layers. 26 Often when (Ap/p) is very large, the current distri-
tween the two spins, and the nonvanishing 7 produce an bution responsible for the large value of o'TT is such that it is
asymmetry in the diffuse interface scattering between the highly concentrated in one type of layer, either in the ferro-
spins in the F layers, and thus increases the MR. magnet or in the spacer. This effect, which can be called

channeling, appears frequently when there is a GMR. When

IV. DISCUSSION AND CONCLUSIONS the channeling is in the spacer layer it occurs only when there
is parallel alignment. Channeling in the FM layers, on the

Figure 2(a) shows a marked asymmetry in the depen- other hand, occurs (in one type of F layer for each electron
dence of (Ap/p) for (Fe/Cr), on SM and Sim i.e., the spin orientation) for both the parallel and the antiparallel
majority- and minority-spin interface scattering have a very configurations. From these considerations the channeling in
different effect on the MR. For this system the spacer layer should be more intimately connected with a

GMR. It should emphasized that channeling is present when
the potentials are different; GMR requires, in addition, asym-

................... metric values of Sr. Channeling and GMR are strongly

correlated .3
6 The experimentally observed values of MR in (Fe/Cr),

and (Fe/Cu),, multilayers can be obtained by the calculation
with a proper choice of the parameters. However, the model
in its present form, which considers all of the valence s and
d electrons as comprising a single band with a single isotro-

l '"pic effective mass, yields effective resistivities pTT and pT1.
which are about an order of magnitude smaller than those

0 /w, measured in multilayer structures. The effective resistivities
105' 1 41 1 12 1 1i are too small because the model has too many free-electron-

10 10 like conduction electrons: 8 in Fe, 6 in Cr, and 11 in Cu.
-r (s) Proper consideration must be taken of the fact that, in these

metals, s' and d electrons contribute very differently to the
FIG. 6. Variation of (Ap/p) as a function of Tr for the parameters of (Fe/Cr),, transport properties. The narrow character of the d bands has

d,=10 A, d,=20 A, and three different values of SAM and S,, : (1) chain-

dotted curve Sm =0 and Sm =0.7; (2) dashed curve SM=0.
5 and S.,= 1; and been accounted for in the single-band approach by a single,

(3) solid curve Su=I and S.=0. large, isotropic effective mass, 'our times larger than the
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much more difficult.
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values of pT T = 25.2 .dl cm and p r 1 = 28 .3 ttfl cm were cal- Campbell and A. Fert, in Ferromagnetic Materials, edited by E. P. Wohl-
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a spin imbalance and a spin-dependent scattering mechanism i.e., the relaxation times for each spin is the same in all layers of the
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Giant magnetoresistance in Co/Cu multilayers after annealing
T. R. McGuire, J. M. Harper, C. Cabral, Jr., and T S. Plasketta)
IBM Research Division, Thomas J. Watson Research Center, P.O. Box 218,
Yorktown H2ights, New York 10598

Multilayer films of [Co 10 A/Cu(t)] 64 with copper thicknesses from t= 10 to 29 A annealed for I
h at temperatures about 350 'C showed a decrease in sample resistivity at 4.2 K. The giant
magnetotesistance (GMR) maximums for as-deposited films at t= 10 A and t= 23 A shifted with
annealing. The GMR decreased for t= 10 A and t=23 A but increased for t= 19 A and t=29 A
indicating a complex behavior with annealing. Similarities with granular films are discussed.

I. INTRODUCTION thickness t has values ranging from 10 to 29 A. We previ-

It is known that both granular Cu-Co films1- 3 and ously reported 6 that Co/Cu multilayer films studied by high

multilayer films4.5 undergo large changes in giant magnetore- angle x-ray and transmission electron microscopy were

sistance (GMR) with annealing. Hylton etaL.4 found that found to be polycrystalline with a (111) texture and the Co

sputtered multilayers of Ni8oFe2 /Ag have no significant had the fcc structure.sputere mulilaersof Nso~~o/A hae n sigifiant The films are annealed in a vacuum furnace at 350 *C.
magnetoresistance in the as-prepared state but after anneal- Thfimaraneldnavcumuncet35 Cingatjustabove 300 th as-prepa oftver bu after aneml- This temperature was based on that used in other studies 3'4 asing ,at ju st ab ov e 300 'C a G M R of o ver 5 % at 1 'om tem - w e l a fr m a c n h o s i s tu e s r m nt f p vs T r
perature is observed. This GMR is attributed to the breakup well as from a contihuoUS in situ measurement of p vs 1h for
of NiFe layers because of diffusion of the Ag layer into grain temliae im(o1 /u2 )4 wihsoeboundaries and cracks in the NiFe layers. A discontinuous linear rise in p up to 235 'C followed by a strong decrease atmagnetic layer is created with a distribution of magnetization higher temperatures. Two films for each Cu thickness aresmat-n annealed- a rectangular one for M and a disc sample for p.directions which increases the spin-dependent electron sca They were both measured prior to annealing.
tering causing GMR. Magneth measuredeprior made aling,

For the Cu-Co system consider first the granular films Magnetic measurements are made with a "quantum de-
where annealing precipitates Co particles from the Cu ma- sign" -uperconducting quantum interference device magne-
trix. These particles cause large GMR from conduction elec- tometer with the applied field H parallel to the plane of the
tron spin-dependent scattering attributed mainly at the inter- film. The film is initially cooled in a -20 kOe field and then
face of the Co particle with the Cu matrix. In addition measured over the range ulr +_20 kOe. The total volume ofresistivity (p) decreases in annealed granular Cu-Co films Co is determined from the rectangular area (approximately
recaistiviy () teicreases puity anaed grulmatrix as the Co 0.55X1.2 cm 2) and Co thickness which is 640 A for thisbecause of the increased purity of the Cu series of films. Measured values of saturation volume mag-

Annealed multilayers of Cu/Co have been studied by netization M at 4.2 K are listed in the Table 1. The saturated

Zhang et al.5 They find for a series of films with varying Cu value for bulk Co at 4.2 K is Mo= 1430 emu/cm3, the listed

thickness that there is a decrease in resistivity with increas- values are scattered about the bulk value. Because of this

ing annealing temperature (T) up to 300 'C. There is also a variation of M we could not determine if there was any

decrease in GMR at 300 'C but in some cases an increase is
found at lower T. The GMR results are mainly for room 'FABLE 1. Data at 4.2 K for as-deposited (d) an,' annealed (a) [Co 10

temperature. A/Cu(t)],,4 films.
It is the objective of the present work to study a similar

series of films as reported by Zhang et al.5 with emphasis on P..X Pmllin (JVMR w '

low temperature mea-urements where the GMR is largest. Films Cu(,) (P11 em) (PQ cm) (%) (kOc) (cmu/cm)

Data are given in units of specific resistivity (p) and volume 10 A d 24.5 18.8 36.3 2.6 1350

magnetization (M) to help in interpretation and for compari- a 15.8 14.0 12.9 3.5 13.50

son with previous work. 19 Ad 14.1 13,1 7.4 0.5 1450
a 9.4 6,9 36.8 0.9 1470

II. EXPERIMENTAL RESULTS AND DISCUSSION 21 Ad 15.9 12.4 28(0 0.3 1360

Our multilayer films are deposited on glass substrates by a I0.1 8.8 14.8 0.5 1303

magnetron sputtering in a 3 m Torr Ar atmosphere. 23 A d 12.8 9.0 42.0 0(.7 14301

Multilayer structures are made 6'7 using computer control a 6.0 5.0 20.0 (1.8 1460
where substrates at ambient temperature are moved sequen- 25 A d 10.8 8,6 20(0 (.6 1430
tially over each gun to deposit the Co or Cu layer The films a 7.4 6.0 23.0 (1.8 1360
have the form Cu 10 A/[Co 10 A,'Cu(t)], where the Cu

29 A d 8.9 8.31 9.9 0.4 1440)

a 9.0 7.6 18.1 0.8 1440
'lAlso at Instituto de Engenharia de Sislemas e Computadores, 10(X) Lishon.

Portugal. "The films are annealed in a vacuum furnace at 350 'C.
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FIG. 1. Magnetization U and resistivity p tit 4.2 K of as-depositcd and FIG. 3. Resistivity at 4.2 K foi various Cu(/) thicknesses. GMR is calcu.
annealed multilayer film (Co 10 A/Cu 19 A),4 as a function of applied hield lated from Aumx - Pnild)/0min'

H. The saturation value MO for Co is marked by an arrow.

H = 10 OUOCe the as-deposited multilayer film has almost
change in saturation M before and after annealing. reached saturation while the annealed film is several percent

Figures 1 and 2 shows M vs H plots at low values of H below saturation.
taken from a complete magnetization curve for as deposited Figures I and 2 also show resistivity as a function of
and annealed films with t= 19 A and Fig. 2 for t= -23 A-. field for the respective compositions and annealed state. Re-

These plots illustrate a general feature that the annealed sistivity is measured on a disc sample using the van der
samples all saturate mote slowly and have a slightly higher Pauw method over the range H =- ± 18 kOe. In both Figs. I
coercive field (Hj. than the as-deposited samples. At and 2 the maximum in resistivity (p a) is approximately at

"H, Both Pmatx at H. and Pini at H = 18 kOe are listed in theTable 1. The ratio (pma,,--Pnmin)/Pnihn gives the GMR and this is
1.5 -0-- r Mo - tabulated as MR(%). We note that MR(%) increases with

annealing for the t = 19 A but MR% decreases for t = 23 A.

1.0 The annealed magnetization curves, however, look about the

same for both thicknesses, Figure 3 shows Pr,, ,,, and
0.5 4 N.AL MR(%) vs Cu(t). Copmositions t= 10 A and t 23 A cor-

respond to the first two peaks4 7 in GMR as a function of t for
E 0.0 / as-deposited films, As seen in Fig. 3 the peaks in GMR are

shifting with annealing.
-0.5 Another change that takes place during annealing is the

(CO IO/Cu23A) 64  width of the p vs H curve. As shown on Figs. 1 and 2 the

-1.00" width of the maximum region in the annealed films has in-
creased somewhat. We define the half-width (w) of the p vs

2 .H curve as that width in kOe inidway between Pmax and prom.
I I We find that w increases at 4.2 K from about 2.6 to 3.5 kOc

OU 10• -for t= 10 A and (1.7 to 0.8 kOc for t=233 A with annealing

3, 9 as listed in Table I. This increase in w is opposite to that

found by Hylton et al. in NiFe/Ag multilayers where w nar-"• 8 ANNEAL t owed with annealing.

6 0.. 4 _ The decrease in p in Cu/Co multilayers has been attrib-

-0.2 0.0 0.2 0.4 0.6 0.8 I0 uted in part to grain growth by Zhang et al.4 We suggest also

H (kOe) there is the possibility that any mixing of the Cu and Co at

FIG. 2. Magnetization M and resistivity p at 4.2 K of as-deposited and the interface in the as-prepared film is now changed in soni
annealed multilayer film (Co t0 A/Cu 23 A)•4 as a function oI applied feld way by Co precipitation from annealing as found in granular
H. The saturation value M,, for Co is marked by an arrow, films. Since the spin-dependent scattering of the conduction
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electrons is chiefly involved with the interface8 this could III. SUMMARY
cause a change in GMR depending on initial conditions of (a) The peak value of GMR with Cu thickness shifts
the as-deposited film and the annealing temperature. Zhang with annealing at 350 °C.
et al. found that room temperature GMR increased at anneal- (b) There is a decrease of film resistivity as much as
ing temperatures of 250 'C in some of their compositions. It 50% with annealing at 350 'C.
appears that the annealing has a complex behavior and that (c) The half-width of the magnetoresistance vs field

there may exist a sensitive threshold of temperatures which curve increases with annealing and this increase correlates

gives the bst interface conditions for large GMR. with the slower increase in films magnetization with field.

In ar!,jition we had previously pointed out 6 that the shape 1J. X. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68, 3749 (1992).

of the p vs H curve for [Co "() A/Cu 10 A]64 is within a few 'A. E. Berkowitz, M. J. Carey, J. R. Michell, A, P. Young, S. Zhang, F. F.

percent identical with granular Cu-Co films. 2 This similarity Spada, F T. .Parker, A. Ilutten, and G. Thomas, Phys. Rev. Lett. 68, 3745as-deposited muTe [imiary (1992).
suggests that as-deposited muhilayer [Co 10 A/Cu(t)],2 may 3R. J. Ganibino,T. R. McGuire, J. M. Harper and C. Cabral, J. Appl. Phys.

have noncontinuous Co layers that act like a granular par- 75, 15 May (1994).

ticulate. After annealing the discontinuities in the Co layer 41'. L. Hylton, K. R. Coffey, M. A. Parker. and J. K. Howard, Science, 261.
1021 (1993).

are no longer the same size and GMR is decreased but in 5 it. Zhang, R. W. Cochranc, Y, luai. Ming, Mao, X. Blan, and W. B. Muir,

some cases an optimum is reached in terms of discontinuities J. Appl. Phys. 75, 15 May (1994),

as well as interface conditions and GMR is increased. A se- "T. S. Phiskett and T R. McGuire, J. Appl. Phys. 73, 6378 (1993).
7T. R. McGuire and T. S. Plaskett, IEEE11 Trans. Magn. MAG-28, 2748

ries of annealing temperatures for each composition are (1992).
needed to determine the best T to give maximum GMR. 'R M. Levy, S. Zhang, and A. Feri, Phys, Rev, Lett. 65, 1043 (1990).
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Magnetoresistance and magne'tization oscillations in Fe/Cr/Fe trilayers
R. Schad, C. 0. Potter, P. Beli6n, G. ferbanck, V. V. Moshchalkov, and Y. Bruynseraede
Laboratorium voor Vaste-Stoffysika en Magnc isme, K.U. Leuven, Ceh'stijnenlaan 200 DA B-3001
Leuven, Belgium

M. Schifer, R. Schafer, and P. Grbinberg
IFF-FZ, Kernforschungsanlage Jidich, Postfach 1913, D-52425 Jidich, Germany

The 2-ML (monolayer) oscillation period has been observed in the magnetization as well as in the
magnetoresistance of Fe/Cr/Fe trilayers. Kerr effect measurements were performed in order to verify
the periodicity and determine the kind of the coupling between the Fe layers. The magnetoresistance
loops show characteristic steps at magnetic field values at which the size of the magnetization
changes.

I. INTRODUCTION situ reflection high-energy electron diffraction (RHEED) was
used to monitor the quality of the substrate, the epitaxial

Magnetic i ultilayers have attracted much attention since relationship and the quality of the growth.
they display a wide variety of interesting physical The Fe thickness of the top and bottom layers w'i 50 A
properties. 1-11 In the Fe/Cr system, the coupling between and the Cr thickness varied, respectively, from 4 to 70 A and
adjacent Fe layers was found to switch between ferromag- from 0 to 40 A with slopes of I and 2 A. of Cr per tr m for the
netic and antiferromagnetih depending on the thickness of two samples. The wedges were prepared using ,. computer
the Cr interlayer.' This was seen first in a giant magnetore- controlled movable shutter. The wedge direction was chosen
sistance, the amplitude of which oscillated with the thickness parallel to the [010] direction of the Fe/Cr la'v.rs (the [011]
of Cr with a period of 18 A.23 Magneto-optic Kerr effect direction of the MgO) in order to facilitate alignment with
measurements (MOKE) confirmed this period for the cou- the magnetic field during the MOKE and MR experiments.
pling between Fe layers.5 With improvements in the layering The trilayer was then covered with 30 A of Ag as protection
quality, an additional short period oscillation was seen in against oxidation of the Fe.
Fe/Cr/Fe trilayers, probed by scanning electron microscopy First, MOKE experiments were performed at room tem-
with spin polarization analysis (SEMPA).9 The short period perature, using a Kerr effect configuration which is sensitive
oscillation was found to have a length of two monolayers for the longitudinal Kerr effect. The field was applied paral-
and be commensurate with the spin density wave found in lel to the easy [010] axis of the Fe layers. A micrometer
bulk Cr.1,2 13 However, the SEMPA and MOKE studies were screw was used to move the wedged sample through the laser
pf.rformed on trilayers which were grown oil Fe whiskers or beam, with an alignment accuracy of 10 .m. The coupling
thick metallic buffer layers, making these samples unsuitable strength between the Fe layers was estimated from the satu-.
for electrical transport studies. ration field of the Kerr rotation.

We report here on electrical transport and magneto- Subsequently, one sample was patterned using standard
optical studies performed on Fe/Cr/Fe trilayers grown epi- photolithographic techniques to produce a stripe pattern. The
taxially on MgO(100) substrates without any buffer layer. stripes used for transport measurements were 80 Am wide
Both the magnetoresistance (MR) and the MOKE measure- and about I cm long and separated from each other by about
ments clearly display the existence of the short period oscil- 30 Aum, Each stripe has a Cr thickness variation of 0.2 A, due
lation. At the same time the MOKE measurements are used to the wedge itself and any possible misalignment during the
to identify the nature of the coupling between the Fe layers. lithography procedure. Th measure the MR, leads were at-
This also allows the direct comparison of the Kerr loops with tached to the sample by ultrasonic wire bonding. Four-probe

the magnetic field dependence of the MR. The magnetoresis- measurements were performed at 4.2 K in a cryostat
tance displays steps at values of the magnetic field at which equipped with a superconducting magnet. Since the signal
the absolute value of the magnetization of the sample was relatively small, a Linear Research bridge was used to
changes. measure the resistance versus field data. The sample was

aligned in such a way that the Fe [010] direction was parallel
to the field.

Ih. SAMPLE PREPARATION In the following the magnetoresistance is defined as the
ratio Ap/p,, with Ap=p,-p.,., where p() is the resistivity at

The Fe/Cr/Fe trilayers were prepared in a Riber molecu- H=0 Oc and p, is the saturation resistivity at H=3 kOe. We
lar beam epitaxy (MBE) deposition system (base pressure define the magnetization saturation field as the field, H., at
2X 10-11 mbar) equipped with two electron-beam guns and which the Kerr signal reaches its saturation value.
four Knudsen cells. Fe and Cr (both starting materials of
99.996% purity) were e-beam evaporated at a rate of 1 A//s IIh RESULTS AND DISCUSSION
on MgO (100) substrates held at 150t 'C. A homemade feed-
back control system using Balzers quadrupole mass spec- Figure I shows a plot of t1,. from the MOKE measure-
trometers was utilized to stabilize the rate to within 1%. In ments and the MR of the transport measurements versus Cr
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FIG. 1. The saturation field H, (crosses, scale at left) for the Kerr rotation,
and MR (filled circles, scale at right) for the magnetoresistance vs Cr inter- - -

laver thickness in angstroms and nionolayer:m. The inset shows a plot of the
saturation fields obtained from the MOKE mea2'irements over a wider range 0
of to,.

thickness in both angstroms and monolayers. Both sets of
data clearly show four peaks in the range 4 to 10 ML (mono- .1000 ... -500 . 0 500 -- -111(10

layers). This 2-ML oscillation period is in agreement with H (oe)
the value reported from SEMPA measurements.9 The inset in
Fig. I shows a plot of the saturation fields over a wider range .................... ..

of tcr determined from the MOKE measured on a sample 1c, t3A -
with a larger variation ia tc. The oscillation with the period "7
of 18 A in 1C, is clearly visible.

Figure 2 shows typical MR and MOKE hysteresis curves
for different values of tcr With increasing tcr the nature of t)
the coupling changes from biquadratic coupling [at about
toc= 7 A, see Fig. 2(a)], over to a combination of bilinear and
biquadratic coupling [around tCr=8.5 A, see Fig. 2(b)] to 4
again biquadratic coupling [at tc,= 13 A, see Fig. 2(c)]. The
arrows on the figures indicate the orientation of the magne-
tization of the top and bottom Fe layers. .300 -2'01 -100 2) IN 100 3t0

In the case of biquadratic coupling, there is a remnant H (Oe)

field at zero applied field and the magnetization vectors in FIG. 2. MR at 4.2 K and Kerr effect at 300 K over applied magnetic field of
the layers of Fe are not parallel, but differ by 900. As the Fe/Cr/Fc trilayers for three different values of t Cm: (a) tcr=7 A, showing
field increases, the magnetization of the layers becomes biquadratic coupling; (b) to,=8.5 A, showing a combined bilinenr and hi-
aligned narallel at the saturation field. The sample with quadratic coupling; (c) to=13 A, showing biquadratic coupling, The arrows

indicate the direction of magnetization of the two Fe layers. The correspond-
tCrý 8 .5 A is antiferromagnetically coupled at zero field, and ing MR loops show steps at field values at which the size of the magneti-
switches to 900 coupling at a higher field before being satu- zation changes.
rated at H,. The 900 coupling is explained in terms of biqua-
dratic coupling possibly due to a roughness at the interfaces
of I ML monolayer.14 In all cases, the total strength of the Figure 2 also shows the measured MR loops for the dif-
coupling is well described by the saturation field. The surface ferent values of tc,. In the case of biquadratic coupling [Figs.
energy per unit area as a function of the individual coupling 2(a) and 2(c)] the MR displays steps at values of the mag-
strengths is given by netic field at which the 90' coupling is saturated. The rever-

sal of the sign of the magnetization at zero field produces
E.,= -Jl cos O-12 cos2 0, only a step in the Kerr loop but not in the MR. This can be

where JI and J2 are the bilinear and biqua Iratic coupling easily explained by the fact that the MR is sensitive only to
strengths and 0 is the angle between the magnetization vec- changes in the size of the magnetization but is not sensitive
tors in the two Fe layers. From the MOKE measurements, JI to changes of its orientation.
andJ 2 can be determined. For example, at 1c,=8.5 A,Jt and In Fig. 2(c) the magnetic field values of the steps in the
J2 were found to be, respectively, -0.46 mJ/m 2 and -0.20 Kerr effect (measured at 300 K) and the MR (measured at
mJ/m 2. 4.2 K) dc, not match, a fact which is likely due to the tem..
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Structural and magnetic properties of Co/Ag multilayers
E. A. M. van Alphen, P. A. A. van Heijden, and W. J. M. de Jonge
Department of Plhysics, Eindhoivn University of Technology, P.O. Box 513, 5600 M3 k Eindhoien,
The Netherlands

The structural properties and growth of sputtered Co/Ag multilayers were studied with nuclear
magnetic resonance, For samples with a nominal Co thickness of less than 10 A the Co grows in
three-dimensional islands. If the nominal Co thickness is larger than 10-A continuous Co layers are
formed. The relation of the structural properties with magnetization and magnetoresistance is
discussed.

Currently Co/Ag multilayers and Co-Ag alloys are Remarkable is the presence of the bulk Co signal for the
widely studied because of their giant magnetoresistance sample with a nominal thickness of 4 A (2 monolayers) Co
(MR) effects. 1-3 Since the magnetoresistance and the mag- (Fig. 1). The presence of this signal demonstrates that the Co
netic properties are strongly related to the structure of the did not grow in the layer-by-layer mode but in three-
magnetic layer and the topology of the interfaces, the present dimensional islands, becuase in the case of layer-by-layer
paper focuses on the structural information as can be ob- growth every Co atom would have Ag neighbors. If the Co
tained from 5-"Co nuclear magnetic resonance (NMR) studies. layer thickness is increased from 4 to 8 to 10 A both the
We also discuss the influence of annealing on the magnetore- interface and the bulk intensity increases and the relative
sistance, The strain in these Co/Ag multilayers has been increase is approximately the same for both. Consequently,
studied previously,4  this implies that the volume to surface ratio remains constant

The Co/Ag multilayers were made by magnetron sput- [see Fig, 2(c)]. This behavior can only be understood if, in
tering on Si [t100] at the Michigan State University. The the nominal Co thickness range 4-10 A, the growth mode is
deposition rate was 4 A/s for Co and 8 A/s for Ag. The Ag such that the number of three-dimensional islands increases
layer thickness was 20 A for all the samples, the Co thick- or the islands become larger, (This last option is only pos-
ness varied between 4 and 100 A, The number of repetitions sible when the influences of the edges of the islands are
was 100. X-ray diffractometry confirmed the superlattice negligible.) The bulk intensity [Fig. 2(b)] increases from 4 to
modulations and showed [Ill] texture. 10 A Co with a certain slope. The fact that this line extrapo-

The NMR experiments were performed with a coherent lates approximately to zero also indicates that the growth
spin echo spectrometer at a temperature of 1.5 K. Magnetic cannot be layer-by-layer [such a growth would result in a
fields, larger than the saturation field, were applied parallel to straight line with a positive intersection with the Co thick-
the film plane. The hyperfine field B1hf was obtained from the ness axis, 4 A for perfectly smooth layers and more than 4 A
resonance field B, and the frequency f using the relation for layers with a certain roughness (Ref. 5)].
27Trf= AlBhr-Br), where y is the 51tCo nuclear gyromagnetic For Co thicknesses increasing from 10 to 15 A the in-
ratio (y/2 ir= 10.054 MHzfT). 5 The transverse magnetoresis- tensity of the interface remains approximately constant [Fig.
tance was measured at room temperature in fielcds up to 1.3 T 2(a)] while the amount or Co atoms in the bulk increases
using a standard four-probe method. [Fig. 2(b)]. The constant intensity of the interface shows that

Figure 1 shows the NMR spectra of the 1)0.(x A for Co thicknesses larger than 10 A apparently a continuous
Co+20 A Ag) niultilayers with x = 4, 8, 10, 12, and 15 A Co. Co layer is formed and the islands mentioned before have
The integral of the intensity is normalized to the nominal Co merged and cover the whole layer at a nominal thickness of
thickness. Apart from the intensity which arises from bulk 10 A. This implies that the Co layers are build with clusters
Co nuclei around 21 T, a clear contribution at lower fields of Co with a thickness of about 5 ML (nionolayers) in the
can also be observed. This intensity at lower fields is be- nominal range up to lt) A Co. As an additional check on this
lieved to originate from Co atoms at or near the interfaces conclusion we can coipare the interface to bulk ratio of the
(Co atoms with one or more Ag neighbors). The maximum at spectra of 4, 8, and It A Co. Clusters with a Co thickness ot
17.5 T probably arises from Co atoms at locally fiat (111) 5 ML would have at least 2-ML Co at the interface and at
interfaces. Both the interface and the bulk lines are much most 3 ML bulk Co resulting in a bulk to interface intensity
broader than the lines found in Co/Ni and Co/Cu multilayers ratio of at most 3/2 (if the interfaces are sharp and the islands
were the structure of the Co is mainly fcc." This is because are relatively large). Roughness as well as a finite lateral size
the Co in Co/Ag multilayers is a mixture of fcc Co, hop Co, would result in a ratio smaller than 3/2. The measured bulk/
and Co in stacking faults. interface ratio of about I [Fig. 2(c)] fits reasonably in this

Figure 2 gives a survey of the different contributions to model. If we assume that the islands are cubes or cylinders
the spectrum as a function of the Co thickness. The intensi- with a thickness of 10 A and implement the experimental
ties are obtained by dividing the spectra in two parts and bulk to interface ratio of I, we can estimate the lateral di-
integration of these parts (interface part 15-19.5 T, bulk part mensions of the islands. This approximation results in t% pical
19.5-23 T). Changing the boundary between the bulk and lateral length scales of about 50 A. Roughness would de-
the interface part a little bit, as well as comparing the height crease this number.
of the interface and the bulk line, give similar results. In this same (simple) growth model we can also predict
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FIG. 1. NMR spectra measured at 1.5 K of 10K.(x A Co+220 A Ag) multi- FIG. 3. Magnetoresistance as a function of the nominal Co thickness. The
layers, The integral (between 15 and 23 T) of the spectra aue normalized to inset shows the MR of (10 A Co+20 A Ag) as a function of the anneal
the nominal Co thickness. The spectra are corrected for enhancement, temperature. All MR measurements were performed at room temperature

with the applied field parallel to the film plane.

the increase of the bulk to interface ratio above the nominal
thickness of 10 A since in our model all Co above this thick- and Ag.6 Because the surface energy of Co is much larger
ness contributes to the bulk intensity. The resulting predic- than the surface energy of Ag and because the atomic inter-
tion is shown by the solid line in Fig. 2(c) and fits remark- action between the Co and the Ag atoms is weak,7 Co is
ably well with the data for Co thicknesses just above 10 A. If expected to grow in three-dimensional islands on Ag
the Co thickness is further increased (tco>15 A) the increase (Volmer-Weber mode) and Ag is expected to grow in the
of the interface intensity [Fig. 2(a), interfaces become layer-by-layer mode on Co. Earlier reflection high-energy
rougher] brings about a deviation of the data with this theo- electron diffraction (RHEED) studies on molecular beam ep-
retical line. itaxy (MBE) grown Co/Ag multilayersm yielded, for some

The growth mode of the Co/Ag multilayers observed in growth temperatures, similar results, although in this paper
the present experiments is in accordance with the expecta- no information is given about the size of the clusters,
tions based on a comparison of the surface energies of Co The magnetoresistance as well as the magnetization of

the present series of samples has been investigated, We will
restrict ourselves here to a few general comments specifically

9 , in relation to the structural data observed by NMR,
q (x Co ,- 20 A Ag) -.--° The magnetoresistance of these Co/Ag multilayers, de-

" 6-fined as (R11.t) - RB,- 1.3 T)iR,1 -, is shown in Fig. 3. The
6 ,MR increases strongly for nominal Co thicknesses smaller
Sthan 10( A. As we have seen this is the regimc in which the

/ at ittertace Co layers are discontinuous, For nominal Co thicknesses

0 larger than 10 A (continuous Co layers) the MR is small and
30 - almost independent of the Co thickness. The larger MR for

the discontinuous Co layers might be caused by mechanisms
"•20 -similar as reported by Hylton et al."' for the NiFe/Ag sys-

tern; isolation of pinholes or interlayer magnetostatic cou-
"" . ........ piing. One difference between the present Co/Ag system and

the NiFe/Ag system is that now the transition from continu-
0 , , 1 1 1 ous to discontinuous layers is not achieved by annealing but
4 - 0 is already present in the as deposited state (for to,,< l0 A).
S3 0 The restoration of interlayer (AF) coupling as deduced

from the decrease of the remanent magnetization (Mr) in2 o NiFe/Ag does not seem valid for Co/Ag. Although we ob-

I c) ratio served in (Co/20 A Ag) a strong decrease of M, in the nomi-
I Ihnal tco range below 10 A (when discontinuous layers are

1) )t 2)) .o 40 formed), we also found an identical decrease in a (6 A
Co thickness (A) Co+40 A Ag) multilayer, where the interlayer coupling (if

FIG. 2. Intensity of the interface part (a). the bulk part (Ib), and the ratio any) is weak. In our analysis the behavior of Mr is brought
between the bulk and the interface part (c), as a function of the nominal Co about by the change of anisotropy (magnetostatic as well as
thickness. The dotted lines are guides to the eye, the solid line in Fig. 2(c) is surface) when the continuous layer breaks up in (noninter-
in accordance with the model discussed in the text. acting) clusters. This ultimately results in almost isotropic
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magnetization for the 4-A Co system and an increase in MR continuous to discontinuous Co layers in this thickness
due to the transition from a ferromagnetic layer system to an range. A more detailed paper on the MR of Co/Ag multilay-
assembly of decoupled clusters. This effect is enhanced upon ers with discontinuous Co layers is planned.9
annealing as is corroborated by NMR. The authors gratefully acknowledge the Michigan State

A similar dependence of the MR on the Co thickness for University, where the Co/Ag multilayers were produced in
Co/Ag multilayers is reported by Araki.2 As a reason for the the sputtering system funded by the U.S. National Science
strong increase of the MR properties below 10 A of Co an Foundation under Grant No. DMR-9122614, and the MSU
increase of the fcc phase of Co for thin Co layers is sug- Center for Fundamental Materials Research.
gested. In Fig. 1, however, we can see that the line shape of
the bulk part does not change when the Co layers become
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Magnetic states of magnetic multilayers at different fields
P. A. Schroeder, S.-F. Lee, P. Holody, R. Loloee, Q. Yang, W. P. Pratt, Jr.,
and J. Bass
Department of Physics and Astronomy, and Center for Fundamental Materials Research. Michigan State
University, East Lansing, Michigan 48824-1116

The resistance of an as-sputtered magnetic multilayer in zero applied magnetic field can be
considerably different from the maximum resistance measured after thc multilayer has been cycled
to above its saturation field. We examine the relation between these two resistances in some Ag/Co,
Cu/Co, and Cu/NiFe multilayers, and its implications for interpreting giant magnetoresistance.

The magnetoresistance (MR) of a magnetic multilayer gest that Hp, is not identical to H,, and M(Hp) may be an
composed of alternating thin layers of a ferromagnetic (F) appreciable fraction of M(H,).]
and a nonmagnetic (N) metal is defined as For the CPP-MR, in contrast, we have focused upon
MR(H)=[R(H)-R(H.]/R(H.), where H, is the in-plane HO 4 .5 as the M=0, SU state, for two reasons: (i) MR(H 0 ) is
magnetic field at which the resistance R(H) saturates at its usually larger than MR(H ,)-and one expects the AP and
lowest value, This quantity can be measured with the current SU states to have the highest possible MRs. (2) It fits better
parallel (CIP-MR) or perpendicular (CPP-MR) to the layer a data analysis" involving extrapolation from the af regime to
planes. Figure 1 shows the resistance in CIP and CPP geom- the completely uncoupled regime, that we now describe. We
etries, along with the total magnetization M parallel to the and others have shown 5.7.8 that a two-current model, in
layer planes, for a Cu(6 nm)/Co(6 nm) multilayer as a func- which spin up and spin down electrons carry current inde-
tion of H. We see that there are two different states of locally pendently through the multilayer, gives a good description of
maximal MRs: one, labeled HO, the as-grown state at H=O, a wide range of CPP-MR data on Ag/Co,5 ' '.6 Cu/Co,)"9 and
which might be associated with the demagnetized state of the Cu/NiFe.'(' For multilayers in the AP or SU configurations,
multilayer; and one at Hp,, the state of maximum resistance with fixed F metal thickness t,.. and fixed total thicknesses
after cycling to above H. Hp, is close to the coercive field, tT, this model predicts that the plot of the total resistance RT
He , where M =0. In this article, we provide sonic new ex- versus number of bilayers N, should be a straight line with
perimental information about MR(H 0 ) and MR(Hp), to an intercept ou the ordinate axis that can be independently
stimulate more thought about the significance of both quan- determined. This straight line should pass through the data
tities. for AP states and for uncoupled SU states, but not those for

The largest MRs in magnetic multilayers occur when the which significant ferromagnetic coupling is present. Experi-
N-metal layer thickness, tN, is such that the magnetizations mentally we find that such a line fits the data for Ho much
of neighboring F layers are aligned antiparallel (AP) to each better than the data for HP in Cu/Co,6 where the differences
other in zero field-antiferromagnetic (af) coupling. In this between the two sets of data are large. The HO data for Cu/
case, Hp is essentially zero, and MR(H,)=MR(H,)). This is NiFe also fits this pattern but the distinction between the HO
the situation that is standardly modeled, because the mag- and HP data is small."1
netic states of the system are known at both limits of the MR. With this background we now turn to a more detailed
Unfortunately, af coupling gives large values of H,, which examination of the ratio MR(H(,)/MR(H,,) in our sp itered
make such multilayers unsuitable for most applications. multilayers than has hitherto been presented. We firs exam-
There is thus interest in understanding the MR when there is ine the ratio under different conditions in different multilayer
only weak coupling between F layers, such as that illustrated systems, and then describe sonic preliminary tests we have
in Fig. 1. From studies of oscillatory behavior in magnetic made to see whether the H,, states can be restored by demag-
multilayers, we take this regime as tN>•6 nm. 1.2  netizing a sample.

The most direct attack upon the "weak coupling" regime In Figs. 2(a), 2(b) we plot the ratio MR(Hi,)/MR(H,,) for
was made by Zhang and Levy,"3 who proposed modeling the a series of Ag/Co, Cu/Co, and Cu/NiFe samples with fixed
H = He, M = 0 state as a superposition of statistically uncor- t.=6 nm, and with tl: tN, respectively,
related (SU) magnetic configurations that satisfy the condi- For "uncoupled"-samples, t N--6 nm, we see that most of
tion lMi=0. (Mi is the magnetization of individual layers.) the Ag/Co and Cu/Co data lie in a band around a ratio of 1.5
They noted that the CPP-MR should be the same for the SU in Fig. 2(a) and around 2 in Fig. 2(b). Importantly, most of
and AP states, but that the CIP-MR s;hould be smaller for the the CIP-MR data for Ag/Co behave very similarly to the
SU than the AP state. CPP-MR data for bi)th Ag/Co and Cu/Co. For these "un-

In the weak coupling regime, the CIP-MR has usually coupled" samples. H, and Up, thus seemn to have similar
been evaluated at Hp, both because this state is reproducible significance for the CPP- and CIP-MRs. This similarity rlles
after cycling to above H, and because it occurs near out the possibility that the H, tand Hp, states are AP and SU
H,.-i.e., near M =0. Zhang and Levy- have analyzed such states, respectively. For while in CIP this would result in
data in terms of a SU state, and argued that such a state is R(HO)/R(HU,)> i, in CPP the ratio would be 1. The situation
needed to explain why the CPP-MR is usually so much for Cu/NiFe is more complex, with some data falling close to
larger than the CIP-MR. [We note that our experiments sug- the data for Ag/('o and Cu/Co. and other data falling around
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FIG. 1. (a) and (b) give the resistances of a [Cu(6 nm)/Co(6 nm)]X60 t(nm)
multilayer in the CPP and CIP geometries, respectively. (c) shows the mag-
netization of the same sample. FIG. 2. (a) MR(Hn)/MR(H,,) ploated against thicknesses of Ag and Cu for a

variety of multilayers with coostant t-=6 nm. (b) MR(lto)/MR(Hp) plotted
against t, the thickness of both the F and N layers, for samples with
I=F= IN.

.. The reasons for these variations are not yet understood,
but it should be noted that the uncertainties in the Cu/NiFe
ratios are large partly because the MRs themselves are NiFe, on the other hand, for tc,<10 nm, MR(H0)<MR(H1 ,),
smaller than those for equivalent Ag/Co and Cu/Co samples. and MR(H0) is larger than both. Here, MR(Hg) is probably

For the sample'4 with the thinnest Ag layers in Figs. 2(a) the best available experimental estimate for the AP state.
and 2(b), we find MR(H 0)/MR(Hp)<l. Values of this ratio For the Cu/Co and Ag/Co systems, both H11 and lip seem
below 1 have been found rather generally in Ag/Co samples to be rather well-defined states, in the sense that their prop-
with tag<3 nm, as we will show elsewhere. t2 This may in- erties vary systematically with other parameters in the sys-
dicate ferromagnetic bridging between the Co layers. Ap'ar- tem. In the uncoupled region, the Ho state seems to corre-
ently the values - 1.5-2 shown in Figs. 2(a) and 2(b) ate spond better with the AP state. Once a sample has passed
representative only of weakly coupled samples.

If, as suggested at the beginning, we wish to associate
the H 0 state with a demagnetized state, then we. could hope TABLE I. MR(H,), and MR(H;;) are the MRs (in percent) of the multilay-
to restore this state by demagnetizing the sample by cycling ers in zero field as prepared, and after demagnetization, respectively.
it through steadily decreasing fields. In Table I we give MRs MR(Hf,) is the peak MR after cycling to If. Layer dimensions arc given in

nm.
evaluated for H for the !,tates H11 , Hp, and Hu which is the
zero field state after demagnetization. Fhe first sample is System MR(H11 ) MR(H,) MR(H;;)
strongly af coupled, and the second is f coupled. Here, ex- [Cu((.8)/NiFe(6)]x53 CIP 35 34 34
chii-ge forces dominate coercive effects and the MRs are not [Cu(3)/NiFe(6)]X40 CPP 1.3 1.3 1.3
dramatically different. The third sample is weakly af coupled [.'u(2.0)/Co(l.5)]X 143 CPP (18 58 64
and the remaining samples are uncoupled, and now there are CII1 12 8.2 9.3
significant differences. For Cu(9 nm)/Co(6 nm), MR(H')) is [Cu(9.0)/Co(6.0)]x49 CPP H 37 44
appreciably greater than MR(H1 ) but much less than [Cu(5.7)/NiFc(l.5)]X50 CPP 17 26 33
MpprHc Tis gresulte upportsan oR( assmptinuthat the n H [Cu(3.3)/NiFc(l.5)]X75 CPP 23.6 35 39MR(HO). This result supports our assmption that tile 10 CIP 7.6 8.0 10.5state is the best candidate to date for the AP state. For Cu/
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Investigation of the magnetic structures in giant magnetoresistive
multilayer films by electron microscopy

L. J. Heyderman and J. N. Chapman
Department of Physics and Astronomy, Glasgow Uniwersity Glasgow, G12 8QQ, United Kingdom

S. S. P. Parkin
IBM Research Division, Almaden Research Centre, 650 Harty Road, San Jose, California 95120-6099

The magnetic structures which occur in (Co/Ni8 lFeQ/Co)/Cu multilayer films showing giant
magnetoresistance have been investigated using electron microscopy. Rather similar fine domains,
with sub-Am dimensions, were founC: .n films comprising 14 and 6 magnetic layers. Whilst the
observed structure depended greatly on the magnetic history of the sample, a combination of
differential phase contrast imaging and low angle diffraction allowed an estimate to be made of the
extent to which neighboring magnetic layers were aligned antiparallel to each other. For both
samples typically two layers were found to have parallel alignment leading to the possibility that
departures from the expected antiferromagnetic behavior are more prevalent at the surfaces rather
than in the bulk of the multilaycr.

I. INTRODUCTION layers of the multilayer films and, as such, gave a direct
measure of the net magnetization alignment in the multilayer

In a recent paper the magnetic structures present in giant stack. The LAD patterns were recorded from sample areas
magnetoresistive (Co/Ni8 lFel 9!Co)/Cu multilayer films with -20 A.m in diameter and the patterns were calibrated by
14 magnetic layers were investigated using various Lorentz reference to a standard diffraction grating specimen.
modes of transmission electron microscopy.' The films,
which gave magnetoresistance ratios of up to 18% at room
temperature, displayed distinct and rather complex small- II. RESULTS
scale magnetic structures at zero field that were incompatible A Fresnel image of a typical fine domain structure in the
with complete antiparallel alignment of the magnetization in 14-layer sample at near-zero field is given in Fig. 1 (the
adjacent layers, Whilst Lorentz microscopy is one of the few applied field orientation is given by the double headed ar-
techniques with the ability to image submicron domain struc- row), This is the highest magnetic contrast state during mag-
tures, a detailed interpretation of the images is made difficult netization reversal. For comparison, some features of interest
in this instance because information is provided only on the during magnetization reversal in the six-layer sample are
projection of the in-plane compone'nt of magnetic induction shown in Fig. 2. As the field was reduced from saturation,
averaged through the multilayer stack. In the present work fine striations which are similar to magnetization ripple were
we have gained further insight into the magnetic structures observed [Fig. 2(a)]. Reduction of the applied field to zero
by comparing observations in the 14-layer sample with those followed by a small increase in the reverse sense [Figs. 2(b)
in a sample of identical composition but which comprised and 2(c)] led to an increase in the magnetic contrast and the
only six magnetic layers. Furthermore, iow angle electron formation of an irregular submicron domain structure similar
diffraction (LAD) has been introduced to provide quantita- to that observed in the original 14-layer film (Fig. 1). Thus
tive data on the degree of magnetic alignment throughout the the generic form of the domain structure formed during mag-
multilayer stack. nctization reversal from a saturated state did not change

The multilayer material was chosen to ensure that films when the number of magnetic layers was reduced to six.
were soft whilst retaining high magnetoresistance (MR)
values, 2 its composition being substrate 130ARu,5ACo l1
ANiFc15AColn × { 19.5 Cu1SAcol 1iANiFeI5ACoI } 15oARul.
n+1 is the number of magnetic layers in the multilayer
stack. The magnetic structures were observed by Fresnel im-
aging and differential phase contrast (DPC) microscopy. The
former is an out-of-focus technique suitable for domain ob-
servations during magnetization reversal. Large in situ per-
pendicular fields were available using the objective lens
field3 and, on tilting the sample, an in-plane field component
of up to 1000's Oe could be applied. DPC imaging was used U• [
to look in more detail at structures of particular interest and
processed DPC image pairs yielded vector maps of the mag-
netic induction averaged through the magnetic layers. 4 LAD
was employed to quantify the total Lorentz deflection suf- FIG. 1. Fresnel image of the near-zero field domin structure (H=4 Oe) in

fered by the electrons as they passed through the magnetic the 14-layer sainple.
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formed as the irregular domain structure collapsed [Fig.
2(d)]. Annihilation of these 360' wall structures required
field values in excess of 350 Oe. These observations should
be contrasted with what happened when the sample was de-
magnetized along a minor hysteresis loop for maximum field
values between 20 and 30 Qe. Under these circumstances
much larger domains were nucleated [Fig. 3(a)]. Whilst in-
creasing the field from this state once again led to the forma-
tion of 3600 loops, these spanned much larger areas than
those in Fig. 1(d) as a consequence of their originating from
the larger domains. Figure 3(b) shows such 360' wall struc-
tures after the field was removed. Thus substantially different
magnetic structures could be induced in the sample depen-
dent on its magnetic history.

We have investigated the small and large domain struc-
tures discussed above [Figs. 2(c) and 3(a) ] using DPC mi- Ldý
croscopy. One of a pair of DPC images for each of the small
and large domain structures at zero field are given in Figs.
4(a) and 4(b). While the large domains [Fig. 4(b)] are -,1 FIG. 4. DPC imnages ot (a) small and (h) large domain structures in the
Am across, the dimensions of the small domains [Fig. 4(a)] six-layer sample mapped along directions given by the double headed arrow.
are <1 Am. Using pairs of DPC images sensitive to orthogo- (c) and (d) are vector maps for the regions in (a) and (b), each with a

nal induction components, the vector maps corresponding to scattergram inset.

the regions shown in Figs. 4(a) and 4(b) were formed, These
are given in Figs. 4(c) and 4(d) and clearly show spatial
variations in magnetization orientation and magnitude on a
sub-/Am scale. The inset in each vector map is a scattergram
which can he thought of as a two-dimensional histogram of
the in-plane induction components within each area
mapped. 4 The scattergram in Fig. 4(c) indicates that all ori-

10 4M. entations of the projected induction and magnitudes below a
a certain limit (defined by the width of the scattergram) are

present. The elongation of the scaltergram in Fig. 4(d) is
FIG. 3. (a) Large domains induced in the six-layer sample and (b) resulting consistent with the horizontial directionality of Fig. 4(b) but it
3600 wall structures, is clear that, as before, all magnitudes for the projected in-
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despite the fact that the number of layers in the two samples
differs markedly, the extent of the LADs are remarkably
similar and substantially less than that of Fig. 5(a). Indeed
most of the intensity in the diffraction patterns is within an
angular radius of 6 Arad. This corresponds to -25% of the
maximum deflection angle that would be obtained for the
14-layer sample if the magnetization in adjacent layers was
always parallel and -60% of the corresponding quantity for
the 6-layer sample. More significantly the observed distribu-
tions resemble what would be observed if, in different areas
of the multilayer film, zero, two, and occasionally up to four
layers were aligned parallel rather than antiparallel to each
other.

III. DISCUSSION AND CONCLUSIONS
We have shown that complex domain structures, depen-

FIG. 5. LAD patterns for (a) a 14-layer ferromagnetically coupled sample at dent on the magnetic history of the sample, exist in

a region of near-180° domain walls: the fine domain states of (h) the 14-

layer sample and (c) the 6-layer sample. multilayer films with a composition that ensures a high value
of MR and relatively low switching fields, In general, the
magnetic contrast is rather low but neither it, nor the geom-
etry of the structures, differs substantially in films compris-

duction tiom the maximum observed value down to zero are ing both 14 and 6 magnetic layers. A combination of DPC
present. Similar observations were made on the 14-layer imaging and LAD has shown that whilst local areas exist
sample.' within the films where the net magnetic deflection is zero, in

Quantitative information on the magnitude of the pro- most regions, the electrons suffer a small deflection as they
jected induction were obtained using LAD. For comparison pass through. This is consistent with an incomplete antipar-
purposes, an LAD pattern for a 14-layer sample containing allel alignment of magnetization in adjacent layers through-
magnetic layers of the same thickness but with intervening out the multilayer stack. Furthermore, using LAD we ha've
Cu interlayers of reduced thickness, thereby favoring parallel made a quantitative estimate of the extent to which parallel
alignment of the magnetic layers,1 is given in Fig. 5(a). This alignment is present and have shown that the parallel align-
pattern is typical of one from a simple ferromagnetic film ment is usually between two layers, and rarely exceeds four
supporting in-plane magnetization and containing domains magnetic layers. As similar results are found for both 14- and
separated by -180° walls. The two lobes in the LAD pattern 6-layer samples, rather than there being a scaling with the
correspond to the two almost anitparallel domain magnetiza- number of layers, it is possible that parallel alignment is
tion orientations and the circumferential spread in the lobes most frequently found near one or both film surfaces. Further
is an indication of the magnetization dispersion in the investigations involving smaller numbers of layers should
sample. The expected Lorentz deflection, 81., for a help to clarify this. We conclude that a contribution of elec-
multilayer supporting parallel magnetization alignment is tron imaging and diffraction techniques provides information
given by 1 L = (cXm)f B0 dt, where B0 is the magnetic i- on magnetization processes in complex multilayer structures
duction of the material, X is the electron wavelength, and the that would uot be accessible by other experimental tech-
integral is evaluated over the thickness of the magnetic lay- niques.
ers. Assuming saturation magnetization values appropriate to
bulk Co and permalloy, the expected value of 63, was calcu- L. J. Iicyderman, J. N. Chapman, and S. S. P. Parkin, J. Phys. D 27, 881
lated to be 26 A.rad. This compares reasonably with the ex- (1,994).
perimental value of 23 Arad. -S. S. P. Parkin, Appl, Phys. Letn. 61, 1358 (1992).

The LAD patterns seen in Figs. 5(b) and 5(c) are very -J. N. Chapman, R. P. Ferrier, L. J. leydernian, S. McVit!W. W. A. I'R
different to that in Fig. 5(a). They were taken from the fine Nicholson and 13. Bormans, Inst. Phys. Conf. Set. No. 138, Sec. 1 (IOP,

Bristol, 1993), pp. 1-8.
domain structures seen in the 14- and 6-layer samples and 4j. Zweck. 1. N. Chapman, S. MeVitie, and IH. ltoffinann, J. Magn. Magn.
closely resemble the scattergram of Fig. 4(c). Furthermore. Mater. 104-107, 315 (1992).
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Distribution of current In spin valves (abstract)
Bruce A. Gurney, Virgil S. Speriosu, Harry Lefakis, and Dennis R. Wilhoit
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099

We present a model describing the distribution of spin up and spin down currents within the layers
of spin valve structures. With this model and experimentally determined bulk mean free paths we
successfully describe a variety of experimental results, including the variation of resistance and
magnetoresistance with both ferromagnetic and nonferromagnetic layer thicknesses, and the
current-induced field acting on the ferromagnetic layers versus overall current. Our model is based
on an approximate path integral solution of the Boltzmann equation for in-plane transport in a
multiply layered structure. For a given orientation of the magnetizations it calculates the current
density j'7(r) at each point r for each spin a throughout the structure. From j"(r) it is
saraightforward to obtain the current in each layer for parallel versus antiparallel magnetizations, or
of the current density near interfaces relevant to electromigration. Included in our model are both
spin dependent bulk scattering as well as scattering at interfaces, which are treated as thin layers.
For example, in order to obtain quantitative agreement with experiments with permalloy based
structures it is essential to include spin independent scattering arising from Fe and Ni atoms
rendered nonferromagnetic next to the spacer due to interfacial intermixing. Our results bear directly
on the fundamentals of GMR by successfully describing transport in spin valves using the measured
bulk spin dependent mean free paths of the individual layers. Our results arc also of technological
interest because they predict how current affects the MR response to an external field.

A comparison of the giant magnetoresistance and anisotropic
magnetoresistance In Co/Cu sandwich films (abstract)

B. H. Miller, E. Youjun Chen,a) Mark Tondra, and E. Dan Dahlberg
School of Physics and Astronomy, University of Minnesota, 116 Church Street SE, Minneapolis,
Minnesota 55455

By a systematic variation of structures, recent measurements conclude the scattering associated with
the high resistance giant magnetoresis'ance (GMR) state occurs within 0.25 nm of the magnetic
interface.1 We have accomplished a simii.'r measurement that does not require such stringent control
of the sample structure. Instead, the present work uses measurements of the anisotropic
magnetoresistance (AMR) in both the high resistance and low resistance GMR states, The samples
are sandwiches of Co/Cu/Co/CoO with Co thicknesses ranging from 1 to 10 nin and Cu thickness
of approximately 2.5 nm. The AMR is measured with the Co magnetizations aligned parallel to one
another (the low resistance GMR state) and with the Co magnetizations aligned antiparallel to one
another (the high resistance GMR state). The data show that the AMR in the antiparallel
configuration is less than that in the parallel configuration. An analysis that relates the reduced AMR
to the magnetic interfacial region giving rise to the high resistance GMR state indicates the
scattering occurs within approximately 0,5 nm of the interface.

Supported by AFOSR under Grant No. AF/FA 9620-92-J-01185.
a•Currentl-. at Nonvolatile Electronics, 11403 Valley View Road, Eden Prai-

ric, MN.

S. S. P. Parkin, Phys. Rev, Lett. 71, 1641 (1993).
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Enhanced magnetoresistance in chromium doped Fe/Cr multilayers
(abstract)

Noa M. Rensing and Bruce M. Clemens
Department of Applied Physics and Department of Materials Science and Engineering, Stanford University,
Stanford, California 94305-2205

We report enhanced room temperature magnetoresistance of up to 11.4% in sputter deposited Fe/Cr
multilayers when the iron layers are doped with additional chromium. To our knowledge, this is the
largest room temperature magnetoresistance in polycrystalline Fe/Cr multilayers reported to date. In
comparison, the magnetoresistance was 7.5% in a similar, undoped sample made at the same time.
The magnetoresistance of antiferromagnetically coupled Fe/Cr multilayers has been the subject of
considerable study in the past five years. We have investigated the possibility of doping the Fe layers
with additional chromium, in order to increase the magnetoresistance by enhancing the spin
dependent scattering. In one series of samples, the chromium dopant was concentrated into thin
layers within the Fe layer. A 1 A layer of chromium (I monolayer) was deposited at a depth of 4,
8, or 15 A into the 30-A-thick iron layers of the multilayers. The magnetoresistance was enhanced
in all of the samples, to 8% when the doping layer was at 4 A and to 10.5% in the others. In the
second series of samples the iron layers were alloyed with between 1.5% and 50% chromium. The
maximum magnetoresistance was 11.4%, observed in the sample with 20% chromium in the Fe
layers. This is larger than the magnetoresistance in any of the samples where the Cr was
concentrated in a thin layer within the Fe layer, but a given amount of chromium appears to be more
effective in increasing magnetoresistance when it is concentrated in a layer rather than distributed
as an alloy. A 1 A layer of Cr is roughly equivalent to a 3% alloy, but the alloyed sample only
showed 8% magnetoresistance, in comparison to up to 10.5% in the samples with layered doping.

Low field giant magnetoresistance and oscillatory interlayer exchange
coupling In polycrystalline and (111)-oriented permalloy/Au
multllayers (abstract)

S. S. P. Parkin, T. A. Rabedeau, R. F. C. Farrow, and R. Marks
IBM Research Division, Almaden Research Center, San Jose, California 95120-6099

The existence of oscillatory interlayer exchange coupling of ferromagnetic layers via (111)-oriented
noble metal spacer layers is controversial. We present evidence from magnetic and giant
magnetoresistance studies for well-defined antiferromagnetic interlayer coupling in single
crystalline (111) permalloy/Au multilayers. Four oscillations in the coupling are observed as the Au
space.r layer thickness is increased. The oscillation period is -10 A which is significantly shorter
than the period of -11.5 A predicted in Ruderman-Kittel-Kasuya-Yosida based models. Similar
oscillatory interlayer coupling is found in polycrystalline permalloy/Au multilayers prepared by dc
magnetron sputtering. The interlayer coupling strength is significantly weaker in tý-, polycrystalline
as compared to the (111)-oriented crystalline samples. In both cases the coupling strength is weaker
than in comparable structures containing Ag, for which the coupling is weaker than in similar
structures containing Cu. The weakness of the antiferromagnetic interlayer coupling via Au leads to
very low saturation fields, lower than for all other noble and transition metals. Indeed, the saturation
fields are as low as just a few Oersted for sufficiently thick Au layers. Consequently, we find giant
magnetoresistance values of 1 %/Oe or greater at room temperature in polycrystalline permalloy/
Au multilayers. These values are the highest values yet reported in multilayer structures and are
comparable to or greater than those recently reported in discontinuous permalloy/Ag multilayers.
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Giant magnetoresistance at low fields in [(NixFel_x)yAgl_y]/Ag multilayers
prepared by molecular beam epitaxy (abstract)

R. F. C. Farrow, R. F. Marks, A. Cebollada, M. F. Toney, D. Dobbertin, R. Beyers,
and S. S. P. Parkin
IBM Research Division, Almaden Research Centet; 650 Hlarry Road, San .lose. California 95120-6099

T. A, Rabedeau
Stanford Synchrotron Radiation Laboratory, Stanford, California 94,305

The structural changes that accompany the development of GMR (giant magnetoresistance) at low
(• 10 Oc) fields in annealed magnetic multilayerst are of current interest because of potential
applications of such structures in sensors. In this paper we report a study of the development of
GMR in [II]-oriented multilayers comprising ferromagnetic films of a mixture of Ag and
permalloy (Ni.Fe ,, x-0.8) alternating with Ag spacer films. The multilayers were grown by
molecular beam epitaxy (MBE) on Pt(1 11) seed films on sapphire (0001) substrates at temperatures
in the range 20 to 200 'C. The structure of the multilayers was investigated using x-ray diffraction
and electron microscopy. For a series of multilayers grown with nominally identical ferromagnetic
and spacer layer thicknesses, the magnetoresistancc is found to be strongly dependent on both
growth temperature and subsequent annealing temperature. The multilayers exhibited a negative
magnetoresistance in the as-grown state which more than doubled when the growth temperature was
increased from 20 to 100 'C. However, the highest magnetoresistance (peak 5.6%, maximum slope
0.4% per Oc) was obtained by annealing (at 400 °C) multilayers grown at 100 'C. Transmission
electron microscopy studies of such multilayers showed no evidence for discontinuities or
penetration of the ferromagnetic films by Ag along grain boundaries, Thus, we conclude that
discontinuous or granular multilayers with complete phase separation are not necessary for GMR
with low saturation fields.

The full ertielc appeui'ed in itie 15 September 19Qi4 isisue of Jiournal (it'
Applied Physics on p. 3688.

'T, L. lyiton, K. R. Coffey, M. A. Parker, iund J. K. I loward, Science 261,
1021 (1993).
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Effects of domains on magnetoresistance (abstract)
Shufeng Zhang and Peter M. Levy
Department of Physics, New York University New York, New' York 10003

Our present understanding of the giant magnetoresistance observed in magnetic multilayered
structures is based on the premise that the layers are either monodomains or that the sizes of the
domains are much larger than all other length scales (mean free path, spin-diffusion length, and
layer thickness) relevant to the magnetoresistance. We extend our theory of magnetoresistance to
include multilayers with small in-plane domains where there is the possibility that their size may be
limited by columnar growth.1 We study magnettoresistance in the presence of in-plane domains both
for the current parallel and perpendicular to the plane of layers, The domain boundaries introduce
additional scattering and the direction of the internal current will be different from that of the driven
current, In the presence of spin-dependent scattering, a transverse spin current develops so that the
current in each of the spin channels is "mixed" even without spin-flip processes. Analytical
expressions will be given for limiting cases where the mean free path is either much larger or much
smaller than the layer thickness and the domain size, We find that the domain size is a relevant
length scale and contributes to the spin diffusion length X,,l in the equations that govern the spin
diffusion attendant to charge transport in magnetic multilayers, If one does not know the domain
structure, nor the amount of spin-flip scattering, both mechanisms are equally plausible for
producing spin diffusion which suppresses the magnetoresistance for the current perpendicular to
the plane of the layers.

Research sponsored by the Office of Naval Research.

1J. Bass (private comnmunication).
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Fe 16N2: Giant Moment or Not
(Panel Discussion) A. S. Arrott, Chairman

The synthesis, structure, and characterization of a'-Fe1 6N2 (invited)
K. H. Jack

University of Newcastle upon Tyne and the Cookson Group plc., United Kingdom

Controversy about the magnetic properties of c/"-Fel6N2 thin films makes it desirable to examine
bulk material. In the original preparation and crystal structure determination of a" in 1951,
N-austenite (y) prepared by nitriding a-iron powder at 700-750 'C was quenched to give
N-martensite (a') which then gave a+a" on long tempering at 120 *C. The final product was a
mixture of either a+d' or a+a"d+y with less than 50%a". Recent repetitions of this preparative
method in three different laboratories have given mixtures with varying amounts of da, again never
greater than 50%, and with magnetic moments of a"-assessed from measurements made on the
mixtures-that show considerable variation. Studies of a' tempering by XRD, and of da
precipitation from supersaturated N ferrite (o) by high-resolution TEM, both show that slow
ordering of N atoms to produce a" occurs only after localized regions of a' and a reach the Fe8N
composition by a clustering process. Thus a'-Fe8 N can be obtained with a tetragonality c/a equal
to that of a", but without the complete N ordering that is characteristic of Fe16,N2. This might
explain some of the variability in magnetic properties. The inhibiting effect of oxygen and other
impurities on the nitriding of iron is emphasized, the existence of the a'-carbonitride Fe16(C,N) 2 is
noted, and possible methods for 100% production of bulk a" are suggested.

I. INTRODUCTION II. ORIGINAL PREPARATION AND
CHARACTERIZATION OF a"-Fe16N2

C'-Fe1 6N2 was discovered and its crystal structure deter- a"-Fe1 6N2 was first prepared during an investigation of
mined in 1951,1 but its magnetic properties remained unex- the Fe-N system. The solubility of molecular nitrogen in iron
plored until 1972 when Kim and Takahashii reported an ab- is negligible and so Fig. 1 is not a true equilibrium diagram
normally high magnetization in films obtained by because the nitrogen is not at one atmosphere pressure. Dif-
evaporating iron onto a glass substrate in low-pressure nitro- ferent phases and exact compositions within a phase are
gen. The major phase was a", and from the experimentally readily obtained by nitriding with NH 3 :H2 gas mixtures in
determined volume fraction its polarization was calculated as which the N potential, aN = k.pNH1/pH2 , can be precisely
2.76 T, corresponding to an average moment of 2 9 /Ij per controlled.
Fe atom. This discovery, neglected for nearly two u,. -des, N-austenite (y) exists above 590 'C and is a fcc arrange-
has inspired much recent activity. Various techniques iave ment of Fe atoms with N randomly occupying up to one in
been used to produce films on a variety of substrates with ten of the octahedral interstices. The y' nitride Fe4N also has
very variable results;3- 6 see Table I. Most remarkably, Sugita a fcc Fe-atom arrangement but with one in four of the octa-
and co-workers 4' 5 claim single-crystal a" films, prepared by hedral holes occupied in a perfectly ordered manner; see
MBE on Gao0 8ln0.2As substrates, with a moment per Fe atom Figs. 2 and 3.
of 3.2 .An at room temperature. At the other extreme, Taka- When y is quenched rapidly from above 600 'C the Fe-
hashi and his colleagues more recently report6 that films pro- atom arrangement changes from fcc to approach that of bce
duced both by plasma evaporation and by sputtering show no
abnormally large magnetization. A "giant magnetic mo-
ment" seems incompatible with band theory; three indepen- '"ABLE 1. Magnetic properties of a' thin films.

dent calculations 7-9 based on the structure of a'-Fet6 N2 give
an average moment of 2.4 An per Fe atom, i.e., only about T

10% higher than that of a-iron. Reference Method (emuug') (10, G) per Fe atom
Because of the controversy engendered by these widely 2 sputtering 296±14 2.76±0.13 2.9±0.2

different observations, it seems essential to measure the I N ion 256 2.40 2.5

properties of pure, bulk samples of a"-Fc16N2 . So-far, this implantation
has been attempted in three different laboratories, 1 0-

1 2 but 4.5 MBE 310:L10) 2.9.0.1 3.2±0.1

again with differen, ,esults. Reasons for the variability of 6 (i) sputtering 218 2.0 ...
(ii) plasma 235 2.2 .

products and possible methods of meeting the objective are ox-Fe 220 2.15 2.2

suggested in the present paper.
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FIG. 1, The Fe-N phase diagram.
N Nitrogen atom

a-Fe, However, the N atoms have insufficient time to mow FIG. 3. y phase, Fe4N.
from the interstices they occupied in the austenite and '.he
extra holes created by the fcc---bcc transition remain epipty.
The result is a bc tetragonal martensite (a') of the same When N-martknsite (ac'), obtained by quenching y, is
composition as the parent austenite, and where up to a maxi- tempered below 5%O 0 C, the phase diagram indicates that the
mum of one in ten of the holes at the midpoint, of the c products should be a-f- '. Instead they are a+ aý". The
edges and the centers of the C faces are occupie, by N (the Ve1 (N2 unit cell (Fig. 6) consists essentially of eight (2
N' sites). Figure 4 shows a variable position far the Fe at- X2X2) distorted bcc cells of a-Fe with N atoms occupying 2
on's; where a hole is occupied, the Fe atoms awe pushed apart of the 48 octahedral interstices in a perfectly ordered manner,
it', the c direction; when the hole is empty tie Fe-atom posi. i.e., 2 of the 16 Nz sites with 16 N' and 16 NY sites com-
tions are the same as in a-Fe. Dimensio-as of unfilled and
filled octahedra are shown by Fig. 5.

y-Nitrogen alistenlte

0

Q Iron atoms V

g Range of posititions for iron atoms

O Octaohedral interstices,
1 in 10 randomly filled Sites for carbon atoms

FIG. 2. y phase, N-austenite. F171. 4. a• phase, N-martcnsite.
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287A

FIG. 5. Unfilled and filled octahedra in bee a-Fc. ' I

pletely empty. The Fe atoms are in three different crystallo- (io) (110)
graphic sites: 4(e) and 8(h) which form the octahedra coor-
dinating the two N atoms and which, within experimental FIG. 7. The structure of Wc' considered as a distorted fcc lattice.

error, are all equidistant from a N atom; and sites 4(d) which
have no nearest N-atom neighbors.

Figure 7 shows that a" viewed along [110] is a distorted the M,. temperature-the temperature at which transforma-
y'Fe4N with alternate N atoms missing. Thus, in both struc- tion starts--decreases as the N concentration increases, For
ture and composition, Fe,16N2 (=FeCNA 5 ) is midway between high-N contents which might be expected to produce high-N
bcc a-Fe and fcc y'-FC4N. In all the Fe-N phases (a, ao, a", a' phases and hence purer Fec, ,N 2 , M, is at subzero temipera-
v, and y') the filled octahedra (NFe,) are all the same size; tures. Also, the stresses set up when y transforms to a' in-
only their numbers and distribution change. hibit further transformation and the effect increases as M.V

decreases.
III. THE FORMATION OF a' AND a" PHASES To summarize, low-N-content austenites produce, by

quenching and then tempering, a mixture of a+-ia' with onlyFigure 8 shows x-ray powder photographs of a small proportion of a". High-N austenites produce more

N-martensites (a') prepared by quenching austenites (y). As a small props of d. with so end a laroe more

the N content increases, the increasing tetragonality of a' is of, up to perhaps 50%, hut with some a and a large amount

shown by the increasing separation of the component reflex- of nonmagnetic retained austenite (y).
ionsof he "etrgonl pars"M2, 4, 6, nd M, ie., It is also important to appreciate that when a' is tem-ions of the "tetragonal pairs" M2, M4, M6, and M8, L*C., pered at low temperatures, the a" does not form instanta-

(101) and (110), (002) and (200), etc. The maximum N con- peduslow temNeatom s in d res gra clster
tent of -,/, and hience of the a' that forms from it, is >10 necusly, The N atoms in localized regions gradually cluster
N/100 Fe and so it never reaches FersN (12.5 N/100 Fe). together to produce a martensite of higher N content and
Nv e an d se h ighest N enever reachst gveN (12.5d onI Fe). hence of greater tetragonality with concurrent formation of
Even the highest N-martensite must give a-Fe+ a" on temn- ferrite. Figure 9 shows x-ray photographs of N martensite

pering; it can never give pure a'. Further, a' is not produced (2. w u 9 N; 8.1 NloF) geat 80 N With nsing

isothermally from y. It is formed only during cooling, and (2.0 wt % N; 8.1 N/I(00 Fe) aged at 8re C. With increasing
time, the separation of the paired reflections M2, M4, .....

M It0 gradually increases, showing increasing tetragonality
and hence increasing N concentration of d'; compare Fig. 8.
Even when the tetragonality c/a reaches that of a", corre-

A0 ~~atoms

6629 ft
A , I•,I# ' r

0 Iron atom Nitrogen atom

FI.9 X-a pwde pogrhsfN main wit reaied y) with
FIG. 6. Structure of increasing. N cnet
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FIG, 9. X-ray powder photographs of N martcnsites (2.0 wt% N=8.1

N/100 Fe) aged at 80 C for Increasing times. FIG. 1 I llardness curves for quench-aged N ferrite, 0.07 wt % N.

sponding to an a' composition Fe8N, weak reflections due to of -0.5 X I06 reveals a structure identical with the classical
N-atom ordering that are characteristic of the Fer, N2 struct Guinier-Preston zones in AI:4 wt % Cu; see Fig. 12.

ture are not observed; these appear only after further pro- A combination of techniques, (i) x-ray measurements of

longed tempering, unit-cell dimensions, (ii) internal friction, (iii) transmission
electron microscopy, and x-ray and electron diffraction, al-

IV. AGING NITROGEN FERRITE lows the complete quantitative characterization of nitrogen in

Another way of producing a'-Fe1 <,N2 is by precipitation iron and iron alloys, see Jack13 and references therein. Nitro-

from supersaturated N ferrite. The solubility of N in oa-Fe is gen in the aged N ferrite (a) of Fig. 12 is clustered as a

a maximum at 590 'C, 0.1 wt %=0.4 at, %. On quench aging nonrandoin solid solution of disc-shaped GP zones. Figure

a containing -0.07 wt % N, the phase diagram of Fig. 10 13 is an (002) lattice image of a containing 0.05 wt % N,

indicates that y'-Fe4N should be precipitated. Instead, optical i.e., Fe5 ,N., after aging for 15 h at 23 'F. The (002) interpla-

and electron micrography, XRD, and electron-diffraction evi- nar spacing of 1.49 A within the cluster corresponds with a

dence, together with the hardness curves of Fig. 11, show composition FeC2 N whereas the adjacent ferrite with which

that at 250 OC a' is first precipitated within seconds and then the cluster is completely coherent has the N-free spacing of

dissolves and is replaced by equilibrium y'. At 120 *C the "' a-Fe, i.e., 1.43 A. Further aging continues to increase the N

remains and is transformed to y' only after very long times. content in the localized clustered regions until, after reaching

After 10 h aging at room temperature the quenched ferrite Fe8N, N ordering slowly occurs to give d'-Fe1 (,N2 . The 1.57

shows a remarkably high hardness for such a small N con- A spacing shown in Fig. 14 is not uneqnivocal evidence of

centration with no evidence from optical microscopy of any a' even though this is the d value for (004) of '" for which

precipitation. Only an electron micrograph at a magnification c=6.28 A. The same d value is shown by the (002) planes

Fe - N

cx solid

500- solution

0C ' + .F8 4 N

300 1

100 
'10r,- . . J

0.02 0.06 0.1 6 -

w/o N
FIG. 12. TEM of Fe:0.07 wt % N quench-aged 1t h at 21 'C; foil normal

FIC. 10. Part of the Fc-N system. [001].
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elIcron and x-ray-diettraetion patsters ns.e e:0wt1vN

It is worth noting that aging under anl applied mechanical

171, 3. 00) lttceimae f aN luter(F,,,) n e:005wt /r N stress produces clusters and then a" platelets in only one
FIG.jjN 13. l (15 IattitL 23a~ fT. aNeuc 1 2 N aF:,5w preferred cube orientation. As shown in Fig. 15, thle plane of

(Fv~NIN)at~d 15Ii a 23the plates is perpendicular to the applied extensive stress,

The aging of N fetrite fully supports the evidence of
N-martensitc tempering that a'-Fe8N is obtained inl a penul-
timate stage with a tetragonality c/a equal to that of a" but
without thle N-ordering characteristic of Fe,1,N,.

H I V. BULK dY'-Fe¶6N2

lowed essentially thle 1951 preparative method via y and aY'.
F !~ 1 0For reasons given in Sec. 1ll, all three laboratories have pro-

duced mixtures, the phase compositions ol which have been
determined by either XRD13l or Miissbauer spectroscopy. 11.12
Hluang et al. " claim 50% d" with,/, = 2.65±t0. 15 T corre-
sponding to 2.95±~0. 15 Al per Fe atomi-a 34% increase
over that of a-Fe. Cocy el al.''1 produce >40% aY" with
smaller magnetization values of. l,2.3_-0.2 T and 2.45
-± 0. 15 Al at -0) K; these are only about 10t% higher than for
a-Fe hut are in broad agreement with thle hand-structure cal-
culations. Bao el al. 12 start froni h ydrogen- reduced FC2O3RM and convert up to 301% into (r". They claim that the measured
moment is in agrceement with a "dramatically large miagne-
tization,' i.e., (T, = 3 10 cmnu g 1, but the experimental evi-
dence for this is not convincing.

VI. DISCUSSION AND CONCLUSIONS

The limited work so tar carried out on hulk ar-Fe,,,N,
has not resolved thle controversy concerning the existence of'
it giant tmagnetic moment iron nitride. This is partly due to
preparative limitations whereby less than 50% ot the product

14. 1 04 ý la t~tt ice inmage (it' ICFj, in I :.0 t %- 1;;~ N aged 40~ I. at Mi Xt rC is ar". Thle va~r iat ion inl (ilie nmagnet ic properties of
I (H) 1C. thin films is explicable by dillerences in N-atom ordering,
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Fe-Mn Fe-Co Fe- N, bcc Fe-N phase with up to 14.5 at. % N is claimed17 in Japan

,000 by ballmilling iron powder in NH 3 :,t room temperature,
there is no trace of d' and the magnetization decreases rap-

•o ; F1eCo idly as the N concentration increases. Similar negative re-
A, , suits were obtained by Fact' 8 in France.

.'00 - - At temperatures where a" is relatively stable (3-250 'C),
"A, its nitrogen activity aN is higher than that of the more stable

"y'-Fe4N and so a higher nitrogen potential is required toOrdered

r,, (Feco), produce it by gaseous nitriding; surface nucleation of y'
. ,must be avoided, By the conventional y ea'--a' route, low-

"20 4C 60 0 20 40 60 0 20 40 N-content austenite transforms completely to low
Atcmc % monganese Atomc % cobalt Atomic %,.nilcke N-martensite which, on tempering, gives d"+a. If this

(a) (c) mixed phase, prepared as a finely divided (10 /m) powder, is
then nitrided in the appropriate NH 3 :H2 gas mixture at

FIG. 16. Phase diagrams: (a) Fe-Mn, (b) Fc-Co, (c) Fe-Ni. <250 TC the a" regions will act as nuclei and will grow at
the expense of a, eventually producing 100% a". In nitrid-
ing, the slowest rate-controlling step is at the surface, and so

and the existence of ct'-Fe8 N which, superficially, is indistin- it is essential to maintain a scrupulously clean surface and

guishable from a"'-Fe,6 N but which might have different clean grain boundaries. Adsorped oxygen or other active spe-

magnetization values, cies (e.g., sulfur) will inhibit completely the nitriding reac-

Bulk preparation of 100% a" is essential. By the conven- tion. Even at 200 'C the diffusivity of N in Fe is high enough

tional route this is possible by extending the N content of y to ensuie homogeneity of 10 g powder particles provided

until it includes Fe8N. Only three elements, Mn, Co, and Ni, that surfaces are perfectly clean. It is now suggested that this

are y stabilizers and extend the v-phase field. From the phase quench tempering of low-N-content y, followed by low-

diagrams of Figs. 16(a)-16(c), additions to Fe of Mn and Ni temperature gaseous nitriding, should also be explored to

reduce markedly the M, temperature but Co does not. Al- produce 100% ad-Fe16N2.

though detailed phase relationships in the Fe-Co-N system
are not known, it is suggested that small alloying additions of 'K. H. Jack, Proc. R. Soc. London, Ser. A 208, 2W1 (1951).

Co would extend the --phase limit to include (FCo)8N. The 2T. K. Kim and M. Takahashi, Appl. Phys. Lett. 20, 492 (1972).
3 K. Nakajima and S. Okamoto, Appl. Phys. Lett. 56, 92 (1990).

M, temperature will not thereby be lowered and it is not 4 M. Komuro, Y. Kozono, M. Hanazono, and Y. Sugita, J. Magn. Soc. Jpn.

expected that Co additions will reduce the magnetization of 13, 301 (1989).

the final da phase. 5Y. Sugita, K. Mitsuoka, M. Komuro, H. Hochiya, Y. Kozono, and M.
i 4 tHanazono, J. Appl. Phys. 70, 5977 (1991).It is well establishedf e that alloying elemie nts which 6M. Takahashi, H. Shoji, H. Takahashi, T. Wakiyama, M. Kinoshita, and W.lower the activity coefficient of N in Fe (i.e., f X where, for OtIE rn.Mg.2,34 19)

N r Ohta, IEEE Trans. Magn. 29, 3040 (1993).
example, X is Mo, Mn, Ta, Cr, Nb, V, and Ti) also stabilize 7A. Sakuma, J. Magn. Magn. Mater. 102, 127 (1991).

the transformation stages of the homogeneous precipitation 4S. Matar, Z. Phys. B 87, 91 (1992).

to temperatures higher by about 500 'C. Small additions of R. Coehoorn, G. H. 0. Daalderop, and H. J. F. Jansen, Phys. Rev. B 48,

o s3830 (1993).
these elements might be expected to stabilize L'. (FeX)I(N2 "'M. Q. Huang, W. E. Wallace, S. Simizu, and S. G. Sankar (Zhese proceed-

to temperatures of 600-700 'C. ings).

It is also established that both the quench aging of 11J. M. D. Cocy, K. O'Donnell, Q. Qinian, E. Touchais, and K. H. Jack, J.
Phys. Condens. Matter 6, L23 (1994).

carbon-nitrogen ferrite15 and the tempering of carbon- 12 hX. Bao, R. M. Metzger, and M. Carbucicchio (these proceedings).
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Forum (Trans. Tech. Publications, Switzerland, 1992), Vols. 88-90, pp.

The possibility of nitriding at low temperatures by me- 809-816.
chanical alloying is attractive but, although a supersaturated 18j. FPct (private comnmulication).

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 K. H. Jack 6625



Magnetism of d'-Fe16 N2 (invited)
Robert M. Metzger and Xiaohua Bao
Department of Chemistry and Center for Materials for Information Technology, University of Alabama,
Tuscaloosa, Alabama 35487-0336

Massimo Carbucicchio
Department of Physics, Universitii di Pat ma, Wale delle Scienze, V-43100 Parma, Italy

The metastable a"-Fej6 N2 phase may have a magnetic moment up to 50% higher than that of pure
bulk a-Fe. This article addresses the following issues. (i) Can epitaxial films of a"-Fe16N2 be
prepared phase pure? Yes, but there are some doubts. (ii) Can powders ot -V'-Fel 6N2 be prepared
phase pure? Not yet. (iii) Is the M6ssbauer spectrum due to d'-Fet 6N2 , to martensite, or to
something else? Most assign it to a"-Fe16N2. (iv) What is the specific saturation magnetic moment
of d'-Fe 16N2? Some claim it is close to that of a-Fe, most claim that it is much larger. (v) Is the high
moment due to d'-FeM6 N2 , or to some other phase?

I. INTRODUCTION 77 K, thus forming ot'-N-n'artensite, then temper the sample
In 1under N2 gas at 120-200 °C for several hours, yielding

In 1950 Jack first reported' the metastable phase "'-Fel6 N2.
15 There is a time-to-temperature (TTT) diagram

a"-Fe1 6N2 in a study of the Fe-N phase diagram, which re- for its fmti21
sembles the Fe-C phase diagram. 3 The d'-Fe1 6,N2 phase is A seondappoag

formd fom '-Nmarenste F.,Nwit 6<~ll inthe A second approach is to strain or age ar'-N-martensite:formed from a'-N-martensite FexN with 6<x<ll, in the oine ede fa-e 6 2 go ttesri
oriented needles of ol'-Fet6N grow at the strain

temperature range 150 °C<T<300 °C by a nitriding, boundaries.22- 5 A third method is to grow Fe films epitaxi-
quenching, and tempering process. 2 It also precipitates at thestran bundrie of upesatratd "ntroen errte" ally, under a low-pressure NH 3-N2 gas, by molecular beamstrain boundaries of supersaturated "nitrogen ferrite" eiay( EonG s10)oroIn.Gass100).26A

(a-eN an duingthenoral gin ofa'-N-martensite.4  epitaxy (MBE), on GaAs(100)9 or on InU2 Ga0 8gAs(I00 A
(a-FeKN) and during the normal aging ofmag-N-mamtent fourth way is to grow an Fe film on MgO(100), and then

m and Takahashi reported a high magnetic momentmethods cannot usu-
(saturation magnetic flux density B,=2.58 T) in a polycrys- ally provide phae-pure a"n teo mthid andouth

taln F- imdpsie yFeeaorto n 2o ally provide phase-pure d"-Fej(,N-,; the third and fourthtalline Fe-N film, deposited by Fe evaporation in N2 on a methods can yield better purity, but in impractically small

glass substrate, and attributed these dramatically large values

to the partial presence of a'-Fe1 6N2 (estimated B,=2.83 T);"' samples.

this synthesis could not be replicated.6 This B, f.r a'-Fe16 N2
was about 30% larger than that of bulk a-Fe (B,=2.20 T).7

Sugita and co-workers"'9 formed thin films of o,'-Fel6N2  III. PHYSICAL PROPERTIES
by molecular beam epitaxy on Fec(100)IGaAs(100); B, was
largest (2.66 T) for the thinnest (7 nm) films.9 B, rose to 2.8 a'-Fe1 6 N2 crystallizes in the tetragonal space group
T for 100 nm films.'() Nakajima and Okamoto implanted N2 141mmm, with three unique Fe positions 2 (Table II). Table
in epitaxial a-FeIMgO(100), to get partially ordered Ill lists the x-ray reflections of a"-FelN 2 and of other phases
a'-N-martensite and '-Fe16 N2 ; annealing in vacuum at (a-Fe, y-N-austenite, -y'-Fe4N, or a'-N-martensite) at the N
150 *C increased the a"-Fe1 ,,N2 fraction from 16 to 24 wt , mol fractions XN at which the phases are stable closest to the
but the magnetic moments were not dramatic. theoretical XN=0.111 of oX'-Fe 16N2. Many reflections are

Gao and Doyle formed a"-Fc1 6N2 on sputtered single overlapped.
layer Fe-N films, with a specific saturation magnetic moment The structure evolves from a-Fe to c'-N-martensite to
of 247 emu g-1. 12 An effort to get o'-Fe16N2 from a-Fe and a" -Fel6N 2, as one adds N atoms gradually in the structure
y'-Fe4N at 300 'C failed.1 3 Takahashi and co-workers re- and tempers it. 2' 3 In pure a-Fe (bcc), one should consider the
ported on sputtered films containing a "-Fe 16N2 , but the mag- "empty" octahedron of four next-nearest neighbor Fe atoms
netic moments were low.14  in the ab plane ("equatorial" Fe-Fe distance=2.866 A), plus

A practical synthesis of d'-Fe1 ,-,N2 has been sought in two body-centered Fe atoms along c above and below that
acicular15 or equant16 small particles, in larger particles,17-1'9  plane ("axial" Fe-Fe distancc=2.866 A, axial Fe-equatorial
and in large particles and foils. 7 Opinions differ on the large Fe distance=2.482 A): in its center is the "octahedral hole."
reported magnetic moment: Coey wonders whether one is In the solid solution of N in Fe called a'-N-martensite, the
looking "at revolutionary results or egregious errors.''21) entry of an N atom into this hole distorts the octahedron: for

XN=0.085 9 , there is a contraction in what becomes the mar-

11. SYNTHESIS tensitic a,,,b•' plane (equatorial Fe-Fe distancc=2.75 A),
and a dilation in the c,, direction (axial Fe-Fe distance= 3.88

a"-Fel 6N2 was first made by nitriding Fe, quenching, A); these empty and "filled" octahedra occur randomly
then tempering 3 (Table I). One can start with y-Fe 20 3 (ob- along the three axes, to yield a tctraýonal unit cell with sides
tained from goethite y-FeOOH), reduce it to a-Fe by H2 gas a,,'=b,=2.850 A, c,,,3.091 for XN=0.0859.3 The
at 450 'C, nitride under 1I-2:NH3 gas (volume ratio 7:1 to martensitic nearest-neighbor Fe-N distance (octahedral coor-
10:1) at 650-700 'C, quench the resulting y-N-austenite to dination of Fe around N) is 1.94 A.3'.3
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TABLE I. Synthesis conditions (Lab. code: CAM=University of Cambridge, CMU=Carnegie-Mellon U., DUT=Delft University of Technology. HIT
=Hitachi Research Laboratory, LBL=Lawrence Berkeley Laboratory, NAG=Nagaoka University of Technology, TCD--Trinity College Dublin, IOU
=Tohoku University, UALUiUniversity of Alabama).

Lab. Starting Sizes Heating temp./'C Ouench Tempering temp./'C
code (Ref) material um [time] (NH3: Hd) temp./PC [time] atmosphere

CAM (3) a-Fe powder' <53 /4m 700-750[?] (1:5-1:20) 25 120 [7-19 d]

CMU(17) a-Fe powder 6-9 Am 660-670 [2-3 h] -196,-269 120-150 [0.5-2 Ih] vac
DUT(4) a-Fe foil t= 200 um 742-877 -196 200[?]
LBL(27) a-Fe foil I= 100 ,m 590 (1:9) -50 <2001[?]

TCD(7) a-Fe powder 30 Am 760 [several hI] 120 [7 d]
a-Fe foils I=25, 100 Am 760 [several h] 120 [7 d)

UAL(15) Y-Fe20, 300X60×60 nm 650-700 (0:7-1:l10) -196 120-200 [1-4 h] N 2

UAL(15) Fc1 ,s 5Mn0.1.SO, 4  300X60X60 nm 650-700 (1:7-1:10) -196 120-21K) [1-4 Ih] N2

UAL(16) Fej),93Mn,15•7(NOj) 2  70X70X70 nrm 650-700 (1:8-1:10) - 196 1501 12-6 Ih] N2

Lab. Substrate Thickness Conditions

HIT(9) FeolGaAs(100) 7-100 rim MBE 30 nm Fe (0.5 As, T=3(1) °C)+Fe(t).04 At/s, T= 15I 'C)+N 5X It - Torr
HIT(28,29) InGaAs(001) M13E
HIT(30) InGaAs(001) 501 nm MBE: Fe(0.004 A/s. T= 150 'C+ N2 : NH.'(4-9:0)10 -1_ 10- 4 Thrr
NAG(31) Fellglass 2(10 nm Sputt.; 150 keV N2 implantation (2--4x 10"` cm 2)

NAG( 1,32,33) FclIMgO(100) 200 nim Sputt.; 80-1501 kcV N2 impl. (l-ll×10I)' cm 2)+ann.

TOU(14) MgO 200 nm dc plasma evaporation; annealing at 150 'C for 2 h
TOU(14,34) MgO 30-3000 nm Sputtering; Ar+ N2; annealing at 150 'C for 2-20 h
TOU(35) MgO 3000 nim dc sputt. on MgO+5 nim Fe(0(1)), Ar+N 2 air, ann.
UAL(12) Glass 200-250 rim rf sputtering Fe+N 2(15 sccm)+Ar(6 mTorr)

"Mn added to stabilize the y-N-austenite phase at room temperature.

As tempering proceeds, a collective reorientation of the The 002 and 006 reflections have been seen for epitaxial
martensitic c,, axes occurs, clusters or Guinier--Preston and sputtered thin films10, 12 ,3 3.35,38  but not in powder
zones form, and finally, a full ordering ensues into the tetrag- samples. 2

onal d'-Fe16N2  structure: the unit cell axes become One can determine the uptake of N in y-N-austenite or
a,,,=b ,=5.72 A (,-2a,), and c,;-6.30 A." In a'-N-martensite from the unit cell constants,17' 36 using the
o!'-Fe16N2 , the N atom is surrounded by a distor cctahe- equations in Table III. One can assess the mol fractions of
dron of Fe atoms: four equatorial Fe3 ato' ,s - two the various phases by calculating17" 8 x-ray line profiles from
axial Fe2 atoms at 1.95 A. Atom FeI, i• -, 4d, the solved crystal structures.3
does not have close N atoms, and she 'I i.. Fe For epitaxial films, the relative crystal orientation is
in a-Fe, Atom Fe2 (4e) has a distort," oT;ahed " t eigh- X'-Fe(, N2k'l0)jIFe(001), and "'-[O01]0IFe [11(0],"•L3 and
bors: one axial N, four equatorial I. 3.. -- ot,. I Fe2. cV-Fel,N 2 (00l)IjlnGaAs(01). 21 -:t. For sputtered filns on
Atom Fe3 (Sh) has seven closest neighu -s' one N .wo Fe2, MgO, the orientations are d'-Fe1 6N,(00l)JMgO(O0l) and a"
and four Fel. The inclusion of N cause.i very cluse Fe-Fe [ll0]llMgO [100], or a"(211)l)MgO(101) and at' [011]JIMgO
distances (Fe2-Fe2 and Fe2-Fe3). One can designate Fe2 as [0{5].14
Inn, Fe3 as 2nn, and Fel as 3nn: this indicates the first, TEM diffraction patterns for 7 nm films of
second, and third nearest-neighbor Fe atoms to the N atom. d'-Fe,ýN2IIFeIIGaAs show the less intense reflections 200,
In a'-N-martensite the Fe-N distance is quite different for 020, 020, 200; and the more intense ones: 400, 220, 040,
Inn than 2nn, while in da-FelN 2 they are very close. The 220, 220, 040, 220, and 40,0.' Similar results were seen for
paucity of diffraction data for ar"-Fe6,N2 gave only approxi- films of a'-FetrN 21IFe(O00)lllnGaAs(()O1), 2•) and for sputtered
mate values of the parameters zic (Fe2), and x/a (Fe3). 2  films t 2 TEM of d'-FeiN 2 has been seen in fine powders."'
o'-FelN 2 is most likely a daltonide, or "line phase," with Spin-polarized linearized muffin-tin orbital calcu!ations
precise N stoichiometry.2, 3  yield magnetic moments at the three sites of o'-Fej,,N,

TABLE I. Crystal structure of ,'-Fe,,,N2 : body-centered tetragonal (a =5.72 A, c =6.29 A, space group 14/n1min, #139) (Refs. 1.2).

Site Site symnm. x/a y/b z/c First [second] coordination Fe-N

N 2a(4/mmm) 01 n 0 2 Fc2 (yo 1.95A, 4 F03 (,, 2.011 A [8 Fe I (u, 3.24 A]
Fel 4d(4m2) 0 1/2 1/4 8 Fe3 ((' 2.55 A [4 Fc2 ((; 2.80 A] 2 N (a, 3.2(1 3nn
Fe2 4c(4imn) 0 0 0.31 I N (a, 1.95 /,, 4 Fe3 (o, 2.33 k. I Fe2 (,- 2.391 A Ini,

[4 Fe3 (@ 2.81) A. 4 Fe 1 (0- 2.8( Aj 1
Fe3 8h/ (1 1n1) (0.25 0.25 1) I N (, 2.011 A. 2 e2 (W- 2.33 A, 4 Fel (, 2.55 A 2nn

[2 Fe2 (fr 2.8(1 A, 4 Fc3 (0 2.84 AJ
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TABLE Ill, X-ray reflections (d) at the spccified mol fraction of nitrogen XN. phase codes (F,4,8,A ,M), relative intensities (to different scales), and Miller
indices hkl, for the phases a-Fe (code: F; a=2.866 45 A) (Ref. 40), y'-Fe4N (code: 4; a =3.795 A) (Ref.41). d'-Fel,N2 (code: 8: a =5.72 A, c=6,29 A) (Ref.
2), v-N-austenite (code: A; a =3,646 for XN=0.0868 using a= 3.57 18 + 0.472 

4 8
XN,+4. 3627XN recalculated from Ref. 3; stability range XN=0.0-0.0868

or 0.106) (Refs. 3,42,43), and a'.N-martensite (code: M; a=2.850, c=3.090 for XN=).O(
8 6 8 

using a=2.8659-0.002 69XN-2.0943X2 and
c=2.8665+2.965 15XN--4.524 34X2 recalculated from Ref. 3; stability XN=0.0-(I.08 6 8 

or ,1064) (Refs. 3,42,43).

Phase Phase
d/ik XN (Rel. int.) hkl d/A XN (Rel. int.) hki

3.145' 0.111 8(-) 002 1,241)" 0.111 8( 28) 224)
2.483 0.111 8( w) 112 1.239)" 0.111 8( 28) 332)
2.191 0.20t 4(100) Ill 1.229 0.111 8(-) 105
2.105 0.0868 A( -90) Ill 1.226 0.0868 M( 31) 112
2,116 3.111 8W-) 202 1.191 0.0868 M( 100) 211
2,027 0t0 H( 1(00) 110 1.187) 0. 111 8t 86) 314)
2.022 0.111 8( 61) 22(1 1.185) 0,111 8( 86) 422)
1.968 0.111 8( w) 10)3 1.170 0,0 F( 31) 211
1.898 0.20 4( 77) 200 1.144 0.20 4( 83) 311
1.823 0.0868 A( -51) 2(W) 1(199 0.0868 A)( -"100) 311
1,626" 0.111 8( 8) 213 1.096 ).2(0 4C 38) 222
1.573)" (. 111 8( 11) 004) 1.058)" . 111 8( 43) 404)
1.568), 8( 11) 312) 1.057)" 0.111 8(43) 512)
l '-5 0.0868 M( 22) 3002 1.053 0.0868 A( -44) 222

1.466 0.111 8W-) 114 1,(148' ().111 ( -) 006
1.433 0.0 F( 20) 200 1.015) o.I11 8( 61) 116)

1,430 0.111 8 25) 40(1 1.0 11) 0. 111 8( 61) 440)
1.425 010868 Al( 68) 200 1.013 0.0 F ( 10) 220
1.342 0.20 4( 67) 220 o3.986)0' 0.111 8( 46) 325)

1.289 0.0868 A( -48) 220 0.984)" 0.(111 8( 46) 206)
1.265 0.111 8( 6) 323 0.949 0.20 4( 44) 200

0.906 0,0 F( 12) 3101

'Seen only in thin films (Refs. 10, 12, 14, 33, 35, and 38).
"1'd1'-FejN 2 reflections that are fairly intense and do not overlap badly with other reflections,

(Table IV), and moments close to experiment for Fc3N and The M6ssbauer spectrum of d'-Fe16 N2 differs from that
for y'-Fe4N, 7'44 An augmented spherical wave calculation of a'-N-martensite. The three sextets seen for d'-FC1 6,N 2 can
has been done. 4"5 The maximum magnetic moment is as- be assigned with certainty to the three sites Fel, Fe2, Fe3 of
signed to site Fel. The average calculated values are consid- Table I1 only if the expected 4:4:8 relative intensities are
erably below the large experimental thin-film values. obtained44 9 (which identifies the 8h site Fe3) and if the signs

There are qualitative similarities between the Fe-N and of all the electric field gradients are known. The M46ssbauer
Fe-C phase diagram. In the Fe-N diagram, the ordered N-Fe hyperfine fields Hh~f=296, 316, and 399 kOe49 were first as-
compounds (line phases, with narrow ranges of XN) are signed to Fe2 (site 4e, Inn), Fel (site 4d, 3nn), and Fe3
y'-Fe4N and .--4.e2N; d"-FeIAN2 is a metastable line phase; (site 8h, 2nn), respectively.5 1' This assignment is customary
the phases -y and e are stable for wide ranges of XN; for iron alloys and for a'-N-martensite: Hh1f (relative to
a'-N-martensite is metastable over a moderate range of XN. a-Fe) decreases for the first nearest neighbors, incrcase,,; dra-

The name a"-FeirN 2 denotes the occupancy of tile unit matically for the second, then converges from above to the
cell and its evolution from a-Fe and a'-N-martensite. An pure a-Fe value for third, fourth, etc., nearest neighbors.5t1

alternate name Fe8 N has been used.13
,
15

.
45'48 For a"-FeMt,,N this assignment is not supported by the

The Mi6ssbauer data for a"-Fel,N 2 are collected in Table relative Mbssbauer line intensities 2,15. 1 6,38 '49 or by the band
V, together with comparable data for other phases of interest structure results, which assign the highest moment to site
(a-Fe, a'-N-martensite, y'-Fe4 N). Fel,7

.
44'45 The new assignments in T;'le V give the largest

TABLE IV. Calculated magnetic momtents (in Bohr magnetons ýujj) at sites in the a"-Fe ,,N 2 lattice (Refs. 7. 44,
45), and distances fromn the N atom.

Site (symmetry) Fe-N distancc/A Fe-N Calculated uj1Uj (Ref)

Fel (4d-4m21 3.26 3nn 2.13(44) 2.81(7) 2.74 or 2.89'(45)
Fc2 (4e- 4mm) 1.95 or 1.93' I1111 2.25(44) 2.21(7) 2,3(0 or 2.29'(45)

Fe3 (8h - n,o) 2.111 or 1.79' 2nn 2.27(44) 2.39(7) 2.37 or 2.21"(45)
Average 2.41 2.45(7) 2.45 oi 2.41'(45)

"Uses z (0.3060 for position 4e, x =0.222 for position 8h (Ref. 45).
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TABLE V. Mssbauer spectral parameters (hyperfinc magnetic fields 1hf, quadrupo(le splittings . , and isomer shifts IS against pure a- Fci at room
temperature) for /'-Fel,N 2 , and relative population (Fe atom %). D)ata for other phases (a-Fe. I, -N-niartetisite, y'-Fe1 N are given for conparison.

Hhf A Ish 1 AH- IS IEh, is IS (it11)
kOc 1l1n1/s tntin/s I`eC kOe mm/s mnn/s FC% kO)e 11t1/s to1rit/s Ft"e kOCv Ref.

C'-Fej(,N ,(three sextets)
Fel (4d)tint2 (3nn)ti 1e2 (4c) 41nm (I nt)t F03 (8h) nim (2nn) Ave.
418(l) 4 0,.27(2) --0.08(2) 302(2) -01114(5) -(1.15(5) 325)5) 01,3(l) 0 1( I(1 342 50
372.8 297.1 315.1 325.6 31
400.2 0.15 -0.)6 13.9(3) 289.8 0,1(4 -0.I10 19.4(41 321.7 01,16 0.0o,( 47.2(9)) 333.3 38
399 0.12 -0).07 17.9 29)6 -)0.07 -0.1109 18.7 310 (0,25 ( 0.00 34.9 332 33,49
397 -0.04 0.07 9.7 292 -0(.17 (1.(1 9.7 317 01.15 10..It 15.8 331 15
397(2) -(0.12(3) 0,03(4) 8,5 5) 28912) --1.1712) -01.11(3) 7.3(3) 318(2) 01.1403) 0.29(4) 21.811.5) 331 lR
4016 0,25 -(1.18 307 0.05 -(1.49 31 (1.21 0(.21 330 7
391 0.20 -0.05 12.5 289 R(116 -(.0,5 2)1.0 316 11.32 0.04 37.7 328 34

d'-Fel.,N 2 (single sextet) (Refs. 29,30.47) ar-Fe (single sextetf)L (ReCs. 14,501 Y-austetiite (parailt agieltic (RCRf. 15)
(460)"-' 3A 1 0,0 0,0 11 -0.04

3310 .+. 0(1,9 0.0 0.37 0,117
326 335 0,17 -(0.07

ca'-N-ittartensitc (three sexte(ts)
1 1ti 2nn 3nn and 4un
314(2) -1,01(5) -0.1215) 350)2) -4(1.)) (5)1 ( 01)1(51 348(2) -0.08)5) 0.((2(51 501

Y'-Fe 4N "three sextets)
FPI or la Fe2 or Fe:2A or 3("-A Fe2B or 3c-B
345(10) ((.30(8) 215(10) 0,45(1) 52
340.0 (I). 0.24 215.5 -11.22 0.52 219.2 0.43 11.15 53
366 235 235 51

"'l'tse two assigntmtents are uncertlin, aid could lie inlerclitnged . This datumn is considered incotrrecl (Rel, .54).

"Htr to F I, the smallest to Fe2, and the value closest to ar-Fe reflection of a"-Fe )N, grows in intensity, the saturation vol-
to Fe3. ume magnetization M., increases to a maximum of 2307

347From the Missbauer hyperfline fields, the magnetic mo- emu cim 4
ments have been estimated at the sites Fe 1, Fe2, and Fe3 as The inferred values Of tlhe .•pecific saturation magnetiza-
either 3.8, 1,3, and 2.5 All 33.41) or as 2.98, 2.01, and 2.25 tion qr for cr".Fet1,N2 dep,,.,iid o)n the reliability of the esti-
AB , 51 respectively. avle average II,, of the three sites of mates of t(le mol fractions of all the magnetic constituents. In
d"-Fe1 (,N2 (weighted 4:4:8 for Fe I:Fe2:Fe3), shown as (Whr) small powder sample;s exposed to air, the moment due to
in Table V, is essentially identical tIo //it of a'-Fe. 14 For tile pure bulk (-2e (214 enmu g 1) is reduced by passivation of
epitaxial thin films of (r"-Fe1 (,N, oni GaAs, one single Miiss- the surface to miaybe 140 einu g 1i This passivation is less
bauier 1inc is reported 29,30,47 is this due to low resolution, or important for very large particles and epitaxial fimns, so the
it a different species?""" bulk valtc can be used.

An important technological goal is to produce macro- For sonm Ilab oratotries., teilLrihig tile nitridud sample at
scopic samples of 100% phase-pure cr"-FeN-, Table VI 150-200 °C' increases the sample mnagnetization, e.g., from
shows the estimated Fe at. % contributions from various 177 t( 189 emu g I, " or front 182 to 189 emu g 1 17 ollier
samples, High mol fractions of " -Fe11,N, were achieved by laboratories report no increase, 3 or only a modest in-
epitaxy on GaAs'9 or by topotactical NW implantation.4" Ni- crease, e.g., from 218 to 226 emu g 1 .4

triding thin foils in NI-I3 14-12 yields 40%. Large particle pow- The coercivities I/,. for (."-Fe1 ,N2 are small; shape an-
ders (6-9 pm) yield 50%. 17 For small particles, at most 38% isotropy was sought by growing acicular particles.15

conversion was reached.l5,1) For small particles, 7-15 at. % If cr"-Fe 1,N, is heated at 100 'C for 21 days, it decom-
Mn was needed,"' while for larger particles Mn was poses to a-Fe and y'..-.,,N:2 a similar decompOSitiOn Occurs
unnecessary. 7' 7 One callilot achliitve XN=O.I111 in y-N- it' orne heats it to 200 'C for one week."" For (,"-Fej 1,N1 par-
austenite, so by quenching and annealing, one cannot get titles (35 at. (/ Fe: 15 at. % Mn) kept at room temperature
100% "-Fet 1,N2 ,` Ways to obtain phase-pure (r"-Fe ,,N, for six monliths tle Missbaucr spectruml did not change."'
have been proposed.55' The high magnetization cbscrved ftr op taxial films of

The magnetic data for various samples, and the inferred /'-Fc,,N, on GaAs or hn(iaAs(0OI) decreases reversibly
values for thie o"-Fc 1,N1 fraction, are summarized in Table with increasing tempcralurc between -269 (_' (1, 3.1 TI',
VII. The first few bcilchmark entries are for hulk and powder /t=3.4 /tl,) and +400 C' ( (B, O1.1)T), with a Curie tempera-
a-Fe, and y'-Fe4N, and for recently measured powder ture of 541) C; above 400 °(' this magnetizationi decreases
samples (6--9 pAm) oif' (-N-marienlsites with different N irreversibly.2- ly annealing a rf sputtered film at 50)1) O( for
contents. 1,11 The dependence of the high moment oil the N I h, (lie mloment density increases frntm about 225 to 253
atom concentration is very roughly linear.-") As the 002 x-ray emit g 1, and the x-ray lines duc to r"-c' jN., sliarpcn, while
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TABLE VI. Composition (Fc at, %, estimated by X=x-ray diffraction, M=WMssbaucr spectroscopy) of nitrided
Fe or Fc+Mn films, powders and foils (laboratory codes as in Table I).

Lab. form Est. a-Fe y-N-aust y'-Fc4N a-N-mart. a'-Fc1t,N 2  Ref

CMU 6-9 Am powder X 13 31 0 0 56 17,19
HIT 7-100 nmnlGaAs(100) X 15 0 0 0 85 9
NAG 200 nm filmilglass M,X 65 0 0 0 35 31
NAG 200 run filmIIMgO ,' 40 ( 0 36 24 11
NAG 2W() nm filmllMgO x 30 0 0 62 8 32
NAG 200 nm filmlMgO X,M 28.5 0 0 0 71.5 49
TCD 30 Am powder M 61 7 4 0 28 7
TCD 100 Am foil M 52; 59 5; 11 11; 10 0 32; 20 7
TCD25 Am foil M 55; 51 11; 9 0;0 0 34; 40 7
TOU sputt. film X 27 0 0 0 73 (a'+d') 34
UAL sputt. film X 82 0 0 0 18 12
UAL 0.6 Atm powd.,+ 15 wt % Mn M 29 36 0 0 35 15
UAL 70 nm powd, + 7 wt % Mn M 55 7 0 0 38 16

'TABLE Vil. Magnetic properties of reference compounds, of samples containing o'-Fcj1 N2, and for pure da-Fe1 6N2 : saturation volume magnetization Ms
(emu/cc=emu cm -1), saturation magnetic flux density By (T), specific saturation magnetization (7s (emu/g=JlT kg), magnetic moment of the average Fe site
i., (A,,=-Bohr magneton), coercivity H,, (0c).

Overall sample properties Inferred d'-Fe1 6 N2 contribution

MsV B, qVs Apev "1i Ms B, (rV lAve H,
emu/cc T emu/g AN Oe cmu/ce 1' enufg Ml Oc Morphology (Ref.)

Reference data:
1717 2.16 218.0 2.18 .. Pure bulk (x-Fe (56)

-140 .. ... ... ... . Powder a-Fe
1392 1,75 193 2,05 ... ... . ... Pure bulk y'-FeN (57)

180 601) ... ...... Powder y'-Fe4 N (58)
160 ... 1000 ... .... Powder /-Fe04 N (13)

2.35 250L 16± .... . ... '-N-martensite (inf.) (17,18)
... 257 ... .... ... .... Sputt, a' -N-mart, fllm (32,33,38)

Film obtained by molecular beam epituxy:
2050 2.58 2251) 2.83 298 3,.0 55 nm epitax, film (5)
... 2.66 ... ... .... 3.0 315 3.2 ... 7 nm epitax, film (9)

233 ... .... .. ... ... ... 201( un epitax, film (31)
... 2.9 ... 3.2 ... 2.9 .. 3.2 50 501 nno epitax. film (301)

.... ... 23901 ... ... ... ... Epitax. film Ihln. 2Gias. 5As (26)
... 23100 . ..... ... ... Epitax. film ]Ijln0.Ga.gAs (46)

2307 2.9 ... ... ... ... ... ... ... ... Epitax. film [ll. 20a HAs (47)

Foils
..... 205 .. .. . 2.52 271' 2.34 . 100 l im foil I-NI13112 (7)
... 208 ... 238' 2.62 ... 25 Aun foil+N11.111 2 (7)

Sputtered or plasma evaporated films:
... 247 ... ... ... . 315 .. 250 urn tilmllglass (12)
... 233 ... .... ... ... 21)1) mn sput. filmu+N1 [(glass (31)

245 . ... ... ... 257 ... 211) un sputt., N+IlMgO (32,33,38)
2W11 ...... <I ... ... ... ... Sputter. filns (2 tit. % N) (59)

... 235 ... ... ... ... Plasma evap. IlcIlMgO (14)
...... 218 ... ... .... ... ... Sputt. [IFejlM gO (14)

... 232 ... ... ... 237' ... ... Sputt. [FcIIMgO (34)

... 221 31 ... 225" ... ... Sputt. IFcIMgO (35)

Powders large or small:
...... 211 ... ... ... 241V 2.41) .. 301 um powd, (7)

189 ... ... ... ... 285" ... 6-9 Atl powd. (17)
... 210 . ... ... 2,66 286' 2.94 ... 6-9 .tii powdI. (18,19)

...... 170 ... 21W1 ... ... 31(1" .,. 2(100 300×60X60 nm pow .-0,15 Mn (15)
... 189 ... 210 ... ... 3(X)' • .. ... 7(1X70X70 hna powd.+-,(07 Mn (16)

5Using 218 or 221) emu g ' for a-.Fe.
bUsing 140 ema g- 1 for small particles of a-Fe.
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for another sample the same treatment decreases the moment 1x. Bao, M. Shamsuzzoha, R. M. Metzger, and M. Carbucicchio, IEFE
from 247 to 212 emug- , and the a"-FelN 2 lines Trans. Magn. (in press).

disappear.' 2 For films made by sputtering or by evaporation 17 M. Q. Ituang. W. E. Wallace, S. Simizu, A. T. Pedziwiatr, R. 1. Obermyer,
antd S. (G. Sankar, J. Appl. Phys. (in press).

the moment drops when the temperature reaches 'NM. 0. Huang, W. F. Wallace, S. Simizu. and S. G. Sankar, J. Mag, Magn.

200-250 oC.14  Mater. (in press).

Since a"-Fel 6N2 powders are not stable above about "'W E, Wallace and M, Q. Iluang (these proceedings).'"J. M. D. Cosy, Phys. World 6, 25 (1993).
200 OC, 2.61l it has been speculated that epitaxial films with .M. D. Cocy, PhY. Worl, 25 (1993). 113 (1977).

14 K. ~~Abiko and Y. Iniai. Trains. Jpn. Inst. Metals 18,13(97)
large magnetic moments contain a different phase.' 4  -A. Sawt, Y. Watantbe, and T. Mura, J. Phys. Chem. Solids 49,529 (1988).

23 Y. Watanabe, A. Sato, and T. Mura, J. Phys. Chem. Solids 50, 957 (1989).
IV. CONCLUSIONS 24 y. Watanabc, A. Nal ano, and A. Sato, Mater. Sci. Eng. A 146, 1251

(1991).

da-Fe1 6N2 is a fascinating magnetic system. The evi- 5 Y. Watanabe, 11, Nozaki, M. Kato, and A. Salo, Acta Metall. Mater. 39,

dence for a very large moment (>280 emu g-') for 3161 (1991).
5t,9,26,30.31,4,.47 from, M. Kornuro, If. Hoshiya, K. Mitsuoka, Y. Kozono, M. Hanazono, and Y.

-Fe1 6N2 comles from epitaxial thin films, n from Sugita, Mater. Res. Soc. Syrup. Proc. 232, 147 (1991).
some sputtered films,' 2 and from medium' 7 ' 8 and small 23U. Dalmen, P. Ferguson. and K. 11, Westmiacott, Acta Metall. 35, 1037

particle' 5' 6 studies. Already, a'-N-martensite has a moment (1987).
considerably higher than that of a-Fe. 18,32, 33 Tile high mag- .Y Kozono, M, Komuro, Mi. Hanazono, and Y. Sugita, J. Magn. Soc. Jpn.

""t 59 (1991).
netization of the epitaxial films has even been ascribed to 2"Y. Sugita, K. Mitsuoka, M, Kouro, H. Hoshiya, Y. Kozono, aid H.
some unknown phase.14  Itanazono, Proceedings of the Internartioital Symnposiwiu on Third Transi-

The "dissenting" evidence against large moments comes ties Senii-Metal Thin Films, Sendai, Japan, 5-8 March 1991 (Japan Soc.

from foils, 7 large particles, 7 N' ion-implanted films, 3t' 32 33 '38  Prom. Sci. Committee 131-Thin Films), p. 12

s s r l 4  2a s . 7' 44.45 ,5' 1 3Y. Sugita, K. Mitsuoka, M. Komuro, H. I-oshiya, Y. Kozono, and M.
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The magnetization of bulk d'Fe16N2 (invited)
J. M. D. Coey
Physics Department, Trinity College, Dublin 2, Ireland

Evidence for giant magnetic moments in the metastable nitride a'FelN, is reviewed, with reference
to the related stable nitride y'Fe4N and aFe. It is concluded from a survey of electronic structure
calculations, M6ssbauer spectra, and magnetization measurements on bulk multiphase samples that
the average iron moment in a'Fe1 6N2 at T-0 lies in the range 2.3-2.6 PA.. A significantly larger
moment of about 2.9 AB appears on the 4d sites which have no nitrogen neighbors.

I. INTRODUCTION experiment.9 The corresponding average moment per iron
atom A,,, is 3.2 MB at room temperature, rising to 3.5 MA at

Alpha-iron is a weak ferromagnet with an incompletely T-0. Other workers, however, report values of magnetiza-
filled 3dT subbaitd. The electronic configuration is approxi- tion of their thin films which are much closer to that of aFe.8

mately 3d 14 43dt 24s 0 '64p 0 '8 , giving a magnetic moment per Here we review the evidence of electronic structure cal-
atom M#F,=2 .2 A B. It is actually the saturation polarization culations, M6ssbauer spectra and bulk magnetization inca-
J,, related to the magnetic moment per unit volume M, by surements regarding the site and average moments in aFe,
J,= MOMS, which is important for technical applications; J,, a'Fet6N2 , and vy'Fe4N. Experimental investigations of
for iron at room temperature is 2.15 T. There is scope for d'Fei6N2 have been hindered by the lack of bulk, single-
increasing the moment by modifying the density of states phase samples of the metastable ad phase.
and moving the position of the Fermi level in the d band, but
if they are to improve the magnetization, these changes must 1I. ELECTRONIC STRUCTURE CALCULATIONS
be accomplished with as little increase as possible in lattice
volume. Self-consistent spin-polarized electronic structure calcu-

The greatest polarization that has been achieved in iron- lations have now developed to the point where it is routinely
based substitutional alloys is J,= 2.45 T, in FeCCo. 5. Iron possible to deduce the ground-state spin moments in iron-
ions with atomic moments as high as 5 /MD for the 3d15  group ferromagnetic alloys to within about 0.1 AB. The mo-
configuration of Fe3+ are obtained by charge transfer in ionic ment of iron itself is accurately reproduced." Linearized
compounds, yet J, in ferrites does not exceed 0.6 T because muffin-tin orbital (LMTO) calculations for a'Fel N and
the order is ferrimagnetic and most of the volume is occu- other iron nitrides were carried out by Sakuma 2.-'i and
pied by nonmagnetic 02-. many others,15-21 varying the unit cell volume, c/a ratio, and

The quest for greater iion magnetization is currently fo- special position parameters. These LMTO calculations are
cused on interstitial compounds, particularly those where ni- based on the atomic spheres approximation, which is well
trogen is accomodated in octahedral voids in the iron lattice.
Nitrogen in cubic y'FeAN occupies the lb body-center site in
an fcc lattice, so the la cube corner and 3c face-center iron
sites become inequivalent. The ordered, metastable iron ni- Fe) lk..)

tride a'Fei5 N2 discovered by Jack in 19511 has a related -

structure where only half of these octahedral interstices are 'N N '

occupied by nitrogen (Fig. 1). The tetragonal cell contains . -";" k ie(A,)
eight bcc units, and the structure can be regarded as lying \ " '

midway between aFe and y'Fe4N) Thle 4d site in daFe16N2
is analogous to the la site in y'Fe4N and the 4e and 8h sites .

in a"Fel 6Nz are analogous to the 3c sites in y'Fe4N, except
that they have only one nitrogen neighbor instead of two.

The magnetic properties of a"Fe16N2 remained unex- Fe,

plored until 1972 when Kim and Takahashi produced thin Fe (4 1)
films where oFe was the major phase by evaporating iron in
nitrogen. Some of these films were found to have a polariza- -t, (Shl

tion as high as 2.64 T, and the polarization of pure a"FeM6 N2
was inferred to be 2.76 T, corresponding to an average iron
moment of 3.0 M13. In recent years, other Japanese groups N (21,,

have made films containing a"Fel 6N2 by different methods,
with quite variable results.3-10 Most remarkable are those of
Sugita and co-workers at Hitachi, who produced films by I
molecular-beam epitaxy on (Ga 08.ln 0.2)As substrates where
the polarization of Fe16N2 was found to be 2.9 T 5 They have
corroborated their result by a ferromagnetic-resonance FIG. I. Crystal structures of (1) Y'F ' 4N aned (b)hV'Fei,N1.
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TABLE I. Calculated data and experimental results on local and averaged magnetic moments and hyperfine
fields in y'Fc4N.

A.L (p.i/Fe) Bhr(T)

Methods Fe(la) Fe(30) (A) Fe(la) Fe(3c) (Bhf) Ref.

LMTO-ASA 3.07 2.03 2.29 ... ... ... 12,14
LMTO-ASA 3.09 2.11 2.36 -32,8 -24.5 -26.6 17
LMTO-ASA 3.10 1.94 2.23 -32.8 -24.2 -26.4 15
LMTO-ASA 3.22 2.01 2.32 -36.0 -24.7 -27.6 19,20
ASW 2.98 1.79 2.09 ... 23
FLAPW 2.98 2.23 2.41 -3o,3 -21.7 -25.4 22
Average(calculation) 3.07 2.02 2.28 -34,5 -23.8 -26.5
Measurements 2.98 2.01 2.25 ......... 27

-... ... ... . 36.6 -23.6 -26.9 21

justified by the charge-density distributions obtained by tion which involves an on-site Hubbard interaction U,44 but
Coehoom et al. using a first-principles full potential the aoproawh does not appear to have been tested on a Fe or
(FLAPW) approach.22 Matar has used the augmented spheri- y' Fe4N.
cal wave (ASW) method 23' 24 and there have also been some In at/Fce6i'L 2, y'FC4N and other interstitial iron
cluster calculations. 25' 26 Results of these calculations for nitrides 20' 28 there is a tendency for all iron moments to in-
y'Fe4N and a"'Fe16N2 are summarized in lables I and II, crease as the lattice is expanded by interstitial nitrogen. This
respectively, is counteracted to some extent by sp-d hybridization at those

It can be seen in Table I that the calculatiois for y'Fe4N iron sites which have nitrogen neighbors, However, iron at-
give average and site moments which agree quite well with oms which are next-nearest neighbors of nitrogen see their
those measured experimentally by magnetizat-cn and neu- moments increased. The local density of states for 4d sites in
tron diffraction (2,98 1uB/Fe on la, 2.01 ,i,,L/te on 3c, a'Fe1 , N2 and ta sites in y'Fe4N indicates strong ferromag-
jL.v=2.25 /IB/Fe).27 In the case of d'Fe16N2, the atomic po- netism at these sites. The increase of the next-nearest-
sitions depend on two special position parameters,1 which neighbor iron moments in nitrides was explained by
have not been determined precisely. However, these param- Kanamori, 29 by analogy with the increase of iron moment in
eters and the c/a ratio can be varied over a reasonable range FC65Co 35 ,29 The iron neighbors of nitrogen hybridize with
in the computer. When this is done, there are small variations the nitrogen sp orbitals, which decreases the spin splitting
in the site moments, but in no case does the average moment and lowers the effective iron potential, especially for the 3d1
per iron atom exceed 2.50 AL. An exception is the cluster states, These iron atoms then have some of the character of
calculation of Li,25 %'hich gives an average moment of 3.3 cobalt in the Fe-Co alloys, Wnteraction with iron atoms which
AD/Fe, but this method greatly overestimates the moment of are next-nearest neighbors of nitrogen increases the ampli-
at-Fe, and it cannot be regarded as quantitatively reliable, tude of wave functions at the hitter in the antibonding states
Larger moments are also reported in an "LDA+ U" calcula- of the 3d. band whereas it will decrease the amplitude of the

TABLE 11. Calculated data and experimental results on local and averaged magnetic moment and hyperline
fields in (i'FetsN2.

A. (#./Fc) B1,J()

Methods Fe(4e) Fe(8h) Fe(4d) (,u) Fe(4e) Fe(8A) Fe(4d) (81f) Ref.

LMTO-ASA 2.27 2.25 2.83 2.39 ... ... ... ... 12

LMTO-ASA 2.301 2.27 2.82 2.42 ... . ... 13
LMTO-ASA 1.96 2.41 2.91 2.42 -24.1 -25.0 -33.7 -27.0 15
LMTO-ASA 2.13 2.50 2.85 2.50 ... ... .. ... 16
LMTO-ASA 2(01 2.45 2.99 2.34 ... .. ... 18
LMTO-ASA 2.3(0 2.37 2.86 2.48 -24.3 -25.4 -33.7 -26.9 19.20
ASW 2.301 2.37 2.74 2.44 ... ... ... .. 24

2.29 2.21 2.89 2.401 ... ... 24
FLAPW 2.04 2.33 2.82 2.37 --24.3 -24.1 -33.4 -26.5 22
(DV).X,, cluster 1.98 2.09 2.82 2.25 ... ... 26
Average (calculation) 2.16 2.32 2.85 2.41 -24.2 --24.8 -33.0 -26.9
Measurement (2.33) (2.45) (3.05) (2.57) ... ... ... ...

.... ...-.. . 330.7 -32.3 -41.2 -33.7 21
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FIG. 2. The 57Fe MWssbauer spectrum of y'Fe4N measured at 15 K.

bonding states of the 3dj band, The decrease of occupied (o FCI1,N2
states in the 3dj band is compensated by a shift in spectral . ..

weight to occupied states in the 3dT band, Hence the mo-
ment of the next-nearest-neighbor iron is raised.

Large iron moments inc d'Fe16 N2 can be achieved in FIG. The "Fe Missbauer spectra of (at a sample containdng 40%

LMTO calculations by expanding the lattice. Ishida et al. C L"'FWI',N2 mneasured at 15 K and (h) the spectrum of iV'Fe1j,N 2 after stripping
show that the average iron moment reaches 3,0 ajj when the to remove cr~e and ',ire absorption.
lattice volume is increased by 50%, but the polarization of
the expanded lattice is only 2.0 T.

each with one nitrogen neighbor, should have similar hyper-
fine fields.38 The spectrum of a"Fel6N 2 obtained after strip-

Ill. MOSSBAUER SPECTRA ping off the other constituents is shown in Fig. 3, Fitted

Before considering the Mbssbauer spectrum of hyperline parameters are given in Table I11.

cl FeriN 2 , it is useful to look at those of aFe and y'Fe4N,
whose interpretation in unambiguous. Alpha-iron has a
single site with cul'ic symmetry where thle hyperfine tield is T'AB3LE 111. Miissbauer prinarueters of oFe, y'Fe4 N, ind a"Fe1 ,N2, ieluding

hyperhine field (Wf),r quadrupule splitting (OS), and Isomer shift (IS) relative
33.8 T at T-" O. The spectrum of Y'l"'e 4N (Fig. 2) exhibits to metallic iron at room temperature. RA Is the percent of the relative area,
two clearly resolved subspectra with hyperfine fields of 36.6
and 23.5 T in ar intensity ratio 1:3 which are identified with Te*tip Bj1h IS QS RA
the I a and 3c sites, respectively. (The 3c spectrum is split Nitride (K) Sites (7') (1m1/s) (%)

into two barely resolved components with a 2:1 intensity a(e 293 Fe(2a) 33.0 0.00 0t.00) 100t
ratio because the field gradient axis may lie parallel or per- 15 Fu(2a) 33.8 0.12 0.00 1tllt
pendicular to the magnetization direction. 17,30.31) The calcu- y'FC4N 293 Fe (Ia) 33.9 (.25 0.02 25
lated Fermi contact hyperfine fields agree well with the inea- Fe (3clA 21.7 6.32 -440 25
surements (Table I), Fe (3c01 21,4 0t.32 1.91 jt1

The distinctive feature of the M6ssbauer spectrum of
d'Fe,14, is the hyperfine component with Btlr41 T,21,32-3 Is F 'te 0) 36.6 0.40 0.02 25

'" (3 0IA 23.6 0t.40 -0.45 25
which 6 attributed to iron in 4d sites, The subspectra of iron Fe (3011  23.5 01,46 0.22 50

in 4e and 8h sites, which form an octahedron around the d'FLN 2  293 F (4d) 39.5 0.17 -0.15 7.9

nitiogen interstitial, have hyperfine fields of 31 and 32 T, Fe (40) 30.1 -0.08 0.53 7.9
respectively. This assignment is in accord with that of Naka- Fe (SI1) 31.2 0(.09 10.22 15.A
jima et al., based on conversion-electron spectra of ion- ,,|e 33.0 0.00 0.00 64.7

implanted films,37  and with previous work on bulk yFe tt.0 -0.04 0t.24 3.7

samples.t 9' 32.35 It also agrees with the order of the hyperfine IS Fe O4Lt 41.2 (.310 -0.13 7.9

fields calculated by Coehoorn et al, using a full potential Fe (4e) 30.7 t0.O0I --0.46 7.V)

linvarized augmented plane-wave method,22 Moriya Let a 3u PFe (h) 32.3 (0.2() 0.27 15.7

ass'gned the highest field to the 8/i site, but their interpreta- yFe 0.0 0,t09 0.25 7,7

tion is inconsistent with the expectation that 8h and 4 e sites,
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. . ... give the first two terms in Eq, (1), known as the Fermi con-
1 tact interaction, which depend on the unpaired spin density at

1 thc nucleus.
14 4d Here we adopt an empirical approach to evaluate the

4 -factor A at the three sites in a"Fe 6 N2. It can be deduced for
40•X, 1-- Ia and 3c sites in Y'Fe 4N, from the site moments measured

12 by neutron diffraction, 27 and the hyperfine fields in Table II.12"% 3cI

The values for o!IFcl,N 2 are then deduced by interpolation
between aFe and yFe4N, as shown in Fig. 4. The site mo-

S.... - ments and the average iron moment shown in parentheses on
"(Fe Ot"FCe6N2 YPC 4N the bottom line of Table I1 are obtained. Note the large mo-

ment of 3.0 A,3 /Fe on 4d sites, but the average value is only

FIG. 4. The relation between iron site moment and hypertine field for 2.6 M.111/e.
d'Fa,6N 2 interpolated from data on y'Fc4N and aFc.

IV. MAGNETIC MEASUREMENTS

Mitsuoka et al.3' estimated the magnetic moment of bulk
It is not a straightforward matter to infer the site me- d'Fel(,N2 some years ago as 2.6 As,,IFe. There have been

ments from the hyperfine fields. Writing Bhf=Ai1ie, the several recent reports of magnetic measurements on samples
"constant" A is -15 T/gzt for aOe, but vAues lying any- containing a significant proportion (<-50%) of
where from -Il to -17 T/IAB can be found for different iron dlFet6N 2-.14,3(0 4

0A41 All materials were prepared by the
sites in iron-rich alloys. (M6ssbauer data usually give the y-~a'---d' route originally used by Jack,' and described by
magnitude, but not the sign of the hyperfine fields,) There are him in more detail in a preceding paper. 42 Nitrogen has a
several different contributions to Big which have different solubility range extending up to 10 N/100 Fe' in austenite
dependences on pA. ()Fe) which is stable above 590 'C, Nitrogen austenite can

B-t r dbe prepared by heating iron powders or foils in an atmo-
sphere of flowing NHfVI-I2 at about 700 'C for several hours,

The leading term BeP due to spin polarization of the Is, 2s, then rapidly quenching to yield nitrogen niartensite, thereby
and 3s core orbitals is strictly proportional to the 3d spin avoiding decomposition into the equilibrium phases,
moment, with A = - 11.3 TIAt" . It is the contribution of the aFe+Y'Fe 4N. Prolonged annealiv:g of the nmartensite at
valence electrons Bi which depends on the chemical bond- 120 *C for 7 days yields samples comnposed of aFe, ,,vFe, and
ing that varies most with the compound or the sites consid- d'FelN 2 in varying proportions, Pure caiFeO(,N 2 cannot be
ered. The orbital contribution Bd, is often neglected because obtained by this method because the solubility of nitrogen in
the orbital moment is quenched in itinerant ferromagnetic austenite is less than the required 12.5 N/100) Fe. Further-
iron alloys (typically it is less than ).1 AD). The classical more, the martensitic transformation is depressed to lower
dipolar field Bdi0 at the nucleus is also small (<1 T). Evalu- temperatures as the nitrogen content increases, so the
ations of the hyperfine fields due to spin moments in deec- nitrogen.rich samples tend to contain retained austenite,
tronic structure calculations reproduce the observed trends, whereas the nitrogen-poor ones are mostly aFe,
but tend to underestimate Bh, by up to 5 T.22 The calculations The magnetization of these bulk samples is easily

measured,'9,36,31341 but tnone has been found to possess a
magnetization greater than that of aFe. If "lFcL(,N 2 really
has a magnetization or in excess of 300 J T. I kg-1 one

300 . would expect the nitrogen-poor samples at least to exhibit a
magnetization greater than 220 J T- kg -i, the value for
aFe,

2oo '-•.o• ----•--..__The inference of tihe matgnetization of the d' phase from
20 -measurements on phase mixtures relies on (i) quantitative

analysis of the phases present and (ii) knowledge of the mag-
-b4 snetization of each one. The phase analysis can be obtained

1 00 tfrom x-ray diffraction41 or M~isbauer :pectra.1i-bHang
et al. use x-ray diffraction to deduce cr=272-286 J T_ kg
at room temperature, corresponding to Ale= 2 .9 4 A1ll whereas
Cocy et al. base their quantitative phase analysis on the ab-

000 0 10 020 030 040 0 50 sorption areas of M6ssbauer spectra taken at 15 K and de-
I I duce o'=225 -270 J T-1 kg- 1 corresponding to )u1.-,= 2 .3 - 2 .6

., I, , i and J=2.1-2.5 T. The M(5ssbauer method of phase
analysis has the advantage that it probes all the iron in theFIG, 5. Extrapolations to dleduce the magnetic morieint of pure d'lFe•N ape o utasraergo si iecs o -

using x-ray intensities for phase ,,nalysis. Experimental data sets are those of sample, not just a surface region as is the case for x-ray
Hluang el al. (see Ref. 41}, circles and dashed line and Coey et aL. (see Ref. diffraction. Bao et al. find that the magnetization of a single
19), squares and solid line. sample is consistent with a large magnetization for the ar"
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Magnetic and Mossbauer studies of single-crystal FejrN2 and Fe-N
martensite films epitaxially grown by molecular beam epitaxy (invited)

Yutaka Sugita, Hiromasa Takahashi, and Matahiro Komuro
Central Research Laboratory, Hitachi, Ltd., Kokuhwiji. lokyo 185. Japan

Katsuya Mitsuoka
Data Storage and Retrieval Systu'nis Division, Hitachi, Ltd., Odawara, Kana gawa 256, Japart

Akimasa Sakuma
Magnetic and EleLctronic Mtaterials Research Laboratory, Hitachi Metals, Ltd., Kutnagaya,
Saitaina 360, Japan

Singlc-phase, single-crystal Fe,11N2(00Il) films and Fe-ilI at. %N martensitc films of 200-900A
thickness have been epitaxially grown on In0 2Ga0 8As(001) substrates by evaporating Fe ill an
atmosphere of mixed gas of N, and NHl-i, followed by annealing, The saturation magnetizations
47TM,'s for FCe,1 N, and Fe-N martensite films have been measured to be around 29 and 24 kG at
roomn temperature, respectively, and almost constant in the above thickness range by using it
vibrating sample mnagnetometer. 4 iiM, for Fe-N martensite films has been increased with ordering
of N atoms caused by annealing and finally reached around 29 kW for Fe,11N,,. M6ssbauer- spectra
have been measured for those films. The spectrum for Fe-N martensite films wats at superposed one
with hyperfine fields of 3601, 3 10, and 250 kOc, similar to those previouslv reported for niartensite.
While the spectrumi became simpler with ordering, finally reaching a single hyperfine field of 330
kOe for Fel,1 N-2 . 47rM, of 29 kG for Fe1,N2 (3.2 ,iB/Fe atomn) and 47rlMf (t' 24 kG for martensite
(2.6 uB/!Fe atom) has not been explained based onl thle convcrntional b)atd theory of 3d metal
magnetism. B~ehaviors of MWssbaucr spectra could not be understood based onl the conventional
concept either. Trhus a new physical concept is likely to be needed for clarification of giant miagnel ic
mioments and Missbauter spcctra for Fe1 fN, and Fe-N miartensites.

1. INTRODUCTION In this study, the effect of ordering of N atomns onl 4-iTM,
and thle film thickness dependence of' 4-n-A have: been in-

In 1972, Kim and Takahashi' found that Fe-N films, 'vestigated in detail for singlcecr 'ystal lFc1 ,N, anld Fc-N niar-
evaporated in at N, gas atmosphere, exhibit 25.8 kG for the tensite films epitaxially grown oni 1n0,( iýan 5As substrates by
saturation magnetization 4 irM, at room temperature, which MBE. Also, the Mossbauci' spectra have been measured for-
is higher than that of pure Fe by 17%. Furthermore, they those films.
confirmed that thle Fe-N filmns are polycrystalline, consisting
of Fe and FetN2 crystallites and estimated the 47rM, of
FelfN-, to be 28.3 kG front the volume fraction of Fe1 ,N, in
thle films. Fe111N, is a nmetastable Fe-N compound with a bet 11. EXPERIMENT
structure, which was discovered by Jack2 inl 1951.

Quite recently, Komotro et al.3'4 and Sugita et al,. have A. Sample preparation
grown sitngle-phase, siitgle-crystal Fe 6N, films of around Fe 1,N, and Fe-N films were preparcd ill ;il It iosjibiei
50(1 A thickness epitaxially onl I1n1 Ga11*8As(0t)I) substiratcs of mixed -gas of N2 and NI-I3 b)V using an M111: apparittuN
by tusing miolecular-beamn epitaxy (MB3E) and found that thle equipped with electron-beam cevaporat inson io~ces.
41rM, of Fe11,N, films is around 29 kW at room temperature In10.2Ga08gAs,(001) single-crystal waters well usedI as sub-
and around 32 kG at 5 K. Trhose values are equivalent to the strates because thle lattice matching betweei n, ia s
average magnetic momneits of 3,2 and 3.5 A) peir Fe atomi at (5.71 A) and thle a axis of Fe ,1 N, (5.72 A) Is %-i y good. thc
room temperature and 5 K, respectively. These are truely substrates were etched by using 5:1 :l..ý soluitioin of
giant magnetic mnomrents, much greater than the Slater- I lS04 :1-120:1-120,. After that, thle substrates wer: mounited
Pauling Curves." oil a stain'less-steel block with indium boindinug and ktcaiicd

More recently, 4 irM, ot' Fe-N films and powders formed by heating at 675 'C for 5 mini inl the MBiE eiairiluic
by sputtering,7 1 ion implantation,'-' and ammonia ( <I XIf) " Torr). The temperatures of tile samipkc. wril
nitrification, 1-1- I have been intensively investigated. In miany measured at tile backside of thle stainless block. The pui it\ iii
cases, significant increases inl 4 7rM, for Fc-N or Fe ,,N, have Fe used as the deposition source was 99.9991k.
been found!'' -3atog thle vale ar difrn. ncn The deposition conditions are listed in TabeI, i ~
trast to these, Takahashi et1 al.")l reported that at significant conditions were selected based onl the trade off betweent ep-
increase in 41TM., is not observed for Fe ,,N, filmns epitaxi- itaxial growth and introduction of around I I at. %/ N into
ally grown onl Mg() substrates by reactive plasma sputtering, deposited filmns tor forming Fel,N- Among these, thle deplo-
The reasons for the above different results of 47-M, for sition rate and the gas pressure were most critical. F'ilm
Fel,1 N, and Fe-N filmis remtain to be clarified. thicknesses were 200f-9f00 A.
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TABLLE I. Deposition conditions of Fc-N and Fc films on InGuAs(0tl) 800
substrates.

Fc-II at,%N Fe 2 600
LUJ

Base pressure (Tort) I X0 0
Gas N 2+-20%UNII[ vacuum 0 400
Substrate temperature M)C1 2(X) 2501 V
Deposition rate (AMs) 0.02-0}.o3 0.1 o)

Pressure during deposition (Torr) I 2"< 0I) 5X 10 200..

0-

Pure Fe films were prepared on In042ia 8.sAs(001) sub- 0 200 400 600 800
strates in vacuum of 5X 10-7 Torr for comparison with Fe-N Thickness by feeler (A)
film,, and reference for measurements. FIG. 2. Comparison between film thicknesses measured with a cross-

sectional TEM and a needle contact fectlcr gauge.

FJ. Charact-.9rlzation

Nitrogen concentrations in those films were measured by The crystal structures of the samples were investigated
using x-ray photoelectron spectroscopy (XPS) and Auger by the x-ray-diffraction (XRD) method using monochromatic
electron spectroscopy (AES). Figure 1 shows the intensity Cu Ka radiation. Also, the crystallinity of the films was
ratio of N Is to Fe 21p peaks of XPS versus N concentration eva~uated with reflection high-energy electron-diffraction
curve used as calibration. The relationship was obtained us- (RHEED) analysis.
ing standard Fe-N powder samples with various concentra- The saturation magnetizations 41rM,'s of the films were
tions. Concentrations of Fe-N filhms used in this study were measured with a vibrating sample magnetometer (VSM).
around 10-11 at. % N as slhown in Fig. 1. The depth profile Samples were circular plates of 8 mm diameter which were
of the concentration was obtained by AES. formed very accurately by using photolithography and etch-

The film thicknesses were measured routinely by using a ing using ltNO3. Therefore the measurement error of 4 n'M.
needle contact feeler garge. Some of the obtained values obtained was likely to be less then ±5% (sample volume
were checked by comparing with the thicknesses measured ±3%, VSM ±2%).
by using the cross-sectional transmission electron micros- M6ssbauer spectra were measured by using a conversion
copy (TEM) images as shown in Fig. 2. The agreement be- electron-type apparatus. Samples were coated with around
tween both data is very good. suggesting an error of mena- 100 A thick Au layers for protection against oxidation. Be-
surement of less than 1_3% with t(le exception of one point, fore and after the MWssbauer measurements, 47'rMs was

measured and made sure to remain the same by a VSM.

Nl F s '2p III. RESULTS AND DISCUSSION

• A. Effect of ordering of N atoms on 4aM8

. Fe-Il at. % N films of around 500 A thickness were
405 400 395 720 715 710 705 prepared with changing annealing time after the deposition

Itindinl energy (eV) of the films. Annealing was carried out at 200 'C in vacuum

of 10-8 Torr. Figures 3(a)--3(c) show XRD patterns for unan-
nealed, annealed (40 h), and fully annealed (90 h) samples.

0.o Fe-11.4atN - In Fig. 3(a), peaks for Fcj,,N2(a") are not seen, but only the
- (Fe+Fe4N powder) (002) peak for Fe-N martensite (a') is seen at 58.10. This

&_ shows that N atoms are located in disorder. In this case also,
0.- samples a RHEED pattern of straight tine streaks is seen, which sug-

LL ... .. ....-....................... Fa'11.7atN gests that the film is a high quality single crystal. In Fig.
3(b), the cr"(002) peak appears at around 28.10, but it is much

u 0.2- smaller than the peak at 58.1* corresponding to a'(002) and
z F1'(004). The ratio is around 0n.04. Tiking into consideration

Fe4.(2at0/4N that the ratio of the peak intensity of g"(002) to d'(004) is

0.0 calculated to be 0.125 for Feo(,N,, the film is considered to
Nn10 20 be a mixture of a' and a"; that is, ordeiing of N atoms

N-concentration (at%) occurs partially. In Fig. 3(c), the (r"(002) peak becomes

stronger and the intensity ratio of two peaks is around 0.1,

FIG. 1. The intensity ratio of N ls to Fe 2 p peaks of XIS as it function of showing that the film is single-phase FeN2 with full order-
N atom concentration in standard Fe-N powder samples along with Fe-N ing of N atoms in it act structure. This is collfirnled by a
films used in this study. RIHEED pattern of tine streaks with half period of pauri Fe.
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20

V5l U' 2
0 0~

U)'

A 4. .i.. . .... . .. 25
20 30 40 50 60 a' a"

(a) 20 (deg) 23 .

0.00 0.05 0.10 0.15

-71 " Intensity ratio, lcx(o02)/Ia"(oo4)+le(C02)
E'

-v¶
o FIG. 5. The relationship between 4 7rM, and ordering of N atoms expressed
S. "by ia"(002)/I[a"(004)+a'(002)].

S +

0 2S kG. For an intermediate film, 4"rM, is 27 kG, an intermedi-
Iate value of a' and d'. The relationship between 41irM, and

20 30 40 50 60 ordering of N atoms is shown in Fig. 5. 4'rM, is increased
(b) 20 (deg) monotonically from 24 kG for a' up to 29 kG for d' with

ordering of N atoms or the intensity ratio of "'(002) peak to
[d'(004)+a'(002)] peaks. The deviation of data is rather

R (D
large. This is due to inaccuracy of measurement of weak
a"(002) peak intensities. However, the above relationship is

C clear.
As shown in Fig. 4, all samples exhibit low remanence.

"C) Possibly stripe domains are formed by strong perpendicular
anisotropy; 16 that is, the magnetization tilts upwards and
downwards from the films planie periodically.

20 30 40 50 60

(c) 20 (deg) B. Film thickness dependence of 4irM,

FIG. 3. XRD patterns for unannealed and iunnealed Fe-1l at. % N films. (a) 4"trM,'s for Fel 6N2 and Fe-N martensite films are shown
Unannealed, Fe-N ntartensite (a'); (b) annealed at 200 'C for 40 h, a'+ ol'" as a function of the film thickness from 200 to 900 A in Fig.
and (c) annealed at 200 'C for 90 h, Fej 6N2(d'). 6. For comparison, the data for epitaxially grown Fe films of

the same thickness range measured in the exactly same way
are shown.

'caus the ratio of od(002) peak :N a(004) and a'(002) peaks 4-nrM, for Fel 6N2 films is around 29 kG and does not
can be a measure of ordering N atoms in Fe-N films. The depend on the film thickness in this range at all. This means
lattice parameters for o are 6.33 A (c axis) and 5.71 A• (a that the giant magnetization for Fe16N2 originates from the
axis), which are close to previously reported values.2  bulk properties of Fet 6N2 , not from the surface. 41rM, for

Magnetization curves for the above samples measured Fe-N martensite films is around 24 kG and also does not
with a VSM are shown in Fig. 4. 4 irM, for an Fe-N marten- depend on the film thickness. Quite large deviations are seen
site (at') film is 24 kG and that for an Fel 6N2(C") film is 29 in the thinner thickness region, but this is due to the diffi-

culty of detecting partial formation of small amount of

. 7:- '-- 32 -. . ,
2 0 30 •FeisN2 RC)

10 0 30%
0 28.

-8 .6 -4 -2 2 4 6 a v, 26- 0 Fe-11atN(a)
Ho H (kOe) V 24 00

-20 22 Fe

-30 20

0 200 400 600 800 1000
Film Thickness (A)

FIG. 4. Magnetization curves for unannealed and annealed Fe-l1 at, % N FIG. 6. Film thickness depcndence of 4"rM, for 1ej,,N 2 and Fe-N mauten-
ffilms as shown in Fig. 3. a', dotted line; a'+d', dashe. line; el', solid line. site films along with Fe films.
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100 360
° ***0 ***'6 • e . , .. * . 2 ~50kOo

9.. 8o
Fe " - A f. :J "

c60

A
240 4 0

0 0 1 "(002) / I."(004)+I '(002).0.00O20 O N\ I'-

0 - 0o -5 0 5 10

0 200 400 (a) V (mm/sec)
Depth (A)

•.-==-• -:.-: ,, --.,-= -, 330FIG. 7. AES profile for an Fct6N2 film . 360

f r i s do r 250kt0

Fe, 6N2 in Fe-N martensites. Here it should be noticed that.7 304 47rM , for pure Fe films is around 21.5 kG over the thickness a",, .. . '. .:w

range, which is very similar to the bulk value previously _ ."( 002)/1"(004)+I.,(0o2).0.04

reported. This confirms that the accuracy of the mcasurement I . , I_. _. . , I
of 4 "rM, of films in the thickness range is very high and the -10 -5 0 5 10

obtained 41rM,'s for Fel 6N2 and Fe-N martensite are correct. (b) V (mm/sea)

Furthermore, 4irM, for Fe16N2 was confirmed to be 28 kG
also by FMR16 independently of VSM measurements.

Figure 7 shows a typical AES profile for a 550 A thick _74 i 33okoe

Fe/6N2 filn. The concentrations of Fe and N atoms are just
arouud 89 and 11 at. % for Fe16N2, respectively, through the ._
film thickness, except for 10-20 A thick regions of the top
and bottom surfaces of the film. This is consistent with the __

above data of 4?rM, independence on the film thickness. The 1.,,(002) "(0041.(002). 10

concentrations i mpurities such as oxygen atoms are much
smaller than 1% except for the top surface of the film. -10 .5 0 5 10

(C) V (mm/sec)

C. M6ssbauer spectra FIG. 8. Mossbauer spectra for unannealed and annealed Fe- I1 at. % N filns.

M6ssbauer spectra for Fe-N martensite, intermediate, (a) Fe-N martensitc (a'), (b) Fe-N intermediate (ce'+Ia), and (c)

and Fe 16N2 films are shown in Fig. 8. As shown in Fig. 8(a), Fe1N2(d').

the spectrum for an Fe-N martensite film with 47rM, of 24
kG is a complicated one, being superposed with three kinds hyperfine field comes from that of Is, 2s, and 3s electrons.
of hyperfine fields of 360, 310, and 250 kOe. This is substan- Therefore the above experimental results cannot be said to be
tially similar to previously reported data17, 8 for Fe-N mar- contradictory based on the simple linear relationship.
tensite foils. The spectrum for a film of partial ordering with
41rM, of 27 kG becomes simpler as shown in Fig. 8(b). The
spectrur is still a superposed one, but a hyperfine field of
around 330 kOe appears clearly. For an Fe16N2 film with The magnetic moment for FelN 2 has been calculated
41rM, of 29 kG, the spectrum becomes very clear with the using the local spin-density functional approach by
single hyperfine field of 330 kOe as shown in Fig. 8(c). The Sakuma 21 first and then by several scientists.2 -2 "' All the
same spectra are observed for five different Fe16N2 samples calculated average magnetic moments are around 2.4-2.5 Al
prepared at different times. The spectrum is quite different per Fe atom. These are much smaller than the experimental
from previously reported data for Fel,6 N2 precipitates formed value of 3.2 AB per Fe atom for FeloN 2 and smaller than 2.6
from Fe-N martensite powders' 9 by 100 'C annealing and N /B pei Fe atom even for Fe-N martensite. Therefore the con-
ion implanted Fe-N films including Fe, 6N2 .20 The previous ventional theoretical approach is inadequate for discussion
data are rather similar to that for martensite or intermediate on the issue of the giant magnetic moment. In the above
ones as shown above. calculations, the volume expansion effect and the charge-

The hyperfine field of 330 kOe for FeMN 2 is very similar transfer effect between Fe sites due to the introduction of N
to that for pure Fe. Apparently it seems contradictory that the atoms are treated automatically. Therefore some other new
hyperfine fields are almost the same, although the magnetic effects of N atoms such as local binding between Fe and N
moments are very different. However, the relationship be- atoms should be taken into consideration in addition to the
tv,een the magnetic moment and the hyperfine field is very above-mentioned two effects. In discussing the issue, it is
.Complicated and not definite, since the magnetic moment important to notice that the magnetic moment increase., with
originates from the polarization of 3d electrons, while the ordering of N atoms from 2.6 to 3.2 11 per Fe atom, al-
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Magnetic moment of a "-Fe16N2 films (invited)

Migaku Takahashi, H. Shoji, H. Takahashi, H. Nashi, and T. Wakiyama
Department of Electronics Engineering, Tohoku University, Sendai 980-77, Japan

M. Doi and M. Matsui
Department of Materials Science, Nagoya University, Nagoya 464-01, Japan

In order to determine the value of the intrinsic magnetic moment of the a" phase, the films of

nitrogen-martensite with various N content were fabricated under various reactive sputtering

conditions, The magnetic moment of (a "+a')-Fe1 ,N2 films is discussed in connection with the

change of the unit-cell volume of the bct structure and the degree of N site ordering in

nitrogen-martensite. As a result, it is found that (1) the same structure as bulk ay "-Fcl,,N, is realized

in the present films, (2) the saturation magnetization o'. of the ar' phase increases about 4% with

increasing unit-cell volume of the a' phase, (3) the degree of N site ordering from a' to a "-Fe16,N2

does not much affect oýx, and (4) the experimentally obtained maximum value of ý,. for the

(a"-cY')-Fel61 N2 film was 232 emu/g. The intrinsic value of (T,. in the a" phase (in the perfectly

ordered state) is proposed to be no more than 240 emu/g at 300 K.

I. INTRODUCTION a .1-Fe16N2 structure was observed,8 even though (rs showed
2.9 T (-315 emu/g, assuming p= 7 .4 /clm3 for a"-Felf,N2);

Recently, s e preent authors have established synthesiz- (3) oq, of the fully ordered a "-Fe 1 ,N2 films changed revers-

ing processes for ta -Fes ,N2 compound films on MgO (100) ibly within the temperature range up to 400 'C and an irre-

single-crystal substrates by using both reactive sputtering versible change of o., due to the phase transformation from

and plasma evaporation methods.1' a" to a+ y' was not observed. 8 According to the experiment
However, the magnitude of the saturation magnetization by Jack using powder, the a" phase is rnetastable and it must

-,. for (oa"+a')-Fet6N 2 films with stoichiometric N content decompose into a+y' phases at about 200 C.t"'
showed 226 emu/g for sputtered films and 232 emu/g for These experimental results lead to a physical conclusion

plasma evaporated films, respectively. The films thus fabri- that the appearance of the giant magnetic moment in

cated did not show any giant magnetic moment, even though a "-Fel 6N2 films pmoposed by Kim and Takahashi and Ko-

clear formation of (a"+a')-Fe1 6N2 phase was achieved. muro et al. are not simply attributable to the conventional
These values of ar, in (a"+a')-Fel6,N, films agree well with a "-Fe11,N2 structure. Therefore the origin of the giant mag-

the result of the recent theoretical band calculation,3 and are netic moment arising from the nitrogen-martensite structure
completely different from the earlier results reported by vari- is still under question.
ous groups. 4 7  In the present study, in order to determine the value of

Up to now, reported values of o-, of the a " phase (about the intrinsic magnetic moment of the ae" phase, nitrogen-

257-315 emu/g) were estimated ones (not directly mea- martensites with various N content were systematically fab-

sured) except for the films synthesized by MBE7 (2.9 T di- ricated under various sputtering conditions. Also, the mag-

rectly measured, a" single phase). The estimation of the netic moment of (ox"+a')-Fec1 ,N, film is discussed in

value of o-, in the ao" phase was carried out by using experi- connection with the change of the unit-cell volume of the

mentally determined volume-averaged values of o., (240.- body-centered-tetragonal (bct) structure and the degree of N

260 emu/g) 4-(' after fixing the volume fraction of the a " site ordering in nitrogcn-martensites.

phase in whole films which consist of phase mixtures of
a-Fe + a "-FelN 2 and/or a+ a'+ a "+ y'-Fe4N +--. Ii. EXPERIMENTAL PROCEDURE

There still exist some physical problems concerning r 1. E

of the a"-FelN 2 phase, especially for the multiphase films, Fe-N films were fabricated by it facing target-type dc

namely, (1) the big difference among reported values of rr, in sputtering system under the selected plasma condition (Te

the a" phase, from 257 to 315 emu/g at RT, an ' (2) quanti =0.2 eV, Ne= I X 10l) cm ). The base pressure of the sput-

tative evaluation for fixing the volume fraction of the a' tering chamber was below 3X10 7 Torr. An Ar-N2 mixture

phase in whole film. These physical situations lead to a con- was introduced to the sputtering chamber at 5 sccm (standard

clusion tiat the intrinsic magnetic moment of a-, in the ar" cc/min) with controlling N, flow ratio (0%-30%) under a

phase is still unknown. fixed total pressure (1-10 mTorr).

On the other hand, for the single-crystal films with a MgO (100) and (110) single-crystal substrates were

single a " phasc prepared by the MBE method,7 there also used. Before the film fabrication, substrates were baked at

e7ists sone physically contradictive problems: (1) No clear 200 'C for 2 h and cooled down to RT. This heat treatment

sperlattice lines from the lattice planes including the a axis was carried out in the evacuated sputtering chamber

in the a " phase were detected, even though a perfect site (=-2x 10 ( Torr).

ordering of N atoms was realized.' (2) the hyperfine field Hi Prior to the fabrication of Fe-N films, an a-Fc underlayer

.,f the a " phase was nearly equal to that of a-Fc (330 kOc) with thickness of 50 A was deposited oil MgO (deposition

and no, ,olitting of Hi due to three different Fe sites in the rate = 33 A/rnin Ar pressure /'A,=5 mTorr). Successively, an
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Fe-N film with a thickness of 3000 A was deposited onto the
oY-Fe underlayer (deposition rate=33-240 A/min; pressure 50

of Ar-N 2 mixture Pto,,,9 = 1-10 mTorr), LL 25 .
Annealing of the films after an air exposure was carried 1, 2 0

out at 150 'C for 2-20 I1 in a vacuum atmosphere below Z 20-

5X i0-(Torr. 0 16 '
Values of the saturation magnetization ir, of the films 2. 14 "r12 , "" -, , ,"," _1

were determined by a vibrating sample magnetometer 0 10 - - -'-" )
(VSM) measurement, Conversion electron Missbauer 5 .--'.-•-----
(CEM) spectra were obtained at RT, The velocity was re- 30 2 4 65 70 75 80
ferred to the pure a-Fe, 2o (deg)

Structure analysis of the films were made with a Co Ka
x-ray diffractomcter (XRD) equipped with a graphite mono- FIG. 1. X-ray diffiraction patterns for the filhis fabricated under P,, ,=5

chrometer and a pole figure attachment. Schultz's reflection reTorr, deposilion rate =240 A/min 4tcz annealing at 150 °C for 2 h.

method was used for the determination of lattice constants
and preferred orientation of grains. Contents of nitrogen at-
oms in the films were determined by electron spectroscopy In Fig, I, typical changes of XRD patterns of the films
for chemical analysis (IESCA), Calibration of nitrogen con- after annealing are shown. After annealing, a'(002), which
tents were made by using the value obtained from e-Fe2._ 3N had been observed in an as-deposited state, split into two
foil (24,2 at. % N) for a standard sample. diffraction lines. One corresponds to a "(004) and/or a '(002)

N contents in the films increased with increasing N2 flow with satisfying stoichiometric N content of a "-Fc,1 N2 (11
ratio. In the case of the film deposited at Pt1 t1.l of 5 reTorr and at. % N), The other coriesponds to a(002) of slightly de-
N2 flow ratio of 18%, the N content was found to be about 11 formed a-Fe. Furthermore, simultaneously at around 330 for
at. %, which is the same value as the stoichiometric N con- 20, a "(002), which is the diffraction line from the larger true
tent of the a"-Fe1 ,1 N2 phase. unit cell of the ay" phase, came to be clearly observed. This

fact means that the ordering of N atoms was promoted by

II!. RESULTS AND DISCUSSION annealing while retaining the bet structure and the a" phase
with stoichiometric N content was synthesized,

A. Structure Tihe unique diffraction patterns from (103), (105), (112),

According to Jack,"')- in the a' phase, N atoms occupy (114), and (213) planes of the a " phase, including the a axis

randomly the octahedral interstices at the midpoints of the c for (a"+a')-FetN 2 film, are shown in Fig. 2. As seen in the

edges of the bet cell (0, 0, ½), and the centers of the C faces,
(2, 1, 0). As a result, the lattice constant c of the a' phase is
elongated from 2.866 to 3.195 A and the lattice constant a is ,00
shortened from 2.866 to 2.832 A, respectively, depending on .
the N content.(1)

The a" phase has an ordered N site location of the oc- -200

tahedral interstices. The unit cell of the a " phase contains
eight of the expanded bet pseudo-unit cells and has dimen- .......AW 4 56 5.72 4! ,

sions a' = 2a and c ' 2c, where a and c are the lattice con-- 20 idog)
stants of the ps:udocell. In 'he larger true unit cell, the syrn- 50 50

metry is also bet, since the ar" phase can be identified by - (112)

observing reflections from this larger true unit cell for which a
(hz+k+1), Miller's index, is even, Based on this structural ." /
knowledge, phase identification is carried out in the present
films. _______'-____90 9 4 go. 12 4

In the case of a MgO(100) single-crystal substrate, a 0 921) 2(do 210 (dog)
diffraction line from the (002) plane of the i'" phase, 50s-- T

a "(002), which is expected to appear around 33' for 20, was (4)21

not observed in an as-deposited state. Only a'(002) was -2
clearly observed in the high angle region. The peak position •''

of a'(002) shifted from 75' to 680 for 20 with increasing N, ,

flow ratio. This shift to lower angle of 20 is simply explained 0 .,
by the elongation of the c axis of the bct structure of the ca' 74 21 (dog) 20 (dog) 00

phase. By taking into account the N concentration depen-
dence on lattice constants a and c in nitrogen-nm artensite, FIG. 2 Th e tinquo diffract ion pattern % tro m (10)3. (10)5), 1 2). H114, and

the N content of the a' phase in the present films was found (213) Th uiqute aif frati phase including f1w a axis I 1r 2 (a" 1-14,N n

to increase with increasing N2 flow ratio, This result agrees fabricated under 1' 0 I) nf'orr, ."N.- 12':; , deposition rate 33 Aimin,

well with that of ESCA measurements. and atnnealed at 150 'C lot 2 It.
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6.5 *,' •, I I TABLE I. Crystal orientation relations between a"-Fcj,N2 and MgO.

6.4
6.3 MgO(100) MgO(l 10)

6.2 a "(o0l)IjMgO(t(Hl a "(211l)lIMgO( 101)
6.1 a"1 o tlMgO[ 100] a "[0)1ll IMgO[Ol]
6,0 (1)
5,9 -"

,5.8 - •
IS5.7 -- emu/g around a N2 flow ratio of 15%. The N content of the

5.6 a •,.films, which showed the broad maximum in (j,, was nearly
g equal to the stoichiometric N content of Fet(,N2 (11 at. %).

5.9 - 7 The values of r,, for annealed film with stoichiometric N
5.8 (2) content of Fe16N2 (11 at. %) ranged from 213 to 226 emu/g.
5.7 The average values of (.. for Cu-coated films were 228

5.5 cmu/g for the film consisting of the a' phase and 232 emu/g
for the film consisting of (a"+a')-Fe1 1 ,N 2 phases. The dif-

"�"()ference of the value of ýr, between coated and noncoated'i5.8 - " • (3) 7ones may mainly be caused by the surface oxidation due to
-- • 5.7 2 ---- -- - -• , --

. athe adsorbed oxygen at the film surface introduced by vent-

5.5L , ' , L ' ,-' . _ ' 7 ,ing the chamber with air. In the case of films deposited on a
0 1 2 3 4 5 6 7 8 MgO( 10) substrate, the value of rý, in (a "+a')-Fe1 5 N2 Was

Cos2 /sln0+cos20/0 210 emu/g (non-Cu-coated). As a whole, maximum values of
ar, of about 232 emu/g were obtained for (a "+a')-FeC1 N2

films in the present study. This experimentally determined
FIG. 3. The lattice constants a and c of the a" pltase, determined by various value was definitely smaller than tile value reported as a
unique diffraction lines of the a" phase, plotted against the Nelson--Riley giant magnetic t7onent of 2.9 T,7
function. Fabrication conditions of the films: (1) Ptn,1=10 mi'rr,

FN2=16%, deposition rate=240 A/min, annealed at 150 'C for 2 It; (2) the
sante as (1) annealed for 20 h; (3) P,,,,,,= 10 i)lorr, FN2= 12%, deposition 2. Dependence of magnetic moment on unit-cell
rate=33 A/tnin, antncaled at 151) C for 2 h. volume
figure, the existence of the a " phase was recontirmed by Figure 4 shows the changes of a-, against unit-cell vol-
these cleare unique diffraction lines. In order to determine ume of the a' phase with various N contents in an as-
accurate lattice constants a and I of the an" phase, to e lattice deposited state. In the figure, 1/8 of the unit-cell volume of

constants a calculated from each plane are plotted against the the bulk a "-Fet6 N2 is indicated. Filled marks correspond to

Nalson -Riley function12 (cos 2 0/sin 0-'-COS2 0/0) in Fig. 3. In
the figure, the reflections marked (3) correspond to the film

shown in Fig. 2, and those marked (1) and (2) correspond to ,' , ,
(a"+a')-Fe1 6 N2 films prepared by different experimental 2 Ct
conditions. As a reference, the lattice constant c calculated 240 Ct.a ,d a' (Cu co atod)l

fror a"(002) and a"(004) is also shown as (1). Each ex-
trapolated value of the lattice constants a and c of the
present films coincided with that of the a"-Fe16 N2 precipi- 220 o
tates in bulk powder reported by Jack.") Therefore it is con- - =cluded that the a " phase formed in sputtered films has tihe 0• 0,,c-o~

* 13

same structure as the bulk a" phase. E 200 -
While in the case of a MgO(110) single-crystal substrate,

a preferred grain orientation of (211) and (112) of the a' 10 mTorr H
phase was found in an as-deposited state. By annealing, 0 10 mTorr L
unique diffraction lines of the a" phase, a "(211), and 180 0 5 mTorr H
a "(112), were observed. Therefore it was found that the a 1 mTorr L I0

phase with a preferred orientation of (211) of the a" phase .5 J"
can also be synthesized even on MgO(110) substrates, 160

Through the whole result, relationships concerning the crys- I ,

tal orientation between a "-Fel 6N2 structure and MgO are 23 24 25 26 27
shown in Table 1. Unit cell volume of a' (A3)
B. Magnetic moment
1. Dependence of magnetic moment on N2 flow ratio FIG. 4. The changes of ir, against unit-cell volumes: (1) ar' phase with

various nitrogen contents in aa as-deposited state, and (2) annealed
Values of (r, in an as-deposited state increased slightly (a"+cr')-FeB1,N, films with and without Cu coating. 1i and L correspond to

with increasing N2 flow ratio, and took a maximum of 220 high (240 .mini) and low (33 Ahlinl deposition rates, respectively.
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(cps) . , , . ,•-0 W(0) '02 5240 - Pt, 10 mTorr, FN2 = 16 %
10(02 0 .o"(004)÷.'(002)

I 010411 240 AI.N

0 50
20 3 - - -- 220 bulk ,-Fe

E 0 E P . 0 ..To... F,ý 10 %

-2 (n S I Dopo. W. 0 33 Al-.
S(002) -

20 200I
a) 2 6C

< . .. ir • ._• •- 0_..• • .• (0011 Gu-coated)

30.00 3500 4 00 52 00 6000 10.00 8000 90.00 10000 o

20 (deg) 0 8 20 40
Integrated intensity ratio, R,

FIG. 5. The change of x-ray profiles against annealing time for the film with
stoichiometric N content of the a" phase (II at.%) sputtered under FIG. 6. The change of o, against the integrated intensity ratio R, for the

Pt0 = 10 reTorr, FN,= 10/, and deposition rate=33 A/min. films sputtered under P,,0 t,1=10 mTorr, deposition rate=33 and 240 ,jmin,
FN2=10% and 16%, non-Cu-coated.

the annealed (a "+a')-Fet6N. films with stoichiometric N
content. In the same figure, o,, for the Cu-coated films are for 20 h, the integrated intensity of a "(002) increased about

also shown, 20% compared to that of 2 h. On the other hand, the experi-

For the films consisting of a' single phase (in an as- mentally determined value of R, changed from 50 to 28 with

deposited state), the values of q, increased slightly with the the increase of annealing time.

increment of the unit-cell volume. At the unit-cell volume of Therefore, from these experimental results (1) the in-

about 25.5 A3 (a' phase with 11 at. % N), a, showed 228 crease of the integrated intensity of a"(002) and (2) the

emu/g on average (Cu-coated) and this value was about 4% change of R, approaclng to the ideal value of 8, the increase

higher compared to that of bulk a-Fe. of degree of N site ordLring in nitrogen-martensite, which

In the case of annealed (a"+ cr')-Fet 6N2 films (Cu- directly corresponds to the increase of the volume fraction of

coated), the value of o-,, showed 232 emu/g on average, and the a" phase in the films, is strongly promoted by annealing.

were about 2% larger than that of each as-deposited film, In Fig. 6, the changes of oa, in (a"+-a')-Fel6N2 films by

while the unit-cell volume of the a " phase is always con- isothermal annealing at 150 °C are shown against the inte-

stant and coincided with that of the bulk a" phase (see Fig. grated intensity ratio R,. For one film tT, increases slightly

3). The unit-cell volume of the a" phase with 11 at. % N is from 218 (as deposited) to 226 emu/g at R1=36.4 (20 h). On

equal to that of the ac "-Fe1 6N2 phase within the accuracy of the other hand, for another film, o. takes the value of about

this experiment. Therefore the change of q, by annealing in 222 emu/g at R,=49 (2 h) and keeps a constant value even

nitrogen-martensite with 11 at. % N content cannot be dis- though R, approaches to the value of 8. From these experi-

cussed as a function of the change of unit-cell volume of a mental facts, it was found that the degree of N site ordering

bct structure caused by the phase transformation from a' to in nitrogen-martensite does not much affect the increment of

a" phase. In the next section, as a second physical factor the q-s. The expected values of cr, at R I=8 (perfect ordered state

degree of N site ordering in nitrogen-martensite will be dis- in a "-Fe1 6N2 ) estimated by the simple extrapolation with

cussed in connection with the change of oa0 . using the data points of u- against R, are no more than 222-
240 emu/g, a value which is definitely smaller than the giant

3. Dependence of magnetic moment on N site magnetic moment of 2,9 T.

ordering

To evaluate the degree of N site ordering in the bct struc- 4. Dependence of magnetic moment on temperature

ture of nitrogen-martensite, two factors should be taken into Figure 7 shows the temperature dependence of or, in
account. One is the change of the integrated intensity of the (a"+ a')-Fet 6N2 films with stoichiometric N content depos-
a "(002) line which is the unique superlattice diffraction ited on MgO (100) and (110) substrates, respectively. Heat-
from the a " phase. Another is the integrated intensity ratio ing and cooling were at 60 °C/h. On heating, the value of
of a "(004) + a'(002) to a "(002), R1 , namely o-, gradually decreased with increasing temperature. Around

R , ,, I a 200 'C a sudden discontinuous decrease of a, from 200 to
R'l" 04)+"t "002)]/! 02). 170 emu/g was observed. With further increasing tempera-

The calculated value of Rt is about 8 for the ideal structure ture, o, decreased monotonously and reached about 130
of the a" phase.14  emu/g at 400 °C, while on cooling, the change of q, with

Figure 5 shows the change of XRD profiles against an- respect to temperature was completely different from that of
nealing time for the film with stoichiometric N content of the heating, and no sudden change of or, was observed. The sud-
a" phase (11 at. %). From these profiles, the intensity of den discontinuous change of cr, observed around 200 °C is
a(200) was relatively very weak and any diffraction lines considered to correspond to the phase change from a "+a'
from the y' phase were not observed. After annealing for 2 to a+-y'. Therefore the hysteresis in the ar,-T curve is
h, a "(002) came to be observed clearly. By annealing further caused by this irreversible phase decomposition from
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250 TABLE I1. M6ssbauct parameters of the film deposited under P,.,1=10

C" +a" mTorr, FN2=l16%, deposition rate=240 A/min. Hi is the hyperfinc field, IS.
the isomer shift, e.q.Q. the quadrupole splitting, Hwid the distribution of Hi,

"200 " - M-'-1-'- and area the relative intensity, respectively.200 MgO(1 00)

Hi LS. e~q&Q, Hwid Area
Site (kOe) (mrm/s) (mim/s) (kOe) (%)

-~ cL+y'
tM150 Fe(l) 289 0.01 -0.05 7.00 21.3

Fc(II) 316 0.17 0.04 7.00 31.3
E

a'+a" Fc(lIlI 391 0.11 -0.05 7.00 11.2

"ct-Fe 335 0.02 -0,007 7.00 36.1
200 MgO(1 10) (As-deposited)

Fe(l) 289 0.01 -0.05 4.00 17.8
O+.. .. ' Fc(ll) 316 0,17 0.04 4,00 41.8

150 ' Fe(lIl) 391 0.11 -0.05 4,00 13.1
a-Fe 335 0.02 -0.007 4,00 27.3
(Annealed at 150 °C for 2 h)

(non Cu-coated)
07"Fe() 289 0.01 -0.05 3.00 20.6

0 100 200 300 400 FetI) 316 0.17 0.04 3.00 37.7

Temperature (0C) Fe(lll) 391 0.11 -0.05 3.00 12.5
a-Fe 335 0.02 .-0,007 3.00 29.3
(Annealed at 150 'C for 20 h)

FIG. 7. The temperature dependence of 07 in the films consisting of the a"
phase deposited on MgO (100) and (110) substrates fabricated under
Ptot41= 10 mTorr, deposition rate =240A/min, and FN2 16% after an initial
anneal at 150 'C for 2 h. "+-a' to a+ -', The temperatures of this phase decompo-

sition for the present films were good agreement with that of
the a "-Fe 6N2 precipitates in bulk powder reported by

()As-depo. , Jack.10 The temperature dependence of q, observed in
, .present experiments is found to be quite different from that
J 1 ! •of Gao and Komuro.'5 1 6

C. Mossbauer spectrum

Figure 8 shows the change of Mossbauer spectra of the
. .Fe 1 6N2 film with stoichiometric N content by annealing. The

L spectrum in each film can be fitted into four hyperfine field

interactions Hi of a phase, Fe(I), Fe(ll), and Fc(III) of the
(b)150 C x 2 h, (a"+a')-Fel6N2 phase. The fitted M6ssbauer parameters are

listed in Table II. As seen in the table, the large value of Hi,
about 390 kOe, due to the Fe(lIl) site in nitrogen-martensite
was detected in each film. Half widths of the peaks become
narrower with increasing annealing tine, This result corre-

... . • • .rsponds to the promotion of N site ordering in nitrogen-
martensite caused by annealing, and is in good agreement

I with the change of R, and also the result of ion-implanted

(C)15O° C 20 h. films reported by Nakajima1 4

,[I For the films examined presently, the average value of
Hi was about 325 kOe, which was nearly equal to that of Hi
of a-Fe. Therefore the value of or in (a "+a')-FC16N2 film
of about 232 emu/g determined by VSM was consistent with
the result of M6ssbauer spectrum analysis. Based on the fit-
ted M6ssbauer parameters, the volume fraction of a-Fe was

"1 1 _j estimated to be 27% and 73% for the (a "+ a')-Fet6 N2 phase
-1O - a -8 -4 -2 0 2 4 8 10

Velocity (mm/sec) in annealed films. Using these values, the value of o7 in the
(a "+ a')-Fel6 N2 phase, o'F, 16 N2, is estimated by the follow-
ing equation:

232"P= UFC16 N2 X 0. 7 3 + cr,.-rx 0.27,

FIG. 8. M6ssbauer spectra of (a"+a')-Fer 6N2 film (non-Cu-coated) mea- where O'.F, is 218 entu/g. The obtained value of 1
FIl, N2

sured at R.T. (a) As-deposited, (b) annealed at 150'C for 2 h, and (c) N is
annealed at 150"C for 20 h, respectively. The film was deposited under 237 emu/g. Considering this calculated result and the result
P,,u,1=10 mTorr, deposition rate=240 A/min, and FN2=16%, of the dependence of (.i, on Rt, the value of saturation mag-
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Enhanced Fe moment In nitrogen martensite and FellN 2 (invited)
W. E. Wallace and M. Q. Huang
Department of Materials Science and Engineering, Carnegie Mellott University, Pittsburgh,
Pennmylvania 15213

Nitrogen martensite was prepared by treating fine Fe powder with NI-13/H2 gas mixtures at
temperatures around 665 'C. Upon quenching to a temperature "q , the y phase which had formed
at the elevated temperature undergoes a martensitic transformation to form nitrogen martinsite ((Y'
Fe-N alloy), a tetragonal material, Heat treating this material for 1-2 h at 140t 10 'C produced the
d' phase Fel 6N2 . The a' phase occurred along with y Fe-N. From x-ray line intensities, the amount
of ox' phase was ascertained, The a' phase exhibits a room-temperature moment of 250± 10 emu/g.
Fe1 6N2 is formed along with a Fe and also there is retained N-austenite. Using XRD and
conventional magnetic measurement procedures, one obtained 280± 10 emu/g for the saturation
moment of Fc16N2 , The experimental Fe moment, 2.88 / 1 , is in excellent agreement with the most
recent band-structure calculations, 2.85 Al . The ternary systems (Fe,M)1 +,N2 were studied with
M =Mn or Ni. y Fe-Mn nitride readily forms, but it does not undergo the y.--a' transformation. The
a' phase and possibly the d' phase form in the Fe-Ni nitride.

I. INTRODUCTION ot,,= 186 emu/g and 7',.-761 K. In each case the N atoms
partially occupy the octahedral interstices in the Fe lattice.

Iron nitrides have been known for many years.' Nitrogen The principal structural difference between the y and y'
cannot be introduced into Fe by treating it with nitrogen at phases is that the nitrogens are disordered in y 'eN but are
normal pressures (i.e., 1-1(10 atm). However, iron can be ordered in y' FeN (i.e., Fe4N), I-low ordering of the (non-
nitrogenated to form the y FeN phase by treating it with a magnetic) nitrogens can generate strong ferromagnetism in
mixture of 90 reol % H2 and 10 mol % NIH1 at temperatures this material is not immediately evident. It undoubtedly
ranging from about 900 to 975 K. At these temperatures NiI.3  originates with an altered band structure brought on by or-
is unstable with respect to its constituent elements by -47 dering of the nitrogens. Japanese workers have shown7 8 that
kJ. With a suitable catalyst, NH7 will decompose and gener- nitrogenation of Fe to form the Fe1(,N2 phase leads to a sig-
ate N2 at pressures in the thousands of atmospheres at tem- nificant rise in magnetization. This has greatly intensified
peratures between 900 and 1000 K. For example, at 665 'C interest in the magnetism of Fe-N alloys.
(938 K), the equilibrium pressure of N2 is -2400 atm, It is In previous publications from this laboratory 9 "'0 it has
well known that Fe and its alloys are effective synthetic N1H3  been shown that nitrogen austenite can be formed by the
catalysts and hence under the experimental conditions cited, method of Lehrer2 and Jack, 3-5 i.e., by treating Fe powder
N2 is generated at high pressures, sufficiently high to force N with an N[1 3/H12 gas mixture at temperatures around 950 K.
atoms into the Fe lattice. This was shown many years ago in In the classic work of Jack, it was shown that upon quench-
a study by Lehrer.2

Nitrogenation of Fe leads to a variety of phases: a, y, y',
e, C', a', a'. Fe-N is the terminal solid solution based on at Fe
and it is a simple bcc. The y phase, often called nitrogen W n 7 8 9 10 11
austenite, is cubic. The Fe atoms in the y phase are in a fcc . I
arrangement with N partially and randomly occupying the 300
octahedral interstices.- a' and ai' are phases derived from the
y phase by a martensitic transformation, Both a' and a' are zoo
tetragonal materials 4 with c/a-l.l. The c phase is one in
which the Fe atoms are in a cph arrangement. 5 The " phase is c0
orthorhombic. 5 Very recently, Suzuki et al.6 have reported

the formation of FeN by reactive sputtering and have stated
that it exists in the zinc-blende structure. Of the eight known
Fe-N phases, the present paper is concerned primarily with
only the y, a', and a" phases for reasons brought out below. -O00-

Introduction of nitrogen into the Fe lattice produces
striking changes in the magnetism of phases in which Fe is -200
magnetic. For example, the Curie temperature, shown in Fig. I
1, in the e phase varies from 300 to -250 'C as the concen- 15 20 25 30 35
tration is varied, passing though a maximum at the compo- Atomic -srcent Nitrogen

sition Fe7sN22 . Another startling feature is the difference in
magnetic properties of the y and y' phases. The former is FI16. 1. T, vs composition in f Fe-N alloys, takci i'om ii. A. Wriedt, N. A.

nonmagnetic, whereas the latter is strongly magnetic with Gokccn, and R. 11. NofUiNger, Bull. Alloy I'liast )iagrams 8, 355 (1987).
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1200 TABLE I. a' phase formation by quenching y Fc-N and moment for a'Sy (Fe-N) sample Fe-N.

goo Tq RT
"Moment of a' Fe-N

Composition of alloy Tq (K)' wt % a' phase (emu/g)
720

at. % N
6.4 RTh 87 240

480 - 8.1 RT 72 246
'" LN 82 ..

240 10.7 RT 0

LNh 51 260
. LHeh 56

30 40 50 60 70 80 90 100 'T,t---quench te~mperature.20 0RT=room temperature -20 "C; LN and Lilc represent liquid N2 and liquid

le, respectively.

FIG. 2. X-ray-diffraction pattern of the Fe-N alloy containing 10,7 at. %
nitrogen which has heen quenched to room temperature. The pattern is char- tions needed are given in Table I. The magnetization versus
acteristic of a single-phase fee material. This indicates that by this treatment temperature behavior (see Fig. 3) is used to follow the y-*a'
a single-phase alloy is produced. No a' Fe-N alloy is produced by this
procedure. transformation. The rise in magnetization upon cooling be-

low 150 K is occasioned by the transformation of nonmag-
netic y Fe-N into the strongly magnetic a' phase,

ing, y FeN undergoes a transition into the nitrogen analog of The data of Table I indicate that the y-a' transforma-
martensite (the a' phase), Jack also found that with heat tion occurs at higher temperatures when the nitrogen concen-
treatment at temperatures ranging from 150 to 200 'C the a' tration is low. The XRD pattern for the alloy containing 10.7
phase transforms into the d' phase, an alloy with the com- atoms of N per 100 atoms of Fe is shown in Fig. 4; this is for
position Fe16N2. the sample (see Table I) which had been quenched to liquid-

In previous work in this laboratory,'), results were ob- helium temperature, This alloy is a two-phase mixture con-
tained that were similar but not identical to those obtained by sisting of the retained austenite phase (y phase) and the mar-
Jack. The principal difference lay in the quenching proce- tensitic (a' phase). The phase composition can be estimated
dures necessary to effect the y--a' transformation. In the from the observed line intensities of the two strongest peaks.
work of Jack, quenching to room temperature was all that There is a complication in that the y (111) and a' (101) lines
was needed to bring about the martensitic transformation, overlap at 2043'. The contribution of the a' (101) line to
whereas the experience in this laboratory is that cryogenic this line can be evaluated by conventional x-ray-diffraction
temperatures are required, particularly for high N concentra- theory. Using the methodology and nomenclature employed
tions. by Cullity,' 3 I,/(Il))/l,'(t)B,'(to)/B,/(It)' where Illnt)

This dependence of conversion efficiency on quenching and ''itt) are the intensities of the (110) and (101) lines of
temperature and the necessity to quench to cryogenic tern- the a' phase and the B's are the quantities used by Cullity.
peratures was also observed by Bao et al.'

In the present work, the a' and a/' phases have been
synthesized and studied magnetically. Results obtained for 1.0
these alloys are reported herein, as well as those for ternary
alloys in which 10-15 wt % of the Fe has been rcplaced by
M, where M= Cr, Mn, Co, Ni, Cu, Ti, or Al.

N - 8.1 at %
ST(-al) R- -110 K

II. FORMATION AND CHARACTERIZATION OF THE a' 3 0_,. _____. ___,

AND d' Fe-N PHASES 1,.0

A. Experimental details and results obtained for a' i
Fe-N alloys N10.7 at %

A mixture of NH 3 and H2 in the ratio H2/NH 3 -9 was
flowed ovei 6-9 Am Fe powder at a temperature of 660- __,
670 *C. The samples were then quenched to temperatures 000 200 30

ranging from room temperature to liquid-helium tempera-
ture. The Cu radiation diffraction pattern for the sample con- A - T of samples from Ito a' (Haw0.S kOe)
taining 10.7 at. % N12 is shown in Fig. 2. The material con- coolng,---- b-g I.

sists entirely of y phase within the detection limit of this
technique, perhaps 3%-5%. Upon cooling to liquid-nitrogen FIG. 3. Two representative magnetization-temperature plots shwing the

or liquid-helium temperatures, transformation of a substan- rise in magnetization at low temperatures. The rise is due to the y-a'
fra n otransformation, viz., the conversion of the nonmagnetic y phase into the

tial fraction of the material into the a' form occurs. Ex- strongly ferromagnetic a' phase. The solid and dashed lines are for cooling
amples of the extent of the transformations and the condi- and heating, respectively.
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700 a' (Fe-N) sample a' sample

0e• Tq .m; Lle

420 ?j.

280- 4240260 s

30 40 50 00 70 80 90 100 so 53 56 59 02 65 68

28 20

FIG. 4. X-ray-difftiition pattern for the y alloy in Fig, 2 after cooling to 142

liquid-I-e temperature. New lines appear which are characteristic of the a'
Fe-N phase. Thus this alloy is t mixture of the y and (Y' phases. 107 - "-

The B's involve the structure factor (F,,ki), Multiplicity, and 7

the Lorentz polarization. Using the expression and the mena-
sured value of '~'t~'one can calculate Knowing 3
this, one can readily evaluate I I 11), the contribution of the y
phase to the intensity of the peak at 20-43'. Once this is _

known, one can evaluate the volume fraction V of the a' 50 53 56 59 62 68 68
phase in the mixture from the expression: 20

/,4'(0t ;/viiy~ I 1)= VB,y,'(I)l)/( I - V)B.y(j 1 1).

One can also make this calculation using other lines, pý200), FIG, 5. Segments of the XRD patterns for (r' and Ci' phases, Lines are
shifted and a new peak (213) appears. e ,changes and the rise in niag-

ot(21l), etc. ictism are indicative of the a' -d' transformation.
The volume fractions calculated by this procedure can be

combined with the known densities to find the wt % of the
phases present in y, a' two-phase alloy. Up to 87% of the y The lattice constants a and c are very close to those
phase has been transformed (see Table 1). reported by Jack, a= 5.718 A and c=6.290 A. The mag-

Results for several samples and involving different netic moment of the three-phase mixture increases from 182
quenching conditions are shown in Table I. The moment cal- to 189 emu/g as the a' phase transforms to d'. To evaluate
culated for a' Fe-N is 250± t10 emu/g. the a" moment, it is necessary to know the phase composi-

tion of the alloy. This information is obtained by the proce-

B. Experimental details and results obtained for d' dure described in detail in Ref. 9. A representative sample

Fe-N alloys was estimated to contain 56% d', 13% a Fe, and 31% y. The
estimated moment is -285 cnmu/g for dr. 'rhe enhanced Fe

The procedure to form da Fe-N is as follows: (1) a' is moment of d' Fe-N was observed in many samples. Results
first formed by the procedure described above. (2) It is then are summarized in Table II. It seems well established that Fe
heat treated at 140±10 °C (i.e., tempered) for 1-2 h, at in FeilN 2 has an enhanced moment 30% larger than that for
which temperature the N atoms become sufficiently mobile a Fe.
to redistribute over the interstitial sites and convert the
N-martensite into Fel6-N2.

A number of samples containing tile a' phase were heat TABLF 11. Phases in tempered a' Fe-N and the morment of Fe1jN 2 . Two
treated in this fashion to form the a" phase. Typical and independent samples were studied for the 9.4 and 10.7 samples and three

characteristic XRD lines, (213) and (004) of the a" phase, independent samples were studied for the 10.0 sample.

w':re observed after the tempering treatment (Fig. 5). This wt % of phases
sample contained 10.0 at. % N. The original alloy was Fe Composition of y phase Fel,N2 magnetic 1tmlent
rich compared to Fet6,N,; hence, as the a" phase formed, a (at. % N) Y a( W' (erm1/g)

Fe precipitates out. Thus there are four indications of the 8.1 10 35 49 272
a'-'a" conversion: (1) the appearance of lines characteris- 9.4 25 23 52 280

tics of a Fe in the XRD pattern (see Ref. 9), (2) the devel- 25 27 48 283
10.0 30 11 5') 283opment of the (213) line for the a" phase, (3) shifts ot" other 31 13 56 280

diffraction lines'--(202), (220), (400), (224), and (422)- 35 13 52 283
with respect to the positions of the line.; in the original mar- 10.7 45 7 49 283
tensite phase, and (4) the rise in moment during tempering. 53 8 3') 2-6

6650 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 W. E. Wallace and M. 0. Huang



500* 1.0
y (Fc-Mti)-N sample

400 Tq RT-

3(00

200 60.5

100 Z

0 - cooling, 62--l 11aII9

30 40 50 60 70 60 90

P010) o 21K) 250 100
T(K) (it=0.5 1(00

FIG. 6. XRD pattern of the nitride of Vc-Mn (15 wl %). Inipurity peaks are
noted at 20= 34.5, 40.50, and 58,5', which are identified as originating with)
IMn nitride. FIG. 8. TMA of the sainple in Fig, 7. Irreversible trantsforimition ofy V-f'

begin tis t about 275 K.

111.MAGETIM O (FM)ON2WIT M=n O NI peaks at 261-34.5', 40.,5', and 58.5' originate from Mn ni-
Experiments have been carried out to prepare and char- tride, as was confirmed by making the Mn nitride and study-

acterize (Fe,M) 1,N2 in which M = Cr, M'vn, Co, N i, Cu, Ti, or in tby XRD. The magnetic mioeniti of this sample was
Al. Because of space limitationts, only results for the system - 13 etnulg. 'rhere was no evidence of the (r' or d' phase.
in which M = Mn or Ni will be p~resented, According to Bozorth,14 Fe-Mnl alloys in the -/ region are

A. Experimental details nonmagnetic. Theretore we conclude the moment of this
Fe-M(15wt % wih M Mnor N wa preare by sample is due to a very small amount of the bcc Fc-Mn

mechanical alloying using a high-energy SPEX 800 hiall mill. iprthe Flae-M.1 t% ird a oldt t na

The milled powders were hecat treated for 20 miin at temnpera- eoT to induce (1th %)*anitran wsformati on 10, 'Thi efo twa

tures of 300-800) 0C Thc original powders were 100-300) unfuor ful as evidce ne by ya thensfactrtatin Thi) efoth XR

mesh. The procedures for nitriding and magnetically charac- pattcernul was unnevdeancd (2) the fmct ws unaffec)theXd;

terizing the samples were as those used for Fe powder, ex- pttere was unochanged omarabl to) that iomnt wi.3.ths unafet-d

cept that higher temperatures tor nitriding were employed, vtheionwis nt in coffict withrbl thetfindin Fg .3Tis of Jck,

The nitrogen contents were estimated fromt the measured lat- ainsnoi cfltwthheidngofck1

tice parameters of the nitridey C. Results for the Fe-NI nitride

B. Results for Fe-Mn nitrides 1. Formation of the r' phase

ýe-Mnlr (15 wt %) was nitrided at 7t)0-720) 'C and then The situation here is more interesting than that for
quenched to room temperature. Figure 6 shows the XRI) Fe-Mn nitride!;. Figure 7 shows the diffraction pattern for
pattern of' one of the Fe-Mn nitrides, Analysis of the pattern Fce-Ni (15 wt %) nitride. This is a nitrogen aulSten~ite With
shows the majority phase to lie fcc. Three small impurity a -3.60 1 A. This material was obtained by aitriding the

alloy powder (made by mechanical alloying) at 710t-720 'C

8oa - ~
700 - ' (Fe-N i)-N sample-20

Tq=R 24 a'(Fe-Ni)-N sample
600 'rR -20 q=LN.-

500 ' 200

400 ISO C-'

300 _120--
I - - C.N

("1C-
200 -80- 115

100 40
04

030 40 50 60 70 so 90 0
20 30 40 50 50 70 60 90

20

FtC). 7. X RD pattern of the nitride of Fl),s5 MN,, ý. shlowing itit) lie an
ausienitc.1`6. I ) XRU(D piit of Ff ,N,. nilrittc.

J. Appl, Phys,, Vol, 76, No. 10, IS November 1994 W. E. Wallace and M. Q. Huang 6651



mt " ' i) Isystems dilute in nitrogen undergo the martensitic transfor-
qL'(Fe-Ni).N sa,,ple mation at higher temperatures is counterintuitive. A possible

Tq = N explanation for this surprising behavior is related to the ex-
istence of Fe4N, the y' phase, which is quite stable. As the
nitrogen content increases, the y phase becomes more like

- the y' phase and becomes more stable. It is more resistant to
,. the martensitic transformation, requiring lower temperature

to bring on the y-*a' transformation.
so At present, information is lacking as to T, and the an-

_ J . _isotropy of the a' and a" phases. In regard to T,, as tem-
. .perature is increased a' and a" transform into ce Fe and y',
0 1making evaluation of Tc difficult, if not impossible. The

41 43 'S 47

2e presence of large amounts of a Fe in the d' preparation ob-
scures the true anisotropic features of Fel 6N2 . Efforts are
under way to prepare a' Fe-N which is freer of y and a Fe.

FIG, 10. Enlarged regions of the XRD pattern for the sample in Fig. 9. One disconcerting feature of the studies of Fe16N2 has

been that band-structure calculations have failed to indicate
an enhanced Fe moment. See, for example, the results ob-

and quenching to room temperature, This sample exhibited a am ed by m owever, avr ecent reatm by
tained by Sakuma,15 however, a very recent treatment by Lai

moment of 48 emu/g. This moment is ascribed to the pres- e al.,16 including electron correlation effects, gives an Fe
ence of a small amount of a' phase in the sample. Upon

cooling to 10 K, the magnetism of the sample increases strik- moment of 2.85 ,uf for Fe 16N2 . This is in excellent agree-

ingly and irreversibly at temperatures 275-200 K (see Fig. ment with experiment as obtained in the present study, viz.

8). It appears that upon cooling to low temperatures the 2.88 A.s8 .

y-+a' phase transformation is taking place. The measured Strong evidence emerges from this study that Fe in

moment rises to 186 emu/g. XRD (Figs. 9 and 10) confirms FeI6N 2 has a 30% enhanced moment compared to a Fe,

the formation of the a' phase. Its axial ratio is lower than 'see, for example, W. B. Pearson, A Handbook of Lattice Spacings and

that of Fe8N. For a', c=2.952 A, a=2.855 A, and Structures of Metals, and Alloys (MacMillan, New York, 1948), p. 984,
c/a - 1,03. 2E. Lehrer, Z. Elektroceim. 36, 383 (1930).

"'K. H. Jack, Acta Crystallogr. 3, 392 (1950): Proc. R. Soc. London, Ser. A
208, 200 (1951).

2. Possible formation of the al' phase 4 K. H. Jack, Proc. R. Soc. London, Ser. A 208, 216 (1951).

Low-temperature heat treatment produced a further rise 5K. H. Jack, Aeta Crystallogr. 5, 404 (1952).
"K. Suzuki, H. Morita, T. Kaneko, H. Yoshida, and H. Fujlmori, J. Alloys

in moment. Heat treating 1 It at 120 and 150 'C gave mo- Compounds 201, 11 (1993),
ments of 193 and 197 emu/g, respectively. This provides 7 T. K. Kim and M. Takahashi, Appl. Phys. LeIt, 20, 492 (1972).

suggestive evidence that under these conditions a' is being 8M. Komuro, Y. Kozono, M. Hanazono, and Y. Sugita, J. Appl, Phys. 69,

transformed into a". However, this postulate was not con- 5126 (1990); 70, 5977 (1991).
"9M. 0. Huang, W. E. Wallace, S. Simizu, A, T, Pedziwiatr, R. T. Obermyer,

firmed by diffraction measurements. The characteristic e' and S. G. Sankar. J. Appl. Phys. 75, 6574 (1994).
(213) line was not detected. "'M. 0. Huang, W. E. Wallace, S. Simizu, and S. G. Sankar, J. Magn. Magn.

Maier. 135, 226 (1994),
''X. Bao, R. M. Metzger, and M. Carbucicchio, J. Appl. Phys. 75, 5870

IV. CONCLUDING REMARKS (1994).
12Concentration in this case is nuimber of nitrogen atomns per I0OU atoms of

The magnetism of Fe-N alloys present many interesting Fc. For simplicity, this is termed at. %.

features. The divergent magnetic behavior of the y and y' ' 13. D. Cullity, Element of X-ray Diffraction (Addison-Wesley, Reading,

phases was referred to above. y is nonmagnetic, where y' is MA, 1978), p. 411.
as R. M. Bozorth, Ferromagnetisin (Van Nostrand, New York, 1951), p. 234.

strongly ferromagnetic and yet, these alloys are structurally -5A. Sakumna, J. Magn. Magn. Mater. 102, 127 (1991).
very similar, differing only in the way the (nonmagnetic) 16W Y. Lai, 0. Q. Zheng, and W. . Hu, 1. Phys. Condens. Matter 6, L259

nitrogens are arranged in the interstitial sites. The fact that (1994).
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Enhancement of the formation of Fel1N2 on Fe films by Co additions
(invited)

Yoshiharu Inoue, Shigeto Takebayashi, and Toshio Mukai
Advanced Materials and Technology Research Laboratories, Nippon Steel Corporation, 1618 Ida, Nakahara-
ku, Kawasaki 211, Japan

Effects of Co additions c.n hie formation of Fe,,N2 have been investigated by observing nitrides
formed on thin-film surfaces. Thin films of Fe-Co alloys with a (100) surface sputter-deposited on
MgO(100) substrates are exposed to a mixed gas of NH 3 and H2. The 16:2 nitride was observed to
form on a surface of Fe-10 at. % Co film at a nitriding temperature of 500 'C. The formation
temperature is 5C 'C higher than for pure iron. The amount of the formed 16:2 nitride has been
found to be 3X larger for Fe-10 at. % Co than for pure iron.

I. INTRODUCTION 550 'C. Annealing and nitriding were performed sequentially

There has beer oiuch attention to FelfN 2 since reconfir- in an infrared furnace. The heat pattern is shown in Fig. 1.

_nvaThereof its giant magnetization (2.9 T) by Komuro et al.i The structure of the nitride was determined by x-ray diffrac-
wation using Cu Ka radiation. The morphology of the nitrides
which 2 was stimulated (1: y Kim and Takahashi's pioneering was observed through an optical microscope and a scanning
,sorkc. Fer6N2 (16:2 nitride) is a metastable compound as electron microscope. Detailed analyses were performed by

Sdiscovered by Jack.3 The crystal structure ir body-centered transmission electron microscopy (TEM) using a Hitachi 200
tetragonal (bct) consisting of eight bcc cells distorted by in- kV electron microscope with EDS (energy dispersion spec-
terstitial N atoms. There are number of studies oi, the struc- troscopy). TEM foils were prepared by ion milling. The
ture of :,frided iou-based alloys such as Fe-Ti, Fe-Mo, and samples were milled from the substrate side in order to re-
Fe-N. 4 However, the enhancement of formation of tht 16:2- valeswre meromthe s.m• veal the surface structure.
type nitride by the third element additions has not been re-
ported so far.

The puipose of tne present paper is to show the first IIi. RESULTS AND DISCUSSION
exoerimental cvide.nce that Co enhances the 16:2 nitride for-
mation. The following two points are considered to choose Figure 2 shows the x-ray-diffraction patterns for pure

C-_ as tI! • tl-rd .lement. The first point is that Fe maintains a iron and Fe-10 at. % Co nitrided at 450-550 °C for 30 min.

jr st-.ctre -after alloying witb tae third elemeni; this For pure iron, the Fe 16N2 peaks were observed at a nitriding

i -ssentivi because Fc 16N2 has an analogous bct structure,3  temperature of 450 'C, as shown in Fig. 2(a). At a nitriding

The second point is that the third element does not undergo temperature of 500 'C, the Fe4N peak appeared instead of

preferential niiridation; its chemical affinity for N is weaker the Fel6 N.2 peak, as shown in Fig. 2(b). In the case of a

or comparýJj:.h to that of Fe. Co meets the above two require- nitriding temperature of 550 'C, the intensity of the Fe peak

mntei .,, drastically decreased and the intensity of the Fe4N peak in-

A :uvrface-nitridinYg method is used for this i.ivestigation. c-cased as compared to the case of 500 'C, as shown in Fig.

The formation of iron nitrides on bulk iron surfaces on NH-3  2(c). This result indicates that the pure iron film is almost

gas.-nitridihl was studied by Inokuchi et al.5 They reported converted to a Fe4N film.

S;!:.:..edle.-shaped Ee16N2 precipitate.." form on the (100) sur-
face. T"h present paper demoistrates that the Co-contained
1.6:2 nitride is granular and its anount is larger than the pure
iron case.

ST=750°C, t= 120rmin nitride

E . EXPERIMENT

Fe-Co alloy films wilh a (100) surface were prepared as
follows. First, Fe was deposited onto a MgO(100) single- T=450-550oC
crystai su"trate and successiv'ely Co vas deposited onto the t=15-60rain
Fe layer. Sputtering was performed with an Ar gas using an
ECR mad,- for Fe and a usual magnetron for Co. The total NH3
film thickness is 500 nni. The composition of Cc was 112 +
changed -!p to 30 at. % by changing the film thickness ot Co. H M-12

Allovyng was perrormed ,)y annealing at 750 'C for 120 min
in a flowving 112 •;s X-ray diffraction showed that the (100)
oricmtatier" of the film iL. maintained after annealing. homogenization nitriding

The films were exposed to a mixed gas oi 75% NH3 and
25% H,,. Thit nitridiig teialpcrature was ranged from 450 to FIVL I. 1. Hat pattern for alloying and niiriding.
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pure iron Fe-1Oat%Co

(a) 450'C * MgO'(a Ip,{~ (d) 45' Fc(nJ

, 11) 500°C (e) 5(X)-C (

I ,N g, 1 .tm

(5U'C (f) 5S0"C FIG. 4. Bright field image of a granular precipitate on a Fe-it) at. % Co film
2) 2,% nitrided at 50(0 C for 30 rain and the corresponding electron-diffraction

Ic, pattern. The indices of the 16:2 nitride are also shown in the diffraction

F pattern.

Ilk.",, !For Fe-lO at. % Co, no nitride peaks were observed at a
-- .nitriding temperature of 450 'C as shown in Fig. 2(d). At a

20 40 60 8020 40 60 8o nitriding temperature of 500 'C, a strong 004 peak of the

20 (deg.) 20 (deg.) 16:2 nitride was observed. The 002 peak of the lW:2 nitride,
which is an order reflection peak of the 16:2 nitride, was
apparently observed [see Fig. 2(e)]. At a nitriding tempera-

FIG. 2. X-ray-diffraction patterns for pure iron and Fe-IO at. % Co nitrided. ture of 550 °C, the 16:2 nitride peaks disappeared, as shown
The nitriding temperatures are (a) 450, (b) 500, and (c) 550 'C for pure iron

and (d) 450, (c) 500, and (f) 5501 °C for Fe-10 at, % Co. The nitriding time in Fig. 2(f). The intensity of the 4:1 nitride 200 peak is very
is 30 rain. Tho mark (*) indicates the peaks from the MgO substrate. weak as compared to that of the pure iron, indicating that the

formation of the 4:1 nitride is suppressed by Co additions.
(a)ure on The nitridation behavior for the 16:2 nitride is different

(a) pure iroin the following two points. The formation temperature of

the 16:2 nitride is 50 'C higher for Fe-10 at. % Co than for
pure iron. The amount of the formed 16:2 nitride, which was
calculated from the x-ray peak intensities, is 3X larger for
Fe-IG at. % Co than for pure iron.

Figures 3(a) and 3(b) show the scanning electron micro-
scope images of the 16:2 nitride which formed on a pure iron
film nitrided at 450 TC anl a Fe-10 at. % Co film nitrided at
500 'C, respectively. For the pure iron case, the morphology
of the nitride is needle shaped. For the Fe-10 at. % Co case,
granular precipitates were observed. From the x-ray-
diffraction pattern in Fig. 2(c), the granular precipitate is
assumed to be the 16:2 nitride.

(b) Fe- 10at%Co

00I.o

r~~~- I,,•lIU+ I-

I Cot
lOb"m 5 1 )

- Eclnergy (eV)

FiG. 3. Scanning electron microscope images of the 16:2 nitridc Iformed on
(a) a pure iron film nitrided at 450 "C for 30 rtin and (W) a Fe-I10 at. % ,Co FIG.5.5 DS spectrhm taken frotm a granular precipitate of' the 10:2 nitride
film nitrided at 500 °C for 30 niin. fotrmed on a Fe-Itt lat. cr ( o• ti (th same precipitate ;:s shown in Fig. ,I1.
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RD:CuKcx crease in the Co content results in no nitride peaks, indicat-
(ta) pure iron .,]" ing harder nitridation for higher Co contents.

Py N The stability of the Co-contained 16:2 nitride is dis-

cussed as follows. Due to a 10 at. % Co substitution, the

(bFe-5at%Co r.oIlattice parameter of the bee Fe-Co phase increases by 0.16%
2w relative to that of the bee pure Fe. 6 Assuming that the atomic

(Co)4N volume of Co is the same as that of Fe, we presume that the
" V interstitial sites are wider in the Fe-Co lattice than in the Fe

N (c) ,-lIOatCo (Ie.CojI6N1 lattice. This idea is supported by the fact that the solubility of
nitrogen is increased by Co additions.7 The 16:2 nitride is

" considered to be a nitrogen-ordered form of the tetragonal

(d) Fe-20at%Co Fe-N solid solution, which is derived without changing the
basic arrangement of Fe atoms in the bcc structure. There-

' fore, it can be speculated that the Co-contained 16:2 nitride
also forms with less strain energy, leading to a higher stabil-

40 50 60 70 ity. The observed enhancement of formation of the 16:2 ni-

20 (deg.) tride by Co additions can be related to the improvement of
the stability of the 16:2 structure. Suppression of the 4:1
nitride formation by Co additions, as described in Fig. 2,

FIG. 6. X-ray-diffraction patterns of Fe-Co films with various Co contents may also benefit the 16:2 nitride formation.
ntitrided at 500 *C for 30 min. The film compositions are (a) pure iron, (b)
Fe-5 at. % Co, (c) Fe-10 at. % Co, and (d) Fe-20 at. % Co. The mark (*) IV. SUMMARY
indicates the peaks from the MgO substrate.

We have newly found that Co additions enhance the for-
mation of the 16:2 nitride. Granular 16:2 nitrides were con-

TEM observations were performed for the granular pre- firmed to form on a (100) surface of Fe-10 at. % Co alloy.
cipitate formed on Fe-10 at. % Co film. Figure 4 shows a The formation temperature is 500 'C, which is 50 °C higher
bright field image of the granular precipitate and the corre- than that for pure iron. The amount of the 16:2 nitride is 3X
sponding electron-diffraction pattern. As shown in the dif- larger than for pure iron. It is suggested that Co stabilizes the
fraction pattern, we can obserk e weak spots at the midpoints 16:2 structure.
between 000 and 400 spots. These spots are indexed by the
200 order reflections of the 16:2 nitride. Figure 5 shows an ACKNOWLEDGMENT
EDS analysis spectrum taken from the granular precipitate. The authors are greatly indebted to Dr. Okumura of Nip-
The Co content of the precipitate was determined to be al- pon Steel Corporation for his helpful discussion.
most the same as that of the matrix bcc phase. From these
results, the granular precipitate is determined to be a Co- 1M. Komuro, Y. Kozono, M, Hanazono, and Y. Sugita, J. Appl. Phys. 67,

contained 16:2 nitride, which can be denoted by 5130 (1990).2T. K. Kim and M. Takahashi, Appl. Phys. Lett. 20, 492 (1972).(Fe,Co) 16N2.- 3 K. H. Jack, Proc. R. Soc. London, Ser. A 208, 216 (1951).Figure 6 shows the x-ray-diffraction patterns for Fe-Co 4 K. H. Jack, Proceedings of the International Conference on High Nitrogen

films with various Co contents nitrided at 500 'C for 30 min. Steels 88, 1989, p. 117.
For pure iron, only the Fe4N peak was observed, As the Co 'y. Inokuchi, N. Nishida. and N. Ohashi. Met, Trans. 6A, 773 (1975).

content increases, the intensity of the 4:1 nitride peak de- ('w. B. Pearson, A Handbook of Lattice Spacings and Structures of Metals
and Alloys' (1958),

creases. At Fe-10 at. % Co, the 4:1 nitride peak disappeared 'V Raghavan, Phase Diagrams of Ternary Iron Alloys (1987), Part 1, p.

and instead a strong 16:2 nitride peak appeared. Further in- 167.
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The low temperature magnetic properties of arrays of scanning tunneling microscope (STM)
fabricated ferromagnetic particles have been studied as a function of their dimension using a novel
high sensitivity Hall magnetometer. Iron deposits with controlled shape and nanometer scale
diameters (--25 nm) are formed using a STM to decompose a metalorganic precursor [Fc(CO)S] in
the acti ,e area of the measurement device. The hysteresis loops change significantly in going from
nearly isotropic to oriented high aspect ratio (6:1 length to diameter) filamentary particles. In
particles of intermediate aspect ratio and diameter the largest coercive field of 2.7 kOe is observed.
This behavior as well as the characteristics of the Hall magnetometer (spin sensitivity of 10 14 emu/
Hzt1 2) are described,

I. INTRODUCTION and growth. 5 We have set out to study smaller noninteracting
particles in which the competing effects can be highlighted

"The physical properties of ferromagnetic particles con- by systematically varying the particle dimensions.
tinve to be an active area of fundamental experimental and It is the purpose of this article to show how this is ac-
theoretical research. Advances in lithographic and measure- complished in scanning tunneling microscope (STM) nano-
metit techniques are now permitting some of the basic tenets lithographically produced small particle systems. STM and
in the field of small particle classical magnetism to be criti- chemical vapor deposition techniques have been used to fab-
cally tested. For example, measurements of a single acicular ricate nanometer scale diameter (-25 nm) iron particles with
-'-Fe20 3 particle' and electron beam fabricated rectangular a range of shapes from nearly isotropic to filamentary. De-
permalloy particles 2 are not consistent with the N6cl- posits are fabricated directly in the active area of a newly
Brown 3 theory of thermally assisted magnetization reversal developed high sensitivity Hall magnetometer. With this de-
over a simple potential barrier. Usually this theory is the vice hysteresis loops of dilute particle arrays comprising
starting point in the analysis of more complex particulate 100-600 particles (< 10-11 emu) have been measured at low
media which have a distribution of sizes, shapes, and inter- temperature. Moreover, the magnetic characteristics have
actions. Magnetization reversal in elongated particles has been studied for a variety of particles sizes -.nd shapes. In
also recently been re-examined theoretically. In idealized particles of intermediate aspect ratio (2.2:1 height:dianmeter)
filaments Braunt finds that spatially localized magnetization and diameter the largest coercive force is observed. This oh-
fluctuations increase the switching rates and hence reduce the servatiotn is not consistent with the well-known classical co-
measured coercivities at finite temperature relative to the herent or incoherent modes of reversal.' Further, from the
NWel-Brown theory. Real samples, of course, contain de- hysteresis loops and array geometry we estimate the particle
fects, ends, and surfaces that are not considered in this work magnetization and interparticle interaction strength.
bi:t which are expected to play an important, if not dominant, We begin with ., brief review of the materials fabrication
role in the physics of magnetization revesal. Of fundamental technique and characterization. 7 This is followed by a discus-

interest is the mechanism of reversal in real particles- sion of the magnetic measurements and analysis on particles

whether it is a classical coherent (Niel-Brown, Braun) or of systematically varied gcometry.

incoherent mode or, alternatively, heterogeneous nucleation
II. FABRICATION

'1'resent address: Department of Phys4ics, New York University, 4 Washing- Iron particles are kormcd by using a STM to decompose

ton Place. New York, NY 10003. iron pentacarbonyl [Fu(Ce ),,j which is metered into the nii-
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C I

nSample

FIG. 1, Scanning electron micrographs (at a 45" tilt) show the particec and
array geometry of a subset of samples we have fabricated and measured: (A) V
diameter 42±7 urn, height/diameter (c/a) 1.3-t-.3, (B) diam 29-±2 um,
ca 2.2±"0.3, (C) diam, 17±1 mu, c/a 5,8..5.

FIG. 2. Sclicniatic of the I tall magnetometer showing the device layout and
bridge measure ment circuit. The sample is deposited into otte 1-all cross
while the other serves as a reference. I and P' are independent currentcroscope s ultrahligh vacuum chiarnler 1(P =2×Xl10 ") T). To sources that float with respect to one another. •

initiate the growth the substrate-tip bias is raised to 15 V and

a current of 50 pA maintained in the presence o( 30( Torr of
Fe(CO),. The STM feedback loop is active and maintains a
constant current and thus constant height hetween the tip and GaAs/Ga0.t7AlI0 3As two-dimensional hole gas sample

growing deposit. When the deposit has reached the desired [nD=3x I0- cm 2, ld5 K)= 105 
emZ/V S)] was wet chemi-

height above the surface the tip is retracted to stop the cally etched into the form depicted in Fig. 2 and a thin (30

growth. The tip is moved to another location and the process nn) gold gate deposited over the active area of the device.

r The lincwidths for the current and voltage probes rangedCharate rizatoform arys. bfrom I to I0 /ini and the heterointerface was 100 nm belowCharacterization by both Auger electron spectroscopy the surface. STM deposits were subsequently grown in the
(AES) and transmission electron microscopy (TEM) indicate active area of one of the Hall crosses. The difference in Hall
that relatively pure iron deposits are formed under these con-
ditions. TEM shows that these consist of a polycrystalline voltage between this sample cross and a closely spaced ref-the
bee iron interior surrounded by a contamination coating in erence is measured using a bridge circuit ig. 2). With the
which the grain size is approximately the inner core diam- bridge properly balanced, the resulting output voltage V is
eter. AES reveals greater than 70 at. % Fe with a carbon proportional to the sample contribution to the magnetic in- _
remainder. The fact that the bcc phase is formed is evidence duction. This contribution can then be calculated using the
for greater purity of the deposits in their interior since the measured iall coefficient so that 0B = V/RI where R is the
equilibrium phase of the Fe-C system above 0.4% carbon is Hall coefficient (-0.2 IG) and I is the measurement cur-
fcc.8  rent. Typically we use a 6.5 lHz ac current (- I ,A/trms) and

The scanning electron micrographs in Figs. I(A) and lock-in detect the difference signal V.

I(C) show the extremes in dimensions we have fabricated In practice, a difference voltage is present even in the

and studied. The particle geometry, with the long axis per- absence of a magnetic sample due to small variations in the
apndstudied. the patratice geomey, with hHall crosses (typically -0.1%). This imbalance results in aipendicular to the substrate surface, is highlighted in the ob signal proportional to the applied magnetic field which is
lique view presented in the micrograph. Note that from igs. to at high ield
I(A) and I(C) the particle diameters progressively decrease mio tie b c a in r t a h
from 42 to 17 nm while the ratios of height to diameter (H•H,., the coercive field).
increase from I to 6. Although these measurements serve as
a basis for comparing particle dimensions, contamination with good coupling of small samples to the device results in

built up during observation as well as the finite resolution of an excellent spin sensitivity. For example, the observed field
the SEM cause systematic overestimates of the actual par- noise of 0.1 G/Hzt/ 2 (at 0.1 Hz, 5 K) in a 2 ,im2 devicetihe size. The interparticle distance is approximately 130 implies a spin sensitivity of 10 " cnru/lHlzt/2. Typically, sig-ticl sie.9Theintrpatice dstace s aproimaely130 nals from the STFM arrays are 10 times this noise level. In
nm ane was chosen to minimize, as much as possible, the adsifrom the sTM wrrs or 1 time tinie lv. Ineffect of interparticle interactions while building up enough addition, the sensor works over a large range ot magnetic ,:
overal momeinter forticle mnteractionsureme g netic m enth field and temperature. At low temperature, ballistic transportoverall moent for measurement. Magnetic measurementsscale f the magnetic arrays) reduces the rsponsiv-
have been made on these samples as well as on sonic of(i n t he sc al l e ffet a ndays credu esiatedcnonlinearintermediate dimensions. ity. The quanturn I tall effect and the associated nonlinear

dependence of flall voltage otl magnetic field also changes
Ill. MEASUREMENTS the response at low temperature and high fields. Both the

decreasing hole mobility and thermally activated switching
Measurements were made using a novel high sensitivity of defects in GaAs cause the noise to increase with tempera-

magnetometer based on the Hall response in a semiconductor ture. We have successfully uwed this magnetonteter from I to
heterostructure. In contrast to integrated superconducting 80 K with some decrease in performance with increasing
quantum interference device microsusccptometerslt this de- temperature ('1>5(0 K).
vice allows for systematic investigations over a wide range An array of particles of intermediate size [those in Fig.
of applied fields and temlperatures. A high mobility 1(B), referred to as sample (B13)_ placed in the active area of
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-4.0 -2.0 0.0 2.0 4.0
H (kOe)

-4.0 p FIG. 5. Hysteresis loops as a function of particle dimensions, Measuremenls
on sample (A) 5 K, 250 Oe/min, (B) 15 K, I kOc/min, and (C) 5 K. 500
Oc/min. These variations in measurement time and temperature do not affect

FIG. 3. SEM micrograph of a STM fabricated array [sample (B)] placed in the curves on the scale presented (as seen in Fig. 4), The increased noise in
the 10 umtX2,5 um active area of a Hall magnctometcr. (C) is due to the smaller dimensions of the Hall cross (2 gni2). In this case,

the sample consists of only 100 particles with a total moment of -2X 1x) i3

emu.

the magnetometcr is shown in Fig. 3. An external field is
applied perpendicular to the plane of the device and hence
parallel to the long axis of the particles. Hysteresis loops are and is approximately 2.7 kOe, The magnetization reversal
measured starting from a saturating field, ramping at a con- occurs over a range ±0.4 kOe about the value. In Fig. 4(d),
stant rate to the opposite field polarity and then back. Figure as a check, the same measurement was made using two ref-
4 shows the difference in induction, which is proportional to erence crosses, neither of which contained a sample. This
the sample magnetization, plotted versus the external field, shows no hysteresis and only a ,,all deviation from a con-
Measurements were made at different temperatures and ramp stant value.
rates. Under these conditions the coercive field has only a Magnetic measurements were madc on arrays (A), (B),
slight dependence on the measurement time and temperature and (C) in Fig. 1 in order to study the dimensional depen-

dence of the magnetic properties (Fig. 5). The shapes of the
hysteresis loops change significantly in going from the

__-__._nearly isotropic particles of sample (A) to the filamentary
particles in (C). Most notably, the loops are increasingly
square with more abrupt magnetization transitions. The
"change in sample magnetization also decreases due both to

-£-the geometry of the samples as well as to the decreasing
.b moment per particle. The coercivity initially increases in

more anisotropic particles [(A) to (B)]. Surprisingly, this is
followed by a decrease in the more filamentary particles of

S4 sample (C). Samples intermediate in dimensions to (B) and
(C) appear to confirm this trend.

4- The loop shape for sample (A) is close to that expected
2 from the Stoner-Wohlfarth theory" foir loninteracting

uniaxial particles with randomly oriented easy axes. For in-
stance, the remanence is 0.46 times the saturation magneti-
zation close to the 0.5 predicted by SW. The coercivity is 640

0 OCe. Within this model the anisotropy field is 11,10.48 or 1.33
-4.0 -2.0 0.0 2.0 4.0

H (kOn) kOe. Small deviations from isotropic shape woul account
for this entire anisotropy although a crystalline contribution

FIG. 4. Hysteresis loops for sample (i) measured from negativc to positive might also be present (bcc Fc"-540 Oc). The demnagnetiza-
saturation and back showing the difference in inductiot, which is propor- tion factors of a prolate ellipsoid of iron with axial ratio I. 17
tiottal to the sample magnetization, versus external field. (a) 15 K, dll/dt is sufficient to explain this and within the range of mneasurcd
=251) Oe/mint, (h) 15 K, I kOc/iut, (c) 5 K, I k~c/min, and (d) the differ-
ence between two reft fence crosses with no sample 5 K, I kOe/min. Plots particle asymmetries [.cia = 1.3 -c(I.3, Fig. I(A)]. For the oni-
are oftset for clarity. ented elongated particles [samples (B) and (C)I increasingly
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TABLE I. Summary of particle properties.

No. of
Sample particles diam (nm) c/a mn (emu/particle) H, (Oc) diam (nm)h

A 500 42 t 7 1.3 - 0.3 1.0 X10 -'4 1324a 21
B 600 29± 2 2.2 ± 0.3 5.4 X 1(0-' 2700 9
C 100 17 ± 1 5.8 - 0.5 1.6 X 10--" 2050 4

"Anisotropy field determined from the measured coercivity and the SW model.
bMagnetic core diameter inferred from the magnetic moment and particle shape.

oquare hysteresis curves are also expected on the basis of the magnetization transition. Interactions are less important in
SW theory. In contrast to sample (A), these particles' easy samples (B) and (C) due to their smaller moment per par-
axes are not randomly oriented but expected to be aligned ticle.
with their long axes.

From the change in induction in going from positive to IV. DISCUSSION
negativd saturation the magnetic moment per particle can be
estimated. Ih the dipole approximation this change in B field Changes in the coercive force with dimensionality, nota-
perpendicular to the heterointerface averaged over the sensor bly the decrease in high aspect ratio smaller diameter par-
area is given by ticles, are not consistent with conventional coherent"1 or in-

coherent modes of spin reversal.6 For instance, the curling
A 2m , 1 mode, which is applicable only in larger diameter particles,

Ai dr z2+(rr)7•] 7- predicts an increase in coercive field with decreasing diam-
eter. In both coherent reversal and fanning models the coer-

|[ 3z'2 I cive field increases with aspect ratio. For reference, coherent
2"+ (r_ r),(1) reversal in an iron particle of axial ratio 2.2 [like sample

(B)], would require a field of 5.7 kOe-twice the observed
where ,n, the magnetic moment per particle, is the quantity value. Fanning, which postulates decoupled grains, at least
of interest; r is a vector in the plane of the surface; ri the can account for the magnitude of the observed switching
position of the ith particle; S the surface of the Hall cross, field.
and z the distance from the dipole's center to the heteroin- Recently, Braun has considered the role of nonuniform
terface. The integral over the rectangular surface S of the magnetization fluctuations in reducing the coercivity at finite
Hall cross can be performed analytically and then summed temperature in elongated particles.4 It is therefore worth es-
over particles numerically to solve for m. This calculation timating whether this theory applies to our measurements.
approximates the actual nonuninform field distribution from Fluctuation effects are important when the thermal energy is
the array geometry and position in the Hall bar by a spatially comparable to the barrier height. For uniform coherent rever-
homogeneous average field in estimating the moment. For sal, at zero field, the barrier is KV, the anisotropy volume
sample (B), we find mn=5.4X10- 1 5 emu. This is a factor of product. To be specific, for sample (C) this is 104 K. At low
approximately 10 smaller than an estimate based on the bulk temperature this implies that such reversal cannot occur until
moment of Fe and our observations of the particle size. As the applied field is very close to the intrinsic (zero tempera-
previously mentioned, it seems appropriate to assume that ture) coercivity. For example, at 5 K the particles switch
the magnetic volume is smaller than that found from SEM when H/H,.-0.9, with our measurement times, In Braun's
measurements. Taking the measured magnetization of bcc Fe theory, the energy is no longer proportional to the volume
(1700 emu/cm 3) gives a magnetic volume of 3 X 10- 17 cm3 or but the cross-sectional area of the particle, 8 JKlc A. This
equivalently a magnetic core only 9 nm in diameter, com- is the energy density of a domain wall times the cross-
pared to the 29 nm diam measured from Fig. i(B). This sectional area, A. J is the exchange constant and c the lattice
interior size is consistent with TEM observations on similar spacing. An estimation of this energy for sample (C) is also
deposits.9 Within this analysis, the aspect ratio of the mag- 1)4 K. Thus spatially nonuniform reversal requires the same
netic volume would also be greater than the measured value, amount of thermal energy as the uniform case due both to the
The results for the other samples are summarized in Table I. large exchange and anisotropy energies. Only in far more

From the particle moment the strength of the dipolar filamentary particles does the nonuniform mode dominate.
intcractions between particles can be estimated. For a square These estimations suggest that fluctuations cannot account
lattice of oriented dipoles with spacing a, the interparticle for the observed reduction in coercivity.
interaction field due to nearest neighbors is 4tn/a 3. For As an alternative to the above models, the particle ends,
sarnpie (A) this is 20 G. Substantial contributions result from surfaces, and defecls might play an important role in deter-
the long range nature of the dipole interactions. Including mining the magnetic properties. For example, large demag-
oriented neighbors out to four lattice spacings (48 particles) netization fields such as occur at the particle ends would
results in a field of 40 G. This is still much less than the favor a heterogeneous nucleation and growth of reversed do-
anisotrupy field and will play a role only in the tails of the mains as occurs it- bulk ferromagnets.5 Reversal would con-

J. Appi. Phys., Vol. 76, No. 10, 15 November 1994 Kent et al. 6659



sist of either the localized nucleation of a reversed domain for providing the molecular beam epitaxy material. This
and its subsequent propagation or the movement of an exis- work was supported in part by the Air Force Office of Sci-
tent closure domain through the particle. Moreover, defects, entific Research Grant No. F49620-93-1-0117 and the NSF
such as grain boundaries, lower the barrier to domain nucle- Science and Technology Center for Quantized Electronics
ation. As the energy of a domain wall is proportional to its Structures Grant No. DMR 91-20007.
area these scenarios are qualitatively consistent with the ob-
served decrease in coercive force in smaller diameter par-
ticles. 'M. Ledernian, R. O'Barr, M. Ozaki, and S. Schultz, J. Appl. Phys. (in

In summary, we have demonstrated the ability to fabri- press).
2M. Lederman, G. A. Gibson, and S. Schultz, J. Appl. Phys. 73. 6961

cate and measure nanometer scale ferromagnets. Magnetic (1993).
structures with well-defined geometries have been coupled to 3w. F. Brown, Phys. Rev. 130, •677 (1903).
an electronic system. This is the basis for a novel high sen- 4HiI.-B. Braun, Phys. Rev. Lett. 71, 3557 (1993).
sitivity magnetometer which relies on the Hall effect in a 5A. E. Berkowitz, IEEE' Trans. Magn. MAC.22, 466 (1986).

"s"viySee for example A. It. Morrish, Dic3hL' via Principles of fagneteisin
semiconductor heterostructure. In addition to investigations (Wiley, New York, 1965).
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piperties and transport in semiconductors. 'See for example, Binary Alloy Phase Diagrams, 2nd ed., edited by T. B.
Massalski (Scott, Materials Park, 1991)), pp. 842-848.
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Recent studies have demonstrated the possibility of inducing amorphous latent tracks in metallic
materials by GeV heavy ion irradiation. In the present work, (),88t) GeV 2"1U beams have been used
to induce ferromagnetic amorphous nanocolumns in nonmagnetic crystalline YCo, films. The loss
of crystallinity deduced by x-ray analysis is in good agreement with the one determined by magnetic
measurement,;. The Co magnetic moment in the columns is approximately equal to I A411, as in bulk
amorphous YCo2, but the ordering temperature (150o K) is strongly reduced with respect to the bulk.
Magnetization measurements reveal the nanocolumns to be single domain. A perpendicular
anisotropy is observed in samples irradiated at the smallest fluencies, which is interpreted to be due
to shape anisotropy. A progressive decrease of the anisotropy with increasing fluence is observed
and qualitatively described in terms of dipolar interactions between columns. At low temperature,
the coercive field reaches 650) Oc. A simple nonuniform magnetization reversal process is suggested.

I. INTRODUCTION atomic disorder and of the relatively weaker density. In ad-
dition, the surrounding of a given Co atom is Co richer in the

The formation of defects by GeV heavy ion irradiation amorphous state where atoms are more or less distributed at
through inelastic scattering with the target electrons has re- random, as compared to the crystalline state where Y-Co
cently been demonstrated for amorphous or crystalline me- bonds, chemically favored with respect to Co-Co bonds,
tallic materials. 1-4 In particular, it has been shown that above can better be formed.
an electronic stopping power threshold, the target could be Crystalline thin films of YCo, were prepared and subse-
locally arnorphized. Two models have been proposed to de- quently irradiated by U heavy ions in an attempt to induce
scribe the formation of amorphous latent tracks, based either amorphous tracks. The results of structural and magnetic
on the mutual repulsion of highly ionized atoms (Coulomb analyses performed prior to and after irradiation are pre-
explosion model 5) or the heat transfer via phonons (thermal sented in the following.
spike model"). Transmission electron microscopy (TEM) ob-
servations have revealed that under certain conditions, the II. EXPERIMENT
irradiation-induced defects were stabilized in the form of cy-
lindrical amorphous tracks along the ion path (latent tracks), The samples were deposited at room temperature by dc
with diameters it, the range 20-50 A..7-1 In this study, we sputtering with a deposition pressure oft 1-3 X 10 3Torr. Two
show that in Y-Co alloys it is possible to induce amorphous sets of films were prepared with the following compositions:
ferromagnetic nanocolumns in a nonmagnetic crystalline ma- Si( 100)/Ta (1)00( A/YCo2 1.5 gJm/Ta 1000 A (samples A) and
trix. This allows magnetization reversal processes to be stud- Si(100)/Ta 500 A/YCo, 2300 A/Ta 500 A (samples
ied in an assembly of nanocolumns with a relatively well-
defined size and shape, in which the amplitude of the dipolar
interactions can be varied through the total Iluence of the ion 2
beamI. Y Co

The formation of ferromagnletic columns in a nonllag- 01 - X

netic matrix is possible due to the fact that the magnetic 0 0 At*llhne

properties of the binary Y-Co alloys depend drastically on I.
whether the material is crystalline or amorphous. It is well
known that in Y-Co compounds, the Co magnelic moment 0
decreases as the Y content is increased through electron U A 7i
transfer into the 3d band and 3d-4d hybridization[ (Fig. I ). 0 0
As a result, Co-rich crystalline compounds are ferroniagnets, 0 i I t, .6

0.9 0.7 0.5 t0.
whereas compounds richer in Y then YCo2 are Pauli para- Co co0.cetration (x)

magnets, Hlowevcr, amorphous Y-Co alloys are ferromag-
rietic op to an Y:Co ratio of the order of 1:1.11 This is due to FIG. 1. C atumie magietie tonent as a function ot c 1 culle ntrution ili
the higher localization of the 3d electrons in the amorphous Y-(Co hinary alloys (ilr Ref. I 1). The arrows laheled A ad IB intdicale the
state wheln compared to tile crystalline state, as a resuilt of stuiichimnielry ol" the series of sanples A anmd 11, respectively.
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by magnetic nmeasuremecnts [1'•=M(q)M') closed symbols]. M•t is
the spontaneous magnetization of bulk amorphous YCo2 . Data are fitted40 42 44 according to Eq. (2).

2( (degrees)

integrated intensities are decreased. We ascribe this loss of
FIG. 2. Detailed view of the XRD patterns showing the 311 and 222 most erystallinity to the appearance of irradiation-induced amor-
intense reflections in the irradiated samples. The symbols refer to samplesirradiated at fluence: Al and BI at 1012 tons/cm 2, A2 and B2 at 5×10' phous regions. A shift of the peaks toward smaller Bragg
ions/cma2, A3 and B3 at 2X i03 ions/cia2 . For reference, the XE!D patterns of angles is also observed, which we ascribe to irradiation in-
the as-annealod samples arc also shown (full line). duced stresses. A detailed analysis of this effect is reported

elsewhere.s 4 The percentage p(ti) of amorphized YCo2 in
the irradiated samples can be deduced by comparing the peakB), The compositions and thicknesses of the films were de-of

termined by Ruthe ford backscattering (RBS) and transnis- itsealed aea o the 311eaBrage of irradiation-ec seie amof-
sinn electron microsctpy (rtEM). The as-deposited films uaploues troion the on m easue b efore irradia tion (Faie 3 bTe
were A subsequently vacuum annealed at 550-600 °C for 1 h eqatieso d esin te k o to reation cnsbe
in order to crystallize the YCo2 phase. The samples were
then irradiated by s.amp (eV leu ion beams at the GANIL dpaccelerator in Caen., France. Thaee ion fluencies were se-te 3 aTr(V-l)-ci2 f, (i)

leced:101 ios/ct' samlesAl nd i),5.112 onscm2 where 0.1 is the amorphization cross section, 0"2 is the exclu-(samples A2b and 132) and 2x (0 R ionsicm' (samples A3 and sion cross section, v is the amorphized volume and V( the
B3). Struotural characterization was performed by quantita- total sample volume. The exclusion cross section accounts
were x-ua ntlfor the fact that an ion track can be recrystallized if an in-
meter with Cu Ka, wavelength. The magnetic properties were coin ion happens to ht aus
deter ied: 1 b12 tw (sn , i.2 A. an d Boom tempeatur u iong ih r c m ng i nh p e s ohtarng aonM2T i xlso

deter inbtw n 4wring implies that a complete amorphization of the samples is
a VSM or a SQUID magnetometer, impossible. In particular, it defines a minimum separation

distance between the amorphous columns. Solving Eq. (1)
Ill. STRUCTURAL CHARACTERIZATION leads to

XRD and TEM analysemsr d th a-de i ted ts vo e Te ecusn
to be aorpihous and the annealed films to be crystalline. The P(or ) t fc that a n (i -e reri. (
latter showrd the diffraction pattern of the fcc YCo2 Lavec l V of +h s p
phase~t2 Samples A appeared to be single phase while in Assuming that defects consist of latent tracks expandingsamples B, apart from the YCo2 Bragg reflections, some ad- across the film thickness, ot and eis can be expressed as
ditional peaks corresponding to a phase which could not be alDg
unambiguously identified were observed. However, consid- fim =
ering the mean stoichiometry of the alloy (YCo11 ) and the 4
phase diagram of the Y-Co binary alloys,tf one can infer that Vr (D -D C)

this phase could most likely be YgCo7 and estimate the frac- -' 4 '(3)
tion of YCo2 to be about 3t)% of the total volume. Y9 Co7 isnonmagnetic in both the amorphous and the crystalline where D is the diameter of the amorphous latent tracks and
states.t 2  D2 the diameter of the exclusion ring. Equations (2) and (3)

A detailed view of the YCo 2 311 and 222 peaks is rep- were fitted to the e2peritentally deduced p(1) enabling D1resented in Fig. 2 for both sets of samples. When the irradia- and D 4 to be determined. The lit yielded D •25 A and
tion fluence is increased, the peaks are broadened and their Dwh5er A for samples A and Damr5h) A and D2t'60 a for
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FIG, 4. (a) Magnetization curves of the as-deposited samples A measured in
an applied field perpendicular (dashed line) and parallel (full line) to the film
plane. Inset: magnetization curves of the same samples after heat treatment. J /
(b) Magnetization curvey of the as-deposited samples B measured itt an
ipplied field perpendicular (open symbols) and parallel (closed symbols) to -60 7 0 tot -

the film plane. Inset: magnetization curves of the same samples after heat -2 0 2
treatment. H(kOe)

samples B. The reasons for the difference in the track diam- FIG. 5. Hysteresis loops measured in samples A in applied fields perpen-
dicular (full line) and parallel (dashed line) to tlte film plane. Insets: first

eters for both series of samples. as well as for the reduced magnetization curves measured along the easy directions. (a) Sample Al
recrystallization effects in samples B [revealed by the linear- irradiated at 1()t2 ions/cmr 2

, (b) sample A2 irradiated at 5X 10 12 ions/cma, (c)
ity of p(FD) up to higher flucncies] remain unclear. Differ- sample A3 irradiated at 2X 10 "1 ions/cm

2
.

ences in the microstructure of the specimens could play a
role. A smaller average grain size, for example, can reason-
ably be expected to influence the processes involved in de- rial or from the prsence of magnetic crystallized phase,
fect creation and annealing. TEM observations are in richer in Co than YCo 2 which could result from Y oxidation
progress. through the Ta capping layer.

In samples B, the spontaneous magnetization of the as-
deposited amorphous films is weak (25 emu/cm3). This is a
consequence of the large Y content (see Fig. 1). The magne-

IV. MAGNETIZATION MEASUREMENTS tization curves measured in-plane and out-of-pl-tne are simi-
A. Magnetization measurements of unirradiated films lar. A significant susceptibility is present up to 10 kOe. This

i s ascribed to superimposed paramagnetism, in agreement
Magnetization measurcmcnts at oteK have been carried with the fact that the alloy stoichiometry is close to the criti-

out on both the amorphous as-deposited A and B samples as cal concentration for the disappearance of magnetism. After
shown in Fig. 4. For samples A, a large susceptibility is heat treatment, the spontaneous magnetization is further re-
obtained when the field is applied in the film plane. The duced to 5 enlu/cIn 3, a value similar to that measured in
spontaneous magnetization is 360 emu/cm3, corresponding to annealed samples A.
approximately I AI/Co in agreement with the value already
reported for bulk a-YCo2 .t When the field is applied per-
pendicular to the film plane, the magnetization varies accord- B. Magnetization measurements on Irradiated
ingly to the demagnetizing field slope, which indicates that
magnetocrystalline anisotropy may be neglected with resrct After irradiation, magnetization measurements were ili-
to shape anisotropy. After the crystallization heat treatment tially performed on tht-rmally demagnetized samples. The
in-plane magnetization measurements of the sane sample susceptibility of the virgin magnetization curve measured at
yield a very small residual magnetization of the order of 5 10 K along the easy direction is shown in the insets of Figs.
emu/cm 3 (inset of Fig. 4). This residual ferromagnetic con- 5 and 6. In all samples, the initial susceptibility is weak until
tribution can either originate from residual amorphous mate- the field reaches values of the order of the coercive field
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-2k0e2 phase in the whole sample; it is in fairly good agreement
SH(kOe) with the value of 30% estimated in Sec. III.

The temperature dependence of the magnetization mca-
FIG. 6. Hysteresis loops measured in samples B in applied fields perpen- suret' m a field of 10 kOe for the A samples is shown in Fig.
dicular (full line) and parallel (dashed line) to the film plane. Inset: first 7(a). This large field value was chosen to minimize possible
magnetization curves measured along the easy directions, (a) Sample B1
irradiated at 1012 ions/cm 2 , (b) sample 12 irradiated at 5× 1()2 ions/cr 2, (c) superparamagnetic contributions. The magnetization de-
sample B3 irradiated at 2x10 3 ions/cm2 . creases rapidly with temperature. An average ordering tem-

perature can be located at about 150 K. The curves
M(T)/p'((D)M~a)(T), which compare the temperature de-
pendence of the nanocolumns magnetization in the different

measured on the hysteresis cycles. Considering the small size samples, normalized through the factor p'((D) to account for

of the nanocolumns deduced from the analysis in the above the different proportions of amorphous phase in each sample,

section, this can be attributed to single domain behavior, are identical [Fig. 7(b)]. However, there are serious differ-

The magnetization loops measured at 10 K are reported ences with the temperature dependence of the magnetization

in Figs. 5 (samples A) and 6 (samples B). The magnetization in bulk amorphous YCo2: The rate of decrease of M(T) is

increases as the fluence is increased. This confirms the for- enhanced and the Curie temperature is decreased (T,.=380 K

mation of amorphous ferromagnetic YCo 2 through irradia- for amorphous YCo 2). This can be ascribed to the reduced

tion. The fraction of amorphized film in samples A, p'(4), dimensionality of the nanocolumns.

deduced from the variation with the ion fluence of the spon-
taneous magnetization M,('t) and normalized with the ion C. Anisotropy In Irradiated samples
fluence and normalized to the magnetization of bulk amor-
phous YCo2 , M( a), is reported in Fig. 3. p(q5) is in good The comparison of hysteresis cycles obtained for H ap-
agreement with the values of p(4 ) deduced from XRD plied, respectively, in-plane and out-of-plane shows that in
analysis. Assuming continuous amorphous columns with di- samples irradiated at the lowest fluence (At and B1) the
ameter D one deduces that the Co moment is ., = 1. 0+0.2 magnetization tends to be perpendicular to the film plane.
,L/Co in all samples. This agrees with the value measured in This is consistent with the formation of elongated magnetic
the as.deposited amorphous films. A similar analysis can be columns by irradiation since shape anisotropy favors the
carried out for samples B. However, because the sample is magnetization to lie along the column's long dimension. A
not single phase, the measured magnetization normalized to remanent magnetization, which amounts to 0.2 M,, is how-
bulk YCo2 , MI)/M~a) must be multiplied by a factor a to ever obtained for the in-plane hysteresis loop, which reveals
match with p((F) values deduced from XRD. A value a=4 is that the magnetization is not perfectly perpendicular to the
obtained. 1/a represents the volume fraction of the YCo2  film plane. This can be due either to the tracks not being
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FIG. 8. Thermal variation of the anisotropy energy EA(T) in sample At FIG. 9. Calculated (open symbols) and experimental (closed symbols) val-
(open symbols) compared to the square of the magnetization (closed syrn- ues of the mean anisotropy field as a function o" the ion beam fluence
bols). Inset: variation of EA as a function of M2.. (samples A).

exactly perpendicul~i to the film plane or to the magnetiza- tinuous elongated latent tracks were observed. 7 TEM obser-
tion deviating of the column axis. Further microstructural vations are in progress in order to reveal the exact mor-
studies will be required to clarify this point. phology of the tracks in our systems.

The anisotropic behavior of samples A may however be The anisotropy was also measured in samples A2 and
discussed by neglecting to first approximation the deviation A3, irradiated at higher fluences. When the fluence is in-
of the magnetization from the perpendicular direction. At 10 creased to 5 × 1012 ions/cm 2 (sample A2) the magnetization
K, the anisotropy energy for the sample A1 is EA = 1.55 X 104  curves are approximately identical whatever the direction of
erg/cm3 and tte deduced mean anisotropy field is HA = 1.6 the applied field is. When the fluence is further increased to
kOe, The temperature dependence of the anisotropy energy is 2X 1 0 13 ions/cm2 (sample A3), the easy magnetization direc-
identical to that of M2 (Fig. 8). This confirms that the an- tion lies in-plane. From the identical temperature dependence
isotropy of the magnetic columns is dominated by shape an- of the reduced magnetization in the three samples [Fig. 7(b)],
isotropy. Magnetocrystalline bulk or surface anisotropy may one can assume that the columns are identical whatever the
be neglected, in agreement with the low anisotropy value fluence is. The variation of the anisotropy field with the ion
observed in the as-deposited Y-Co amorphous films (see Sec. fluence must then originate from the rise of interactions be-
ll B). tween columns. Exchange interactions are generally isotropic

To analyze the properties of sample Al, the total energy in nature and it is thus legitimate to first order to consider
for a single column can be written as dipolar interactions only. However, such dipolar interactions

2 (02 +depend drastically on the initial zero-field magnetic configu-
E=27rN11 M•. cos2 O+2.rN1 M~a) 2 sin2 0 ration which in turn depends on exchange interactions be-

+21rp((D)M~a) 2 cos 2 O-2rrN p((I))M•"12 sin 2 0 tween particles. For amorphous YCo 2 columns embedded in
a Pauli paramagnetic matrix of crystalline YCo,, exchange

-MIa)H sin 0, (4) interactions between columns may be mediated by itinerant
r N3d electrons of the matrix. The very strong decrease in an-

S where Ni and N1 are the demagnetizing field coefficienits, isotropy observed with increasing ion fluence suggests that
respectively, along the column's long dimension (perpen- large dipolar interactions develop as the density of tracks in
dicular to the film plane) and perpendicular to it (parallel to increased. This implies ferromagnetic coupling between
the film plane), and 0 is the angle between the magnetization neighboring columns, i.e.. the formation of correlated re-
direction and the film normal. The two first terms in Eq. (4) gions with large average magnetization. This justifies the for-
represent the particle self-dipolar energy, the two next terms mulation used it Eq. (4) to express dipolar interactions.
represent the interparticle dipolar energy (see further) ex- The anisotropy field variation calculated for samples A
pressed in the continuous medium approximation bi.c., according to Eq. (5) is reported in Fig. 9. It accounts for only
equivalent to the demagnetizing field created by a continuous half the total anisotropy variation. This suggests that the con-
film of magnetization p(P)M(a)] and the last term is the tinuous medium approximation is not valid, especially at
Zeeman energy. From Eq. (4), the anisotropy may be related large ion fluencies. Statistical fluctuations in the column's
to the demagnetizing field coefficients through distribution function, which would locally increase the dipo-

SHA=47r{Ni[1 -p(P)]-NI!-p(4)}M,. (5) lar interactions may have to be considered Another possibil-
ity is that irradiation in recrystallized regions induces the

From Eq. (5) and with N11 + 2N, - 1, the values N11-0. I and formation of magnetic columns whose shape anisotropy is
NL-0.45 are obtained. These values suggest that the nano- not as large as that of columns formed during first irradia-
columns in sample Al are not ideally elongated. The same tion.
feature has been reported for NiZr 2 alloys in which discon- A discussion of the anisotropic behavior in samples B
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leads to a very similar conclusion. It is not included in this 1 * ExlciIe~t

article. Y CO
o 2 o Calculation

D. Coercivity Z

The low-temperature value of the coercive field reaches . 0.5 -Al
He=650 Oe in sample Al, that is half thz value of the mean A3
anisotropy field. It is known that for coherent rotation H,. is
equal to HA . However, in the case where shape anisotropy is A2
involved, nonuniform magnetization processes, such as curl- 0 1
ing, are, in general expected to occur and to reduce the co- 0 12
ercive field to values much lower than 1/2 "A . The rather Fluence( 1013 ions.crn ')
large value of the coercive field in the present case can be
understood by considering that, as a consequence of the
small diameter of the magnetic columns, curling cannot oc- FIG. 111. Calculated (open symbols) and experimental (.;used symbols) val-

cur. A simple nonuniform process can be considered, consist- ues of the coercive field as a function of the ion beam tluence (samples A).

ing in a progressive reversal and rotation of the magnetiza-
tion about the column axis. To the very first approximation,
the dipolar energy is reduced by a factor of 4 with respect to observed anisotropy in these systems has been attributed to

a uniform magnetization perpendicular to the column axis shape anisotropy. A magnetization reversal process has been
(coherent rotation). The exchange energy is discussed in which dipolar interactions are not fully mini-

(dO0\ 2  AlI 2  mized because of the very small diameter of the magnetic

EH 4 A(- dz= - (6) columns. Further mnicrostructural analysis and new irradia-
\dzJ Ition experiments on other intermetallic compounds contain-

where A is the exchange constant, 0 the angle between adja- ing magnetic rare-earth elements are needed to allow a better
cent moments, and the length over which rotation occurs. understanding of the underlying mechanisms at the origin of

is obtained by minimizing the exchange energy with respect anisotropy and coercivity.
to the dipolar energy. One obtainso te d r eS. Klauniinzer, M.-d. Hou, and G. Schumacher, Phys, Rev. l.ctt. 57, 850
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Msgnetic wire and box arrays (invited)
Atsushi Maeda, Minoru Kume, Takashi Ogura, and Kazuhiko Kuroki
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Takashi Yamada, Madoka Nishikawa, and Yasoo Harada
Microelectronics Research Center, .Sanyo Electric Co., Ltd.. 1 -IS-1 .?lashtiridant. Ilirakata, Usaka 5 73.
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Ferromagnetic wire and box arrays with widths and spacings in the range of' 2-0.0 Ani werc
successfully fabricated utilizing high-resolution electron-beamn lithography and] lift-off techniques.
The box arrays possessed a unique magnetic switching mechanism. As the magnetic field decreased.
the magnetic c,.hcreiicy be~wcen the boxes which are in a row first disappeared. D~omain wall
motion in each box occurred in the next step. The deniagnetiz~ing fields observed in the wire arrays
with short spacings were different from those calculated by at model, in which the wires are: imolated

fro'n each other. Ferromiagnetic resonance mcasurcenlot implied the appearance, of interwire
dipole-dipole interaction. Multilayered wire arrays were also prepared to study the magnetoresistive
characteristics.

I. INTRODUCTION Ni811Fe,cVCo/('O Co mnultilayered wire arrays. T'he resist por-

The physical properties of materials with an artificial .in were finally removed with acetone. lin order to study'

suprtutrhaeatatdmcatetn.
2 Tii-be the effect of the interwire or interbox interactions. arrays

toube sinihael different from theproseit ind thze bulk staetes. InAm were prepared.'rhe artificial periodic structures fornied
to e sgnficnty dffren fom hos i th blk taes.In were observed by scanning electron mnicroscopy (SlIM).

the past study, we have shown that metallic superlattices pre- Otesruualcrceiziowtsdn yxayifa-
pared by miolecular-beam epitaxy possess unique structural-' te tutrlcaatrztinwsdn yxrydfrc
and magnetic 4 characteristics. An artificial periodicity along tion (XRD) with CuKa radiation. Magnetic hysteresis loops

the film normal plays an important role in this uniqueness. were measured at roomi temperature using at vibrating sample

Therefore, two- or three-dimensional composition modula- mnagnetometer. Bitter patterns were observed under magnetic

tton in materials should be proposed as the next research fields less than 55 .G. The FMR measurements were made

target. Though atomic-level control is still not possible in the with an electron spin resonance spectrometer operated on thle

preparation of such artificial structures, fine patterning iii X band at 300) K. Magnetoresistance (MR) was measured at

submicron size can be made using various lithography tech- room temperature in a four-terminal geometry with a direct

niques. In the field of magnetism, microscopic arrays of fer- current MJ.
rotnagnetic particles are prepared to study the basic prob-
lems, such as demagnetization process and interparticle Ill. RESULTS AND DISCUSSION
interaction.5 ,6  A. Structural characteristics of NI80Fe20 arrays

In the present study, periodic arrays of ferromagnetic
wires and boxes are fabricated ats the first step toward two- or All Ni8l1Fe,,1 wires and boxes prepared in this study have

three-dimensional modification. The magnetic properties are a thicktness of 50) tim. Figure 1(it) shows the SLM images of

discussed on the basis of results obtained from hysteresis the wire arrays with various widths and spacings. It is fouind

loops, Bitter patterns, and ferromagnetic resonance (FMR) that the widths are equal to the spacings as designed. The

measuretnents. As one of the applications of. the artificial linearity and edge structure of each wire are good enough to

structure, magneloresistive characteristics ot multilayered discuss the physical prop~erties. [In the p~resent study, we con-

wire arrays are also studied, firmed that the specimien withI a width anrd a spacing of' 0.(i
nim possesses at sharp artificial structure. Though the box

II. EXPERIMENT arrays alIso showed itclear periodic st rut]Ctire. tlie Nhapc (if
eatch bo x romunded withI increasing the cx poisare reil a., - as

The wire and box arrays were fabricated ut ilizinig high- shown in Fig. Ib th. The XRI) piatternts of' thie N i5,,l:c ' , ifritYs
resolution electron-beani lithography and lift-off techn iqutes. sho wed no pe a ks in lie m iddi!c-aingle re gioin. HI he in en sal
I -Ar-thiick po~lymethyl iiiethacrylatc I resist tilmis coated oin ntetit svstcni 1used pwws., sat ficientilnitis.I detct-
Si (IfItH) wafers were directly exposed In. ;in electron beam h inato rmth ra .Ieeoe ii r ultiso
with acceleration voltages betwecen 25 aud 50t kV. The typical fil N ~ic,, ssirc. and hoss Is, Loncficfeil !,I\\ ts

exposure area (equivalent to sample)I Si/V' \AW II as I 0 I1111m
After baking at 473 K under N. atmiosphere for 21) mill. tlIreBsanti hrceisiso i~ oary
were developed using niteth,, I isobut\ I kctotie Nc xi. N iB[antc hrceC,~so I~e~ary
allovs 111i 11Wwihfr ipe~ i o o tasseelr iscrsslosoiiie o h \I.,: ,] tcl,c AItra

deposited at the room teni1petoate1L on :o .1 lithoipli \.si . it11 a \% idili aid .I spak lire ot 1 I 1 jonti sJtto%% ii I c 12

miask. Ion beam s.pntintt \%;i,,~' s used Ici tie prcpcivitin ,,t WhILir tIl ti.1g eIVI tieldt tilt %%0..Iý l0. JJurulle- l to- *It't1 
i ýI' 'I
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%pac ing of I pilln Lccta rgulaf kMIpN .%ctc tb c rd %Wci h iea I h ml I2 And INJ Icel 1m'.uwie c wuftitr1 mullii irthett' thre %latm held
ipgrt)1164d ;)AutdtI Alidm ;-Krlnodatulat. ic~sttccthch I totit! strtJw

Ilignthf~w~ ficld 'A A% .61placd f iiallel0 14, t1IL: e 11ls .h hsst-r
tvt5 feittuit. indidacites 11 that tlcL agiuIt.I/ail loll Sv6itching is at-
IfIibutAhC to 011 itLJOUJ ditji II W 11 m01i011 'fil e COCwIVC field dicul~at it thle rt field. As shown in Fig. 0ta)t. wheoi the static
Iinici4ad with dclr.asa.6%ng %%ire wAidth. U.nder the condition field was applied pairallel it) thle stripes. uniform precessional
whctc the nrialanctic field %a% as.pplied normatl to thle stripe%, inode wats observed. ()n the other hand, under t1ie condition
the niignctifalion laneasI chinged witl increase and~or dc- where the magnetic field was applied normal to the stripes
Cc~icae ant the Inaglitetic field. I hec featute hosthal onilv and pairallel to the array plante. multiple resonances were oh-
131igirtiict I"tt lolloalliol V. IC4);)sihl)e fill thie %%witching pro- served at higher field than the main resonance, Such multiple
cxo.. Ilasd onl tile nagnetic data dscwribied above. file shape resonances are similar to that corresponding to spin wave

v,~tit~i foutid to bec Induced in uach .' re rsulting in it cxcitatý.on.4 H owever. the lthickntess o[* each wire is smaller
mAgnectic ca%ý.-jxis .,long the -stripes. liere. no MR change than the wavelength of the spin wave, in addition, the mul-
was obscred Awhen thle magnet ic field was applied parallel to tiple resoances observed in the present study were strongly
the sti C.(onseqticntký. the induced anisotropy is con- dependent on the width and spacing in the wire arrays, as
eluded to Ile extremely %trong. This prompted us to prepare shown in Fig. 7. Therefore, sonme other mechinism must be
eInultilas'ered %%ire array% ats descýribed in Sec. III C'. The de- proposed for the wtre arrays. In this context, we note the role
magnetizing fields, (//I) Itin the wire arrays were studied its

the function of thfe width and spacing. Since the total field
tJ1,1 for hard-axis s.aturation as noted in Fig. 4(b) is the al-

gehraiC sun, of the ,nisotropV field (11A) and the 1l,' 7~ the [/,I, (a

value was. exierimcntaltv determined by using Eq. ( 1

lit the present study. 5 Oe. which has been obtained for a
Nij v Ic thin film Wilit 11o patterns, wats used as the Ilk value.-
Iit contrast, the /1,1 of' the wire arrays. in which the wires are (L)

i!soAlated fromt each other, can lie calculated f' t' the gcom-
,It% and thle saiturat ion mnagnet i/at ion5

I/j IM, st . (2)

where 1 0. thle thickness, t50 tim)t. H1, thle saturation niagne-(C
te/aitont of the Nije-t I f (1M)XX 6)t. it the wire width. As()
%hown Iin Hg S, U,1 explonenimally increased as the it and v
vaulues deciLased liere, it i-. worth noting that the difference
betweent the cxef;wanittal atd calculated data increases with
dL-cwoiitg %hidth antd %pac ing This suggest% that the wires
aintefact sit %%i f itt-h fici I Ios~ evr. tilie observation does not 5ot 0 1750 3 0 0

lilt% it It-CA1 bea f~tlot Itt lie it and $liue., are plara miet ri/zed. It (G)
t'hertefore. .1 1 MR niiii.t uiissi arried out onl thle wire FIG 7 FMR %pcr of Nijt:e,, wire arraiys ntcasured untder tile condlition
Ait as Ifi ,e amnplc %s&crc lin uniiilomi If fticeld ;it 9.224 (jlli .khmr ttle %tici fiteld wiw' alppi ed perpen~dicul ar ti t(tie st ripe%. The -uidth and
ItI A I I ,, c, .-.1 11% sAit ntigneiaci field %%;I% applied plerpeti- spwlttg %%ere liii 1 1. (Iit 1 5. ;11id (0i 2.0 pill.
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o0 where thce magnetic field was applied normal to the easy axis,
(a)tc)the MR change inl the wire array was likely steeper t.han that

in thle film, as shown in Figs. 8(b) and 8(d). The relation
between the MR change and thle demagnetization process of

1i these samples is currently uinder investigation.

G Eii I r, IV. SUMMARY

Wire and box arrays of' Ni,,,1Fe,11 with widths -nd spac-
ings in tlife range of' 2 - 0.6 uni were sticccssfully fabricated
utiliz~ing high-resolution elect ron -beami lithography and lift-
ofti I ehn iqules. B ittecr patterns of the box arrays inid icated that

omagnetic coherenicy is induced between the boxes which arc
10 1(I G) 10 00 10 in) a row tinder the' mnagne tic lielId. Two k i nds of mnagnet iza-

tion switching miodes were present in thle box arrays. The
FIG S %IR cwri:% tit NiJ-, 0 ivi ilnni o(i it 1 .6 il Cu .1 ni) I( t 140 demagnetizing fie!&ls of thle wire arrays with short spacings
nnomufll itititt d wil ivt aw 1a i, (bi antd tititi (c). filtl la. (0' anid Ill). ilti were larger than those: calculated by a model, in which thle
wctc ima~ utcet undothe (tconidilim un tic rc t he matgnet ic tielId Was apptlied wires are isolated from each other. "Ihle muiltiple resonances
p~iallcu m id i~It~~u.IC~rtChIii til tIC % .11 oibservedl in the wvire arrays implied the appearance of inter-

wire d ipo te-dipole interaction. Th'le mnagtie toresist ive eharac-
teristicsi of' thle Ni,~,,,Ie.,GJ( o/( u"( o iultilayered wire arrav

oif dipole-dsilx~e interactions in thle stripes. This is because weýre preliminarily ,todied.
the dipolar coupling is effective over a long range. Ini fhe
pioneering work by Nakatani. it has been suggested that 1 I. C (hang~ and It ( 6Ic"Sen. Mithelt, AMtNlialId .%trwiwvJ% ACI -
magnetic dipolar standing wvsare excited in the wire dei.New York, 11151
arrays. 11 SI, ino andt 1. lid Ath-,Ifilh .%pcuitjlalmce I Iwv ier. Ani1%le~icrda

C. Magnetoremistive characteristics of A. U7). .Sk. tjtit.tttIFurd. *ptI'v 6.34

NluGFsaCo/Cu/Co multilayered arrays I 1 1 69. (14 17 11t~99

Varou mutiayredmaeralscotanin "pi vave- A. Maedai. T. Satke, T. hipmIolnt. If at imji MI. Kobayas~hi. an~d II.
Varousmulihmere maerils ontinig "pinvales" Kimdt. 1. April Phvs. 65. 3945 I 19891I A. MILIii.T Suitake.T'. hijuattoi

display a large negative MR change when the moments oif and 11. Kurodam. J. I'tirs.: (Cttdctt.. Mailer 2. 245 it14%)I. 3. NO 06 99 1(0:
adjacent ferromagnetic layers are turned fromn antiparallel to A. Maeda. T. Sol.k antd tIL Kurodi. dibul 3. 5241 I t09l); W'~yt.ti A

parallel.' 1 -
1t 3 However, the magnetic moment is expected toi 157. 17K t199hl.

'J. V. Sanviti. S. Seltilll/. 1). R. Fredkin, 1). V' Kern. S. A. Rishitin. It.
form an angle of several degrees with another one in the Schmid i. 'M. Cali. and 1'. R. Koetter, J. Appi. Pltys. 69. 52Q2 (194t ).
plane. Therefore, we note the strong anisotropy induced il "0. icutttriiv. t). (ivord. Y. Mlini. It. P'antictjcr.anot K~ (ssuiri. J. Magn.
the wire structure as shown in Fig. 4. The shape anis;otropy Magn. Muile. 121. 223 t 1993i1.

makes the magnectic antiparallel and parallel alignments in 11. Citireaull and KI (Guvrituu. Aagneutc Hlead.% for Pigiral Recording
I Itsevier, Amtoserdaum.991

the multilayers complete. Figures 8(a)-8(d) show the MR I). 'Iontpsutn. L. Routinukiw. andL A. NMnyidus. l1tIFIt"ran. Muugn. MAG-
curves of the Ni8 ,Fe211 (6.0 nm)ICo(.0. tni)/Cu(2.3 nm)/ If. 1031)0 1975).
Co(4.0 nm) multilayered wire array and film. Here, the mul- C.* Kitit.l Phtys. Rev. 110. 12105 (t958); R. Welier, lIFIT Tratisu. Magn.

tlyrdfilm sample -,k is coprepared with the wire array. MAG-4. I tI.
tila"ere Naklui.ii inl Iigcsis oit (ihe INTERMAGC(ontecrene. Stockhtotlt Swe.

When the magnetic field was applied along the easy axis, the (feii. Aprit, 1991) t1IlpibihtICtied.

difference in the shape of the MR curves between thle array M. N. Btibichet, J. M, Broto, A. Ferl. F Nguyen van tDau, I-. t'etrontI R'

and the film was distinct [see Figs. 8(a) and 8(c)]. Since the Etientne. G. (Creuzet, A. Ikiederuch. and J. (lureluis, Pttys. Rev, telt. 61,
film sample possesses a normal MR change associated with 2472(19188). . .S. .593tt(I0).

"T2. Stuinjo and II. Yanianouto, J hs tc p.5,36 19)
the different coercive fields, the uniqueness is probably due 11 B.~ Dietw. P. Hunmbert. V. S. Speriosu. S. Metin. 11. A. Gurneuy, P !;:!.ni-

to the wire structure. On the other hand, under thle condition girt, and It. tLet'akis, Ptrys. Rev. It 45. 80h 11992).
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Ferromagnetic filaments fabrication in porous Si matrix (invited)

S-rgey A. Gusev, Natalia A. Korotkova, Dmitry B. Rozenstein,a) and Andrey A. Fraerman
Institute for Physics of Microstructures, Russian Academy of Sciences, 46 Ul janova St.,
603600 Nizhny Novgorod, Russia

We have fabricated Ni filaments by nickel precipitation into a porous silicon matrix, making Ni

filaments of about 200 A in diameter and 30 um in length separated by - 500 A silicon walls. This

composite material demonstrates strong magnetic anisotropy perpendicular to the surface due to
shape anisotropy of the Ni filaments.

I. INTRODUCTION composition: NiCI 2.6H 20 185g//; boric acid 45 g//, pH

When a silicon wafer is lectochemically etched by an- -3.0. Nickel precipitation was carried out at 1-3 V, 50 Hz,

odization in hydrofluoric acid solutions a porous silicon (PS) and 18-20' C with nickel counterelectrode. The nickel con-

layer is formed. Choosing appropriate etching conditions centration profile were studied by x-ray microanalysis with a

(electrolyte composition and current densities) which is spe- LINK analyzer mounted on the electronic microscope, scan-

cific for each silicon type, one can get a PS structure with ning along the sample split in the pore direction by the elec-

cylindrical micropores oriented perpendicular to the surface. tronic spot. The Si Ku and Ni Kur lines intensity distribution

The remarkable properties of PS that are pertinent here are (corresponding with the elements concentration profiles)

that its pores are very uniform in diameter and length, that along the sample depth are presented in lig. 2.

the pores are parallel and the pore density, pore length and
diameter can be controlled rather easily by varying electro-
chemical parameters and silicon doping'. 1Typical pore diam-
eters which could be obtained are in the range of 10-100X) A C. Magnetic properties
and pore length is practically unlimited and controlled only
by etching time. We used PS as a matrix to form ferromag- To investigate magnetic properties of the obtained me-

netic filaments by electrodepositing nickel into the pores. dium a terromagnetic resonance (FMR) stud,, of samples

Starting the research we assumed this material to have a was carried out with electron paramagnetic resonance (,IR)

large perpendicular anisotropy due to shape anisotropy of spectrometer IISI(X)X at rf 9.4, GilJz in tile !iagnetic fields

ferromagnetic filaments. Some properties of small aniso- up to 7 kOe. The angular anisotropy along the nickel fila-

tropic magnetic particles in nonmagnetic matrix have been ments with the value in the range 3(X-20011 Oc depending

previously reported for Fe needles into Al,01 matrix 23 and on the sample structure. A representative angular dependence

for Co rods in the same rnmtrix.4'5 In the present article we corresponding to 8(0) Oe uiiaxial anisotropy is shown in

report on our experiments on the Ni filaments in porous Si Fig. I.

matrix. The hysteresis curves for thi,; sample were measured by
vibrating sample magnetometer (VSM) and are presetted in

11. EXPERIMENT AND RESULTS

A. Anodization

We have anodized a r-type Sb-doped 0.01 11 cm silicon
"substrate in the HF:ethanol (1:1) solution at 18-200 C with a
dc current (MX) mA/cm 2) for 5 rmin, getting the PS layer of
30 /m thickness. A JEM 2(XX) EXII electronic microscope
was used to study PS structure. Scanning electron micros-
copy (SEM) observations of the sample spilt (Fig. I) re-
vealed that the pore diameter and the average separation be-
tween pores are -200 and ---500 A. respectively.

B. Nickel precipitation
After PS formation, nickel was electrodeposited into the

pores using ac electrolysis in an electrolyte of the following
F:t(;. I. SEM image of thie ixmnis ,t silicn ,anwipe split ilong the pores.

Substrate: n-type Si 0.1)1 li t m; electrolyte: ItF:etham ,lI It:1); etchinig cur.

""E-mail: rozen(rllmp.rlnov.su rent: INK) mA/.n. Averaget perc diamctei, length 2(•)•. 3, 1 unim.
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FIG. 2. The Si Ka and Ni Ka lines intensity distribution (corresponding
with elements concentration profiles) of metallized porous layer determined
by x-ray microanalysis.

Fig. 4. The difference between the perpendicular and in-
plane loops confirms the presence of perpendicular magnetic
anisotropy.

Ill. CONCLUSION M

Th%. carried out magnetic measurements shows the per-
pendicular anisotropy material fabrication. Our investigation
of this medium structure revealed that this material repre- NORMAL
sents a set of nickel filaments with diameters l2(X) A and
length -30 jtm separated by 5(X) A silicon walls. It is
known, that in a ferromagnetic cylinder with radius less than
the exchange length magnetization is uniform along the
radius.5- The calculated exchange length for nickel is about -2000 2000
300 A. So one can expect quasi-one-dimensional magnetic H, Ge
properties for the obtained Ni filaments with smaller diam-
eters -200 A).

Il( 1. 4. Perpendicular (a) and iiinplane (lI) hysitermei• lops Ietasured fly
3.0 VSM fur a Ni-lillcd porous Si samplciS3.00
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Single-domain magnetic pillar array of 35 nm diameter and 65 Gbits/in.2

density for ultrahigh density quantum magnetic storage

Stephen Y. Chou, Mark S. Wei, Peter R. Krauss, and Paul B. Fischer
Department of Electricail Engineerng, Uni'ersitv of Minnesota, Minneapolis, Minnes )ta 55455

Using electron beamn nanolithography and electroplating, arrays of Ni pillars onl silicon that have a
uniform diameter of 35 nim, a height of 120 nim, and a period of 100 nmi were fabricated. The density
of the pillar arrays is 65 GhitS/irt.2 -o_(ver two orders of magnitude greater than the state-of-the-art
magnetic storage density. Because of their nanoscale size, shape anisotropy, and separation from
each other, each Ni pillar is single domain with only two quantized perpendicular magnetization
states: up and down. Each pillar can be used to store one hit of information, therefore such
nanomagnietic pillar array storage offers a rather different paradigm than the conventional storage
method. A quantum magnetic disk scheme that is based onl uniformly embedding single-domain
magnetic structures in a nonmagnetie disk is proposed.

1. INTRODUCTION process. Thle sample wats immersed in af nickel sulfamate

Perpendicular magnetic recording media have been coni- type plating bath and nickel was electroplated into the tem-

sidered by many as the media that will ofter the largest stor- plate openings until thle nickel thickness was near the tern-

age density. Previously, several perpendicular recording fie plate thickness. The plating rate, which is at function ot plat-

diii were developed and investigated. These include ('o..(r ing current, temp~late diameter, and template thickness, wats

thin fmims with vertical grains,'-2 barium ferrite powder with well calibrated and wats tixed at 45 nmn/mmn tor our work.

a perpendicular c axis.' and vertical ferromagnetic p~illars Alter electroplating, thle PMVMA template was removed.

plated through porous Al films" or plastics films with nuclear Afoter~ elercatron, mirocoe (illMr ter veraiyted psil ari
radiated tracks." lii all these media. thle diamieter ofimagnietic scnnn Therroutin lickoel uillarso vreunrnit teplan dhav

grains and lie magnet izat ion direct ion hiave af broad cont inu1- diesired. shae rslignce ilr r nfnadhv

ous distribOwion; (the spacintg between the griains varies tid is deste a silare arra trpy Fiue2shw mcorp
unconitrollIable: and each bit ot' i ntformait ioni is stored over at o ila ra havi ng af diameter of' 35 tini it height of 1 20

leat sveal agnticgrans mi, and thle re fore a ii :spcct ratio Of 3A4. Thv. pillar array has
leas s'vralmagnticgrais. period of' l00t) m, and] thus has af magnetic storage density

lin Order to explore the ultimiatt size of a nmagnectic bit o'5Gisi.,wihi w resoiantd ihrta
and thle u It mate spacing bietween tte ighbIa iii g ni agne i hhl fole s5ateibfits/i -ai. w tiricgi.ishtwoiord rs of hagntue Ii cyinhdrithal
(therefore storage density), to improve understaoding of thefhe sate -of-th lie-rSoth storae.hepllas hv yIitdrc
fu ndamenotal mnagnet ics. andl to develop neCw iiiagn~it tie d- shaewtI icysi tIis eaIs

vices of high speced and high density, we have fabricated ttttutcttI

ult rah igli density arrays oft single -dom aini nickel p illa~rs us intgv
elect ron beamn nanlolitthograph y antd elect rip tat i og. The
unique advantage o.natiol it hograph vy is t hat tilie dimeni sion ofit' M

echi I pillar as well as t lie spicing twtwceen tilhe pitllars Call he - Sico

well controlled and utif ri rm. D ue to sintall -5i/c antd stlatpe 111m
anisotropy. eac'h pitltar is at single doinain with imaiigtti/aitiott
perpendicular ito the substrate. Moreover, each magnetic pil-
lar can tie used to store onie h1it of mi rnmatit it. lto thItis article . i t

we will discuss lie fabricat ion Pprocess. 01 agite ie It ree mii -_1F - -
croscope (MI-MI Measurements. antd tile possibilit iCS of' _______1_____

novel tiew recording paraidigmi offered bythese pillars.

HI. FABRICATION OF MAGNETIC PILLAR ARR1AYS ikt 11, jyljj)!Nce

A schemrnat ic Of our I ahrica, tion Ptrocess is slitwn itl Fn1ig.
1.A thiin gold pta ti ng base waS depO isited t Oasi hit Oi sith Sl-

sI rate. A hiigh resolt tition elect ronilkicait resist. pt l v tct It v
iniet hacrv late (I)PMiMA), wits then it u Onitoti thet substrate.
D~epending upon the desirted pillar height, the t hiickness titt
the PMMA is typically 130) ttin however. 720 ant thick
PMMA was also used fii some cases. Dl~o arrays with diani- 4 INIA kL' 11ýI
etc rs frtom 35 to 40) fu in atd spac~ings tront 50 to t 00 It f till]

were exposed in tile PM MA using at high resolutiont c tecirtin
bear ni Ithiographiy systemi with i a he ain diameter tof 4I n in. The

exposed P'MMA' wats then develtoped illt a cel lostilve andI
methanol solutiotn creatitig af template Itir thle clectrtptahi jg I It- I~ sltcittttu t-itittý ~oi~igrottc 1pilair ,ttrat l,ti~tC:titw1 priiccw

J. Appl. Phys. 76 (10). 15 Novombor 1994 0021 8979!94/76(l 0)!6673!3!$6 00 1994 Aryerican Institute of Physicr, 6673



III. THEORETICAL ANALYSIS

AWe discuss the theoretical analysis of the nickel pillar
arrays here and the characterization in the next section. First,
theoretical calculation indicates that each nickel pillar should
be single domain. Using Aharoni's formulas, the diameter for
a prolate nickel spheroid with an aspect ratio of 3.4 to be
single domain should be 52 nm or smaller,. In our case, the
pillar diameter is 35 nm and therefore should be single do-
main.

_11 Second, if each pillar is used to store one bit of informa-
tion, such nanoscale pillar array storage has a rather different
paradigm than the conventional storage. In conventional stor-
age, each bit of information is stored over a number of mag-
netic grains which have a broad distribution in grain size,
spacing, and magnetization direction. These distributions

,_- will result in the variation of the total magnetization of each
35 "lm bit stored and give rise to noise in reading. In the single-

domain pillar array on the othI r hand, each bit is stored in a
pillar which has only two quantized magnetization values: up

FIG. 2. SEM image of Ni pillar array 'f 35 inm diameter, 120 nam height, or down in direction but equal in magnitude. Therefore,
and a I(X) nni spacing. The density is 65 Gbits/in,` and the aspect ratio is
3.4. noise for each bit should be small. Certainly development of

fabrication processes for these nanomagnetic pillar arrays is
just the first step towards realization of this paradigm; meth-
ods for writing and reading information in such a media stillFigure 3 shows a SEM micrograph off a second sample need to he developed.

that was fabricated using 720) nm thick PMMA to obtain

tailer nickel pillars. These pillars have an average diameter
of 75 nim. a height of 700 imn (therefore an aspect ratio of IV, CHARACTERIZATION
9.3), and a period of Itl() nm. Compared withl the pillars in
Fig. 2, thes t[all pillars have a cone shaped sidewall with an We have attempted to use a high resolution magnetic
angle ot 1.0' from vertical. Such cone shape results from the force microscope (MFM) operating at 300( mTorr to examine
fact that during the plating, the Ni pillars conformed with the these ultra-high density pillar arrays, but were unsuccessful.
PMMA template that has a cone shape due to significant The primary reason is that since the topology image and
electron scattering in the thicker PMMA during the lithogra- magnetic image are intertwined in MFM, the aspect ratio of
phy. our nanomagnetic pillars is so large that the topology image

completely masks the magnetic image. Despite the difficulty
in characterizing these nanomagnetic pillars. MFM measure-
nments showed that horizontal nanomnagnetic bars of 35 nim
thickness and nanoscale widths are single domain, support-i ing our theoretical estimation that the nanoniagnectic pillars
should be single domain as well. 7

Two other possible methods may be able to characterize
the nanoscale magnetic pillars: scanning electron microscopy
with polarization analysis (SEMPA) and magnetooplical
Kerr effect microscopy (MOKE). Currently, we are pursuing
these two studies. SEiMIIA analvsis forms images by scan-
ning it focused electron beam across a saniple and deteing
the spin polatrization of secondary electrons. The magnitude
and direction of the secondary electron's spin polarization is
directly proportional to the magniludc and direction of the
Magne tization of the sample being scanned. M()K L analysis
measures the magnetization of the pillars versus the mag-

netic field by detecting the rotatiion of pjlarizatiun statc of

light reflected fromt a ferronmagnetic samplc. Wc havc built a
detection system that can dtctcc a signal-to-noise rat s near
I.I 3 and are building a special prot)e station that wiNl enable

Ftc;. 3. Su M~ inof Ni pillar array (it Ivcra~g 75 on dianer. 701) 11 us to focus the laser beam to a diameter of 3.-4 ;im and
heighi. and a 10(tnim spacing. "he dursic l is 115 (hits/ini. and the ( xpect position the beam to a specific location of the sanm,.lc within
ratio is YL3. 2 urn acliracy.
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Second, the quantum disk can track every bit individu-

Nonmagnetic ally, but the conventional disk cannot track all of its bits.
This is because that in quantum disk each bit is separated/ antcfrom others bynnantcmaterial, but in thle conventional

0 idisk many bits are connected. The individual-bit-tracking
ability allows precise positioning, lower error rate, and there-
fore ultrahigh density storage.

Finally, reading in the quantum disk is much less jitter
cthan that in the conventional disk, The reason is that in theS a conventional disk the boundary between bits is ragged and

not well defined, but in the quantum disk each bit is defined
with nanonmete,' precision (can be less than the grain size)
and is well separated from each other.

VI. SUMMARYUsing electron beamr nanolithography and electrophlating,

FIG. 4. Schematic of a quantum magnetic disk which consists of prepat- rs fig pl larson silicol th oath a a nd el t er of

terned single-domain magnetic structures embedded in a nonmagnetic disk. arrays of Ni pillars on silicon that have a uniforn diameter of
35 nm, a height of 120 nm, and a period of 100 nim were
fabricated. The density of the pillar arrays is 65

V. QUANTUM MAGNETIC DISK Gbits/in.-over two orders of magnitude greater than the
state-of-the-art magnetic storage density. Because of their

Based on these artificially patterned single-domain mag- nanoscale size, shape anisotropy, and separation from each
netic structures, we propose a new paradigm for ultra-high other, each Ni pillar is single domain with only two quan-
density magnetic disk: Quantum Magnetic Disk.8 As shown tized perpendicular magnetization states: up and down. Each
in Fig. 4, a quantum magnetic disk consists of prepatterned pillar can be used to store one bit; such nanoscale pillar array
single-domain magnetic structures embedded in a nonmag- storage offers a rather different paradigm than the conven-
netic disk. Each bit in the quantum magnetic disk is repre- tional storage method. Certainly development of fabrication
sented by a prefabricated single domain magnetic structure processes for such magnetic recording media is just the first
that has a uniform and well-defined shape, a prespecified step towards realization of this paradigm; methods for writ-
location, and most importantly, a quantified magnetization ing and reading information with such a media still need to
that has only two states: the same in value and opposite in be developed. MFM characterization of these pillars is un-
direction. In other words, the shape, magnetization, and Io- successful at the moment due to large aspect ratio. Charac-
cation for each bit in a quantum magnetic disk are all quan- terization using SEMPA and MOKE is in progress. Finally,
tized and predefined during the disk manufacturing. On the based on the artificially patterned single-domain magnetic
contrary, in a conventional magnetic disk whtre a bit is not structures, a new paradigm for ultrahigh density magnetic
defined at disk fabrication, the shape and magnetization of recording media-the quantum magnetic disk is proposed.
each bit have a broad distribution and the location of a bit
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obtained by low energy cluster beam deposition
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Clusters of iron, cobalt, and nickel are produced in a laser vaporization source. The size distributions
of the incident clusters are checked by timc-of-flight mass spectrometry before deposition at low
energy. Studying the near threshold photoionizatln, Cn, and Ni,, clusters exhibit an icosaihedral
structure while for iron, no clear structure emerges. Ncutral clusters were deposited on different
substrates at room temperature with thicknesses up to 100li nm in view to determine their structure
and magnetic properties. A limited .oalescence of the clusters is observed from high-resolution
transmission electron microscopy. No icosahedron has been observed but cuboctuhedron and
interface twins between adjacent particles have been clearly identified in Ni films. Grazing incidence
x-ray diffraction experiments reveal a classical phase with grain size around 6 and 4 lm for Fe and
Ni films, respectively but an anomalous fee phase for Co films and a very low grain size of' 2 inm.
The density of films determined by x-ray reflectivity was estimated to represent only 00%%-65% /tr'
the bulk density. Magnetic behaviors studied by ferromagnetic resonance and SQUID magnetization
measurements have been interpreted using the correlated spin glass model. MWssbaucr spectra
performed on Fe films at zero field reveaicd the presence of 20% of iron in the ftorm of thin
nonmagnetic oxide skin surrounding Fe grains which allow to find 2.2 j.B per magnetic iron atom
in agreement with macroscopic magnetic measurements. Nevertheless we found an anomalous
reduced atomic moment for Ni film.

INTRODUCTION Our challenge in depositing transition metal clusters is to
synthesize new phases where the anomalous crystallographic

Recently, magnetic properties such as exchange coupling structures of free clusters would be kept and to study the
or giant magnetoresistance mainly observed in metallic mul- specific magnetic behavior of these weakly correlated cnti-
tilayers have been detected in other nanostructured systems, ties onl a substrate. Once more, we show that our technique
For example, Berkowitz et al.' and Xiao et al.2 observed gi- leads to a random compact cluster stacking (RCCS). 3 Thus
ant magnetoresistances in ultrafine Co-rich precipitate par- magnetic results could be interpreted by random anisotropy
ticles in a Cu-rich matrix. These samples were prepared by model with a scale law and in terms of localization of spin
coevaporation taking advantage of the low solubility of Cu in waves,
Co. However, though this technique is limited to nonmiscible
components, the adjustable cluster diameter is a new param-
eter in addition to the distance between particles as in thin EXPERIMENT
film layers. Thus, studies on clusters and cluster assembled Our cluster source is based on the technique of laer
materials are of increasing interest. Ivaporization.' 5 Roughly, a plasma is created in a vacuum

The laser vaporization source of the laboratory3 allows cavity by Nd-YAG laser light. Synchronized with the laser, a
the obtention of an intense cluster beam of any size distribu- high pressure (5 bars) heliuml pulse, injected in the cavity by
tion (from few to a thousand atoms per cluster) and the syn- a nozzle, thermalizes the plasmla and cluster growth occurs.
thesis of cluster assembled materials, even of the most re- The nascent clusters are then rapidly quenched during the
fractory aod of the most complex ones. The cluster size following isentropic expansion into vacuum ( 10 7 l'orr).
distribution in checked by time-of-flight mass spectrometry ('luster size distributions are analyzed in a time-of-flight
before depositicn. Our source producing cold clusters with mass spectrometer. Studying the near threshold photoioniza-
low kinetic energy, incident (lusters do not fragment on the tion (performed with a frequency-doubled tunable dye laser
substrate and may conserve their intrinsic structures. Thus pumped by a XeCI excimer laser). mass spectri of (Co,, and
we succeeded in the stabilization of very small size Ni,, clusters exhibit oscillations and a series of magic num-
fullerenes (C20-C312), nevc', previously observed expcriic|n- hers (n =- 13,55, 147,3019,50 1 _..).1 corresponding to an
tally. We clearly evidenced that deposited carbon clusters icosahiedral or cuboctahedral atomic shell structure in the ob-
presented the in flight-clusters fingerprint. 3  taimed mass range (50--800 atoms per cluster). A finer analy-
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sis allows us to conclude for the icosahedral structure.6 For •Experimenl ..r]
iron clusters, the results are not so simple, indicating a corn- -- Simulatedcurve

petition between different regimes .6  0.os... . .0 -.-.-.. , . .

Then, free neutral clusters are deposited with a kinetic
energy in the 10-20 eV range on different substrates at room
temperature with thicknesses up to 100 nm in view to deter- 0.04

mine their structure and magnetic properties. 0 0

SAMPLE CHARACTERIZATION 0.03

The typical size of supported clusters obtained from
high-resolution transmission electron microscopy (HRTEM) 0.02

was about 2-6 nm for an initial size distribution centered Z
around 150 atoms for Fe and 300 atoms for Co and Ni clus-
ters, respectively. No icosahedron was observed but cuboc- 0.01
tahedra and interface twins between adjacent particles was
clearly identified in Ni films. Quasispherical grain morphol-
ogy existed in Fe film which could correspond to a bcc Li 0"
rhombic dodecahedron [110] according to the Wulff's L,.
theorem. 7 Grazing incidence x-ray diffraction (GIXD) ex- I [ -I - I MI....ic ¥'

periments exhibit a classical bcc phase for Fe films but a fcc 12.0.0 .o 4... .. ..
phase for both Co and Ni with a grain size extracted from the VELOCITY0 4 i 1

peak width of about 6, 4, and 1.5 rim, respectively, in agree-
ment with electronic diffractions and TEM observations. The
classical structure of cobalt being hcp, the fcc phase ob- FIG. 1. M•ssbauer spectra obtained on a Fe1 q) film at 300 K.

served in Co films might be related to the icosahedral struc-
ture of the incident cluster beam. In fact, the icosahedron is
expected to be the precursor of the fcc crystal. The small The macroscopic magnetic behavior of our films has

grain size and the reminiscence of a free cluster structure been studied using ferromagnetic resonance (FMR) and mag-

confirm the limited coalescence process due to a weak diffu- netization measurements (SQUID). FMR curves roughly tra-

sion of metallic clusters oil the substrate even at room tern- duced a thin film behavior"i but revealed several resonance

perature, magnetic fields due to anchorage of spin waves at the surface

Rutherford backscattering spectroscopy showed that (when the appli,-d field is perpendicular to the surface of the

these porous films are composed of 20%-30% of oxygen for film). The coercive field at 300 K is about 100 Oe for cobalt,

70%-80% of metals. The density of the films, determined by 50 Oe for iron, and lower than 10 Oe for nickel and increases

x-ray scattering at very low angle in 0/20 mode and from at 10 K up to 1000 and 500 Oe for Co and Fe films, respec-

rocking curve around the critical angle of the total reflectiv- tively. The value of the saturation magnetization was related

ity, was estimated to represent only 60%-65% of the bulk to the density value and !o the quantities of oxides. For iron

density." in agreement with MWssbauer results, the classical atomic
moment of 2.2 AB per magnetic iron atom is retrieved. On

MAGNETIC PROPERTIES the contrary we found a strongly reduced value in Ni film.
The atomic moment per Ni atom has been estimated to be

M6ssbauer spectra performed at room temperature on Fe equal to 1/4 of the bulk value (taking into account the film
films without magnetic field revealed the presence of the density). By extrapolating the magnetization curve versus
sextet of the metallic iron (with hyperfine field around 332 temperature, the Curie temperature T, has been found to be
KOe and representing 80% of the signal) and of two doublets around 350-400 K. Thus the magnetization reduction can
corresponding to 20% of ferric oxide (Fig. 1). Whereas the not be uniform, otherwise T, would be much more reduced.
common isomer shift of both nonmagnetic signals is equal to This could be due to the presence of dead magnetic layers
0.4 mm/s compared to the metallic iron, the quadrupolar similar to that observed in Fe films and/or to antiferromag-
splittings respectively equal to 0.9 and 2.4 mm/s allow us to netic coupling between Ni particles via Ni shell. Magnetore-
differ two types of oxide. The first one is identified as a thin sistance measurements and magnetization under high milg-
layer of nonstoechiometric Fe30 4 or/and a mixture of sto- netic field are in progress in view to see respectively an
echiometric Fe30 4 and y-Fe20 3 phases 9 (in agreement with important negative magnetoresistance and a second transi-
the GIXD experiments on the most oxidized films'1). The tion of the saturation magnetization.
second one, not identified so far could be related to a free- We fitted the approach to saturation of the magnetization
cluster oxidation. These results allow to describe the sup- using the Chudnovsky model.12'13 The experimental law of
ported clusters as pure iron core surrounded by a thin skin (2 approach to saturation in magnetic systems is perfectly fitted
or 3 monolayers 7) of non-magnetic oxide. On the other hand, by the formalism of the random-anisotropy amorphous mag-
the intensity ratio of the sextuplet (321123) evidences a ran- nets. In the Chudnovsky's model,12 a physical parameter is
dom spatial distribution of the magnetization at zero field, defined
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FIG. 2. Magnetization law in approaching saturation obtained on a FeL5, (with a H- 2 law) whereas at high temperature the exchanges

film at 30(1 K. dominate (with a H- 1/2 law), the transition o'ccurring around
200 K.

In conclusion, these first results lead us to pursue this
/2 study to elucidate some other characteristic magnetic param-

(2) 12KR, etei6 of the layers (Ta, e.g., antiferromagnetic coupling in Ni

h 5= A' films, and complete magnetic study on promising Co films).
In particular, x-ray absorption measurements will allow us towhere R,, is the distance over which ihe local anisotropy axes locally describe crystallographic and magnetic atomic envi-

are correlated and A is the exchange constant. The parameter ronment in view to explali the anomalous atomic moment in

X is the critical boundary between the correlated spin glass Ni firs. Experiments with cooled substrates are in progress

(CSG) regime (X<l) and the speromagnetic state (X>1). to f il ime th cooledraubstrature in p sore -

One can define the ferromagnetic correlation length to attempt to stabilize the icosahedral structure which is ex-

Rf= R a/X2. The best fitI°,i3 of the curve on Fe films (Fig. 2) pected to lead to specific magnetic properties.

gives respectively, 2 Ra= 6 nm, K-2.5106 erg/cm3 (in
agreement with FMR fits, to compare to S X 105 erg/cm3 ii 'A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. Zhang, F, E.
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Size effects on switching field of isolated and interactive arrays
of nanoscale single-domain Ni bars fabricated using
electron-beam nanolithography

Mark S Wei and Stephen Y. Chou
Departnene of Electrical Engineering, UniversitY of Minnesota, Minne'apolis. Minnesota 55455

Isolated nanoscale Ni bars with a length of I pnm, a width from 15 to 300 nm. and interactive bir
arrays with a spacing from 200 to 600 rim were fabricated using electron-beam lithogr iphy and were
studied using magnetic force microscopy. The study showed that the virgin magnetic state of bars
with a vidth smaller than 150 rim was single domain and otherwise multidomnain. It '-,) showed that
the switching field of isolated bars initially increases with decreasing bar width, then reaches a
maximum switching field of 740 Oe at a w'dth of 55 nm, and afterwards decreases with further bar
width reduction. Furthermore, it was found that the switching field of the interactive bars decreases
almost linearly with reduction of die spacing between the bars.

I. INTRODUCTION acetone which dissolved the PMMA template and lifted off

Understanding the behavior of a single domain magnetic the nickel on its surface, but not the nickel on the subsiratc.
particle and the interaction between the particles is very irn- After fabrication, bar widths were determined using a scan-

portant, because these particles are the basic constituents of ning electron microscope (SEM) and the bar width presented

many magnetic recording materials. However, previously here is the measured bar width.
-ostelstudies of mgnti particles were made For isolated bars, the bar length was fixed at I Aim, bitmost experimental sthe bar width varied from 15 to 300 iim. The spacing be-

in an ensemble of such parti2le.s and the properties of a
single particle were inferred only through extrapolation. Due electron micrograph ofa Ni bar with a 1s nm width.
to large variation in particle dimensions, randomness of mag- For interactive bar arrays, the bar width and length were
netization and unavoidable interaction, detailed information fixed at l0t nm and I Am, respectively. The spacing between
about single particles and their interaction is smeared out. bars along the long axis is 2 Am, but the spacing between the

Due to advance in nanofabrication technology, now it is b
possible to nanoscale magnetic particle arrays wi!h precise

"shapes, and spacing. This opens up new os fore the interaction between bars is primarily along the shortto understand the fundamentals of microoagnetics and de-u axis, and the bar arrays can be regarded as isolated rows of
velop new magnetic materials. Recently, the first reported one dimensional interactive arrays. This is very different

study of nanoscale permalloy bars fabricated using electron from that in Ref. I where the bars were coupled primalrily

beam lithography was carried out by a joint team from the along the long axis. To illustrate the fabrication resolution

University of California at San Diego and IBM."'2 In that
study, isolated bars had a fixed length of 1 uim and a fixed
,'xidth of 133 nm and interactive bar arrays had a fixed spac-
ing with the strongest coupling along the bars' long axis.

In thlis article, we present the fabrication and investiga-
tion of isolated Ni bars with a width varying from 15 to 300
nm and interactive Ni bar arrays with a spacing varying from
200 to 600 nm with the strongest coupling in the bars' short
axis. Furthermore, we report and discuss the effects of bar
width and spacing on the switching field of these isolated
and interact-ve bars.

II. FABRICATION OF NANOMAGNETIC BAR ARRAYS

The isolated and interactive nanomagnetic nickel bars
were fabricated using electron-beam nanolithography and a
lift off process. In the fabrication, a resist, polymethyl meth-
acralate (PMMA), was first spun onto a silicon substrate. A
high resolution electron beam lithography system with a_
beam diameter of 4 rin was used to expose bar arrays in ,he
PMMA. The exposed PMMA was developed in a cellosolve ......
and methanol solutiotn to form a resist template on the sub-
strate. A nickel film, 35 nm thick, was evaporated onto tile :IG. I. sI;M image of t high asnpct ratio isolated Ni bar tha; i, I Jpm long

entire sample. In the lift off, the sample was submersed in and 15 ntn wide.
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FIG. 3. MFM image of a Ni bar which is I grm long and 100 rn wide. The
FIG. 2. SEM image of interactive bar arrays. Each bar is 200 nm long, 20 bright spot stands for the north pole and the dark spot stands for the south
nm wide and 35 nm thick, pole.

and uniformity, Fig. 2 shows a large array of Ni bars which along the direction of its easy (i.e., long) axis; and the bars of
are 200 nm long, 20 nm wide, and 150 nm apart along the wider width are multidomain. A MFM image of a 100 nm
short axis and 100 am apart along the long axis, despite the wide isolated bar is shown in Fig. 3.
fact that such dense bar arrays were not able to be resolved in It was found that the magnetization switching field of an
our magnetic force microscopy (MFM) study. isolated bar is a strong function of width, as shown in Fif,. 4.

The switching field first increases with decreasing bar widih,
reaches a maximum switching field of 740 Oe at a bar width

III. MFM MEASUREMENTS of 55 nm, then decreases with further reduction of the bar

The nanomagnetic bars were studied using a custom width. The initial increase in the switching field is because

built MFM that was modified from a commercial atomic the bar is changing from multidomain to single domain. The
later decrease is likely due to the fact that thermal energy

force microscope (AFM). The MFM was operated in ampli- becomes comparable to magnetization switching energy.4

tude detection mode at -200 mTorr vacuum for a high sen-sitivity. The MFM tips are the ordinary AFM cantilevers Comparea to the study in Ref. 2, where the permalloy
bars of a width 133 nm had a switching field greater than 400

coated with 30 nm of cobalt and have a resonance frequency Oe, the Ni bar with the same width studied here has a switch-
of 18 kHz. These soft tips give better sensitivity out poorer ing field about 100 Oe less. This could be due to two reasons.
resolution than that of a harder tip.

In measuring the switching field of the isolated bars, the First, nickel film on Si surface has significant stress, so there
sample was first saturated in a fixed direction along its easy
axis using a 2000 Oe magnetic field and a MFM image was
taken to det-rmine its magnetization. Then a test field was

applied in the opposite direction and returned to zero. The 700 0

sample was examined under MFM again to see if its magne- 6• 0oo -

tization flipped. If the bar flipped, a smaller test field was
S500

applied in next measuring cycle, otherwise a large field was
applied. This process continued until the switching field of a 40D

nickel bar was located within 10 Oe. 300

0") 200 -

IV. DATA AND ANALYSIS 100

A . Iso lated bars 0 . . . . . .. .. . . . 0.2. 0
50 100 150 200 250

Before the isolated bars were put into any magnetic field, Bar width (nm

MFM images of the sample were taken. These images FIG. 4. Switching field of isolated bars vs bar width. The maximum switch-
showed that for bars of a width smaller than 150 nm, the ing field is 740 Oc for 55 nm wide bars. The bars are I Am long and actual
viigin magnetic state is single domain with magnetization bar width was measured using SEM.
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neighbor bars increases and will help a bar to flip, Third, the
FIG. 5. MFM image of one-dimensional interactive bar arrays with 4(W tin broadness of the switching field distribution is about 1(X) Oe
spacing. which is due to bar interaction as well as size variations.

may be a magnetostriction effect which decreases the net V. CONCLUSION
anisotropy. Second, Ni has strong crystalline anisotropy but We have fabricated nanoscale isolated magnetic bars
permalloy does not. with different bar widths as well as interactive bar arrays

The critical width for superparamagnetism can be esti- with different spacing.5 The switching field was measured
mated from the switching field vs size curve. The switching using MFM. The SEM micrographs show that these Ni bars
field of a particle of volume V, can be described by the have good uniformity and very high aspect ratio. The MFM
equation h•j=l-(V,,/V) 05 , where h,.i is reduced coercivity studies show that bars with a width smaller than 150 nm
and Vp is the volume below which the particle is superpara- were single domain and the switching field depends strongly
magnetic. The equation can be rewritten in terms of the bar on the width (therefore the aspect ratio) of the bar. The
width W:hc =1-(W1 /W) 0.5. By fitting the switching field of switching field of the isolated bars first increases with de-
the bars with a width smaller than 55 nm, WI, is found to be creasing bar width, then reaches the maximum switching
18 nm. field of 740 Oc with 55 nm wide bars, and afterwards de-

creases with further reduction of bar width. The switching
B. Interactive nanomagnetic bars field of interactive bars decreases almost linearly with the

The interactive bar arrays that were studied using MFM reduction of spacing. The broadness of switching field di.stri-

have a bar width of 100 nm and a spacing between bars of bution for interactive bar arrays is 100 Oe.
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Susceptibility and high field magnetization have been measured lot Y('o, ,NI,), (M-- Al. Fc. and
Ni). YCo, exhibits a metamagnetic transition at 69) T. Ni doping in Y('o. increases the critical field
(B,.), while Fe doping decreases it. These changes can le elucidated with the hand picture of'
metamagnetism. B,. of W('o, exhibits a positive shift proportional to the square of temperature. In
the paramagnetic region of Y(C'o, ,Al,) 2 with x v0. 11. the susceptibility is enhanced with Al and
a sharp metamagnetic transition with lower B, is observed. The susceptibility becomes maximum at
a finite temperature rmax. B,. in the ground state is proportional to I',•A . These experimental results
are discussed with a new theory based on a spin fluctuation model. The susceptibility and the
metamagnetic transition are found to be very sensitive to pressure.

I. INTRODUCTION imply that the behavior of X(T) also originates from the spe-
cial shape of the DOS.

Ultrahigh magnetic fields over IMX) T are now available Thermodynamical properties of an itinerant electron
for fundamental research on magnetism. One :if the most magnet aic dominated by the effect of spin fluctuations. In
interesting subjects in ultrahigh magnetic fields in itinerant fact, magnetic properties of a weakly ferromagnetic ractal at
electron metamagnetism, that is, a first-order field-induced finite temperatures are successfully elucidated with the spin-
transition from the paramagnetic to the ferromagnetic state in fluctuation theory developed by Moriya.14 However, the re-
a d-electron system. Since this phenomenon was predicted to lation between the temperature dependence of susceptibility
occur by Wohlfarth and Rhodes,' many theoretical and ex- for an exchange-enhanced pai'amagnet with metamagnetism
perimental studies have been made to elucidate it. and its magnetization process remains unknown.

We have systematically studied the magnetization pro- In the present study, we have studied the magnetization
cess of various Co-based Laves phase compounds in mag- process and susceptibility for a typical metamagnellic com-
netic fields up to 120 T. We observed clear metamagnetic pound YCo 2 and pseudobinary systems Y(Col ,M,)2 (M
transitions in Y(Co,AI)2 (Refs. 2 and 3), Y(Co,Fe)2 (Ref. 4), =Al, Fe, and Ni) to clarify the origin of the transition and
Sc(Co,AI)2 (Ref. 5), Lu(Co,AI)2 (Refs. 6 and 7), Lu(Co,Sn)2  the anomaly of X(T). The metamagnetic transitio, is ex-
(Ref. 8), Lu(Co,Si)2 (Ref. 9), Lu(Co,Ga)2 (Ref. 10), YCo2  pected to be very sensitive to pressure."5 We have also ex-
(Refs. 11 and 12), and LuCo2 .t2 Adachi et al. found a meta- amined the effect of pressure on the magnetization process
magnetic transition in the paramagnetic pyrite Co(SSe)2 .13  and the susceptibility of the Lu(Co, _xGar)2 system.

All of the above compounds have characteristics of a
strongly exchange-enhanced Pauli paramagnet: the electronic II. EXPERIMENTAL PROCEDURE
specific heat coefficient and the magnetic susceptibility are
very large. Moreover, the temperature dependence of suscep- The Laves phase compounds Y(Co, .•M 2 (M=Al, Fe,
tibility X(T) is anomalous: X(T) increases with temperature and Ni) and Lu(Col -Ga,.) 2 were prepared by arc melting in
and then decreases through a maximum at a finite tempera- an argon atmosphere, followed by annealing at 100-950 'C
ture T= Tm1 , These facts suggest that the itinerant electron for a week. All the specimens are confined teo be single phase
metamagnetism and the appearance of a maximum in X(T) with the cubic Laves phase structure by x-ray diffraction.
come from the same origin. Itinerant metamagnetism is con- The obtained ingots were powdered for magnetic measure-
sidered to originate from a special shape of the density-of- ments.
states (DOS) curve for a d-electron system in the vicinity of High magnetic fields up to 42 T were produced us;ing a
the Fermi level.' On the other hand, the origin of the unusual wire-wound pulse magnet with a duration time of about 10
behavior of X(T) observed in a strongly exchange-enhanced ms. Ultrahigh magnetic fields up to 120 T were generated by
paramagnet is not well understood. However, the above facts means of a fast capacitor discharge into a single-turn coil
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y.ith a il) Ui capamcitor hank l),r:tio 1 time of lth pu(i-fl field

i% atixut 7 ps
Th1 magnetiiation in jiti ed high anid uhil ahigh ri .ig • I 111K

fields- was nmeaiurcd using an induction metlhod % ith t setl of7
cc lupe nslacd pickup coil%. I-or the maeti t C lsu- Ir
meint in ultrahigh magnetic field%. the l.owder samplh: '0.as
molded into a rod of 1 .5 minl diamteter and S mill length ', ith

CX1Kv resin (Sivcas. #12(,40 to avoid an eddy cuirenlt .ttect.

The magnetization under high pressure wavt measured using

an extraction-type magnetotmcter. with a high pres.urc claitn
cell made of ('u- i alloy,. in steady magnetic ficlds up to 7 T" .

The specific heat was measured al low tleplleratures in rilag- 411 .1 X MI 0

netic fields of 0. h, 10, and 14.(1 1 using a conventional heat
pulse method with a mechanical heat switch. The tempera-
lure was measured with a carbonglass resistor thermometer
calibrated in magnetic fivlds. I 1

Ill. RESULTS AND DISCUSSION 0.

First we show the magnetization of Y('Wo, (Refs. I I and
12) and LuCo, (Ref. 12) at low temperatures in ultrahigh
magnetic fields up to about I0() 1. Sharp metamagnetic trail-
sitions can clearly be seen around 70 T with small hysteresis.
In ScCo2, however, we could not find a transition up to 120 ."...... 1 .6 1'0 8. ! 01 I

T. The critical field of the transition in the ground state (B,.t)) N1ti.ic Field Cth
is determined to be 69 T for YCo 2 and 74 T for LuCo 2, Here,
we define B,() from the average of two positions at which the 171 1 Magnetization proccss for M 2 and LuCoz in utrahigh magnetic
differential susceptibility dM/dB becomes maximum in the tfulds up to IIQ) 1'.
increasing and decreasing field scans. The values of magne-
tization in the paramagnetic and ferromagnetic phases at B,.()
are 0.17 and 0.44 A.,/Co for YCo 2 , and 0.15 and 0.64 M,,ICo substituted for Cr in YCo2. Fe substitution shifts the Fermi
for LuCo2 . The magnetization jump due to the transition is level to the lower energy side, while the Ni substitution shifts
AM=0.27 Iu,/Co for YCo 2, which is apparently smaller it to the higher energy side.
than AM=0.49 1,1/Co for LuCo2 . The high field suscepti- As an example, we show in Fig. 2 the dM/dB curve of
bility for both compounds is still large in the ferromagnetic Y(Coa -,Niex) in an increasing field scan. The B,.d , of YCou
phase. This indicates that the magnetization is not com- Y(o N) 2 ianncesgfelsa.ThB 0 ofYophase.Telysatur icate s tht the e magnetiztransition iobtained in this study is 72 T, which is slightly higher thanpletely saturated by the metamagnetic transition. that shown in Fig. 1. The position of Bt) rapidly moves to

Yamada et al.'(' estimated the magnetization in the the higher field side with increasing Ni content. In addition
ground state as a function of magnetic field for ScCo•,groud sateas funtio ofmageticfied fr S~o, to the movement of B,.t), significant broadening of the tran-
YCo 2 , and LuCo, by calculating the electronic structure o t
d-electrons in magnetic fields. They assumed that the volume
does not change in magnetic fields. The calculated magneti-
zation process exhibits an itinerant metamagnetic transition
at 120, 89, and 94 for ScCo2 , YCo 2, and LuCo2, respec- Y(Co.,Ni.)2

tively. A sharp peak being just below the Fermi level in DOS T=1O K
plays an important role in these transitions. The peak comes X=0
mainly from the d component of Co atoms. As the external
field is increased, the Fermi level for the minority spin band
approaches the peak of DOS and eventually a transition to a
larger moment state occurs at a certain field. The estimated .5%
B,.o for YCo 2 and LuCo2 is larger by 20 T than the observed
ones. Yamada and Shimizul 5 have suggested that a magneto- .'

volume effect reduces the value of B,(). The reduction is / -. 2.0%
roughly evaluated to be -13 T for YCo2 . The evaluated B,.e
becomes very close to the observed one by considering the 3.0,;

magnetovolume effect. Wo 70 80 901 O(1T ItO

in order to get further information to support the band Magitlic Field (I)
picture for the observed metamagnetic transition, we exam-
ined the change of B,.0 produced by the shift of the Fermi FIC. 2. Differential susceptibility dM/dlB of Y(Col ,Ni,), measured in an
level.17 A small amount of 3d transition metals Fe and Ni are incicasing tietd scan.
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FIG. 3. Concentration dependence of the critical field for the substituted 70 _. t .... i. ..... 1 ._ ._.1
compounds Y(Co01 ,M,) 2 (M=Fe, Ni, and Feo..sNi0.jL 1T 1 2

sition becomes apparent in the concentration region of FIG. 5. Ctitical field of Y'ou in an increasing field scan as a function of

X>0.015. temperature.

The values of Beco obtained for Y(Cot ,Ni 5,) 2 and
Y(Col _xFe,) 2 are plotted in Fig. 3. Ni substitution results in
a linear increase of Beo in the investigated concentration re- to be contradictory to the rigid band model, in which sym-
gion x%;0.03. In the case of Fe substitution, on the other metrical changes are expected at least for small doping. In
hand, B,.o decreases, The observed change of B,.o due to Ni the case of simultaneous doping with equal amounts of Fe
and Fe substitution can easily be understood with the band and Ni, no change of B,.(, is expected from the model. How-
model of metamagnetism. Since excess d-electrons produced ever, an appreciable increase of 2 T is observed for x = 2% in
by Ni substitution increase the distance between the Fermi Y(Co_ - (Fe11sl`4i0.j),)2 as shown in Fig. 3. It should be noted
lev.I and the peak position of DOS, the condition for the that the volame change due to the substitution is negligibly
metamagnetic transition is satisfied at a higher field. On the small and gives no effect to B,.(. A theoretical study on the
contrary, a decrease of B, is expected by Fe substitution. The change of B,. due to the substitution is now in progress.
change of B, can qualitatively be explained with a simple At finite temperatures. spin fluctuations are excited in a
rigid band model. llowever, the magnitude of the observed metamagnetic compound. The nietaniagnetic transition is af-
change in B,. is apparently differen;t for these two systems. fectud by the spin fluctuations. Figure 4 shows the dMIdB
We obtain IdBO/dxl = 7.2 T/%Ni for Ni substitution and curve of YCo, at several temperatures for an increasing field
IdB,.O/dx[= 4.5 T/%Fe for Fe substitution. This fact seems scan. The metamagnetic transition is very sharp at low tem-

peratures, but it broadens rapidly with increasing tempera-
ture. We determine the temperature, at which the first-oider

....... .... metamagnetic transition becomes second order ',hysteresis in
YC2 80K the magnetization curve disappears), as TI)= I(M) 10 K. The

critical field Be(T) shows a positive shift proportional to T2

at low temperatures, as shown in Fig. 5.
1 41 In RCo2 (R:magnetic rare-earth element) compounds,

- _ - .. the Co site is exposed to an exchange field from the R sub-
lattice. As the temperature decreases, ferromagnetic or ferri-

S30K magnetic ordering is realized in RCo2 and is accompanied
with a metamagnetic transition of the d-electron system (the
Co sublattice). The Curie temperature T,. corresponds to the

19K metamagncric transition point. If T, is lower than Tf1, the
. magnetic transition of RCo2 should be first order. In fact, the

transitions of ErCo2 (T,=330 K) and HoCo2 (T, = 76 K) are

8K first order and those of ThCo2 (T,.=232 K) and GdCo 2(T,=405 K) are second order.18

The positive shift of B,(T) suggests that the entropy of
the d-electron system is reduced by the metamagnetic tran-6O) 70 80 90)60 ic0 d (T 90sition. The entropy reduction comes from the suppression ofspin fluctuations by the transition, leading to a decrease in

FIG. 4. Differential susceptibility dM/dB of YCo2 tot several temperatures the coefficient y for the electronic specific heat. Here, we
measured in an increasing field scan. evaluate the decrease of y from the temperature dependence

5684 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Coto et al.



4 01 
I,40 ( 

I 
.

Y(CIoi.,AI0),LuC w a (w.! 5 \

30 
11 X•/,.0,09

0.07

1 .2

7 /I --..I,-•g ,

7 / - o, "/. o o2I0 - / / L •0

X.4 -12 16 I

I 
.o .°-h °ic 

I iti I",,

I 
" 

3

FIG, 6. Magnctization and y value for Lu(Co0,0 Gan()) 2 as a function of (( 0 3
field. o 200"l'Temper'lawtre (K)

of the critical field. On the first-order phase boundary, the FIG. 7. Temperature dependence of susceptibility for Y (Co, .,Al,)2. Sml!

Clausius-Clapeyron relation is satisfied arrows indicate the position of T,,,,.

dH,,(T) as()
dl' AM' As already described in the introduction, we have found

where AS and AM are changes in entropy and magnetization the fact that every metamagnetic compound has a maximum
across the phase boundary. Since H,(T) [=B,.(T)/tA0 ] is in X(T). We examined the relation between the suceptibility
proportional to T2, AS is proportional to T. This indicates and the magnetization process using the Y(CoI- ýAdx) 2
that y is discontinuously decreased by the metamagnetic system.3 We show x(T) for this system in Fig. 7. x(T) of
transition. Using the experimental values of YCo2 increases with temperature and becomes maimurn
dB,/dT= 1.85 X 10 -1 T/K 2 and AM =0.27 /li/Co, we ob- around 240 K. At higher temperature it obeys a Curie-Weiss
tain the decrease of Y' for YCo 2 , AY= I I mJ/K 2 Mol. law. With increasing x, .y() is more enhance6. Cimpounds

In order to confirm directly the reduction of y caused by with x a 0.11 exhibit behavior typical of a strongly exchange-
the metamagnetic transition, we measured the specific heat enhanced paramagnet like YCo2 . Above x =0.12, the comr
of Lu(Cot.1 tGa01.(1 )2 with low B.() in steady magnetic fields.8  pound becomes weakly ferromagnetic.23 The temperrturc at
Figure 6 shows the specific heat together with the magneti-
zation as a function of magnetic field. The y value, which is
35,5 mJ/K 2 mol in zero field, decreases during the metamag- 3(X) I---...R.......... X(

netic transition and becomes 25 mJ/K2 mol in the ferromag-
netic state. The decrease of y due to the transition, Ay=
-10.5 mJ/K 2 mee, is consistent with that estimated from Y(Coi .Alx)2

B,(T) of YCo2 . (A)

The resistivity of the metamagnetic compounds YCo2 , 200 "
LuCo2 , and ScCo2 shows a temperature dependence of
p(T) po+AT 2 at low temperatures.") The coefficients A 4o
and y for these compounds are very large compared with a ____-- 40
isostructural compounds with small susceptibility, such as
ZrCo2 and HfCo2. Baranov et al,19 have found that YCo2 ,
LuCo2 , and ScCo 2 satisfy the Kadowaki-Woods relation 100
(Ref. 20), A/y= 1.0X10- /i.flcm(K m ol/m J) 2, as well as \ ..- 20
heavy fermion compounds. This relation can be explained in -. o
terms of spin fluctuation theory.2' These results indicate that "\
the resistivity of metamagnetic compounds is dominated by x
spin fluctuations. In RCO2  the resi, tivity is also very large 0 . . . . ___

above T c, but it is abruptly reduced at T, .22 The abrupt 0. 0o5 0.10 0.15

reduction mainly comes from the suppression of spin fluc- X

tuations due to the metamagnetic transition, as suggested by FIG. 8. Values of B, 5 and T,, for Y(Co _.,Al,)2 as a functi n of x. x,
the decrease of y observed in YCo2 and Lu(Co0 .91 Ga0 o09)2. indicates the critical concentration for the onset of ferromagnetism.
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0.0 . T K Y('Co ,AI,), system. a simple linear relation
'1":4.2 K T= 10 K B,.()fl','lxt0.29 T/K is satisfied. Similar relations arc found

S{ / /-in some pseudobinary systems such as Lu(Coj ,Al1,)2.' and

lit l-f(Coj Fc ) .2' These facts suggest that the appearance of'
0. 0.4 , I ! . a maximum in x(T) is strongly related to the occurrence of

sucetiilt maxmu is ols Isoltdwt pc- { metamagnetism and both phenomena have the same origin:
2 , :Ithe susceptibility maximum is also assooiated with a special

/ I shape of the DOS curve in :he vicinity of the Fermi level.

0.2 , Recently, Yamada25 developed a theory of the itinerant
. , electron metamagnetism at finite temperatures based on the

"Y((,h ,,\l. spin fluctuation model. Characteristics of the itinerant meta-
magnet at finite temperatures are examined by tile theory.

A- ,The equation of state for the itinerant system is writt,-a in the
0 2o 40 6o 90 1 on ground state as

Magnetic Ficel (I)
H(M)= aM + bM 3 + cMA, (2)

FIG. 9 Low tenpcriature magnetization process of Y(('nl ,AI,). where a is the inverse susceptibility. The coefficients b and c

are expressed in terms of the density of states and its deriva-
tives at the Fermi level. The condition for the occurrence ofwhich the susceptibility becomecs maxinum, Ttn 5 , decreases a metamagnetic transition-" is given by

rapidly in accordance with the enhancement of X(W). The

concentration dependence of 'J',,x is indicated in Fig. 8. Til,,a 3 ac 9
systematically decreases as x increases. 10 h- .

Figure 9 shows the low temperature magnetization of the
Y(Col _Al.A)2 system.3 All the compounds with x-10.09 ex- At finite temperatures, the coefficients are renormalized by

hibit sharp metamagnetic transitions. The critical field B,.() is thermal spin fluctuations. The coefficient a is transformed

plotted together with Tir,. in Fig. 8. B,.l, decreases nearly into

linearly with increasing x. Above x =0.08, however, B,,11 ex- A (7') =X(T) a + . fý,,(j")2 +± L ce,,(T) .j (4)
hibits an anomalous change. In the weakly ferromagnetic
phasL ',12Tx<0.15, ferromagnetism and metaniagnetism where tT is the thermal averag the parhmsquare of the

coexist. This may come from heterogeneity of the system. fluctuating magnetic moment in the paramagnetic state.

The critical concentration, at which the critical field becomes 4(p,)2 is a monotonically increasing function ;ind is propor-
zero, is estimated to be x,.0.12 from the x dependence of tional to T2 at low temperatures. Under the conditiun (3), theB,.ro in the concentration range x. 0 Om8. This x,. coincides susceptibility X(T)7=A(T) I has a maximum at a finite tem-

with the inset of ferromagnetism. It should be noted that the perWture T= TJ',• due to thermal excitation of spin fiuctua-
concentration dependence of H,,o is very similar to that of tions. This means that both the metarnagnetic transition and

TMAX. We plot B,.(, against ",, in Fig. 10. In the the maximum of k(T) originate from the electronic structure
of d electrons. The temperature dependence of the critical
field is expressed as

100 B,.( T) = B,Iko+ t .4( 7,)2 (5)

where ox is a function of b and c. This indicates that B.(') 1):
increased by the effect of spin fluctuations, consistent with

Y((Coi xAI,),, the obseived B,.(T) for YCo2 . The linear relation between
B,.(T) and Trn,, B,./T,,ilX=const, is derived by the theory.

"5-)t This is also consistent with the relation between B,.() and
"Tr,,,,; observed in the Y(Cot. _,A],), system. Moreover, the

0.)2
7- temperature To, at which the first-order metaniagnetic tran-

"•50 ./H0.o04 sition disappears, can be estimated using the experimental
" "" values of T ,k and x(0)Ix(7",,,a). The estimated TO1 is 104 K

0o.6 for YCo, with T7 =240) K and X(0)IX(Tn,,,x)=0.50. This
/o0.0o7 value is in good agreement with the experimental result of

To= I00± 10 K. The observed characteristics of the itinerant
o. 11ii0" metamagnet are successfully elucidated with this theory

based on the spin fluctuation model.
ti"nFinally, we show the pressure effect on the magnetiza-

0 ,i tion process and the susceptibility of Lu(CoI .1_GaX)2,. Itiner-0 10O0 200 3100""',,, 0 K ) ant metamagnetism is expected to be very sensitive to high

pressure since it comes from the shape of the DOS curve in
FIG. 10. Critical field B,.( vs 1',,,, for Y(Col -.,Al,) 2. the vicinity of the Fermi level. Figure 11 shows the pressure
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15 f 1 ..... T .... o--1 - .... "'le observed increase of 7',,,,,x indicates that the presturc
o - e. 'ct decreases both DOS at the Fermi level and the en-: *. . : , :ha.,cement factor. The large reduction of' (1) suggests

•- . .. ,that the spin fluctuations are much suppressed hy lthe appli-
E 10 cation of pressure. In the present study wt .:annot determine

- " .'the relation between B,.n(I') and 7'fax(ll) under high pres-
N " " • , kbr sure with the same sample. However, the simple relation

I.S khar B,.ii(P)/Ta,((P)=const may he satisfied.
In conclusion, we have successfully observed metamag-

,, *•....8.1 kba, netic transitions in YCo, and LuCo, at 11,.,=09 and 74 T.
lu(on •sGa, 1), The change of B,.( due to Ni and Fe doping in YCo, suggests

_ . . that the transition originates from a special shape of the DOS

0 2 4 6 8 curve around the Fermi level. B,.(T) of YCo2 shows a posi-

Magnetic Field (T) tive shift proportional to 7.2 at low temperatures. In the
Y(Cot ,AI,)2 system, we have found the relation

FIG. II. Pressure effect on the magnetization process of .u(Co,, Ga, 12)2at B,.n/fmax=const. These experimental results can be ex-

4.2 K. plained by theory based on a spin fluctuation model. We have
observed the suppression of spin fluctuations due to meta-
magnetic transition. The metamagnetic transition and suscep-

dependence of the magnetization process for tibility are sensitively changed by pressure.
Lu(Co0o.gGan. 12)2 at 4.2 K. This compound shows ferromag-
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Local and nonlocal density functional studies of FeCr
David J. Singh
Complex Systems Theory Branch, Naival Research Laboratory, Washington, D( 20375

Local spin density approximation and generalized gradient approximation calculations are reported
for ferromagnetic B2 FeCr. Both shear elastic constants are found to be positive. iidicating
metatabi!-",y ,' the B2 structure, Both the moments of the Fe and Cr layers arc ferromagnetically
aligned, with 'he Fe moment being considerably depressed. This is in contrast to the behavior for
thicker films. The evolution of the behavior as a function of the layer thickness is addressed using
supercell calculations. It is found that Fe monolayers in bcc Cr are ferromagnetically aligned with
the neighboring Cr moments, while thicker Fe layers are antiferromagneticaily aligned with the
adjacent Cr layers.

INTRODUCTION B2 FeCr: STRUCTURAL AND ELASTIC PROPERTIES

Fe/Cr multilayers have become the focus of intense in- Spin polarized LSDA and GGA total energy and dcc-
vestigation over the past few years in part because of the tronic structure calculations were performed for lattice pa-
discovery of oscillatory interlayer coupling and giant magne- ramcters between 5.20) and 5.45 a.u. Lattice parameters and
toresistance (GMR) in this system. Although CsCI (B2) bulk moduli were obtained by fitting these to the Birch equa-

structure FeCr does not exist in the Fe-Cr phase diagram.I tion of statr. This procedure yielded an LSI)A lattice param-
the system is of interest not only because of the possibility of eter of a 5.23 a.u. or 2.77 A and a bulk modulus of 297
growing it layer by layer with molecular beam epitaxy GPa. The present lattice parameter is 1,3% smaller than the
(MBE) but also because it may be viewed as alternating 5,30 a.u. obtained by Moroni and Jarlborg using the LMTO
(WXII) layers of Fe and Cr, thus forming the low thickness method.2 while the bulk modulus is 10% larger, Converged
limit in the Fe/Cr/Fe multilayer family, LSDA calculations for 3d magnets typically give lattice pa-

This article reports local spin density approximation rameters that are 2% to 3% smaller than experiment and bulk
(LSDA) and generalized gradient approximation (GGA) cal- moduli that are 25% to 401% too large, even though elastic
culations used to investigate the electronic, magnetic, struc- and other properties when calculated at the experimental lat-
tural, and elastic properties of this phase. The results are in tice parameter are in close agreement with experiment." In
general accord with an earlier LSDA linearized muffin-tin contrast GGA calculations typically yield lattice parameters
orbital (LMTO) calculation of the electronic structure, lattice and bulk moduli in much better agreement with experiment
parameter, and bulk modulus for this phase. 2 Enhanced for these materials. The calculated GGA lattice parameter for
bonding, reduced Fe moments, and an unexpected parallel ,'eCr is a =5.33 a.u. which is approximately 2% larger than
alignment of the Fe and Cr spins is found. This alignment is the LSDA value, but still 2% smaller than is obtained by
opposite to that observed in multilayers. Calculations were applying Vegard's rule to bcc Fe and Cr; this suggests en-
performed for several multilayers with different Fe and Cr hanced bonding in FeCr. The GGA bulk modulus is 256 GPa.
layer thicknesses in order to understand the parallel align- Elastic constants were calculated within the LSDA but are
ment and the regime in which it occurs. the likely more realistic GGA lattice parameter, using the

procedure of Mehl et al."' This results in fairly stiff shear
elastic constants, (-44 =150 GPa and cl1 -c, 2 =230 GPa.
"HThese large values, which suggest strong bonding, suggest

METHOD that B2 FeCr is a metastable phase, and therefore that this

The present self-consistent calculations were performed phase may be grown epitaxially to large thicknesses.

using the general potential linearized augmented planewave
(LAPW) method.,'4 with a local orbital extension, to relax the B2 FeCr: ELECTRONIC AND MAGNETIC PROPERTIES

linearization of the 3d bands. Unlike the LMTO calculations The LSDA band structure and electronic density of states
of Ref. 2, this method imposes no shape approximations on (DOS) are presented in Figs. I and 2, respectively. The
the charge density or potential. LAPW sphere radii of 2.25 Fermi energy falls in a peak in the majority spin DOS, per-
a.u. were used with well converged basis sets derived from haps related to the fact that the B2 phase is thermodynami-
an interstitial cutoff of 16 Ry. The Brillouin zone sampling cally unstable. Both the minority and majority spin d bands
were performed using a 16- special k-points mesh, which are partially occupied. The similarity of the Fe and Cr pro-
yielded 120 points in the irreducible 1/48 wedge of the jections of the DOS is remarkable. This reflects hybridization
simple cubic zone. The multilayer calculations were per- between the Fe and Cr d orbitals. This is also seen in the
formed using a 12 mesh in the cubic zone which was folded magnetic moments. At a =5.33 a.u., Fe and Cr spin moments
down into the appropriate tetragonal zones. The LSDA cal- of 1.21 ýUB and 0.61 AB were obtained within the LSDA. The
culations were performed using the Hedin-Lundqvistt ' func- interstitial polarization is very small as expected. Moroni and
tional with the von Barth-Hedin spin scaling;7 GGA calcu- Jarlborg2 report LSDA value.i at their calculated lattice pa-
lations used the recent Perdew-Wang functional.8 rameter of 5.30 a.u. At that lattice parameter, I obtain mo-
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FIG. 1. LSDA hand structure of 112 FeCr. Majority (minorit y spin hands FIG. 3. Total and p,.oiected spin magnetization in jul, per lormnula unit vs
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Fermi energy.

ments of 1. 164 ,ut and 0.635/AB for Fe and Cr, respectively. antiparallel and were close to their bulk elemental values).
Thetse ova1.164e ar d 0.063 Allla for Fe and Cr,5A respectvel. This is in sharp contrast to what is known about the interface
These values are 0.06/zt, larger for Fe and 0.05 fL, smaller bewnthcrFcadClyrshrehcFadCri-

forbetween thicker Fe and Cr layers where the Fe and Cr o-

slightly enhanced relative to be Cr, while the Fe moment is ments are antiparallel."t -t As shown in Fig. 3, the moments
strnghly renhaced. Furelativert, b Cr, the Fean moments aeligd vIary slowly over the entire volume range studied and in par-strongly reduced. Further, the Fe and Cr moments are aligned ticular the parallel alignment of the Fe and Cr moments per-

in FeCr (coincidentally the total spin moment of 1.82/ , is sists. This result, which is qualitatively in accord with the
what would be expected if the Fe and Cr moments were earlier calculations of Moroni and Jarlborg 2 and also holds in

GGA calculations, can be rationalized in terms of the elec-
SO tronic structure. In the B2 structure each Fe atom is sur-

rounded by eight Cr atoms and vice versa-a favorable en-
4.0 virnnment for d honding. As mentioned, the electronic
20 Total structure shows strong Fe-Cr hybridization as reflected in the

similar projected DOS for the two species. This :;imilarity
"0• arises in three ways, a charge transfer from the Fe to the Cr

20 ators, parallel alignment of the spin moments, and a strong
reduction in the Fe moment. Evidently, the bonding energy is
aufficient to bring these things about in 82 FeCr.

FeCr MULTILAYERS

a20 Cr _Regarding FeCr as a stack of single (001) Fe and Cr
V) 0 layers, one may consider the effects of changing the layer
o 0 20k thicknesses. For thicker Fe layers, each interface F, atom

would be coordinated by four Cr atoms and four Fe atoms in
40 the next layer, which depending on the layer thickness would

be interior or interface Fe atomis. Similarly, one may consider20 Fe changing the Cr layer thickness. In order to study these situ-
0 ations, LSDA supercell calculations at the bulk Fe lattice

20 parameter were performed for several such stacks, as shown
in Table 1. These are denoted as Fe,,Cr,, where n is the thick-

40 ness of the Fe layers and m is the thickness of the Cr layers.

01 GGA calculations, which, were performed for the stacks con-
-0.8 -0.6 -0.4 -0.2 0 0.2 taining four and fewer layers yielded similar results but with

E (Ry) larger Cr moments consistent with previous GGA calcula-

FIG. 2. Total and projected DOS of 812 FeCi. Majority (minority) spin tions for bulk Cr.12

contributions are shown above (below) the axis. The dashed vertical line The results show that thickening the Cr layer does not

denotes the Fermi energy. change the parallel interface alignment provided that the Fe
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TABLE I. Projected spin moments in LIn/atom of FeCr, (001) stacks. The found that FeCr is elastically stable and is likely a metastable
projections are onto the LAPW spheres. The alignment of the spin moments phase. A parallel alignment of the Fe and Cr moments is
is given by the sign. In cases where there are more than one inequivalent Fe found; this may be understood in terms of strong hybridiza-
or Cr atom, the moments are given in order of the distance from the inter-
face; Fe1 and Cr1 are the interfacial atoms. tio, apparent in the electronic structure. Calculations for

Fe-Ct multilayers show that the interfacial Fe and Cr mo-
o m M(Fe1) M(Fc 2) M(17c 3) M(Crl) M(Cr2) ments remain antiparallel, except in the case when the Fe is

1 1 1.36 ... 0.52 ... a single atomic layer thick, in which case a novel parallel
1 3 1.33 ... ... 0.30 -0.27 alignment is found.
2 1 2.09 ... .. . -0.41
3 1 1.92 2.49 -0.35
5 1 1.99 2.44 2.36 -0.42
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Temperature-dependent electronic structure and ferromagnetism
of bcc iron

W. Nolting
Humboldt-Universitiit, Lehrstuhl Festkorpertlheorie, Invalidenstrasse 110, 10115 Berlin, Germany

A. Vega
Departamento de Fisica Te6rica, Universidad de Valladolid, 47011 Valladolid, Spain

The influence of electron correlations on the temperature dependence of the electronic structure of
ferromagnetic bcc iron is investigated by the use of a many-body evaluation of a generalized model
of magnetism. The one-particle part of the model Hamiltonian is taken from an LDA band-structure
calculation. The model contains only two parameters, an intraband Coulomb interaction U, and an
interband exchange J. With U= 1.8 eV and JI=0.2 eV the self-consistent model solution yields a
T=0 moment of about 2.04 Atn, and an exact Curie temperature of 1044 K. Details of the magnetic
behavior of Fe can be traced back to a striking temperature variation of the quasiparticle density of
states. Typical differences in the magnetic behavior of Fe and Ni are worked out.

I. INTRODUCTION Hu is an intraband Coulomb interaction of Hubbard-type

Decisive features of band ferromagnets like Fe, Co, and (Umm±Jmn.U VM)
Ni can be treced back to electron-correlation effects in the I
relatively narrow 3d subbands, which only weakly hybridize Hu=-UX fli(4)im-"(

with the 4s and 4p bands. The Fe valence band contains i,,,

eight electrons, about seven of them have predominantly d The second term is an interband exchange interaction
character. Current state-of-the-art band structure calculations (Jm' =-J V in m'), which has exactly the same structure as
within the "local spin density approach" (LSDA) are able to the interaction part of the sf(sd) model
account frr ground state properties of Fe quite reasonably.
However, up to now a convincing theory does not exist for H -1 OJI m, ,. (5)
the temperature-dependent electronic structure, from which i'm
magnetic key quantities, such as the Curie temperature, the
magnetization curve, and the exchange splittings can be de- o, is the electron spin operator I - I m'I

rived. Ur =C lCim 1c , t o')=0,5(nijn-nj,,)]. Sire is a fictitious
spin, "seen" by an electron from subband m and built up by
electron spins from all the other subbands

II. THEORETICAL MODEL * rn
si. f .,Cri.,. (6)

Although prototypical magnetic materials like Fe, Co, m'
Ni, Gd, EuO, NiO,..., belong to rather different classes of
magnetism, they should be describable by one and the same The third term in Eq. (3) is a spin-independent direct Cou-
theoretical model and by use of very similar approaches to lomb interaction between electrons from different stbbands
the sophisticated many-body problem. Our model Hamil- (U=0,5(U,,,m-O,5J.,,,) Vmnm')
tonian , ,

1-=Ho+ HH (1, H&=- U 2 nimnim'; nim=X ni"1r. (7)

has already been applied in preliminary works to some of the

above-mentioned materialsi- 3 The single-particle part reads Since there is no direct spin dependence in HU, this partial
0 Hamiltonian will not execute a direct influence on typical

-H,,= • Tij(m)ci,,,cjn,,,= E e,,(k)c+,,,yCj,,,. (2) magnetic phenomena. We therefore neglect it in the treat-
ijmo. kmv (Yment of Fe.

The indices ij mark the lattice sites and u marks the spin We believe that H1 contains all the interactions which

projection. In the case of Fe the band index m runs over the are vital for the magnetic correlations and the temperature
3d subbands. It is commonly accepted that the important dependence of the electronic structure. For a realistic coni-
aspects of band ferromaignetism are sufficiently well ac- parison to experimental data, however, we have to reintro-

counted for by intraatomic direct (U.,,,) and exchange duce the influence of all the other interactions by it proper

(J,1 ,,') terms only. These terms can be rearranged in the renormalization of the single-particle energies. This i:; dorne

following illustrative way: 2  by an LSDA-band-structure calculation.

H. =HupHys +H9. (3) e,,(k)3 1aDa ,,(k). (f)
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We perform this LSDA calculation along the line given in III. RESULTS
Ref. 4, for paramagnetic Fe in order to avoid a double count-
ing of the magnetic interactions which are already covered The lfO model parametcrs U and ,I have been fitted to
by the model-Hamiltonian part fll. A more detailed justifi- get a self-consistent ferromagnetic solution with a phase
cation is given in Ref. 7. Starting from an s,p,d basis we transition of second order at T(., and a T=0 magnetic too-

pick out the live eigenstat,- with highest d character and ment as realistic as possible (U= 1.8 eVW J=0.2 WV). In the
number them according -; in._easing single-particle energy same spirit we determined in Ref. I U and J for Ni.
by r = 1,2.....5 L(k)....(k)]. The energies •,,(k) for all It turns out that the possibility of a ferromagnetic ground

k from the first Brillouin zone form the inth subband. In this state is mainly due to the intraband Coulomb interaction U,
way the 3d band is decomposed into five nondegenerate sub- while the exchange.! influences the actual values of the mag-

bapds, netic quantities. To realiLe ferromagnetism the coupling pa-
The many-body problem posed by our model Hamil- rameter UIW,,, (W,: width of the rnth 3d subband), the

tonian is not exactly solvable, However, the decomposition electron density n,, (0n,,,--2), as well as the hole density,

(3) of the interaction part can conveniently be exploited, 2-n,,,, have to exceed certain critical values, which depend

since the partial operators HU and Hj are well known from on the given lattice structure. Furthermore, an upper limit for
simpler models of magnetism. The starting point is the re- U/W appears, above which the magnetic phase transition is
tarded one-electron Green function of first order.5

The ti = 1,2 subbands are completely filled and therefore

,(9) magnetically inactive. The in 3 and 5 subbands
•,,";',•.=, I)A~) .. . . (9) [n 3(7'=0)= 1.346, n,(T= t)=0,704] have convenient occu-

pations for a ferromagnetic ground state (Fig. 1). The ti4
the formal solution of which can be written in terms of the subband, however, is for all temperatures exactly half filled
fundamental self-energy lk,,,r(E). (n4 = 1, Fig. 1) and has therefore a strong tendency to anti-

Via the definition ferromagnetism, which competes with the ferromagnetic ten-

(([ cm,1, ,HJ j], ",,,. (E)-M~o, (l )(( • , ' dencv of the m =3 and 5 subbands. According to our model
(10) solution for bee iron the ferromagnetism of the in ý3 and 5

the self-energy parts M (E) ofthesubbands dominates and forces the in principle antiferromag-
t - p ,, t(E of the full self-energy nwtic in =4 band by interband exchange (J) into a ferromag-

k,,_.(E) =M '() +M. (E) (11) netic order. So, the situation is very much more con.plicated(- ,(E) kip,) a) than in Ni, where only the uppermost in =5 subband -s mag..
may be introduced. In the next step we define "effective" netically active,t because the tt=1,2,3 bands are fully occu-
single-particle energies pied and the in =4 band contains only very few holes.

t.OA11)+% ~Y(0 =All magnetic properties of the band ferromagnet E-c .canW7,,,(k.E) ==?:,M + Al ,, E y U ,J; x ,• ) (12)
be understood as direct consequences of the temn•i:,iture-

for an "effective medium" Hamiltonian dependent quasiparticle density of states (QDOS)

"H -= I y7,,( k:E)cI',,,,c i,,,+ Ht,. (13) 1,,(E) = - - X lm((ck,,, ;kjr)). (15)

kmn (r 7rk

In general H(; will be energy dependent and non-Hermitian, which is plotted in Fig. I for four different temperatures., and
but the resulting Green function is the same as in Eq. (9). separately for the five 3d subbands. The total Ql)OS is of
The advantage lies in the fact that the "effective-medium" course nothing else than the sum of the live partial densities.
Hamiltonian poses a formally simpler many-body problem The T dependence of the two lowest subbands (tin= 1,2) is
than the "original" model Hamiltonian (1). For each x(x exclusively due to inierband exchange with the magnetically
=U,J) we try to find a reasonable approach to the corre- activ,; in =3,4,5 subbands. 'n the latter two different correla-
sponding "effective" Green function. This means that for tion effects are produced by the intraband interaction U.
x= U we solve the "Hubbard problem," for which we use There is a splitting into two quasiparticle subbands. which
the self-consistent moment method from Ref. 5. For x=,I persists for all temperatures, and an additional spin splitting
one meets the "s.f' problem," which we approximate by use of each of the.se bands, which disappears for T-T,.. The
of the moment-conserving decoupling procedure, developed latter is still enhanced by the interband exchange The weight
in Ref. 4. The resulting self-energy parts (,"area") of the lower or-quasiparticle hand scals with the

MU,,)E) = E; .... ,,(,U ) - . (10) probability for the propagating electron to find a :attice site,
kn ) *. * kina (L( ~which is not preoccupied by a (--(r) electron o,' the same

depend via 17 on the respective other self-energy part. Fur- subband. This probability is zero for fully occupied bands.
thermore they will coatain several thermodynamic expecta- Therefore the in = 1,2 subbands do not split. The N,'cight of
tion values, indicated in Eq. (13) by (...). It is the main the upper quasiparticle subband is proportional t,, the prob-
requirement of our procedure that all these averages can be ability that the or electron does meet a (- r) electron of the
represented in terms of the full self-energy, so that a closed same subband. A special case is the i --4 subband, which is
set of equations is guaranteed, which can be solved self- half filled and at T=0 fully spin polarized. So a I electron
consistently for the quantities of intcre,,., has no chance to nmeet a I electon, and a I electron, brought
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*1.5L~....... .'~do not s'plit, because thle spectral weight of the lower quasi-1.5particle subband is zero. Only the m =5 band shows the qua-

"6.5 , siparticle splitting which persists for all temperatures and is
m=5 I of order U. Bcausc U=6 e cV in Ni, the lower quasiparticle

0.s "" 'j four subband of the m =5 band lies some 6 eV below t hemi-
.5 °',i '• cal potential p, and is nothing else than the famous "Niq6eV

m0.5

ts ,r _. _j ~ -satellite." In principle, the m =3, 4, and 5 subbands in Fe
-3.0 .2.0 -1.0 0.0 1.9 2.0 3.0 4.0 exhibit the same behavior as the Ni m =5 band. Because of

Energy (eV) the smaller U, however, all the quasiparticle subbands are

melting together avoiding therewith a feature which could be
FIG. 1. Quasiparticle density of states p,,, of the five 3,1 subbands as a denoted as "satellite." On the other hand, the "quasiparticie
function of energy for four different temperatures [T=O K: solid line; splitting" gives rise to a "noncollapsing" exchange splitting
T=900 K: dotted line; T=1025 K: broken line (large bars); T=1044
K=T,: broken line (small bars)]. Upper halves for o'= T, lower halves for above T, .

S o'I. Bars on the en,,gy axis mark the chemical potential I. The T dependence of the magnetic moment, plotted in
Fig. 2, follows directly from the respective T dependence of
the 03DOS. The mo., ,olution reproduces exactly the ex-

into the systcm, cannot avoid a double occupancy, Conse- perimental value for the Curie temperature T,= 1044 K. The
quently the upper T- and the lower I-quasiparticle subbands T=0 moment amounts to 2.035 B,, being therewith only
disappear at T=O. For finite temperature collective spin ex- slightly smaller than the experimental value (-2.2 /n). The
citations become dominant for this subband, introducing a actual value of the moment depends sensitively on the total
spin disorder. An electron, picked out of the sample by a number of d electrons, which is not uniquely established. We
photoemission experiment, is then with finite probability a I took n3d= 7 .0 5 from Ref. 4. Another choice can slightly alter
electron. This causes the appearance of a lower the calculated T=0 moment.
I-quasiparticle band. For analogous reasons there grows W. Nolting, W. Borgiel, V Dose, and Th. Fauster, Phys. Rev. B 40, 5015

an upper t band for T>0. Above T, the spin asymmetry (1988).
disappears, but the splitting into a lower and an upper sub- 2W. Nolting, 1. Dambeck, and G. Borstel Z. Phys. B 94, 409 (1994).

band persists. This explains the "noncollapsing exchange -w. Nolting, L, ltaunert, and G. Borstel, Phys. Rev. B 46, 4426 (1992).

splitting" in the Fe band structure, observed in spin-resolved 4 D. A. Papaconstantopoulos, Handbook of the Band Structtre ofElemental
It is interesting to compare these features Solids (Plenum, New York, 1986).

photoemission.6 Iseto �W. Nolting and W. Borgiel, Phys. Rev. B 39, 6962 (1989).
the Ni spectrum.1 In Ni only the uppcrmost ti =5 subband is 'E. Kisker, K. Schr6der, W. Gudat, and M. Campagna, Phys. Rev. B 31,

partially filled, and therefore magnetically active. The first 329 (1985).
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Theory for itinerant electrons in noncollinear and incommensurate
structured magnets (invited)

J, Kubler, L, M. Sandratskii, and M. Uhl
Institut fur Festkorperphysik, Technische lHochschule, D-64289 Darmstadt, Germany

Itinerant-electron systems are described that can form a variety of magnetic-moment arrangements.
These are dealt with quantitatively by using energy-band theory and the local density-functional
approximation; the theoretical and computational basis is briefly reviewed and results are presented
for quite general collinear and noncollinear moment arrangements and states having
incommensurate helical ocder characterized by a wave vector q. Some examples presented here are
Fe3Pt-lnvar, fcc-iron precipitates, and tetragonal iron. Furthermore, finite-temperature effects
become tractable; the magnetovolume effect in Fe3Pt-Invar serves as an example. Finally, the
problem of biquadratic exchange in Fe-Cr multilayers will be discussed briefly.

I. INTRODUCTION III where we point out that transverse spin fluctuations con-

This overview is intended to demonstrate how we use tribute in an essential way to the formation of the invar

the local density-functional approximation', 2 to do ab initio anomaly; this leads to an understanding of the Invar effect

calculations frr magnetic properties of materials possessinlg a that, though it relies on the existence of high-spin and iow-

variety of magnetic-moment arrangements like ferromagnets, spin states, does not require them to be near degenerate. Thus

collinear and noncollinear antiferromagnets, and incommen- our results yield a magnetovolume anomaly without the

surate spiral or helical magnets. Our treatment of the elec- somewhat artificial near degeneracy that was thought to be
so essential in previous theories (for a review concerning the

tronic Pad magnetic properties of these itinerant-electron sys- laterse, eg refs 16, 17). In connerproble

tems has grown out of a long development connected with latter see, e.g., Refs. 16, 17). In connection with the problem
of y-Fe we will then discuss some new estimates cont erningthe work of Korenman and Prange, Herne, Moriya, and many

others.3-1? This is not the place to discuss the similarities and tetragonal Fe that is produced today by epitaxial ?,owth. We
differences in our work compared with the many previous will close our overview with a discussion of some new but

theories. Let it be said that Korenmanli treated the vector preliminary results .:oncerning the observedm s2 ° magnetiza-

nature of the magnetic moments formed by the itinerant elec- ton steps and biquadratic coupling in Fe-Cr niultilaycrs.

trons like we do. But unlike Korenman's, our calculations are II. THEORETICAL BACKGROUND
self-consistent concerning the charge and spin densities The Euler-Lagrange equations that minimize the totaland--it desired--the interatomic magnetic moment arrange-ments. energy as a functional of the density matrix define an effec-tive sing&e-particle Hamiitonian' 2 which for spin-polarized

Our theory was applied previously to a number of cases electrons forming a noncollinear magnetic order may be
some of which are the noncollinear magnetic states of Mn3Sn 21
(Ref. 12), the problem of fcc-Fe (y-Fe) (Ref. 13), the case of written in bispinor form as
Fe3Pt-lnvar (Ref. 14), and the problem of ThMn 2 (Ref. 15) H(r)=--V 2 1+ 2 U (+)
which is an antiferromagnet on a frustrated lattice.

After a brief description of the theoretical background in
Sec. II we will highlight the problem of Fe 3Pt-lnvar in Sec. Here U(Oj,,0 j,) is the standard spin-½i-rotation matrix

( cos(O1j/2)exp(i4 1 ,,/2) sin(Oj,,/2)exp(-i.bj,/2)(
U(OJ'•b")=-sin(0j,,/2)exp(id~j,/2) cos(0Oj,/2)exp( -i0~,./12)j'(2

which describes the transformation between a global and a (0,,t~rh,) 0
local spin coordinate system to be defined subsequently. We V (r1 ) = (4)
use the label j to designate the unit cell and the label I' the 0 V

basis atom, The polar angles 0j,,,j, give the direction of is the spin-polarized potential of the atom at site (j v) in the
the local magnetization, in Cartesian coordinates local frame of reference. The potential is unambiguously

given by functional derivatives of the total energy in the
local density approximation;1 2.22  it is centered at
ii,,=r-Tr-Rj and is assumed to vanish outside its atomic
sphere, lv,. The local frame of reference is defined as fol-

with respect to a global coordinate system and lows; designating by Pj, the density matrix integrated over
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the atomic sphere f&,,, i.e., pj, 26-28, where the total energy, E(m), of the state having a
= f, ulo, (r)e 3(r)d r, where the 41i(r) are solutions magnetic moment mi per unit cell is obtained from a con-

of the Schr6dinger equation with the Hamiltonian given by strained variation.
Eq. (1), we define the local frame of reference by those polar For a general noncollinear spin structure the constrained

angles for which U(Oj,,j,,)pjU+(Oj,0,,j,) is diagonal. variation must be formulated as

Strictly speaking, one should make this transformation at ev-
ery point in space and Korenman et al.3 show what this en- E({m•,})=min{E[m(r)]
tails. But we believe the essential physics is obtained by
making an atomic-sphere approximation, thus averaging over- (-
the local directions in each sphere this way replacing a line- + bIi, m(r)d 3r- m, (6)
grained mesh by a coarse-grained mesh given by the atomic , \ hml I
spheres. When the polar angles are chosen to render the in- where on the left-hand side {m1, is the set of desired mo-
tegrated density matrix diagonal we call the angles self- ments at the sites ()). On the right-hand side the vector
consistent. parameters b,, can be treated as magnetic fields acting on the

The polar angles Oj,, and Oj,, can now be chosen to spin densities of the corresponding atoms. The component of
model any desired collinear or noncollinear moment arrange- b, parallel to m,, stabilizes the magnitude of the moment and
ment. However, to guarantee translational invariance most the perpendicular component counteracts the torque that is
general types of order require larger magnetic unit cells (su- produced by the nondiagonal density matrix. In self-
percells) than the crystallographic (chemical) unit cell. This consistent spin arrangements the density matrix by definition
can quickly lead to an insurmountable numerical problem. is diagonal in the local frame of reference; thus in Eq. (6) the
Fortunately there exists a type of magnetic order that does vectors m(r),m,,,b,, are parallel and we may drop the vector
not require such large supercells. It is a helical or spiral order symbols. These conditions apply to our calculations when we
that was, to our knowledge, firs;t described by Herring.23 use planar spin spirals which are defined by c ,,=9a for all

Here the direction of the magnetic moment of each atom in sites (v).

the unit cell rotates around the z axis with a particular wave The variation of Eq. (6) yields the Hamiltonian

vector q which is defined by specifying the polar angles as

, Oj,,=O,,, 0j,,=,,+q.R. Herring introduced a generalized _

translation operator which combines a spin rotation with a j(,
space translation; it is constructed such that it commutes with
the Hamiltonian forming an Abelian group, isomorphic with X [V•,(rj,) + urb,,(rj,)]U(Oj, 01 j,). (7)
the group of ordinary space translations. Therefore a gener- Here the constraining fields [b,(rj,)=b, inside the sphere (2v)
alized Bloch theorem for the eigenfunctions exists which and zero outside] must be adjusted such that the resulting
ma' be labeled by a k vector as usual. This means that for moments coincide with the those wanted: f I, m(r)d'r
any choice of the vector q it is the chemical Brillouin zone
that constitutes the domain for the k vectors to be used for = ,na. We emphasize that the Hamiltonian, Eq. (7), is notsampling the elements of the density matrix. Details can be diagonal in the spin quantum numbers, a fact that leads to
found in Refs. 23, 24, 13. and 14. spin-hybridized energy bands.'1 ,13' 29 Therefore t',,. concept of

fousding tefs. 23, d4, B1och t m w. etwo Fermi energies for bands with different spin indices can-
not be applied here. Instead, to do the actual constrained

wave functions f'kjr) in terms of the atomic bispinor funec- calculations for noncollinear configurations one proceeds it-
tion1s 0kL,.1 (r) in the following form: eratively as described in detail in Ref. 14.

VIk(r) E C,,L,(k)U1, 4•kkI,r(r). (5) III. RESULTS AND DISCUSSION
P'L ar

We will begin with the case of Fe3Pt-Invar stating some
Here the coefficients CLFL,(k) are obtained by minimizing the very basic facts first. It crystallizes in the Cu 3Au structure
expectation value of the Hamiltonian using the variational and is ordered such that Pt occupies the cube corners and Fe
method and for the basis functions, 0k,,,,,(r), we employ the face centers. The atomic-sphere approximation used in
augmented spherical waves (ASW) 2 - defined in the local our calculations requires the choice of sphere radii for the
frame of reference; details may again be found in Refs. 13 constituents which were such that the atomic spheres were
and 14. neutral to within about 0.2 electrons per sphere. To a good

At this stage we can calculate the total energy as a fune- approximation this leads to a minimum in the total energy at
tion of the volume and a given type of magnetic order, most a given volume and is found to require equal sphere radii for
notably of the wave vector q, whereas the value of the local all volumes and states of magnetic order considered.
magnetik moment normally is the result of a self-consistent The ground state of Fe3Pt is Lalculated to be ferromag-
calculation. However it is advantageous to know the total netic for a sphere radius, S, of S=2.79 a.u. possessing mag-
energy, as a function of the volume, the q vector, and the netic moments of nir.=2.67 All and m 1,,=0.27 Atll. The cor-
magnetic moment (comparable to a thermodynamic poten- responding lattice constant is a =3.77 A which is somewhat
tial). For a ferromagnet this was achieved in the past by the larger than the experimental lattice constant of a =3.73 A.31

so-called fixed-spin-moment method, see, for instance, Refs. The calculated magnetic f.omcnt corresponds to m =2.07 /xt
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FIG. 2. Contours for Fe1 Pt of the colli," - .. fribution to the total energy,
FIG. 1. Total energy per unit cell of Fe 3Pt as a function of the Wigner-Seitz E,, see Eq. (8). in mRy ter unit cell. S:', ':itz radius in atomic units
radius, S. NM: nonmagnetic, FM: ferromagnetic, and SM: spiral magnetic. and m: magnitude of the magnetic moment in/u, .

per atom which is slightly smaller than the experimental Fig. 2 the collinear and in Fig. 3 the noncollinear contribu-
value of m= 2.16 IhB per atom quoted by Shimizu.3" Our tion to the total energy. Here, from Fig. 3 we find for a given
results differ somewhat from the results of previous local moment, m, the value of q corresponding to the state
calculations 32 (see also Ref. 17) in particular in the numerical with the lowest total energy and from Fig. 2 the relevant
values of the total energy difference between the ferromag- value c' the volume, v. Figure 3 shows that for m >2.6 tLB
netic and nonmagnetic states, the values of thb -quilibrium the energy is lowest in ferromagnetic order and for m <2.6
lattice constant, and the equilib .i.m magnetic moment. This uB the energy is minimized by a spitn-spiral structure with
is so because our calculations ;,re not relativistic in contrast values of q lying in the interval from 0.2 to 0.3. Note that the
to the older calculations whe.v, the scalar-relativistic wave
equation (SRWE)33 was used. In the earlier stages of these
calculations we noticed that results for Fc3Pt obtained with- Eq(m,q)

out relativistic corrections were closer to experimental
ground-state properties than those obtained with the SRWE.
We thus purposely dropped the relativistic corrections. This
is our only justification for the approach used here.

Continuing with the discussion of our results we find E (mRy)

that spin-spiral states having 0,=90' for all sites (v) possess
the lowest total energy for a wide range of volumes smaller
than the calculated equilibrium volume. Furthermore, the 20

collinear antiferromagnetic state is higher in energy than the 10
ferromagnetic state. The total energy as a function of the 0
atomic-sphere radius is shown in Fig. 1 for the nonmagnetic, .10
ferromagnetic, and spin-spiral states. The lowest energy for a
wide range of volumes is obtained approximately for
q=0.25. This can be translated into the angle between the
moments of two neighboring ferromagnetic planes obtaining
about 90'.

Numerical experiments showed that the total energy can
be written as 0.4 3

0.3 •2,5

E(v,m,q)=E,(v,m)+ ot(v)Eq(m,q). (8) q 0.2 1.5 2

Here a(u) is a slowly varying scaling factor which for the 0.1 0.1 M

volume range investigated is a (v)_(Vo/V) 4, where v0 is the 0 0

wequilibrium volume. The first term si the right-hand side, FIG. 3. Contours and surface for Fe.3PI of the noncollincar contribution toE,, we may call the collinear and the second, EmpI the non- the total energy, Eq, see Eq. (8), in mRy per unit cell. m: magnitude of itie
collinear contribution to the total energy. This empirical re- magnetic moment in ,AB and q: magnitude of the spiral vector in units of
lationship greatly facilitates the discussion, so we show in 27r/a along the (1,1,1) axis.
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I I.Ithe magnetic contribution of platinum, the Curie temperature
yFe(cq) --------- is given by Tc=J(O)(mo+2)/3mo. Here the exchange pa..

--------- -----------F ---------- - ram eter J(0) is calculated by

0/._F......... J(O)=fl2 d3qAE(q),

10
d where AE(q)=[E(vo,mtl,q)-E(vo,mo,O)]/3 is the total en-

' FPt (C) ergy per Fe atom counted from the ground state andJ 11 is
0 ....... . ... .... tt(u volume of the Brillouin zone. Our calculations give

.. .. ..... Tc=435 K, which is in good (probably fortuitous) agree-
.0... ment with the experimental value of ordered Fe3Pt, Tc=430

il 0e 3Pq" K.17 We hasten to point out that we do not imply here that the
localized-electron picture is appropriate for a description of
the magnetovolume effects.

200 T 400 600 To estimate the spin-wave stiffness constant D we use
the following expression (Ref. 35): D = (4/1m)

FIG. 4. Expansion coefficient a as a function of temperature T calculated Xlimq_ 0 AE(q)/IqJ2, with AE(q) defined above, we obtain
for -y-Fe and Fe 3Pt; (1) using only collincar states (c) and (It) including the value of D = 135 meV A2 which should be compared
collinear and noncollincar states (c + q). with the value of D =80 meV A2 for Fe 72Pt 28 17, 3 6

Let us now briefly turn to the case of "y-Fe which was
discussed in great detail in Ref. 13 and 14. Here it suffices to

noncollinear portion of the total energy Eq(m,q) has a clear point out that the magnetic structures that can occur with low
tendency to increase for large m, see Fig. 3. In particular the total energy depend sensitively on the volume. In agreement
noncollinear contribution, Eq(m,q), is negative for states with older work37-39 we find that there exist ferromagnetic
with small moments, (m <2.6 uBs), and positive for states states having high magnetic moments at volumes larger than
with large moments, (in >2.6 A.y). If we assume that the the bee-equilibrium volume. New in our calculations is the

calculated energy surfaces are also realized at finite tempera- occurrence of spiral magnetic states at volumes larger than
tures, this contribution upon heating leads to a preferable the equilibrium volumes but having lower total energies than
occupation of noncollinear states having local magnetic mo- the ferromagnetic states. We could show that these states are
ments smaller than the ground-state value of m11=2.67 juB. being measured by neutron diffraction experiments on y-Fe

In Ref. 14 we described a rather simple-minded scheme precipitates in copper.40 Since these states occur at large vol..
for statistical averages showing that the excited states mod- umes (in contrast to Fe3Pt where they occur at small vol-
eled above give indeed important contributions to thermody- umes, see Fig. 1) they are responsible for the large positive
namic properties. We do not, however, claim to have a con- thermal expansion coefficient that is shown in Fig. 4.
sistent scheme that enabls us at the prese'.t stage to compute The object of these previous calculations was either iron
thermodynamic potentials and the magnetic phase transition, in the bcc structure (a-Fe) or in the fcc structure (y-Fe).
Still, using the computed energy surfaces we calculate the Since at constant atomic volume the bcc structure can be
temperature dependence of the magnetic contribution to the continuously deformed to the fcc structure, the latter appear-
expansion coefficient, a(T), from the derivative with respect ing as a body centered tetragonal with a value of c/a =v-f,
to the temperature of the average value of the specific vol- we now describe results of new calculations in which we
ume (vt~)). The calculations were done with and without focus our attention on the possibl i magnetic states of tetrag-
taking into account noncollinear states and the result is onal iron with 1--c/a<•V2. These states may occur in epi-
shown in Fig. 4 which also contains results for y-Fe to be taxially grown iron, but we remind the reader that our calcu-
discussed shortly. It is seen that with the use of only collinear lations are for bulk materials and not for surfaces. Thus, in
magnetic states the coefficient a(T) is positive at very low view of possible effects due to lowered dimcnsionality, our
temperatures and nearly zero for higher temperatures. Inclu- results should be understood to describe real cases perhaps
sion of noncollinear configurations leads to a negative sign only semiquantitatively. In Fig. 5 we show the total energy
of -,T) over a wide temperature range; this is one of the counted from some suitable but arbitrary origin and the local
most prominent effects associated with Invar. The thermal magnetic moment for three different volumes labeled by the
expansion coefficient due to magnetic effects has been ob- Wigner-Seitz radius Rws as a function of the spiral q vector.
tained experimentally.334 Its sign and order of magnitude are The value of Rws=2.646 corresponds to the equilibrium vol-
in agreement with our results, although the functional form, ume of bcc iron and it is seen that bcc Fe (c/a = 1) is stab!e
especially an experimental peak slightly below Tc, is not for q =0 which is the ferromagnetic state; up to about c/a
biought out by our calculations. = 1.2 iron is ferromagnetic, but fcc Fe at this volume is non-

The information on the total energy of spiral structures magnetic at q=0 having a metastable spiral magnetic state
can also be used for a rough estimate of both the Curie tem- with a reduced magnetic moment at about q = 0.6. At a some-
perature, Tc, and the spin-wave stiffness constant, D. The what larger volume (Rws=2.67) the range of stable firro-
Curie temperature Tc can be estimated within the mean field magnetic states is increased, 1 *c/a <1.3, but fcc Fe still
approximation to the Heisenberg Hamiltonian. Neglecting appears to have a spiral magnetic state. For a large volume
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", ,-t, ------ ,"7 separate values of A I and BI a'e obtained Lu be Jbout one
0) 15

-2 --- 1•.3Q /l • -1 2.5 . order of magnitude larger than the experimental estimates.
2 a) Furthermore we emphasize that in our calculations the spin-S15 E

i- 13 1.5 orbit coupling, i.e., the magnetocrystallitne anisotropy, and
0 ----•L - --- 0IL any roughness between the layers were neglec' "J. Therefore,

/ 2/• even though our results are tentative at best a,,d otr simu-
-10 13 -!- 11 / •. lated multilayer may not really represent reality, we conclude

" • ;-0 LU- that the biquadratic coupling is an intrinsic property that is
02' -~-- 1.0 -

- , ["' •j due to certain features in the electronic structure of the Fe-Cr
-20 wsr 2.6 146  

1 WS=2.67 R 2layers that still need to be clarified.
-A L _ .1 -20

.4 .8 .4 .8 .4 .8 IV. CONCLUSION
q q q

For itinerant-electron magnets we succeeded in describ-
ing the vector nature of the magnetic moments whose mag-
nitude and direction are treated in noncollinear constrained

FIG. 5. Total energy and local magnetic moment of iron as a function of q. moment calculation as independent variables for an ab initio
the magnitude of the spiral vector in units of 21z/a, for three different vol- calculation of the total energy. This supplies the energetics of
umes labeled by the Wigner-Scitz radius. Rws 5 the parameters labeling the spin fluctuations and enabled us to make a step--although
different curves give the values (If c/a, c/a=l: bce Fe, c/,a=V: ,cc Fe, crude-in the direction of determining finite-temperature
values in between: tetragonal iron. properties. Our calculations describe the magnetovolume

properties of Fe3Pt and the results agree with experimental
facts in a semiquantitative way, notably with the Invar be-

corresponding to Rws=2.76 fcc Fe is now barely stable in a havior. On first sight it does not appear surprising that in
ferromagnetic state, but we may speculate that its Curie tern- Fe 3Pt with increasing temperature the magnetic moment and
perature could be rather low because the flatness of the total thus the specific volume decrease. One should bear in mind,
energy as a function of q signals small interatomic exchange however, that the decreasing magnetic moment is not the
constants. usual decreasing thermal average but is brought about by

We will close this section by discussing new but prelimi- longitudinal spin fluctuations that are triggered by transverse
nary results for Fe-Cr multilayers. This modern topic has fluctuations.
received considerable attention recently by many research Furthermore, we discussed the possible states of tetrag-
groups whose work, unfortunately, we have no space to cite onal iron and estimated the volume at which fcc Fe is ferro-
here properly. Concentrating instead on the work of only the magnetic by studying the total energy as a function of the
Jiilich group' 8-20 and only on a few salient facts we may spiral q vector, Finally we calculated the energetics of reori-
state that depending on the spacer (chromium) thickness, enting antiferromagnetically coupled Fe layers in Fe-Cr and
iron layers experimentally appear to be coupled ferromag- estimated the ratio of the bilinear and biquadratic exchange
netically, antiferromagnetically, or in a 900 configuration. constants concluding that the biquadratic coupling might be
One therefore postulates that the exchange coupling between of intrinsic origin.
Fe layers can be written as H= -A .cos O-BI.cos20I
where the second term on the right-hand side is the biqua- ACKNOWLEDGMENTS
dratic coupling term. This type of coupling anmong other . . _ p
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Verwey transition in magnetite: Mean-field solution of the three-band model
S. K, Mishra, Z. Zhang,a) and S. Satpathy
Department of Physics and Astronomy, University of Missouri, Columbia, Missouri 65211

The nature of the Verwey transition in magnetite (Fe30 4) within a three-band spinless- model
Hamiltonian is examined. These bands, which arise from the minority-spin t2g orbitals on the Fe(B)
sublattice, are occupied by half an electron per Fe(B) atom. The Verwey order-disorder transition
is studied as a function of the ratio of the intersite Coulomb repulsion U1 and the bandwidth W. It
is found that the electrons are ordered beyond the critical value of U1/W-0.25 in essential
agreement with the results of the one-band Cullen-Callen model, For larger values of UJIW, a
Verwey-like order is exhibited where the electrons occupy alternate (001) planes. The model
predicts a transition from the metallic to the semiconducting state with the band gap increasing
linearly with U1 beyond the transition point.

I. INTRODUCTION model and, since there was no reliable estimate for U /t until
i is a wour recent work, 7 the applicability of the Cullen-Callen

The Verwey transition in magnetite - is a well-known model to magnetite remained unclear.
metal-insulator transition characterized by a decrease of two Recently we have examined the electronic structure of
orders of magnitude in conductivity as temperature is de- magnetite using density-functional methods with the local
creased below the Verwey temperature of T7,-120 K. The spin-density approximation (LSDA). 7 Based on this work,
transition is accompanied by an order-disorder transition, we have obtained a three-band electronic Hamiltonian for the
where in the simplest ionic picture, Fe2+ and Fe3÷ ions order motion of electrons on the B sublattice of magnetite. In this
on the B sublattice of the spinel structure, interacting via article, we discuss the results of a mean-field solution of the
Coulomb forces, Examining this picture quite early on, three-band model. We find that both (a) the order-disorder
Anderson4 pointed out the remarkable property of the spinel transition and (b) the metal-insulator transition can be de-
B sublattice that the short-range part of the Coulomb inter- scribed within the three-band model.
action is minimized by -(3/2)NI 2 different configurations of
the ions where N is the number of sites on the B sublattice.
The long-range part of the Coulomb interaction, on the other II. THE MODEL HAMILTONIAN
hand, is minimized only by a few of these configurations. The crystal structure of magnetite consists of three sub-
The Verwey transition may therefore be interpreted as a loss lattices, viz,, the oxygen sublattice and the Fe(A) and the
of long-range order (LRO) above T,' with no abrupt change Fe(B) sublattices. The magnetic moments within each Fe
in the short-range order (SRO). This interpretation is consis- sublattice arc aligned in the same direction, while the two
tent with the entropy change at the Verwey transition oh- sublattices are aligned antiferromagnetically. Since there are
tained from specific heat measurements. twice as many atoms on the B sublattice as on A, there is a

This ionic picture, while providing a reasonable descrip- net magnetic moment with a magnitude of 4.1 A. per Fe3O4
tion of the order-disorder transition, does not provide any formula unit.
quantitative description of the transition from metal to insu- In our earlier work, 7 we have calculated the density.
lator. Issues unaddressed include questions such as: What are functional spin-polarized electronic structure of magnetite,
the charge carriers in magnetite? Is the conductivity via mo- which is schematically shown in Fig. 1. As seen from the
tion of ions or does one has to think of itinerant electrons? In figure, the majority-spin bands are semiconducting, while the
fact, subsequent to Anderson's work, a number of models minority-spin bands are metallic, a picture also obtained by
have been proposed to describe Lhe mechanism of electrical Yanase and Siratori from independent calculations.8 The
conduction and simultaneously the order-disorder transition. presence of only the minority-spin electrons at the Fermi
These include the itinerant one-band electron model of energy is consistent with the spin-polarized photoemission
Cullen and Callen,5 and the molecular polaron or bipolaron experiments of Alvarado et al.)
pictures of Yamada and ('hakraverty, 6 etc. The t2 , orbitals of the Fe(B) atoms form the electron

The itinerant electron model of Culen and Callen de- bands at the Fermi energy Ef with the 12A, bands occupied by
scribes the Verwey transition in terms of motion of electrons half an electron per Fe(B) atom. The electron count is such
on the B sublattice. The Hamiltonian consists of a nearest- that the presence of these "extra" electrons makes the va-
neighbor hopping integral t and the intersite Coulomb inter- lency of half the B site atoms Fe+ 2 and the other half B site
action U1 between nearest neighbors. In a seminal work,5  atoms have the valency of Fe 3. The picture that emerges
Cullen and Callen studied this model and in fact found an then is that the "extra" electrons move on the background af
order-disorder transition below a critical value of U t/t-2.2. Fe' 3 atoms on the B sublattice in agreement with the tradi-
However, there was no justification for the origin of such a tional view of charge transport in magnetite.4

The electronic structure provides justification for the

')Present address: Department of Physics, North Carolina State University, conventional picture of conduction via Fe(B) electrons mov-
Raleigh, NC 27695. ing on the B sublattice. However, unlike the one-band pic-
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FIG. 2. Ground-state energy as a function of U1 . The dashed curves corrc-
spond to energies in the limit of zero hopping (no kinetic energy term) for
various configurations. The configurations arc characteriied by the mean

Density of states occupation of the xy,yz,zx orbitals on the four Fe(B) atoms, viz., (I)
J1/2,0,0; 1/2,0,0; 1/2,0,0; 1/2,0,0), (2) (1.0,0; 1,0,0; 6*01, (3) {1,1,0; 9.0},
and (4) {12* 1/6}. The Coulomb energy of the four configurations arc (1)

FIG. 1. Schematic picture of the electronic structure in mnagnetite as ob- E=3U1 , (2) E= 2U, , (3) E= U0 , and (4) E- U0/3+ 3U, . Even though
tained from the density-functional band calculation (Ref. 7). The minority the Coulomb energy of configuration (1) is relatively high, the large kinetic
spin t2, electrons on the Fe(B) sublattice play the key role in charge trans- energy gain for this configuration makes it the ground slate for lower values
port, of U1 . Configuration (2) wins beyond the transition point of UIJ.0.38 eV

because of its lower Coulomb energy.

ture of Cullen and Callen, we now have the three t2g bands
(xy, yz, and zx), which leads to a three-band electron model
on the B sublattice periodicity of the spinel structure, which means the electrons

3 3 can occupy any of the twelve orbitals [four Fc(B) atoms X
three orbitals/atom] in the unit cell. In the standard mean-

I=E X t,1, 5tt%~a/1  E Uj#,pfljj~j. (1) field approximation, we have
(ii) u~ I tJ JL,Lv

Here a1+,(ul,) are the creation (annihilation) operators of the nj, + n•,(njp.,) - (fl)(flj. (2)

electron on the B sublattice with i, Au being the site and Incorporating the first two terms in the band-structure part of
orbital indices (xy,yz,zx), respectively, nj, is the corre- Eq. (1), the total energy may then be written as a sum over
sponding number operator, and (ij) denotes summation over the occupied one-electron eigenvalues .i minus the Coulomb
nearest neighbors (NN). The Hamiltonian (1) consists of a energy
tight-binding NN hopping term (the band-structure term) ,
plus the Coulomb interaction term. E = Ei- Ecuatomb. (3)

The values of the electronic parameters in the Hamil-
tonian (1), calculated from "constrained" density-functional
methods, 7 have the following values for magnetite: (a) the The mean electron occupations (nij) are calculated from the
hopping integrals tdd,,=-0.41 eV, tdd,f=O.05 eV, and cigenfunctions of the Hamiltonian (1), which in turn depends
tddb=O,1 2 eV, resulting in an average t,-0.13 eV and a on (ni,). These are then determined self-consistently. The
bandwidth of W= 1.55 eV and (b) the Coulomb parameters procedure is thus to diagonalize the 12X 12 flamiltonian ma-
U0=4.1+-0.5 eV, U1=0.3-0.4 eV, and U2 -0.05-0.1 eV. trix for each k point in the Brillouin zone and find the (nj4)
Here the on-site Coulomb repulsion is denoted by U,) and the from the eigenvectors of the occupied states. We then go
first and the second NN Coulomb terms are denoted by U, back and find the cigenvalues and eigenveciors taking these
and U2, respectively. Since U(, is much larger than U, and new values of (ni.) in the Hlamiltonian. The process is re-
ta,, double site occupancy is prevented in view of the fact peated until (nit/) values have converged, which then corre-
that there are half as many electrons as the B sites. Although sponds to the minimum energy configuration. We performed
a small value of U2 is necessary to stabilize . the experimen- the eigenvalue summation in the expression (3) with 216 k

tally observed "Mizoguchi structure" at low temperatures,1t  points in the full Brillouin zone.
a structure where the unit cell is doubled, U2 is an unimpor- The calculated ground-state energy is shown in Fig. 2 as
tant parameter for our purpose here. In our study below, we a function of the parameter UI. The dashed curves refer to
choose the values of U0=4 eV and U2 =O, leaving thereby the energies of selected configurations without the band-
the only relevant parameter UI/W it the Hamiltonian. structure term, i.e., in the limit of zero bandwidth. Without

the band-structure term, the ordered phase, denoted by con-
Ill. MEAN-FIELD SOLUTION figuration (2) in Fig. 2, has the lowest energy for all value:; of

Ut•2 eV. This phase has the electron configuration where
We study the Verwey transition by solving the Hamil- two of the four sites in the unit cell have an electron ea!,h and

tonian (1) in the mean-field approximation. We retain the t1,2 other two sites are empty. However, with the inclusion of
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FIG. 3. The calculated Cullen-Callen order parameter mn as a function of
tb,: nearest-neighbor Coulomb energy U1j. FIG. 4. Band gap as a function of the nearest-neighbor Coulomb energy U1.A metal-insulator transition is seen at the value of U, =0.38 cV.

the band-structure term, the disordered phase, viz., configu- IV. CONCLUSION
ration (1), with half an electron on each site, has the lowest
energy for the smaller values of U 1, For higher values of U 1, In conclusion, we have studied the three-band model for
the Coulomb energy of configuration (1) becomes progres- the Verwey transition in magnetite in the mean-field approxi-
sively larger and the ordered phase, configuration (2), wins mation. The Verwey transition is described in terms of the
over thereby resulting in a structural phase transition as in- order-disorder transition of the 12, "extra" electrons on the
dicated in the figure. Thus the transition is a result of the B sublattice. Whether these electrons are ordered or not de-
competition between the kinetic energy (band-structure en- pends on the relative strengths of the Coulomb energy and
ergy) and the Coulomb energy. the kinetic energy, characterized by the Coulomb parameter

The ordered phase is similar to the Verwey order with Ut and bandwidth W, respectively. For lower values of the
electrons occupying alternate (100) planes in the cubic struc- Coulomb parameter, a disordered state is favored, while a
ture. The so-called "Mizoguchi" structure,"1 inferred to be larger value results in an ordered state with the crossover
the structure of magnetite at low temperatures, where the taking place at the ratio U1/W-0,25. The ordered state in
unit cell has doubled compared to the cubic cell, is not re- our calculation has a Verwey-like order, where alternate
produced in our calculation because we have restricted our- (001) planes on the B sublattice are occupied by the "extra"
selves to the cubic unit cell of the spinel structure. To study electrons. We have shown earlierlt that given the degree of
the nature of the transition, we define the order parameters freedom (larger unit cell) the kinetic energy term destabilizes
following earlier authors:5  the Verwey order into the experimentally observed Mizogu-

mln =(nj +n 2 -n 3--n 4)/2, chi order. Finally, even though the Verwey transition occurs
as temperature is changed, our present results pertain to zero

m 2 = (nI -- /12+ n 3- n4)/2, (4) temperature with the Verwey transition taking place as elec-
tronic parameters are varied. We are currently studying tht.

m3 =(n- n2 - n3+n 4)/2, Verwey transition within a finite-temperature mean-field
and theory. Preliminary results indicate that our model can ex-

plain the experimentally observed Verwey transition as an= (n I1 2 + f 3 +1 4) 2. function of temperature.12

Here n,=i ,; 1  (ni,). For perfect order mI=1, while for per-
fect disorder m I=0. N. F. Mott, Metal-Insulator n'lansiiions (Taylor & Francis, Lmndon, 1964).

The calculated order parameter mn, as a function of the 2E . W. Verwcy, Z. Krist. 91, 65 (1935); E. J. W. Verwey and P: W.
Coulomb parameter Ut is shown in Fig, 3, where we also Haayman, Physica 8, 979 (1941); E. J. W. Verwey, P. W. Haayman, and F.
reproduce the results of the one-band Cullen-Callen model. C. Romeijn, J. Chem. Phys. 15, 181 (1947).

'For an over iew of the Verwey transition in mlagnetlte, see Philos. MRg.There is a rather sharp transition around the value of 42, 327 (198(I).
U-,,0.38 eV in both the Cullen-Callen model and the 4p. W. Anderson. Phys. Rev. 102, 1(X8 (1956).
present three-band model. The order parameters 1n 2 and M 3  

5j. R. Cullen and E. R. Callen, Phys. Rev. B 7, 397 (1973).
are zero everywhere except the transition region correspond- 'Y. Yamada, Philos. Mug. B 42, 377 (198(0); B. K. Chakraverty, Solid State

Commun. 15, 1271 (1974).
ing to "multiple order,"-5 an issue we have not examined yet 7 Z. Zhang and S. Satpathy, Phys. Rev. B 44, 13 319 (1991).
in any detail. HA, Yanase and K. Siratori, J. Phys. Soc. Jpn. 53, 312 (1984).

We have also calculated the mean-field electronic eigen- 4S. F. Alvarado, W. Eib, F. Meier, D. T. Pierce, K. Sattler, 1t. C. Siegmann,
and J. P. Remeika, Phys. Rev. Lett. 34, 319 (1975).

values (band structure). The bands are metallic until the tran- "S. K. Mishra and S. Satpathy, Phys. Rev. B 47, 5564 (•993).
sition point beyond which a band gap develops with the gap 11 M. Mizoguchi, J. Phys. Soc. Jpn. 44, 1512 (1978).
value increasing linearly with U1 as shown in Fig, 4. 1

2
M. Samiullah et al. (to he published).
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Wannier states in magnetite
Trao Her and Carel Boekema
Physics Department, San Jose State University San Jose, California 95192-0106

Magnetite exhibits the well-knov n metal-insulator transition at the Verwey temperature (Tv) near
123 K. Neither the physical origin nor the conduction process above Tv is well understood. Using
the Cullen and Callen tight-binding Hamiltonian, the "extra" fully spin-polarized 3d conduction
electrons in the B sublattice are described. By introducing a covalency parameter 1', the Waniiier
states for these conduction electrons can be characterized. Only for the lower singlet subband, does
the r value point toward delocalization. The results reveal that the Wannier states in magnetite are
a mixture of localized and delocalized electron states.

I. INTRODUCTION The unit cell has two molecules and thus four B sites. These
The debate on the origin of the Verwey phase transition four B sites share two 3d* conduction electrons and are halfin magnetite (Fe.O 4) and its unusual physical properties oh- occupied. The ferrimagnetic Ned temperature of 858 K andserved above this transition still continue,c Fe3 o4 is a mixed- Hunds's rules impose that these 3d* electrons are fully spinvalence oxide material that undergoes a metal-to-insulator polarized below RT. In the trigonally distorted octahedron,transition at the Verwey temperature (Tv) near 123 K. Sev- the d.(,,)2_,2 electron state is the lowest in energy; z' being

eral models, ranging from electror h(opping to broadband parallel to the (111) axis. At the corners of a cube, the four B
conduction, have been proposed for tile conduction mocha- sites form a tetrahedron, the ,it of the B sublattice. For this
nism above Tv. The local-mnngti ic-field anomaly2 in Fe304  atomic unit, the quadruplet (available for the two 3d* elec-

observed at twice Tv (TI.) has provided new stimulus in trons) will split into a singlet and a higher triplet electron

magnetite studies, and clearly marked the temperature inter- state, when considering an attractive potential at the B sites.
val [Tv,Tw], for which precursor effects related to the Ver- Cullen and Callen (CC) introduced the following one-

band Hamiltonian for these 3d* electrons in the Bwey transition occur. .asbatc:

Fifteen years ago, Mott and otherst' suggested that sublattice:
above Tv Fc30 4 behaves like a Wigner glass, in which the HU1 =H{I +exp(2iki-/13 )}, a,/P= 0,1,2, or 3 (1)
"extra" 3d electrons (3d*) randomly occupy one-half of the
B sites. According to Molt,3 the electric properties of such a and
glass are best described by a narrow (polaron) band. Further- H,,,= 0, a=0, 1,2, and 3, (2)
more, combined experimental evidence involving muon-spin
research (pzSR), Moessbauer effect spectroscopy, and neu- where a and f are B sites in the atomic unit, H is a negative
tron scattering studies strongly support this picture of constant transfer integral and is of the order of -0.05 eV,2a'21t

phonon-a~.isted electron hopping above Tv,2' Direct experi- and i'.,p is a vector between sites a and f. In case the ob-
mental proof of the Mott-Wigner glass state in Fe 30 4 has tained Wannier states show substantial delocalization, we
been provided by the observation of the ASR cross- may need to use the three-band lHamiltonian as proposed by
relaxation effect at TW.2 Zhang and Satpathy."' The total Bloch function 4(r) for the

Despite the progress made in recent years, additional 3d* electrons reads
study is needed. Some questions still remain: Are these 3d* 3
electrons localized and, is the Hubbard approach as per- P= I c,(k)1P, (3)
formed by Ihle and Lorentz4 justified'? A study of the Wan- a=0
nier states of these "hopping" 3d* electrons could provide
answers to these questions and shed light on the origin of the where
Verwey phase transition. We have used the established N
Cullen and Callen (CC) Hamiltonian5 as a starting point of 1F,,=N-l/2, {exp(ikRj)}),(r- Rj-t, (4)
our Wannier study of magnetite. i

Rj is the B sublattice vector and t,, is .ie B site vector within
the atomic unit.

II. TIGHT-BINDING METHOD The Wannier function W is defined as

Magnetite, which can be well describcd by
(Fe 3")A[Fe3e e1/804, is a ferrimagnet and has an inverse W(r-Ri)=N-- 1 I I exp(ik(Ri-Ri)}c,,(k),//,.,.
spinel structure. The Fe ions at the A sites do not play a role k ( 5
in the conduction mechanism. The Fe ions in the B sites are
surrounded by six oxygens in an octahedral environment. The Wannier states are then evaluated to be

J. Appi. Phys, 76 (10), 15 November 1994 0021-6979/94/76.10)/6703/2/$6.00 © 1994 American Institute of Physics 6703



The estimated values for F have been obtained by summing
a c*(k)c•(k)* . (6) over 150 k points; these are estimates because complete con-

k a # vergence for the k sums has not been obtained. As one can

The ca(k) are d•ttermined from solving see from the table, only one state has become delocalized.
3 When the temperature increases from 0 K, this state is being

I {H#-EV(k)8a.#}CP=0, a=0,1,2, and 3, (7) emptied. However, the available (excited) empty states, es-

P-0 pecially the doublet state, are localized in this CC descrip-
tion. Therefore, we see no need to use a three-band Hamil-

where the eigenvalues EV(k) are obtained from the determi- tonian (see above); for now, the CC H,)t appears to be
nant equation sufficient, and approximately correct.

IH,•-E(k) 8apl =0. (8)

In nearest neighbor (nn) approximation, we then have IV. DISCUSSION AND CONCLUSIVE REMARKS

As T--0 K, only the lower and upper singlet bands will
w W=J E Ic.(k)I2I¢I2  be occupied. Only at X (1,0,0) in the Brillouin zone, these

k a singlets touch; otherwise, a gap exists having an effective

an width of the order of [HI. Thus, at sufficiently high tempera-
+1 c*(k)ca,(k)Vi:b,•,. (9) tures of about Tv or Tw (when thermal energies are in the

k a,' order of 0.01-0.02 eV), a localized behavior of the 3d*
states is predicted. The upper singlet and doublet (narrow)

In order to describe electron overlap and transfer, we bands are primarily responsible for the conduction process;
introduce the mixing parameter F for each subband this is consistent with the Mott-Wigner glass description.

nn Above Tw, our Wannier picture supports the idea of

r--{ I I c*(k)ci,(k)} ({ Y Ic,(k)12}. (10) (phonon-assisted) electron hopping. However, this depiction
k Clap k ,, is incomplete: the strong localization indicates the necessity

to take into account Hubbard-like terms, as has been done (in
When th covalency parameter r is negative or zero, anti- the extreme limit) by lhle and Lorentz 4 to describe the Cou-
bonding and/or localization are indicated; when positive, lombic 3d*-electron interactions. Also, Mishra and
more covalency and delocalization are present in the Wan- Satpathytc have used Hubbard-like terms (together with the
nier states. CC H,#) to study the atomic charge ordering below Tv.

Our present results reveal that the Wannier states in mag-
III. CALCULATIONS AND RESULTS netite are a mixture of localized and delocalized electron

states. Evidence for such a mixture is also exhibited in theSolving for the eigenvalues E V(k)'s of the CC Hermit- electronic properties of the high-T,, cuprates. Similarities be-
ian matrix ftr is straightforward, and can be performed ana- tween the electronic and geometrical structures of Fe30 4 and

lytically. An important feature is that for all k directions a LiTi204 and CuO-based superconductors suggest Wannier
degenear te doublet exists independent of k; this doublet was studies may provide substantial clues on the conduction
part of the triplet (see above) at k=0. The obtained eigen- mechanisms of these transition-metal oxides. Further work is
values fully agree with the literature valuesi The broadening in progress.
of the upper singlet (departing from the k=0 triplet) and the
lower singlet is in the order of 13HI (an estimate could be
between 0.1-0.2 eV). To solve for the eigenvectors c,(k),
we have transformed the 4X4 Hermitian into a real symmet- ACKNOWLEDGMENTS
ric 8X8 matrix following a standard recipe. In this way,Mathmatca rovdesthecignvecorsin covenentand This work is supported in part by Research Corporation.M athem atica provides the eigenvectors in a convenient and W h n a h rf n t p e . W ah r b o h icorrec way.We thank Fay Sharifi and Stephen P. Weathersby for theircorrect way. assa c ,si uu ,adds uso s

In Table I, the results on r and other relevant informa- assistance, stimulus, and discussions.
tion are given.

(a) See Conference Proceedings of the International Cavendish Meeting
TABLE I. Results on t'. (September 1979), Philos. Mag. B 42, 327 (1980); (b) Z. Zhang and S.

Salpathy, Phys. Rev. B 44, 13319 (1991); (c) S. K. Mishra and S. Satpathy,
3d* W*W Occupanc5 ibid. 47, 5564 (1993); (d) E. De Grave et al., ibid. 47, 5881 (1993); (c) J.
bands parameter state 0) K Broadening H. Park et a., APS Bull. 39, 204 (1994); T. lier et al.. ibid. 39, 205

(1994); S. Satpathy et al., ibid. 39, 850 (1994),
Doublet -1.4, very localized 0 0 2(a) C. Bockema et al,, Phys. Rev. B 33, 210 (1986) and references therein;
Upper -0.0 localized 1 <12111 (b) Hpf. Int. 31, 487 (1986); (c) Philos. Meg. B 42, 409 (1980).

singlet 3N. F. Mott, Aletal-Insulator Transitions (Taylor & Francis, london,

Lower +2.9 dclocalized 1 <12111 1974).
singlet 4 D. ihlc and B. Lorentz, Philos. Mag. B 42, 337 (1980).

_ 5J. R. Cullen and E. R. Callen, Phys. Rev. B 7, 397 (1973).
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Orbital ordering and magneto-optical effects in CeSb
V. P. Antropov and B. N. Harmon
Ames Laboratory-U.S. Department of Energy, Iowa State University, Ames,. Iowa 50011

A. I. Liechtenstein
Max-Planck-lnstitut fir Festkorperforschung, D-70506 Stuttgart, Germany

The influence of on-site Hubbard correlations on electronic structure and magneto-optical spectra of
CeSb have been studied. As the new key mechanism to produce the large magneto-optical signal is
linked to the interaction between the anisotropy of the Coulomb matrix and ,n-dependcnt p-f
hybridization, this effect suggests a systematic search for materials with large magneto-optical
effects.

Cerium monopnictides with the NaCI-type of structure total energy. This is in agreement with the first and second of
are prototypical materials belonging to strongly correlated Hund's rules, with energy differences among the 4f coniig.•-
low-carrier-density systems which have attracted attention rations arising from anisotropic Coulomb and crystal field
for their unusual spectral and magnetic properties and the effects. One should note that the symmetry of such orbitals is
difficulties in explaining them. There are controversial inter- not cubic anymore, and that Jahn-Teller tetragonal distor-
pretations of the double peak structure of valence-band pho- tions give a lower energy. The spin-orbital coupling (-0.5
toemission spectra,t different explanations for the de Haas- eV) lifts the degeneracy of the m=±+3 states according to
van Alphen (dHvA) data,2 and limited understanding of the Hund's third rule and the lowest energy corresponds to the
nature of the structural phase transitions for these systems.3 1-31) one-electron state. The spin and orbital moments are
Among the pnictides CeSb has a special position. In addition equal to -0.92 1AB and 2.86 AB, respectively, yielding a total
to the anomalies inherent to all monopnictides, CeSb has a magnetic moment of 1.94 AB , which is close to the expert
large magnetic anisotropy together with a small crystal field mental value obtained for the antiferromagnetic (AFM)
splitting,4 an extremely complicated magnetic ph.,se dia- ground state (2.10±0.04 tA,1 ).'
gram, including a type of Devil's staircase at low In this article we consider only the one-determinant
temperature,5 and the largest known Kerr angle.(' It turns out LDA+U singlet ground state. The ground state band stad-.
that the widely used local spin density approximation ture of CeSb (with spin-orbital coupling) is shown in Fig. 1.
(LSDA) fails to predict many of the ground and excited state The f bands are split by approximately 6 eV, and the singly
properties: the value of the equilibrium magnetic moment, occupied f band is located at 2.3 eV below the Fermi level.

the additional orbits found in de Haas-van Alphen experi- All unoccupied f bands are at approximately 3.7 eV above

ments, the small density of states at the Fermi level, and the E,.. and the broadbands which cross the Fermi level are
2magneto-optics.2,7 formed by Sb p states. This picture of the CeSb electronic

In this communication we have used the so-called structure is in agreement with the phenomenological p-f

LDA+U method in rotation-invariant formH to describe the mixing model. t (),"

ground state electronic structure and the anomalies of the The density of states (DOS) is shown in Fig. 2(a) and is

magneto-optical spectra of CeSb. Sonic details of the method quite different from the LSDA DOS [Fig. 2(b)]. There is a
were published in Ref. 9. It turns out that the results ot the large reduction of the density of states at the Fermi level withself-consistent band structure of CeSb are similar to those of our LDA+U value of N(E,.) =6.5 st/Ry- compared to thethe empirical p-f mixing modelof' 01  and leads to improve- LDA value of about 150 sti'Ry-1. The occupied f band withmostly i =-3 character interacts in a very anisotropic way
ment in the description of the magneto-optical (MO) spectra. with the Sb p bands (see Fig. 3) and even pushes one of the

We used the full-potential scalar-relativistic linear
muffin-tin orbital (LMTO) method 12 to calculate the self- p states (mostly in I character) above the Fermi level along

consistent band structure of ferromagnetically ordered CcSb
(this corresponds to the high field state obtained in MO ex-
periments) with the 1.DA+U functional (1) and the atomic K . - -

sphere approximation (ASA) LMTO'( method with spin- I h /
orbital coupling in the second-order variational step to inves-tigate the magneto-optical spec'tra. The integration over the X j; ";••/"

Brillouin zone has been done by the tetrahedron method with \. -- I' I -

69 k points for the self-consistent field (SCF) calculation and .
about 1000 k points in the -L BZ for optical matrix elements. ' i

The low temperature experimental crystal structure for CeSb I V
0 001 )M I 10 O 10 0with a 0.2% tetragonal distortion was used.3 1,1t 102 11•

2 X

Without spin-orbital coupling it was found that the
Hartree-Fock-like one-electron 4f spin "up" states with FIG. 1. Hand structure of ferrotmagnetically ordered (eSb. Both tydberg and
predominantly m=3 and m =--3 character have the lowest electronvolt scales are shown.
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FIG. 4. Interband off-diagonal optical conductivities of CeSb (in I10" s- I)
The theoretical curve does not include broadening from quasiparticle life-
time effects or experimental resolution.

level, together with the large spin-orbital coupling of Sb p
67_ 0 1. 0.5 0.6 0.7 0.B states (-0.6 eV) leads to particularly strong MO effects.

ENERGY (Ry) The nondiagonal part of the conductivity tensor (Fig. 4)

is in better agreement with experimental MO spectra 6,14 than
FIG. 2. (a) Total density of states of ground state for the ferromagnetically the LDA result 7 which qualitatively disagrees with experi-
ordered CeSb in LDA+U, The narrow peak at 0.38 Ry is predominantly ment. A serious problem however is the small magnitude of
1=3, m=-3, and a=+1 in character. The Fermi level is shown by the
arrow. (b) Total density of states of ground state for the ferromagnetically the negative peak at 0.3 eV in comparison with the experi-
ordered CeSb in usual LSDA. The two large peaks correspond to 4f "up" mentally predicted MO spectra. This particular peak is of
and "down" states, interest because the small value of the diagonal conductivity

near this energy helps produce the largest measured Kerr

the F-Z direction, but not in the F-X direction. The aniso- angle of any material. The theoretical 0k of 50 (at 0.3 eV) is

tropic p-f interaction helps explain the anomalous magnetic large, but still smaller than the predicted value (> 150) or

properties of CeSb (Ref. 13) with strong magnetic anisotropy measured value (of about 14e at 0.5 eV).

in the ferromagnetically ordered phase {our calcui.sed value Analysis of MO matrix elements shows that the main

of magnetic anisotropy as the total energy diffo.ren,-' -with the contribution to the peaks in o'ry(w) at 0.3 and 0.9 eV comes

magnetic field along [001] and [110] direction.- k 2.4 meV from the transitions from p to d bands near the Fermi level.

(standard LSDA caiculations give 0.54 meV)}. Such aniso- Among those states the radial functions consist of an atomic-

tropic p-f mixing for different m subbands near the Fermi like p orbital around the Sb site and tails of states from
surrounding sites which have some d-like symmetry within
the Sb sphere. These are exactly the p bands which interact

p Sb - C strongly with the occupied Ce f band and are pushed above
a, M EF along the r-Z direction and stay below EF along r-x.

One of the interesting consequences of such anisotropy
[which comes from the symmetry breaking nature of the
LDA+U approach (see Fig. 3)] is that the orbital angular

b. M U character (m quantum numbers) is further separated than

would occur from just the spin-orbit coupling alone. Espe-
mr -3 cially large contributions to oxy(w) may be predicted for sys-

tems with such a big anisotropy of the f electron angular
m=1 •momentum density. For CeSb there is strong hybridization of

C. • one particular f orbital and one p orbital with significant
me=e energy shifts near the Fermi level where spin-orbital splitting

mJ Fermi level of p states is also large. With the same mechanism it may be

m=- -3 possible to produce strong MO effects using f-d artisotropic
hybridization (with materials like CePt, CePtSb, and so on).

FIG. 3. Schematic picture of Hubbard-induced anisotropy formation in In any case anisotropy induced contributions to MO may
frame of LDA+U for CeSb. (a) Normal LDA structure of p and f bands in affect significantly the off-diagonal conductivity (but not the
CeSb. (b) A shift of one f state of Ce (predominantly with m = -3 charac-
ter). (c) The results of strong p-f hybridization and the creation of a highly diagonal part), and may be another consideration for increas-
polarized structure of p states of St. ing the MO effect in searching for new MO materials.
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Magnetic properties of Sm2(Fe,V)17Ny coarse powder
Shunji Suzuki, Shinya Suzuki, and Masahito Kawasaki
Minebea Co., Ltd., R&D Center, 1743-1 Asaba, lwata-Gun, Shizuoka-Ken 437-11, Japan

Magnetic properties and crystal structures of Sm 2(Fe,V), 7 NY alloys were studied. Crystal structures
of Sm 2Fel 7 _xVx alloys varied from Th2Zn,7 (x=O--1) to TbCu7 (x= 1.5), and ThMn, 2-type (x=2)
as a function of vanadium content (x). The alloys were nitrogenated at 823 K for 4 h, and in all
cases resulted in the expansion of the crystal lattice. The nitrogenated and annealed Sm 2Fe, 5.5V .5NY
coarse powders with 20-74 Am particles showed Hcj of 342 kA/m (4.3 kOe) without fine grinding.
It is supposed that one of the reasons of the high coercivity is due to the microstructures of the
particles.

INTRODUCTION the main phase for the alloys varied from Th2Znl 7 (x=0-1)

Since the discovery of Sm 2Fel7N3 _,5 compounds,' a to ThCu7 (x='1.5), and ThMn12 type (x=2), with the increase
number of studies concerning their application for permanent of vanadium content. A negligible amount of a-iron is ob-

magnets have been reported. 2'3 It is well known that fine served in all alloys of x =0-2, and the SmFi 2 phase is ob-

grinding, nanostructures, and zinc bonding methods for those served for alloys of x = 1.5 and 2. Thises explained by the

alloys improve the coercivity. High energy products around fact that iron-rich TbCu7 and ThMn12 phases compared to the

160 MJ/m 3 (20 MGOe) for bonded magnets have been ob. Th 2Zn1 7 phase appear with accompanying samarium-rich

tained by compacting an anisotropic fine powder with a SmFe2 phase in highly vanadium substituted alloys. The

resin.e4 5 b omwever, very high compaction pressures arc re- composition of the ThCu7-type phase for the Sm 2FeV5.5VI..
quiresintoahowever theabovery high pal. peausue s ohar rea , alloy is estimated to be Sm, 0 ,(Fe,V)s9,9 from the analysis by
quired to achieve the above value. Because of that reason, be nearly the same as that reported
coarse powders are more advantageous for preparing high E 6 andFis foun ao ys were al enat at 823
performance magnets. elsewhere. Sm2Fe 7-,,V, alloys were all nitrogenated at 823

In this study, the mtrogenation of Sm2 Fel,.,V, alloys K for 4 h, resulting in the expansion of the crystal lattice

were performed and their magnetic properties were investi- without a change in structure.

gated in detail. It was found that Sm2 Fe)5.V. 5Ny coarse Figure 2 shows the coercivity of nitrogenated

powder showed the highest coercivity among those alloys SM2Fe, 7 ±VNy alloy powders as a f'ction of x value. It is
and was suitable for bonded magnet materials. found that Hcj is strongly dependent on the value of x for

these alloys. The value of 120 kA/m is obtained for the pow-

der of x=1.5 which is not finely ground. In particular, the
EXPERIMENT nitrogenation conditions for Sm 2Fe,.55V, 5., alloys were varied

Sin2Fel-,7 V. (x=0,0.5,1,1.5,2) alloys were prepared by in order to study their magnetic properties.
induction melting and homogenizing at 1373 K for 12 h, and Figure 3 shows x-ray diffraction patterns of
ground to 20-150 Am in particle size. These powders were Sm 2Fe1 5.5V,.5 NY alloys nitrogenated at 773-848 K for 4 h.
nitrogenated at 773-873 K for 4 h under 0.8 MPa of N2  Nitrogen contents of these alloys are also shown in the fig-

atmosphere, and some were subsequently annealed at 823 K
for 2-16 h. Nitrogenated Sm 2Fe, 5.5Vl 5 alloy powders were
studied in detail as these showed the highest coercivity com- SF - T*ni,Zm,SM2F~V-ýV.0 TbGu?

pared to other alloy powders. Crystal structures and magnetic I .,,xThSMf

properties of these powders were measured by x-ray diffrac- x= *

tion with Cu Ka radiation and vibrating sample magnetom-
etry (VSM), respectively. The nitrogen content of alloy pow- x 0.5
ders after a nitrogenation was calculated by the mass change
and calibrated from a LECO analyzer (TC-436). A scanning X X •_
electron microscope (SEM) and an electron probe microana-
lyzer (EPMA) were also used for the analysis of microstruc-
tures of alloy powders.

RESULTS AND DISCUSSION 25 30 35 40 45 50

29(Deg.)
Figure 1 shows x-ray diffraction patterns of

Sm2Fel7_,V, (x=0,0.5,1,1.5,2) alloys. Crystal structures of FIG. 1. X-ray diffraction patterns ofSm,Fc 7 V, (x=0,0.5,1,1.5,2) alloys.
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FIG. 2. Coercivity of Sm 2Fc 7txV ,N y alloy powders nitrogenatcd at 823 K FIG. 4. Coercivity of Srn2Fel5 ..sV1*,N1  powders annealed at 823 K for 2-16
for 4 h as a function of x value. h after nitrogenation at 773-848 K for 4 h.

ure. Reflection peaks of the TbCu7-type phase are shifted at 823 K for 4 h. High Hcj is also obtained for the 7X7X7
toward the lower angle and arc broadened with increasing mm ingot as denoted by V in the figure. The reason for the
temperatures and the peaks of the SmFe2 phase are sup- decrease in Hj after the annealing of the powder nitroge-
pressed by the nitrogenation, Nitrogen contents of these al- nated at 848 K is due to an acceleration of a decomposition
loys are considerably higher than those of Sm 2Fe17N3 -,5 al- of the principal TbCu7 phase. 'The distribution of nitrogen
loys nitrogenated by N2 gas, In addition, it was found that atoms in particles by EPMA observation showed little
nitrogen cc - "ts of an ingot of 7X7X7 mm in dimension change during annealing. The effect of annealing on the co-
were as hig, 'hose of powders prepared by similar nitro- ercivity is now under study.
genation conu .Jns. Nitrogen atoms are thought to be dif- Figure 5 shows the hysteresis loop and magnetization
fused into the lattice and crystal boundaries. Heat treatment curve of anisotropic Sm 2Fej5 .,jV1 .5 Ny powder with 20-74
is performed in order to help diffusions of nitrogen atoms, Am particles nitrogenated at 823 K for 4 h and annealed at
because the distribution of nitrogen atoms in coarse powders 823 K for 16 h. As shown in the figure, H,.. of 342 kA/m
compared to fine powders is thought to be heterogeneous, 7  (4.3 kOe) and a remanence of 1.08 T are obtained from the

Figure 4 shows the coercivity of Sm 2Fels,5V1,5Ny pow- coarse powder. Little change in particle size of the powder
ders annealed at 823 K for 2-16 h after nitrogenation at after the nitrogenation was observed, however, a few cracks
773-848 K for 4 h. It is found that annealing after nitroge- on the surface of the particles were observed by SEM. A
nation remarkably enhances the coercivity. Hcj of nitroge- feature characteristic of pinning is observed in the magneti-
nated powders before annealing increases with increasing ni- zation curve of the present compound. This is distinct from
trogenation temperatures and has a value of 116 kA/m for the behavior of Sm2Fe17N3 although the reason for this dis-
848 K, where the x-ray diffraction peaks are fairly broadened tinction is not yet clear.
and the crystal perfection is lowered as shown in Fig. 3. The Figure 6 shows the dependence of H(.j for
annealing time also affects the coercivity which increases Sm 2Fe15 .5 Vt. 5NY, and Sm 2Fe,7 N3 powders on particle size.
with time. The highest value in Hcj of 330 kAWm is obtained Sm2Fe15 .jV1 5Ny particles were prepared by sieving the nitro-
for the powder annealed at 823 K for 16 h after nitrogenation genated and annealed powders with 20-150 Azm particles,

while 1-3 Am particles were prepared by grinding using a
0 0 Tb~u?

Sm2Fe165.VV1.5Ny b }SmFe2un.kn...w1. 
J (T)

S ..
,

'Co N:4.07% 0 o 79K

0-15 -10 500 1000 1500
N:439 

5 H (kA/m)

N:4.85% Fe_ 848K

25 30 35 40 45 50 -1. 5 t

2EG(Deg.)
FIG. 5. Hysteresis loop and magnetization curve of anisotropic

FIG. 3. X-ray diffraction patterns of Sm 2Fecj5 V1 .N y alloys nitrogenated at SniyFe 5 .sV,..,N , powder nitrogenated at 823 K for 4 h and atinnaled at 823

773-848 K for 4 h. K for 16 It,
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FIG. 7. SEM picture of nitrogenaled and annealed Sm 2Fc1 .j..5V1 .. Ny powder.

FIG. 6. Dependence of Hd of Sm 2Fe,.1 5V,..5NY and Sm 2Fcl 7N3 powders on
particle size.

ing, A feature characteristic of pinning was observed in the
magnetization curve of the coarse powder, although this kindjet mill after annealing. The data of Sm2 Fe1 TN3 particles pre- of pinning could not be observed in the behavior of

pared by the authors were reproduced from Ref. 8. Both of pinnr

powders shom high coercivity for particles of 1-3 Am. An

increase in Hcj for the fine particles can be explained by the
behavior of single magnetic domain particles.9 On the other ACKNOWLEDGMENT

hand, the values of Hc, for Sm 2Fet5 ,5 V1 .5 Ny are several times The authors thank Professor H. Yam amoto of Meiji Uni-

higher than those for Sm2 Fet7N 3 for the particles of 20-150 versity for valuable discussions for this ;tudy.

/.Am, and are not affected by particle size.
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Mossbauer study of R2Fel 7Cx (R=TbDy) as-quenched
intermetallics compounds

Hua-Yang Gonga) Bao-Gen Shen, Lin-Shu Kong, Lei Cao, Wen-Shan Zhan,
Zhao-Hua Cheng, and Fang-Wei Wang
State Key Laboratory for Magnetism, Institute of Physics, Chinese Academy of Science, 100080 Beijing,
People ' Republic of China
Intermetallics compounds Dy2 Fe1 TC. (x= 1.5,2.0,2.5,2.8) and "Ih2Fc1CT (x 1.5,2..2. 5) have been

successfully prepared by the melt-spinning method. The x-ray-diffraction patterns and the
thermomagnetic curves show that they are single phase with the rhombohedral ThZn1 7-type
structure, except for Dy 2Fe17C2 8 and Tb 2FeTC29 which have a small percentage of a-Fe, 57Fe
M6ssbauer spectra were measured at 12 K and room temperature to study both the magnetic
properties of R2FelTC, on a local scale and the effect of the interstitial C atom on the Fe atoms, It
is found that the effective hyperfinc fields of the various Fe sites decrease in the order
6c> 18 f> 18h>9d. The average effective hyperfine fields Hrfat 12 and 293 K do not change much
with C concentration x in agreement with the moment of the Fe atoms obtained by magnetic
measurements at 1.5 K. It can be concluded that tile effect of C is to enhance the exchange
interaction between Fe-Fe atoms, which is sensitive to the distance of Fe-Fe atoms. The C has little
influence on the moments of Fe atoms.

I. INTRODUCTION the surface velocity of the copper wheel between 0 and 47

Introduction of interstitial nitrogen or carbon atomns into ni/s. The ribbons obtained were about 1 mm wide and 20-.30
Sintermetallic compounds results in a significant fill- Am thick,

R2Fet 7 intermagic popertiesufts e compounds. X-ray-diffraction measurements were performed on the
provement of the magnetic properties of these conmpounds, melt-spun ribbons using CoKoa radiation to identify the.
The carbides R2Fet7C, (x-,2.5), prepared by a gas-solid re- rctsuribnuigCoaadtonoietfyh;The arbdesR2 F1~C5 (x~.5) prpard bya gs-slidre- phase components and determine the crystallographic struc-
action, have unit-cell volumes about 6.5% larger, Curie tern- rhe curie at w determine the tem-

peraturestur, Te Curie temperatures were determined from the tem-
perature dependence of the magnetization measured in a vi.

of 15±0.5 T1 These carbides are promising new materials brating sample magnetometer in a magneti- field of 1 kOe.
for applications as permanent magnets, however, their draw- Tlhe 57Fe Mivissbauer spectra were recorded using v
back is high-temperature unstability. In our previous work constant-acceleration spectrometer (Oxford MS-500) in
we have discovered that the carbides R2FeI7Cx with high transmission geometry with a 5TCo source. Temperature con-
carbon concentration can be prepared by melt spinning. The trol to better than ±0.1 K was achieved by the use of a
melt-spun R2Fei 7C. compounds were found to be stable at proportional temperature controller. The data were analyzed
high temperature and to retain the Th2Zn 17-type or using a lcast-squares-fitting program.
Th2Nij 7-type structure up to at least 1273 K. We have suc-
cessfully obtained the melt-spun R2Fe17C, (R=Y, Gd, Tb,
Ho, Er, and Tm; x=0-3.0) compounds and systematically
studied their structure and magnetic properties.2-' In this ar- X-ray-diffraction experiments show that the cast com-
ticle, we report the M6ssbauer effect spectra of RFeT17C, pounds RFec.,:, (R=Th, Dy, 1.5-x-2.8) are single phase
(R=Tb, Dy, x= 1.5,2.0,2.5,218) compounds prepared by melt with the rhombohedral ThZnr-,-type structure. Table I lists
spinning. the lattice parameters, unit-cell volumes, Curie temperatures,

and M,. The addition of C to the R2Fe17 leads to an expan-
sion of the unit cell, The TbhFet 7C,.¶ compound has a unit-

II. EXPERIMENT cell volume about 5,6% larger than that of T.1,Fel 7 . For
Dy2Fe1 7C2.8 the unit-cell volume expansion is about 6.3%

hon and carbon were firm;t arc melted into Fe-C alloys, compared with the carbon-free compound. The T,. of these
and then R, Fe, and Fe-C alloy were melted, by arc melting compounds is found to increase with increasing C concentra-
in an argon atmosphere of high purity, into homogeneous lion. It is commonly assumed that the Curie temperature of
buttons with the compositions R2Fel 7C, (R=Tb, Dy, rare-earth-iron compounds is determined by the Fc.Fe,
1.5<-x•2.8). For homogeneity the ingots were melted sev- R-Fe, and R-R interactions. In general, the Fe-Fe interaclion
eral times. The purities of the elements used were at least is dominant, the R-R interaction is negligible, and thte intlu-
99•9%. After arc-meiting, the ingots were melt spun under a ence of R-Fc interaction yields the difference iii T,. among
high-purity argon atmosphere on the surface of a rotating tile different rare-earth compounds. The increase in Curie
copper wheel. The quenching rate was varied by changing temperature of the carbides or nitrides is mainly due to the

increase in the Fe-Fe ferroniagnetic interaction which results
')Also with: Iron and Steel Rescearch Institute of Wuhan Iron and Steel (o., from the increased interatonmic distance produced by the car-

4301080 Wuhan, People':; Republic of China. lon or nitrogen.
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TABLE 1, Structure and magnetic data for Tb2Fc17C. and Dy 2FcTCx.

Compounds a (A) c (A) V (A.) AV/V (%) T,. (K) M, (An)

Dy 2FC17 ' 8.767 8.312 516.0 3 6 7h
Dy 2Fe17CC.. 5  8.621 12.454 804.6 4.0 578 15.4
Dy2Fe17 C2.0 8,645 12.449 814.6 5.2 626 16.1
DylZePC 2.5, 8.669 12.585 820.1 6.0 680 15.0
Dy 2FC17C2.8  8.667 12.613 822.5 6.3 6f76 17.0
Tb 2Fce17 8,473 8.323 517.5 404h
Tb 2FC17 C1 , 5  8,643 12.465 806.4 3.9 610) 16.4
Th2Fe 1702.0 8.664 12.536 814.9 5.0 656 17.4
Tb2FC17O2 5  8.680 12.559 819.5 5.6 698 23.6

'Reference 6.
tRefcrencc 7.

The 51Fe M6ssbauer spectra of Dy2Fe1 7Cq (x=1.5,2.0, For DY2Fe1 l7 C and Tb 2Fe 17Cx a further subdivision of
2.5,2,8) and Ib2Fe17 C, (x=1.5,2.0,2.5) at 12 and 293 K are the 18f, 18h, 9d sites into two groups with a relative inten-
shown by dots in Figs, 1 and 2. There are four crystallo- sity ratio of 1:2 is assumed. The relative intensity ratios for
graphically nonequivalent Fe sites, denoted in Wyckoff no- each of the spectral components were constrained to
tation by 6c, 9d, 18f, and 18h for the Th2Zn1. structure type. 6:6:12:6:12:3:6, corresponding to 6c, l8f1, 18f2, 18h 1 ,
However, when the easy magnetization direction is perpen- 18h/2, 9d, , and 9d 2 in the crystal structure. Relative areas of
dicular to the c axis, the spectra consist of more than four the lines in each sextet were constrained in the ratio
independent subspectra. Owing to differences in angle be- 3:2:1:1:2:3, as is required for a randomly oriented power
tween the magnetization direction and the direction of the sample. Different linev'idths were used for the inner, middle,
principal axis of the electric-field gradient tensor, the crystal- and outer pairs lines, 'io assign the subspectra to the various
lographically equivalent iron atoms of a given subgroup will sites, we refer to our previous 57Fe M6ssbauer studies of
become magnetically nonequivalent,8 In addition, the mag- Er2Fe1 7C2 . Below the spin-reorientation temperature 7'T,,,9 it
netic dipolar fields also make the situation complex. Accord- was found '.hat acceptable fits can be obtained by assuming
ing to a calculation of the field gradients by means of a point that the hyperfine fields decrease in the order of 6c > I 8f
charge model and calculations of the magnetic dipole field, >18h>9d. Therefore, we analyzed the spectra of
the 2:17 compounds with magnetization direction perpen- Dy 2Fe1 7C, and Th 2Fe1 7 C. ir the same way.
dicular to the c axis should be analyzed in terms of seven The results of the fitting procedure are shown by the
independent subspectra. However, for Dy2Fe17C2.8 and solid curves in Figs. I and 2. The average hyperfine fields are
Tb2Fe 17C2.5 we use eight suhspectra to count in the a-Fe weighted by the contribution of the various sites. The aver-
contribution, age hyperfine fields of Dy 2Fe17 C.i and Th2Fe17 C7 at 12 and

293 K are plotted as a function of C content in Fig. 3 which
illustrates that the hyperfine fields are almost independent of

1=T93- 12K C content. For Dy2Fe1 7C.,, !Iff even shows a small decrease
as the C concentration increases, It has been found that the
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FIG. 1. "7Fe Missbauer spectra of Dy2Fe13C, at 12 and 293 K. The solid FIG. 2. 57Fe Mossbauer spectra of T12F:e17C, at 12 and 293 K. The solid
curves are itts to the spectra. curves arc lits to the spectra.
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340 of interstitial C atoms on the Fe sublattice is different from
v DTh~-12K) that of N atoms due to their different electronic configura-

320 VD(Th)12K) tion. Nitrogen has a larger electronegativity than that of car-
~ 300 boni.

280
0 Th(T=293K)
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Magnetic properties of Tm 2Fe 17Cx (0_x-2.8) compounds prepared
by melt spinning

Bao-Gen Shen, Lin-Shu Kong, Lei Cao, Hua-Yang Gong, Fang-Wei Wang,
Zhao-Hua Cheng, and Jian-Gao Zhao
State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, PO, Box 603,
Beijing 100080, People's Republic of China

The formation, structure, and magnetic properties of Tm2 Fel 7C., compounds with x =0, 0.5, 1.0, 1.5,
2.0, 2.5, and 2.8 were studied. The samples with x-1.0 were arc melted and heat treated at 1370 K
for 14 h. The carbides were prepared by melt spinning at appropriate quenching rates of v, = 10-20
m/s for 1.5--x•<2.5 and by the crystallization from corresponding amorphous for x=2.8. X-ray
diffraction and thermomagnetic measurements show that all samples studied are sinple phase with
the hexagonal Th2Ni 17-type structure except for Tm 2Fel 7C2,8, which contains a few percent of a-Fe,
The lattice parameters a,c and the unit-cell volumes v increase as the carbon concentration x
increases, The Curie temperature is found to rise with x from 260 K for x-() to 669 K for x=2.8.
The saturation magnetization M, at 1.5 K is found to be 92.2-97.1 emu/g as x varies from 0 to 2.8,
and the carbon concentration dependence of the Fe moment is approximately constant
(2.12±0.04A,,). The spin-reorientation transitions are observed. The spin-reorientation temperature
is found to increase with the carbon concentration for x - 1,5, and then has a slight decrease with x
for x>1.5.

I. INTRODUCTION g were melt spun on the outside of it copper wheel rotating
sworks 3 wc have shown that the interstitial with the surface speeds of 0-47 m/s. Ribbons about 1 mm

Inaprevious wwide and 20-30 Am thick were produced. X-ray-diffraction
carbides R2Fei7Gx with higher carbon concentration c:an be mesrenswemaitodemneheigl-aead

preparedmeasurements were made to determine the single-phase and

found to be single phase up to carbon concentration x=2 for crystallographic structure. The magnetizations at 1,5 and 300
fou and to beasindl x 8 utor carb Ho, o naond E, As 2om- K were measured by using an extracting sample magnetonie-
R=Y and Gd and xc 2,8 for R=Dy, Ho, and Er, As coun- ter with a field up to 65 kOe. The Curie temperatures were
pared with the carbon-free parent compounds, the unit-cell determined from the temperature dependence of the magne-
volume expansion in the carbide with x=2.8 is about tization measured by using a vibrating sample magnetometer
6%-7% and the Curie temperature increase is about 400 K, under a field of 1 kOe. The spin-reorientation temperatures

which are comparable to those of corresponding nitrides or were d ied f the spibilit e tempera-

carbides produced by solid-gas reaction. It is notable that the were determined from the ac susceptibility versus tempera-
R2Fc7Ccomouns obaind b met sinnig ae sabl at ture curves measured at an ac magnetic field of less than

R2 FeiiC5 compounds obtained by melt spinning are stable at 1 .

high temperatures at least up to 1000 'C. 1 3 We have re-

ported the formation, structure, and magnetic properties of
R2Fe17C, (R=Y, Gd, Th, Dy, Ho, and Er) compounds. 1- 5 For
Tm2Fe17 C.¥ with x-<1.4, a number of investigations have III. RESULTS AND DISCUSSION
been made, however, when the carbon concentration x is X-ray-diffraction measurements show that the arc-
higher than 1.5, the carbides have not been investigated in melted ingots Tm2Fel 7 C. with x--l are single phase with a
detail because the interstitial carbon concentration is limited hexagonal Th 2Ni 17-type structure. When the carbon concen-
to about x = 1.5 by arc melting and is not well controlled by tration x is greater than 1,5, the Tm 2Fe1 7C, ingots show a
a gas-solid-phase interstitial modification. In this article, the multiphase structure with a-Fe coexisting with the rare-eaith
structure, intrinsic magnetic properties and spin reorientation carbides and the 2:17 phases. The amounts of a-Fe phase
are reported for melt-spun Tm 2Fe 17C, compounds with the increase with increasing carbon concentration and become a
higher carbon concentration of up to x =2.8. majority for x 2.0; however, the single phase of ''m2 Fet7C,

with 1.5-x•<2.5 can be obtained by melt spinning, The as-

II. EXPERIMENT quenched samples revealed a hexagonal Th 2Ni1 7 structure. It
is found that the formation of the single-phase "rn 2Fet7 Cx is

Iron (99.9% in purity), thulium (99.9%), and Fe-C alloy sensitive to the quenching rates. The optimal quenching rates
(99.8%) were melted by arc melting in an argon atmosphere are only a relatively narrow range of 10-20 m/s. For x=2.8,
of high purity into homogeneous buttons with composition the preparation of single-phase compound is difficult by di-
Tm2Fei 7Cq (x-O, 0.5, 1.0, 1.5, 2.0, 2.5, and 2.8). The alloys rect quenching; however, the sample of almost single phase
were melted several times to ensure homogeneity. After can be obtained by the crystallization from a corresponding
melting, the ingots with x 1.0 were then annealed in a steel amorphous "rm2Fei7 C2,x alloy prepared at a speed of 47 m/s.
tube in a highly purified argon atmosphere at 1370 K for 14 Figure 1 shows the example of the x-ray-diffraction patterns
Ih, resulting in the formation of single-phase compounds of with CoKa radiation for the Tm2Fe17C( compounds with
the 2:17-type structure, while forx l1.5 the ingots of about 3 x=0.5, 1.5, and 2.8.

6714 J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6714/3/$6.00 (0 1994 American Institute of Physics



60
Tm2 Fe17CU4

40-
E

- ]T20F T. 2Fe 17C2

'~T111 2F 17C1.s 1-____J..____

M0 40X) 50K) 600 7MX)

T (K)

FIG. 2. Temperature dependence of the magnetization measured in a field of
I kOc for Tm2Fc 7C2.H.

oms. The increase of Curie temperature with x demonstrates
that the introduction of interstitial carbon atoms results in the
increase of Fe-Fe interactions in Tm2Fe 17C,. It seems rea-

L -L ____ sonable to suggest that the volume expansion has an essential
30 40 .50 60 effect on the Curie temperature.

20 The saturation magnetizations M,(1.5 K) and M,(300 K)

measured by using an extracting sample magnetometer in a
FIG. 1, X-ray-diffraction patterns of Tm2Fc1 7C, with x=0,5, 1.5, and 2,8. field of 65 kOe at 1,5 and 300 K, respectively, are also sum-

marized in Table I, The M.Y(1.5 K) of Tm2Fei7C. is found to
be 92.2-97.1 emu/g, as x varies from 0 to 2.8. A small effect

The lattice constants and unit-cell volumes of of the interstitial carbon atoms on the M,(1.5 K) is observed,
Tm2Fet7C• compounds are listed in Table I. Both lattice pa- The antiparallel coupling between the rare-earth spin mo-
rameters a and c, and the volumes u dilate upon carbonation ment and the Fe moment for heavy-rare-earth compounds
and rise monotonically with increasing carbon concentration, leads to ferrimagnetism. For Tm2Fet7CG,, the saturation mo-
which is consistent with the reported results for the melt- ment IL, can be expressed as
spun R2Fc17C, with R=Dy, Ho, and Er.1-3 The relative cell
volume increase Av/v is 1.0%-6.8% as x increases from 0,5 , 17 /Z- 2 /ITm, (1)
to 2.8, also shown in Table I. For x=2.8 the value of Aviv is where /AR and p.,,n are the Fe and Tm magnetic moments,
comparable to that of the corresponding nitrides or carbides respectively. The A'rn can be assumed to be 7Mu, which is
produced by gas-solid reaction, 6  the moment of a free Tm3 ". According to Eq. (1), the Fe

Curie temperature T, of TmzFeC7C, were determined magnetic moment is obtained, as shown in Table 1. The /AF,
from the temperature dependence of magnetization measured is found to be 2.12±0.0 4 pA, being almost independent of
at a field of 1 kOc. As an example, the magnetization versus carbon concentration.
temperature curve for x=2.8 is shown in Fig. 2. Values of T, The room-temperature saturation magnetization M,(300
are listed in Table I. T, is found to rise remarkably with K) is found to increase with increasing carbon concentration
increasing carbon concentrations. When x=2,8, T,( is about for x--1.5, then has an approximately constant value of
400 K higher than that of the parent compound Tm 2Fel 7. In 123.4 emu/g for x- 1.5. The increase of the M,(300 K) at
rare-earth Fe-rich compounds, the Curie temperature de- lower carbon concentration is due to the enhancement of the
pends mainly on the exchange interactions between Fe..Fc Curie temperature which shifts the thermomagnetization
atoms, which is sensitive to the distance between Fe-Fe at- curve to higher temperature.

IABLE I. Structure and magnetic parameters of lm 2Fe,7 0, with 0(x x-2,8.

a C v ALuv T. M,(3(K) K) M,( 1.5 K) At A-le TV
Composition (A) (A) (A') (%) (K) (cmu/g) (emu/g) (All) (g, j) (K)

Tm22 Fe 7  8.422 8.278 510.9 260O 80.7 92.7 21.36 2.08
Tm2FC[7 C0.. 8.469 8.308 516.0 U.) 432 108.0 95.6 22.13 2.13 144
Tm2Fe11 Cj.0 8.499 8.341 521.8 2.1 517 11 H) 97.1 22.59 2.15 178
Tm2Fcl7C1 3  8.546 8.351 528.2 3.4 558 124.0 94.7 22.13 2.13 216
Tmn2Fec1 ,C21  8.567 8.348 532.9 4.3 604 123.1 93.8 22.02 2.12 221
Tm 2FeT7 C2 5  8.617 8.4016 540.5 5.8 624 123.9 92.2 21.74 2.10 209
Tm2Fe13 C21  8.64( :. .43 545.8 6.8 669 122.7 95.4 22.55 2.15 2(18
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FIG. 3. Temperature dependence of the ac susceptibility of Tm 2Fe 17C. with
x=2,0 and 2.8.
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Kerr microscopy observation o0 carbon diffusion profifas !n Sm 2Fe17Cx
J. Zawadzki,a) R A. P. Wendha'usen, 3. Gebel, A. Handstein, D. Eckert, and iK.-H. M61ller
Institut fiAr Festkbrper und Werkstoffonrsrhurg Dresden, D-O1171 Dresden, Germany

The effect of carbon diffusion from C,14 gas into coarse Sm 2Fe17 powder on the magnetic domain
structure (MDS) was studied at room tempciature by means of the magneto-optical polar Kerr
effect. The diffusion occurs initially along preferential paths and then through the bulk. A gradual
variation in the MDS through incompletely carburized grains was observed, which reflects local
chc.ages in spontaneous magnetization and magnetic anisotropy. This suggests the existence of
smooth "bathtublike" carbon concentration profiles. An acceleration of the carburization process
caused by cracking of grains during the diff,.sioiu was observed. The diffusivity R of carbon in
Sm 2FeI 7 at 450 *C was estimated to be 2.5>. 10- "' m2/s. For Sm 2Fet7C2.2 the domain-wall energy
density is y=3.1 X10- 2 J/m2, the domain-will thickness 8=3.3 nm, the single-domain particle size
Dc.,O. 3 Am, and the exchange constant A:--8.1 X 10- 12 J/rn.

I. INTRODUCTION to get a high carbon content. After these heat treatments the
following nominal carbon contents were obtained: x-0.8,

Recently much attention has been focused on the ternary 1.2, 1.3, and x-2.2 (x being the number of carbon atoms per
interstitial SM2Fe174, (Z-N,C) phases with rhombohedral formula unit). The amount of absorbed carbon was checked
Th2Zn 17-type crystallographic structure. SM2FeI7Zý, com-Thz~tT-ypecrytalogrphi stuctre.Sm2et7x crn- by the combustion method with C02 determination, After
pounds can be formed, e.g., by melting processes in the case byteobtion method with COam deteRm t After

of crboi o by eatng M2Fc7 pwde in itrgen or carburization the powders were examined by XRD, An addi-of carbon' or by heating Sm 2Fe1-, powder in nitrogen- or tional phase analysis of the carburized powders was also per-

carbon-containing gases at elevated temperatures. They have fon e

excellent intrinsic magnetic properties, which can exceed d by thermomagnetic measurements. For magneto-

those of Nd2Fel 4B.2 -5 For instance, by absorbing carbon the optic investigations powders were embedded in epoxy resin.
thosefNd2Fe .compound rhn itstmagnce, t anisotrbg farom t These specimens were polished using emery papers and dia-Sm 2Fet 7 compound changes its magnetic anisotropy from mond pastes. The MDS observations were performed at

planar to uniaxial, connected with an anisotropy field up to
about 16 'I.4 Simultaneously, a substantial increase of the room temperature with polarized light in a Jenapol micro-
Curie temperature from 389 K up to about 700r K is ob- scope equipped with a high-resolution camera and an image

Curi teperaurefrom389K upto bout700K isob- analyzer. Thle domain contrast was provided mainly by the
served. Nitrogen has a similar or even more pronounced ef- aneTo-opal pol Krfet w hc ded on the
fect on the magnetic properties of Sm 2Fe1 7, Understanding magneto-optical polar Kerr effect, which depends on the

of the coercivity mechanism in Sm2 FetlC, materials requires component of magnetization normal to the surface.

the knowledge of their microstructure as well as their mag-
netic domain structure (MDS). Fundariental parameters con- III. RESULTS AND DISCUSSION
trolling the nucleation as well as the pinning mechanism are
the domain-wall width 8, the wall energy density y, and the Figure 1 shows the typical temperature dependence of

single-domain particle size D,.. Until now, however, no in- magnetic polarization (measured at a small magnetic field)

formation on the MDS of Sm2Fe17C., has been available, for Snm2FCe7 Cý, samples with different carbon contents x, For
This article focuses on the MDS in the Sm 2Fe 17 Q, series medium values of x the sharp magnetic transition of Sm 2FeC7

and its evolution during the carburization process. at 120 'C is diminished and a small step appears near
400 'C. For Sm 2FeI7C2.2 only one sharp transition is ob-
served at 415 'C. Therefore, it can be assumed that in par-

II. EXPERIMENTAL DETAILS

The Sm 2Fel 7 alloy was prepared by melting elemental
Fe with Fe-50 wt % Sm master alloy under argon in an in-
duction furnace. The cast ingots were homogenized at -.

1000 'C for one week in a sealed glass ampoule filled with .. 2

argon. The structure and phase composition were examined -,

by x-ray diffraction (XRD) using Co Ka radiation as well as xE* 1.3
by metallographic techniques. The homogenized ingots were
coarsely crushed. Powder fractions with particle sizes from . =.
160 to 500 Am and 30 to 60 Am were used. The powder was .
then exposed to C114 gas at a pressure of 0.6 bar. The coarse
powder was carburized at 450 'C for 40, 16(0, and 200 h. For 00
comparison finer powder was carburized at 500 'C for 96 h0 T emertue 0 0 )

Temperature (*C)

')On leave from: Institute of Physics, Polish Academy of Sciences, Al. l.o)t- FIG. I. Thermomagnetic analysis of Snl..:e 1C(', for different values of x.
nik6w 32/46, 02-668 Warsaw, Poland. (Applied field (111I =0. I T, temperature sweep dT/dt = 20) K/ainm.)
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FIG. 2. Development of carbon diffusion layers in St"Yle 17 after carhuriza- FIG. 4. Gradual change of the domain structure in it partially carbinuz d
tion for 40 h (nominal composition of the sample is Sll11FCl 7C11.8). The grain (onominal conipositioll ()f the Sample is S"12FC 7C .2).
latnirmar magnetic domains with strong Kerr contrast shtow the distribution of
the uniaxial phase.

a very stronig Kerr contrast inl opposition to the noncarbur-
ized ones, where only a relatively weak contrast was ob-

tially carburized powders thin surface layers of the grains served.
have a composition nt.ar to that Of SM2 Fe1 7 C2 ,2. The distribution of domaiz~s characteristic for the

The photographs show typical MDS for SM2 Fct 7 C, With uninxial phase suggests that the carburization process is ini-
nominal carbon contcnts x-0.8 (Fig. 2),x-1.2 (Figs. 3 and tially controlled by grain-boundary diffusion and then by dif-
4), x-b 1.3 (Fig. 5), and x-2,2 (Fig. 6), Obviously the cat- fusion inito the bulk of thle grains, In tile sample of nominal
bon absorption has a strong influence onl the MDS. In car- cOlompSito Sm2Ft 17C0.H carburized regions were observed
burized regions the MDS is that of a magnetically uniaxial mainly along cracks and grain boundaries (see Fig. 2). At
compound with a large anisotropy field. Simple wavy or this stage, the grains consist of a carburized outer shell and a
complex starlike MDS with spikelike closure domains (see, noncarburized core. Because; of the higher diffusion rate
for instance, Figs. 3 and 5) were observed in some grains. close to sharp edges of the grains compared to round ones,
This indicates that the e axis (magnetically easy direction in the internal rim of thle carburized shell became oval after
thle carburized phase) is otiented nearly perpendicularly to some time. It shrinks then to the center, gradually decreasing
the polished surface inl these grains. Lamninar or wedge do- thle Smn2Fcj7 core and finally results in carburization of the
mains appear in the carburized regions of grains with the c whole grain (see Fig. 4). The inhomnogeneous carbon diffu-
axis parallel or nearly parallel to their surface (upper-left- sion canl iniduce mechanical stress and strain resulting in
hand-side part of Fig. 3). The pure Sml2Fet-, phase reveals cracks or even in decrepitation (see Figs. 2 and 3). This
sometimes a coarse irregular domain pattern typical for basal increases thle surface area of thle powder and makes the dif-
plane anisotropy magnets. The characteristic feature of the fusion process more effective. For instance, Fig. 5 shows
MDS in Sm2Fe17C, series is that the carhurized regions show often-observed circular nlicrocrack's arising from inhomoge-

neous stress profiles.

FIG. 3. 1iýpical dtomaiin patterns observed for t be nioiminal comnposit ion
S1121Fe41, showing fully and partially carhburized grain regions (carbiuriza- IRI. .5. C ircutlar cra~cks caused b y inhomoogencotls stress ptotiles dturinig
tion time 16tt I1). citihurizatiom niin11 at c omposit ion of thti sample is SniVc7l1e.0
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w estimation we assumed x d. In order to avoid the influence
of geometrical effects of the grain size on the Sm2 FelTC,
layer thickness, we considered only very big grains with flat

6 edges. The value obtained is R-(2.5_0.5)XI0-('6 tn2/S,
4 which is of the same order of magnitude as that reported in

Ref. 2 for nitrogen.
"The wall energy density y was determined for a

Sm 2Fe1 7C12 a sample, in which all the grains were homoge-
neously carburized. For this purpose the MDS in large grains
with the easy axis normal (or almost normal) to the polished

4l grain surface was analyzed. The Bodenberger- Hubert
approach9 was used for the analysis of the characteristic star-

1 0 tun like surface domain patterns like those in Fig. 6. It can be
shown that the average surface domain width w in the basal
plane (perpendicular to the easy axis) for large grains in

FIG. 6. Starlike domain structure in a large grain with the magnetically easy polycrystalline material is independent of the grain size and
direction perpendicular to the polished surface (nominal composition is is given by w= opylJ2, where 0 is a geometrical factor
Sm 2 Fc17C2.2). depending on the type of surface domain structure, We

adopted the value of 8 as determined for uniaxial highly
anisotropic materials in Ref. 9. We obtained an average sur-

Our observations of the MDS in Sm 2Fe17CA series sug- face domain width w of (0.93±+0.09) pm. Using a value of

gest also that the carbide is rather a single gas-solid solution 1.43 T for the saturation polarization js, this yields a wal
with a continuous range of carbon contents than a two-phase energy y of (3.1-0,3)X 10-2 J/m2. From this, the single-

mixture of carbon-poor and carbon-rich phases, A gradual domain particle size, D1= 57.61rj.07/J., is Dc•0.3 pm. The
change of the MDS across the grains was observed in the standard continuum model for a domain wall7 gives in a first

Sm2FeI 7 powders heated under CH 4 atmosphere for 160 and approximation the relations A= y//16KI for the exchange

200 h. For instance, Fig. 4 shows the domain pattern in a constant and i--v-r,/4KI for the domain-wall thickness. Us-
grain with the c axis perpendicular to its polished surface. A ing the anisotropy constant Kt =7.4 MJ/m3 calculated from

can be seen the MDS becomes finer as the distance from the demagnetization curves6=. we obtained A -8.1 < 1-2 J/m
grain boundary increases. According to models of the MDS, and 8=3.3 nm.
developed for uniaxial materials,•' assuming a constant crys- 1 R, B. l-letmhodt and K. 11. J. Buschow, J. Less-Common Matter 155, 15
tallite thickness, the main domain width is approximately (1985).
proportional to r .J-. , where J, is the saturation polariza- J. M. D. Cocy, H. Sun, and Y, Otani, in Proceedings of the Sixth Interne-
tion. The domain-wall energy can be expressed as tional Symposium on Magnetic Anisotropy and Cocrcivity in Rare-Earth-

Transition-Metal Alloys, Pittsburgh, 1990, p. 36.y•4(A KI) ", 7 where A and K, are exchange and anisotropy 1J. M. D. Cocy, H. Sun, Y. Otani, and D. P. F. Hurley, J. Magn. Magn.
constants, respectively. Therefore, the decrease of the main Mater. 98, 76 (1991).
domain width can be attributed to a diminution of A or K, in 4 H. Sun, Y. Otani, and J. M. D. Cocy, J. Magn. Magn. Mater. 104-107,
the regions with smaller carbon content. 1439 (1992).

dJ. M. D. Coey, R. Skomski, and S. Wirth, IEEE Trans. Magn. MAG-28,
By determination of the carburized layer thicknesF d at 2332 (1992).

initial stages of carburization the estimation of the ditfusion "R. Szynczak, Acta Phys. Polon. A 43, 571 (1973).
rate is possible. The diffusivity R of carbon atoms of 450 °C 7S, Chikazurni, Physics of Magnetism (Wiley, New York, 1964).
was calculated according to the equation for the average dis- 8G. E. R. Schulze, Mtallphysik (Akadenie, Berlin, 1967).

9R. Bodcnberger and A. Hubert, Phys. Status Solidi A 56, 637 (1979).
placement x of diffusing particles with the Brownian move- 1('K.-II. Mdller, D. Eckirt, P. A. P. Wcndhausen, A. F-iandstein, S. Wirth, and
ment: R=x 2/2t, 8 where t is the carburization time. In our M. Wolf, IEEE Trans Magn. MAG-30, 586 (1994).
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Neutron-diffraction study on the structure of Nd(TiFe) 12Nx
and Nd(TiFeCo)12Nx alloys

Shu-Ming Pan
General Research Institute for Nonferrous Metals, CNNC, Btcijing 100088, Peoples Republic of China

Hong Chen, Zu-Xiong Xu, and Ru-Zhang Ma
Department of Materials Physics, University of Science and Technology Beijing. Beijing 100083,
People s Republic of China

Ji-Lian Yang and Bai-Sheng Zhang
Institute of Atomic Energy, Beijing 102413, People s" Republic of China

De-Yan Xue, and Qiang Ni
Shatoujiao New Materials Factory, Shenzhen 518081, Peoplehs Republic of China

The preference of nitrogen atoms in Nd(FeTi) 12N.. and Nd(FeTiCo)12 N,. alloys have been studied by
neutron diffraction. The results show that Ti atoms are preferentially to occupy the 8i sites, but Co
atoms enter the 8f rather than the 8i site. Nitrogen atoms occupy the 2b sites in Nd(FeTi)1 2N., and
Nd(FeTiCo) 12N..

I. INTRODUCTION III. RESULTS AND DISCUSSION

A ternary Fe-rich R(MFe) 12 (M=stabilizing elements) All the samples are of single phase except for a very
alloy with tetragonal ThMn1 2 structure has been studied little amount of a-Fe coexistence found by x-ray diffraction
extensively.' 2 The Curie temperature of SmTiFel1 is lower analysis. The nitrides of RTiFejj were found to maintain
than that of Nd 2Fe14B and its lower saturation magnetization their original tetragonal structure, space group 14/1ntnmm, but
leads to the theoretical (BH)niax of SmTiFe11 only half that of with slight increases in cell volumes. This increase in lattice
Nd 2Fe14B. It is shown that Curie temperature, iron moment, parameters is highly anisotropic (mainly in the basal plhn).
and magnetocrystalline anisotropy increase drastically with Neutron-diffraction measurements were performed on
the addition of nitrogen atoms. 4'5 RTiFe1 2N. compounds Nd(FeTi)1 2N., and Nd(FeTiCo)12 Nv, alloys to determine the
have been observed to possess different intrinsic magnetic site occupation of nitrogen atoms. The results obtained from
properties from their original counterparts RTiFetl.(' It has neutron diffraction data fit are listed in Tables I and II. It can
been shown that the Curie temperature of RTiFe||N. in- be seen from Tables I and !1 that Ti atoms still prefer to
creases by about 150-170 K and the Fe moment increases by occupy the 8i sites in agreement with Ref. 6, but Co atoms
17%. In particular, RTiFejgN, has an easy axis with a strong enter the 8f site rather than the 8i site. The occupation of
anisotropy field at room temperature for R=Nd, Tb, and Dy. nitrogen atoms in NdTi1 .1 2CoO., 4N, is the same as that in
Owing to the fact that the easy uniaxial anisotropy is a pre- Y(TiFe)t 2N,, in which nitrogen atoms enter the 2b site. The
requisite for a magnetic material with high coercive force, to quantities of nitrogen atoms entering interstitial position are
understand the effects produced by nitriding it is necessary to x =0.43 andy =0.395 for Nd(FcTi)i1N, and Nd(FeTiCo)1 2N,.
investigate the crystallographic structures of these nitrides. alloys, respectively. The position of the N atom was found to
The determination of the site occupation of nitrogen atoms is correspond to the 2b site of the tetragonal space group,
a key prerequisite to the calculation of the electronic struc- which gives rise to noticeable displacements of the 8j metal
ture or crystal-field interactions in the nitrides. For this rea-
son, we have carried out a neutron-diffraction and MWss-
bauer spectra study on the Nd(FeTi)1 2N. and TABLE I. The structural parameters of Nd(Fe'l'i), 2 N, from neutron-
Nd('FeTiCo) 2Ny alloys, diffraction data. The atomic coordinate parameters (io units of the cell con-

stunts a and c ) are x, y, z; n is the number ot atoms on different sitcs; K. is
the moment value (pul) in the z direction; R is Ihe consistent factor; RN and
RA, arc quality-of-lit indices for the nuclear and magnetic scattering, respec-

II. EXPERIMENTAL DETAILS tively; X , is the residual value.

The samples used were prepared by arc melting of the Atom site x V z 1 K.(aAjj)
high-purity (99.9%) primary materials under purified argon
atmosphere. The buttons were melted at least three times to Nd (2,a) 0.00(0 00011 0.000(.5 2.012 0.976Fe (Si) (I,3544 (0.000011 Il .lt)000 5.754 2.1211

achieve homogeneity. Then the alloy buttons were smashed Ti (8i) 10.3544 0.W(tll0( 0.01000 2.246 0l.t000
into powders. Nitrides were prepared by passing puried ni- Fe (8j) 0,.266 1 0.5000 0.0000 8.1000 1.9)201
trogen gas at atmospheric pressure over finely ground pow- Fe (8f) 0.2500 01.250011 0.25110 8.(t00 1.720
der samples at 500 °C for 3 h and at sufficiently high rates of N (2hb (0.110 01.000(10 0.5000 0.8601 (0.(000t

flow to ensure enough absorption of nitrogen, followed by R (%1 0.98

rapidly cooling to room temperature. X-ray diffraction analy- RN (% 0.9
sis was used to detect phase structure. Neutron-diffraction R, ON-) 0.899

data were collected at room temperature.
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TABLE 11. The structural parameters of Ndlil_2Co0 .94 Fe,,• 4N from atoms still prefer to occupy the 8i site, but Co atoms enter

neutron-diffraction data. the 8f rather than the 8i site. The nitrogen atoms prefer to

Atom site x y z /I K,7 (p?) occupy the 2b site.

Nd (2a) 0.0000 0.00(X)00 0.0(000 2.00 1.20
Fe (8i) 0.3582 0,0000 0.0000 5.58 1.70 ACKNOWLEDGMENTS
Ti (8i) 0.3582 0.0000 0.0000 2.42 0.00
Fe (8j) 0.2837 0.0000 0.000 8.00 1.50 This work was partly supported by the National Natural
Fe (8f) 0.2500 0.2500 0.2500 6.12 1.30
Co (8f) 0.2500 0.2500 0.2500 1.88 0.00 Science Foundation of China and the State Key Laboratory

N (2b) 0.0000 0.0000 0.5000 0.79 0.00 of Magnetism, Institute of Physics, Chinese Academy of Sci-
R (%) 1.601 ences.
RN (%) 1.59
RM (%) 1.74
x2 1.08

Y.-C. Yang, B. Kebe, W. J. James, J. Deportes, and W. B. Yeloin, J. Appl.
Phys. 52, 2077 (1981).2 K. H. J. Buschow, J. Appl. Phys. 63, 3130 (1988).3 Y.-C. Yang, X.-D. Zhang, S.-L. Ge, 0. Pan, L.-S. Kong, H.-L. Li, J.-L.

positions. The increase in T, and cell volume are in good Yang, B.-S. Zhang, Y.-F. Ding, and C.-T. Ye, J. Appl. Phys. 70, 6001

agreement with the values reported in Refs. 2 and 7-9. The (1991).
short metal-metal distances (between the 8f sites) remain J. M. D. Cocy and H. Sun, J. Magn. Magn. Mater. 87, L251 (1991).

r 5Y.-C. Yang, X.-D. Zhang, L.-S. Kong, 0. Pan, S.-L. Ge, in Proceedings of
almost unchanged after N insertion and can be derived di- the 11th International Workshop on Rare Earth Magnets and their Appli-

rectly from cell parameters. cations, Pittsburgh, PA, October, 1990, Vol. 2, p. 190.
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Synthesis and magnetic properties of PrFe1 2 _xMox and PrFe12 _xMoxNy
(0.5-<_-x-<.1.0, y-l)

0. Kalogirou, V. Psycharis, L. Saettas, and D. Niarchos
Nationial Center for Scientific Research "Dernokritos," Institute of Materials Science, 153 10 Ag. Paraskevi,
Attiki, Greece

A series of iron-rich ternary intermetallics PrFe2-,,.Mo_ (x=0.5, 0.75, 1.0) and their nitrides have
been prepared by arc melting, annealing at 1273-1393 K and water quenching. A single-phase
structure of the ThMn12 type has been obtained for .= 1.0 when annealed at 1345 K (with
a-Fe<5%). The lattice constants are a=8.5978(2) A, c=4.7795(3) A. The alloys exhibit planar
anisotropy, a Curie temperature of 498 K, and a room-temperature magnetization of 120.4 A m2/kg
prior to the nitrogenation, After nitrogenation the anisotropy changes to uniaxial, the Curie
temperature increases to 681 K, and the room-temperature magnetization becomes 136 A m2/kg. A
lattice expansion corresponding to 2.4% of the cell volume is observed. In the x =0.5 and x =0.75
alloys, a secondary 2:17 phase is also present, besides the 1:12-type structure. The peritectic
decomposition temperature is 1393 K for all samples.

I. INTRODUCTION trides were formed by heat treating line powders (<37 /rm)
of the alloys in purified N2 gas at 723 K for 12 h. TheThe ternary Fe-rich R-Fe-M alloys related to the tetrag- samples were characterized by x-ray powder diffraction

onal ThMn, 2-type structure, and especially their nitrides, (XRD) (Siemens D500, CuKa: radiation with a diffracted-

have been extensively studied during the past few years as beam monochromator), Rietveld analysis, and thermomag-

potential candidates for' permanent magnet applications due netic analysis (TGM). The magnetocrystalline anisotropy

to their relatively high Curie temperature, saturation magne- was studied by means of x-ray powder diffraction on iag-

tization, and favorable magnetocrystalline anisotropy.' The netically aligned powder samples. Magnetization curves

tetragonal phase can be stabilized only by replacing iron with
a small amount of a third element such as M=Ti, Me, V, Cr, were measured using a Quantum Design superconductingetcl a quantum interference device (SQUID) magnetometer with a

One significant result of introducing nitrogen into the maximum field of 5 T at room temperature.

1:12 phase is the observed change in the magnetocrystalline
anisotropy from planar for non-nitrided compounds to
uniaxial for nitrided ones 2 due to the change of the second- Alloys with the composition PrFe11Mo (x= 1.0) can be
order crystal-field parameter A20 from negative to positive as prepared by arc melting and annealing at 1273, 1348, or
in the case of Nd.3 Among the light-rare-earth elements Pr 1373 K. All annealed alloys present the ThMn12-type struc-
"has a negative aj like Nd. Thus the magnetic properties of ture with some a-Fe impurity (less than 10%). At 1393 K the
Pr(Fe,Mo), 2 and Nd(Fe,Mo)12 nitrides are expected to be 1:12 phase almost disappeared due to a-Fe precipitation in-
similar; however, since it has been reported that Pr does not dicating that 1393 K exceeds the peritectic decomposition
form the 1:12 phase 4 no attention has been paid to the syn- temperature of PrFeI1Mo. The lowest a-Fe content was ob-
thesis of this compound. Recently Yang et at." have reported tained after annealing at 1348 K for 3 days and was calcu-
the preparation of PrFeI,.5Mo1 5 and its nitride. Sun et al." lated to be 5% by the Rietveld analysis. For this sample a
have reported that the solubility range in the YFe12  MO.x complete crystallographic analysis was performed. The crys-
system is 0.5--x--4.0. On the other hand, it has been shown tal structure parameters (unit-cell dimensions, atom posi-
that the intrinsic magnetic properties of RFe, 2 _x MoxN, im- lions) for the sample with nominal composition PrFeIMo
prove with decreasing Mo concentration.6'7 Thus, we exam- were determined by applying the Rietveld refinement
ined the existence range of PrFet 2 _xMox between method8 and using as starting structural parameters the ones
0.5-x-1.0 and have succeeded in synthesizing at least the given in Refs. 9 and 10. Following the procedure described
x=1.0 member J,. the series in the form of the ThMnI 2-type in Ref. 9, it was concluded that the Mo atoms occupy the 8i
structure. The structural and magnetic properties of the par- site. The Mo atoms per formula unit were calculated as
ent PrFelIMo compound and the related nitride have also 0.92(7), very close to the nominal value of x=1.0. The iso-
been studied. tropic thermal parameters B were kept constant during the

refinement and equal to the values given in Ref. 10. The
II. EXPERIMENT calculated a-Fe content is 5% wt. The lattice constants,

atomic positions, and bond distances are listed in Table I.
The PrFel 2 _,Mo, (x=0.5, 0.75, 1.0) samples were syn- The Rietveld diffraction patterns (observed, calculated, and

thesized by arc melting, with --99.9% pure constituents, in difference patterns) are shown in Fig. I.
an argon atmosphere. The ingots were wrapped in tantalum The Curie temperature of PrFe11 Mo as determined by
foil, annealed in vacuum at various temperatures between TGM was 498 K. No other ordering temperature was ob-
1273 and 1393 K for 3 days and then water quenched. Ni- served, except that of a-Fe. The room-temperature magneti-
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TABLE I. Crystallographic data for PrFejjMo compound (space group: 14/mmm). Unit-cell dimensions:
a =8,5978(2) A, c=4.7795(3) A, and V=353,31 A3. Agrccment indcx.as (R factors): R,,=6.67, RwP= 11.65,
Rp=8.46, and RxP'=3.91%.

Atom Site x y z Occupancy

Pr 2a 0.0 0.0 0.0 1.0
Fe1/Moj 8i 0.3618(3) 0.0 0.0 0.77(1)/0.23(1)

Fej 8j 0.2720(4) 0.5 0.0 1.0
Fef 8f 0.25 0.25 0.25 1.0

Bond distances

Pr-FeX4 3.111(3) F1-Fe X 2 2,772(3)
Pr-FejX 8 3.091(2) -Fefx 4 2,467(1)

Fe,-Fej X 1 2.376(4) Fer-Fe X2 2.391(4)
-FeX 4 2.921(1)
-Fe, X2 2,623(3)
-FeL X 2 2.652(2)
-Fef× 4 2.640(1)

zation at 5 T of PrFe11 Mo is 120.4 A m2/kg. This value was improvement is observed in the saturation magnetization,
deduced taking into account the a-Fe content, 5%, as calcu- i.e., 8.4 and 15.1 A m2/kg higher than those of PrFe1 t)..Mot..5
lated from the Rietveld analysis. After nitrogenation the Cu- and PrFe0.SMol5sNY, respectively.5

rie temperature increased by about 180 K reaching 681 K. In Fig. 3 the XRD spectra of the non-nitrided and ni-
The room-temperature magnetization of the nitride at 5 T trided PrFeiMo compounds and the corresponding spectra
reached a value of 136 A m2 /kg (Fig, 2). Nitrogenation re- of magnetically aligned powders, bounded on double-side
suited in an increase of a-Fe content. The given magnetiza- tape with a magnetic field normal to the plane of the satnpie
tion value was calculated considering the a-Fe content, 15%, holder are shown. As shown in Fig. 3(b) the intensity of the
as found from preliminary M6ssbauer spectroscopy. The (0 0 2) reflection of the aligned non-nitrided sample de-
unit-cell dimensions for the nitrided compound are creases and the intensities of the (2 4 0), (0 3 1), (2 3 1), and
a =8.649(2) A, c=4.835(3) A, artd V=361.70 A3. The unit- (1 4 1) increase indicating planar anisotropy. The opposite
cell expansion is 2.4% comparable to the other 1:12 nitrides behavior of the corresponding reflections was observed in
leading to a value of y-1. The magnetiza. ialues confirm the nitrided sample indicating uniaxial anisotropy [Fig. 3(d)].
recent experimental observations ' ,,* Io concentra- Such a change from planar anisotropy for the parent com-
tion improves the magnetic pxoj. ;r". _Mo_ and pound to uniaxial for the nitrided one has been observed in
their nitrides. 6a The Curie (t...,peiL , '.FejMo and the case of the x=1.5 compound as well.5 This is probably
PrFeIIMoNY are 43 and ' .'.. an those of du. to the sign change of the second-order crystal-field co-
PrFemasMot5 and PrFel 0 5..M, : resp y-5 A similar efficient in the Pr site by analogy to Nd. 3

.
4

The PrFet 2 _xMo., alloys with x=0.5 and x=0.75 were
annealed at 1273, 1348, 1368, and 1393 K. As found by both

700- 1S•" 7oo-150!

ii
S500 ma

"- r €11  0. ,......

300o- 11 00 *

... .. PrFelMo
r_ E PrFelMoNy

Q)100
,_c :•50

-1II IIIII - -- - -I I 1 -l I l - (3 0 0 K )** -
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FIG. 1. Rietveld refinement patterns for the Prl'(,, Mo compound. The ob- 0 1 2 3 4 5 6
served intensities are shown by dots and the cal -lated ones by the solid (T.)

line. The position of the Bragg reflections are shown by small vertical lines
below the pattern. The line at the bottom indicates the intensity difference FIG. 2. Ronil-temperaturc magnetization curves of randomly aligned pow-
between the experimental and the refined patterns, ders of PrFelMo before and after nilrogenation,
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was observed. As in the case of the x =1.0 samples, anneal-

PrFel1 MoN. ing at 1393 K of the x= 0,5 and x=0.75 samples resulted in
the precipitation of a-Fe. It was concluded that the peritectic

IL decomposition temperature of PrFe1 2 -xMOx is around

04~ +field 1390 K.
-0 - 0

o ~ r W)N r' N. IV. CONCLUSION
o ~ d) This work has demonstrated that useful properties of the

derivatives of the ThMn12 -type structure alloys such as
PrFe11 Mo studied in this work can be obtained by proper

C heat treatment and second transition-metal concentration. As
.... ... ........ in other ThMn1 2-type alloys nitrogenation enhances further

PrFe1 1 Mo the magnetizi'.tion, Curie temperature, and anisotropy. To our
knowledge this is the first time that the PrFe,1 Mo, (x= 1.0)

W) Uand the related nitride have been synthesized and character-
+fieldized, It is expected that further improvement can be obtained

±K) ' C4 +concerning 
the system PrFe 12 -,Mo~Ny (0.5--x 1,0, y = 0,1)

0 0 ) -Nby proper heat treatment and is part of our current work,
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Study of permanent magnetic properties of the 1-12 nitrides with Nd and Pr
Ying-Chang Yang, Qi Pan, Ben-Pal Cheng, Xiao-Dong Zhang, Zun-Xiao Liu,
and Yun-Xi Sun
Department of PhYsics, Peking Uniersit , Beijing 100871, People" Republic of China

Sen-Ling Ge
Beijing University of Posts and Communications, People :' Republic of China

The permanent magnetic properties of isotropic and anisotropic powders of R(Fe,Mo)1 2N,
compounds, where R=Pr and Nd, were investigated by using mechanical alloying and a
conventional milling process. For the isotropic magnetic powders, a coercive force of up to 9 kOe
and a maximum energy product of 6,6 MGOe were obtained in Nd compounds, while with the
anisotropic powders a maximum energy product of 12 MGOe was achieved, In the isotropic
Pr(Fe,Mo)12N. compounds the best result were 4.5 MGOe for (BH) ,1 , and 6,0 kOe for it, The
temperature dependence of coercive force has been investigated in a temperature range between 300
and 500 K, and the results are reported in a comparison with that of Nd-Fe-B magnets.

I. INTRODUCTION II. EXPERIMENTS

Findings of the nitrogenation effect on ihe magnetic Alloys were prepared by arc melting of 99.9% pure ma-
properties of rare-earth intermetallic compounds have re- terials in an argon atmosphere, followed by a heat treatment
cently made a great progress in the field of hard magnetic around 1000 °C for 1 week. The nitrogenation was carried
materials, These important developments in magnetism and out at 4t)0-600 °C for 2-4 h in high-purity N2 gas at atmo-
magnetic materials have shown that great improvements in spheric pressure. The nitrogenated powder was then further
the magnetic properties can be achieved by introducing in- pulverized into fine powder by a ball mill. The hysteresis
terstitial nitrogen or/and carbon atoms. This is particularly loops of the samples were measured by vibrating sample
important for permanent magnet materials, which require magnetometer (VSM) with a field of up to 20 kOe in a tem-
large values of magnetization, uniaxial anisotropy, high Cu- perature range from room temperature to 600 K. Some
rie temperature T, , and coereivity at or above room tempera- samples were magnetized with a pulse field of tip to 40 and
ture. In 1990 the nitrides Si-,Fe TN. and Nd(Fe,M) 12Ns , 100 kOe.
where M=Ti, V, Mo, W, etc., were discovered,"' and the Mechanically alloyed powders were produced in a high-
studies of the new hard magnetic materials based on RE-Fe energy ball mill, starting with Pr-Mo-Fe and Nd-Fe-Mo alloy
nitrides spread worldwide. We have reported that for the powders. Magnetic amorphous powders were tnade by mill-
RE-Fe nitrides having the ThMn,12-type structure the intersti- ing process for 1-10 h under argon atmosphere. The pow-
tial nitrogen atoms not only have a crucial effect of increas- ders were then heat-treated in the temperature 750-950' C
ing Curie temperature and saturation magnetization, but also for 40 min to form the crystallized 1-12 phase, in a vacuum
give rise to a p-rofound change in magnetocrystalline anisot- of 10 3 Pa, Nitrides were prepared by passing purified nitro-
ropy. Due to these effects, Nd(Tke,M)U2N. and lPr(Fe,M)1 2N. gen gas over the crystallized 1-12 phase at atmospheric pres-
became well-known candidates for permanent magnet sure at 500 'C for 1-4 h.
applications.3-6 Compared to the case of 2-17 nitrides, be- Anisotropic magnets based on Nd(Fe,Mo)l 2N.,. nitrides
cause of the difficulty in stabilizing the 1-12 phase with a were prepared by a conventional milling pr~cess. The pow-
light rare earth, more problems have been encountered in der samples of cylindrical shape ((13x4 mm) were aligned
developing high-performiance magnets based on the 1-12 ni- with a magnetic field of 10 kOc and fixed in epoxy resin,
trides. However, frorn an economic point of view, the 1-12
compounds present special interest due to the lower price of ANDIII. RESULTS ADDISCUSSIONS
Nd than Sm, In addition, the 1-12 nitrides have a lower ratio
of rare earth to transition metal than the 2-17 nitrides, Ac- All the samples were found to crystallize in the
cordingly, it is worth studying the 1-12 nitrides concerning ThMn1 2-type structure, and, no second phase was observed
the formation conditions of good single phase, improvement before and after nitrogenation. As an example, the x-ray-
on the intrinsic magnetic properties, and creation of high diffraction patterns of PrFej, .sMo ..s aad their nitrides are
coercivity. As we know, a strong easy-axial anisotropy is the shown in Fig. 1.
origin of a large coercive force, however, the coercivity is A. Isotropic powders
very sensitive property and depends on microstructure
formed by the processing treatment. In this work we have Isotropic magnetic powders based on Pr(Mo,Fe) 12N, and
succeeded in preparing the single phase of NdFej||.,Mo1 ._S and Nd(Mo,Fe)1 2N, were prepared by using a mechanical milling
PrFe1•..sMo,,., as well as their nitrides. The key problems process. In both cases of Nd(Mo,Fe) 2 and Pr(Mo,Fe)1 2, the
dealing with magnet manuafacture and the prospect of the x-ray-diffraction patterns and thermomagnietic curves show
1-12 nitrides in the permanent magnet development are dis- that there are no other magnetic phase,; (such as a,-Fe). It is
cussed, important to mention that in order to obtain a desirable co-
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FIG. 1. X-ray-difftaction patterns of (a) PrFe1 .,_Mo1,s and M The best results were obtained in Pr(Mo.t13 Fe.,17)ltNx,

PrFct).tsMo,,sN.,. which has a large coercive force combined with a high rem-
anent magnetization. A higher coercive force, e.g., HH,.= 8.9
kOe, is achieved for Nd(Fe,Mo)12 N, with the same process

ercivity, no a-Fe second phase associated with the starting and is seen in Fig. 3(b). As in the case of the mechanically
alloys is required. Figure 2 shows the variations of coercive allowed powders, no sensitive orientation effect is observed.
force, saturation magnetization, and remanence as a function Thus, the mechanically alloyed powders are isotropic. From
of crystallized temperature of Pr(Mo(1.1jFes,87 )I)NX, From the the virgin magnetization curves an obvious jump is observed,
figure it can be seen that intrinsic coercive force depends which is characteristic of a pinning mechanism for the coer-
sensitively on crystallization temperature with the optimum cive force. The critical field at which the jump occurs corre-
crystallization temperature 770 'C. sponds to the value of the coercive force. This behavior sug-

A coercive force of 6,0 kOe is obtained for the Pr hi- gests that the coercive force in the case of mechanical
trides with a crystallization temperature of 770 °C for 40 min alloying is determined by a (lomain-wall pinning. For the
and a nitrogenation treatment at 500 'C for 2 h. Figure 3(a)
indicates the magnetic hysteresis loop which was obtained at
an annealing temperature of 770 'C for 40 min and foillowed
by a heat treatment at 500 °C under N2 atmosphere for 2 h.

0

60 iHc /

%6 -/•0 .4

4 2
4.81

TI'C 9 0 00 10 150

FIG. 2, The variations of coercive force I sa,., saturation mitIaglnetization M,

and remanence M, as a function of crystallized temperature for FIG. 4. The variation ot coercive torce as it tunctittl of milling tittc Itt
Pr(MoFe) 1 2N, sanmples. Nd(FeM) 12N, powder samples.
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TABLE I. Coercive force jH, vs magnetizing field H, of Nd(Fc,Mu)12N.r. ,

Mill time (h) 19 49 59 64 107 ( 1)
1H. (kOe)' 2,558 3.880 4.133 4.326 5.171 o I€1

,H, (kOc)h 3.894 5.168 5,209 5.561 6.305 ,

'Sanmplc% were magnetized and measured at H=20 k~e. ~'
l"Samples were magnetized at H'=1(X) kOc and measured at H=40 kOe,

isotropic samples, the theoretical values of square ratio 0

should be 0.5; our results are larger than this value indicating 300 *0 (S o

that the samples are far from saturation at the applied field of
20 kOe, FIG. 6, Temperature dependence of coercive force: (a) H,. of

NdFc ,., Mol.5N, mechanical alloy powders: (b) it/, of Nd2Fc43B; (0c),ll. (if

B. Anisotropic powders Pr(Mo1 ).l jie. 7)j(1NA mechanlical alloy powders; (d) H,. of NdFeo(.,Mo ..jN.
anisotropic powders,

Figure 4 indicates the variation of coercive force as a
function of milling time for Nd(Fe,Mo)12Nx, . It is clear that
the coercive force depends sensitively on particle size of the manence cannot be obtained simultaneously, Figure 5 is re-
powders, i.e., it increases with grinding time, reaching a lated with a larger remancnce, but a smaller coercive force
maximum, then decreases after prolonged milling. The in- for Nd(Fe,Mo)t 2Nr, Their permanent magnetic properties
trinsic coercive force ,H, of the powders prepared by the are summarized below, respectively: iH,,=2.6 kOe, Br=9 .1
milling process exhibits a large dependence of the magnitude KG, (BH), 5 = 12.0 MGOe, All these measurements were
of the magnetic field H,, applied before the coercive force made with a magnetizing field of 20 kOe, The coercive force
measurements. Table I shows 1H, for the same sample under is larger when using a higher applied field as indicated in
different magnetizing field. For the powders with the opti- Table I. Figure 6 plots the temperature dependence of coer-
mum milling time, a coercive force of 5.2 and 6.3 kOe was cive force for three kinds of samples: One was prepared by
obtained by using a magnetizing field of 20 and 100 kOe, milling process, the other two by using mechanical alloying.
respectively. The magnetizing-field dependence of iH,. is In a temperature range from room temperature to 100 'C the
characteristic of domain nucleation. This behavior is differ- temperature coefficient of coercive force for both samples is
ent from that of mechanical alloying powders mentioned -0.5%/K. For a comparison, the temperature dependence of
above. Anisotropic magnets can be made by using the pow- coercive force of Nd 2Fe14B magnets is presented also in Fig.
ders prepared by milling methods; however, the saturation 6. The temperature coefficient of if1,( for the latter is
magnetization and remanence were found to degrade with -0.6%/K. Among the 1-12 nitrides the Curie temperature of
milling. Thus, the optimum values of coercive force and re- Nd(Fe,Mo)i 2N, and Pr(3fc,Mo)1 2N., is lower. Thus, it may be

expected to improve the temperature stability of the magnet:s
based on the 1-12 nitrides by a substitution of Mo with an-

1other element, such as Ti, V, etc.

'J, M. I). Coey and 14. Sun, J. Magn. Magn. Mater. 87, 1.251 (19901).
6. Y.-C. Yang, S.-i.. Ge, X.-D. Zhasng, L.-S. Kong, and 0. Pan, in Proceed-

ings of the Sixth lnternational Symposium on Magnetic Anisotropy and
Coercivity in Rare Earth i'ansition Metal Alloys, edited by S. G. Sainkar

"" 0 20 (Carnegie Mellon University Press, Pittsburgh, 1990), p. 190.
H Mke) 3Y-C. Yang, X.-D. Zhang, I.-S. Kong, 0. Pan, and S.-I.. Ge, Appl. Phys.

•.• Lett, 58, 2042 (I1J91),
40, Wei and G. C, Itadjipanayis, IEIi2E Trans. Magn. MAG-28, 2563
(1992).

"3M. Endoh. K. Nakamura, and 1I. Mikmuni, IEFE Trans. Magn. MAG-28,
25601 (1992).

"Y.-C. Yung, Q. Pan, X-I). Zhang, J. Yang, MA-Ii. Zhang, and C,-I.e Go,
1iG. 5. Hysteresis loops of NdFc1115Mo1..N., powders for 20t h milling. Appl. Phys. i.cLt. 61, 2723 (1992).
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Structural and magnetic properties of Ce(FeM) 12Nx interstitial compounds,
M=Ti, V, Cr, and Mo

Qi Pan, Zun-Xiao Liu, and Ying-Chang Yang
Department of P'hysics, Peking University, Beijing 100871, People 's Republic of China

Stabilizing the 1-12 phase with cerium was possible using a special heat treatment. The structural
and magnetic properties of Ce(Fe,M)12 and their nitrides, for M=Ti, V, Cr, Mo, etc,, were
investigated using x-ray-diffraction and magnetic measurements. The effects of interstitial nitrogen
atoms on lattice parameters, Curie temperature, saturation magnetization, and magnetocrystalline
anisotropy are reported. A profound change was found on the magnetocrystalline anisotropy. As an
example, in the case of CeMo 2FelN,, the easy magnetization direction changes from c axis to the
basal plane depending on the nitrogen content x.

I. INTRODUCTION III. RESULTS AND DISCUSSIONS

During the last few years, a lot of work dealing with the A. Crystallographic structure
rare-earth (RE)-Fe nitrides having the ThMnt 2-type struc- The samples before nitrogenation were found to be crys-
ture has been conducted for the purpose of permanent mag- tallized in single ThMtn12-type phase for M=Ti, V, Mo. Tile
net development.' 2 Because of the difficulties in forming the only exception is Cr, which contained a little 2-17 phase.
1-12 phase with cerium, few reports were concerned with After nitrogenation, the Ce(M,Fe) 2,N,. maintains the same
cerium compounds. The cerium ion often possesses a rela- structure, hut with an increase in the lattice parameters, The
tively higher valence (Cc4+) in the RE-iron intermetallics. 3  lattice parameters a and c, unit-cell volume V, and relative
Generally, the Ce-Fe compounds have smaller lattice param- change in unit-cell volume upon nitrogenation &V/V oif
eters, lower Curie temperatures T, and less spontaneous Ce(M,Fe) 12N.,, in comparison with Ce(M,Fe) 12 , are all listed
magnetization than other rare-earth compounds; thus, it is in Table I. As anl example, x-ray-diffraction patterns of
expected that the interstitial nitrogen atoms may have more CeTiFe,2 are illustrated in Fig. 1(a). The unit-cell volumets
significant effects on magnetic properties of the Ce com- increase from 2.7% to 3.5% compared with their originai
pounds. In addition, Ce 4+ is nonmagnetic, and it is hoped to icunterparts.

obtain useful information associated with the iron sublattice

behavior. A study on the Cc nitrides is not only of signifi-
cance for basic research, but there is also a potential techni- B. Curie temperature and saturation magnetization
cal application. Since there is a lot of cerium in inexpensive The Curie temperature T,,, saturation magnetization r,
mischmetal, an investigation on the formation and magnetic anisotropy field IiA, and easy magnetization direction
properties of Ce nitrides might be useful for developing low- (EMD) of Ce(M,Fe) 12 and their nitrides are summarized in
cost magnetic materials. Table I1. The interstitial nitrogen atoms have an effect of

In this work we succeeded in stabilizing the Ce(FcM) 12  increasing the Curie temperature. The T,. of CeTiFel1 N, is
compounds and their nitrides, where M=Ti, V, Cr, and Mo. raised fromo 485 to 710 K by introducing tile nitrogen atoms
The effects of interstitial nitrogen atoms on lattice param- into the CeTiFelt compounds. This effect may be due to the
eters, Curie temperature, saturation magnetization, and miag- expansion of the unit-cell volume after nitrogenation.
netocrystalline anisotropy are reported. The effect of the interstitial nitrogen atoms on the en-

hancement of saturation magnetization is significant. The
Ii. EXPERIMENT molecule mom,.nt is increased from 17.4 /Al to 21.88 All

with M=Ti, or from 13.6 All to 18.6 ju. with M=V in the
The samples were prepared by arc melting 99.5% pure Cc(M,Fe) 1 2, etc. Since Ce' 1 is nonmagnetic, the increase of

materials in a purified argon atmosphere, followed by a heat
treatment at 600-1000 °C for 1 week. Nitrides were pre-
pared by passing purified nitrogen gas at atmospheric pres- TABI.1. I. The lattice purincters a and c, unit-cell volulne V, and relative

sure over finely ground powder samples at 400-600 'C for change iso unit-cell voluh e upon nitrogenation AVIV o,.Ce(M.Fe)1 N,

1-5 h, followed by rapidly cooling to room temperature.
X-ray diffraction and chemical analysis were made to deter- Compoutnds a ) c (A) V A) AV/V Mo)
mine the structure and the weight percentage of nitrogen. Ce'I'i|CIl 8.542 4.779 348.7 ...
The powder samples of cylindrical shape were aligned in a Hclil:cN 8.574 4.872 358.2 2.7
10 kOe field and fixed in epoxy resin. Magnetization curves CeVIFc, K.50)3 4.758 344.0 ...
were measured on aligned powder samples with a field of up (:cVIel,(N, 8.646 4.761 355.9 3.46

to 70 kOc K by using an extracting sample magnetometer. ('eMo1*5l-1e 1 8.535 4.766 347.2

The Curie temperature was determined from -r-T curves CeMo, 8,017 4.821 358.1 3.2
CcMul, Fell 8,585 4.799t 353.7 ...

which were measured by a vibrating sample magnetometer CcMoFeH•N,,., 8.874 4.842 364.3 3..

in the temperature range from 300 to 1lO0t K.
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the saturation magnetization represents an increase in the
iron atomic moment. 4 So far, the increases of T. and the FIG, 2. Magnetization curves along and perpendicular to the origination

magnetic moments have been regav.ed as being attributed direction at 1,5 K and room temperature between CeMoj..5 Feia5 and

mainly to the volume expansion (about i% in average), as a CcMo1 5Fe15 ,N,

magnetovolume effect, but, that is not enough. The nitrogen
atoms enhance the Fe moments not only fthrough lattice ex- retically before or after nitrogenation. So the experimental
pansion but also by changing the electronic bonding nature, results are even more important in obtaining information
which was calculated by Sakuma." about the iron sublattice behavior.

On the basis of the x-ray-diffraction patterns on aligned
samples, we can obtain the magnetocrystalline anisotropy of

C. Magnetocrystallins anlsotropy Ce(M,Fe) 12 and their nitrides. The x-ray-diffraction patterns
In the most rare-earth compounds, 4 f elecirons are ex- of magnetically aligned powder samples of CeTiFe11 are

pected to be well localized compared with the d and s elec- shown in Fig. 1(b): a drastic increase in (002) reflections and
trons in the transition-metal compounds. So the single-ion diminution of (ikO) lines reveals that it has an easy axial.
model is used effectively dealing with the magnetocrystalline Figures 2 and 3 are the comparison of magnetization curves
anisotropy in the rare-earth-ion sublattice. In the case of iron along, and perpendicular to, the origination direction at 1.5 K
sublattice, owing to the itinerant properties of 3d electrons, and room temperature between CcMo1 ..5Fe1 0 .5  and
the situation becomes more complicated. It is not easy to CeMotsFex..5N•, CeTibett, and CeTiFenN.,.. It can been
calculate the changes in magnetocrystalline anisotropy theo- seen that after nitrogenation the anisotropy is decreased. In

TABLE It. The Curie tempcrature T,., saturation magnetization (rT, anisotropy field "A , and easy magnetiza-
tion direction (EMD) of Ce(M,Fe)0 compounds and their nitrides.

q, (ernu/g) "A (kOe)
EMD

Compounds T,. (K) T=1.5 K T=300 K T=1.5 K T=30(0 K T=3(1) K

CeTiFell 485 129.586 108.245 35 15 axis
CeTiFe11N, 710 151.006 135.743
CeV 2Fe10  425 99.209 75.515 20 10 axis
CeV 2Fe15N, 725 128.304 116.292 weak axis
CeCr2Fel0 433 95.139 59.999 12 8 axis
CeCtrPe, N, 685 132.546 111.514 plane
CeMo1 sFe1 ()5  386 111.256 76.(144 23 M0 axis

CeMo,..sFc t5 tsN, 612 131.56 1(18.758
.. lCcMo2Fem 34(1 64,697 4(0.6(18 axis
CeMo 2FejiuN).H 5(10 97.427 75.880 plane

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Pan, Liu. and Yang 6729



160

120
- - CeTiFelNx C

80 "• 40 -a -- 300K

'40'

0 -o-'00K i

S00o

CeTiFeol

00 b -300K
160~ 7'0

HI k~eI
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-040 s
the compounds with Cc, iron is the only magnetic atom, so2
the behavior of CeMoI9 Fel(,sNx anisotropy represents
changes in the anisotropy on the iron sublattice. FIG. 4. The x-ray-diffraction patter• of CeM0 2Fe1iN,: (a) x =0 nonaligned

In order to determine the effect of interstitial nitrogen samples; (b) x-0 aligned saanples; (c) x=0,2 aligned samples; (d) x=0.5
atoms on the magnetocrystalline anisotropy of the iron sub- aligned sauniple; (e) x m0.8 aligned samples.

lattice we made samples of CeMo2Fel11N, where x-0, 0.2, IV. CONCLUSION
0.5, 0,8. The x-ray diffraction patterns of CeMo2FeioNx are We have succeeded in forming Ce(M,Fe)12 compounds
plotted in Fig. 4: (a) x=0 nonaligned samples; (b) x=O and their nitrides with ThMn,2-type structure. The nitrides
aligned samples; (c) x=0.2 aligned samples; (d) x=0.5 increases both the Curie temperature and spontaneous mag-
aligned samples; (e) x=0.8 aligned samples. The x-ray- netization, and makes significant changes in magnetocrystal-
diffraction pattern on aligned samples of CeMo 2Feio in Fig. line anisotropy which depends on the nitrogen content x. The
4(b) shows that the EMD is along the - axis due to the experimental results indicate that at room temperature the
drastic increase in (0(02) reflection and diminution of (iQk1) easyrmeta tindicte for trm temperature th
lines. After the absorption of a certain quantity of nitrogen, asy mlanei don for CCM o2 FeCIO iominnd h
the EMD deviates from the c axis, as indicated in Fig. 4(c) basal plane, contrary to thc CeMo 2 Felo compounds.
for CeMo 2Fe11 N0.2 because the relative intensity of the (202) ACKNOWLEDGMENT
line is larger rather than the (002) line. As expected, a pro- This work was supported by the National Natural Sci-
found change was found on the magnetocrystalline anisot- ence Foundation of China.
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occupied by nitrogen atoms, the EMD changes to basal plane (1991),
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Neutron-diffraction and Mossbauer effect study of the Tb2Fe1 7 -..AIx
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Z. Hu and W. B. Yelon
University of Missouri Researpch Reactor and thle D)epartme'nts of Chemnisiqr and Physics, UniversilY of
Missouri-Columbia, Columbia, Missouri 05211

F. GrandJean
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Trhe magnetic propert,-s of a series of Tb,Fc 17 _AI, solid solutions, with nominal x compositions
ot (), 2, 3, 4, 5, 6, 7, and 8, have bceen studied by neutron diffraction and M6ssbauer spoctroscoipy.
Neutron-dift'raction data indicate that the compounds all crystallize with the Th2ln 1ii 7 structure and
that thc aluminum atoms arc excluded ftrom the 9d site and show a distinct preference thi the 6ce site
only for Ili aluminum content greater than 6. The unit-cell volunme increases by approximately I%
per aluminum atom substituted in the formiula unit. The magnctic momcent per formula unit,
measured at 295 K, shows very little change for x less than or equal to 4, but decreases rapidly with
increasing aluminum content for higher values of x. Missbauer spectral results indicate that allI thle
samples are ferromagnetically ordered at 85 K. I lowever, at 295 K Tb2Fc9AIl8 is, paramagnetic and
Tb12Fe,0)A1. is either paramagnetic or has at most very sm-,ill ferromagnetic moments. Anl analysis of'
the magnetic spectra with a basal magnetic model is su, isful for x values of 5 or less; however,
at highecr x values anl axial model for the magnetization is required, indicating the presence of a spin
reorientation with increasing aluminum content and decreasing tepe.ure. The weighted average
hyperftine field decreases approximately linearly by 21 k~c per substituted aluminum atom at 85 K
and 1iiore rapidly ait 295 K. As expected, the isomer shifts increase with increasing alumiinumn
content as a result of' interatomic charge transfer find inmratomie iron 4v- 3d electronic
redistribution.

The discovery Ithat thle addition of interstitial nitrogen rhombohiedral Th12Zn -, structure at higher concentrations.
could dramatically increase the Curie temperature of Rt2 FC1- Furthermore, its 7'(. increases with increasing alumlinumi con-
and, in sonme cases, change the magnetic anisotropy from tent at low aluminum concentrations, WI
basal to axial has led to a renewed interest in these com- The Th2bFe 17 ,Al., samples were prep~ared from 99.9%
pounds. The primary reason tor the increased 7'(. is the ex- pure elements by arc mnelting Followed tby annealing at
pansion of the lattice Caused by the interstitial nitrogen. ThIe 900( O(C for more than 3 weeks. The pihase purity of' thle
lattice may also be expanded by partially substituting thle samiples was checked by x-ray diffraction which indicatwd
iron by other elctnertts,3 and on investigation of such par- th'it thle 1'b2FeCl ,Al., samples with nominal x values of 2
tially substituted compounds may lead to a better under- and higher crystallized with the rhombohledral Thi,Zn ,7 struc-
standing of the magnetization process and consequently to tare. This limiting composition for the rhomhoioedral phase
solid solutions possessing bettcr magnetic properties. Ini thle is considerably lower than that reported tby Oesterreichier and
RFel,1.._,A11 B solid solutions,'!.5 aluminum causes both the 13oller111 12 and may be due to the higher annealing tempera-
coercive and thle anisotropic fields to increase with onily tore used for the samples in ouir study,
slight decreases iii the magnetiz.ationi and 7(. . Partial substi- Thle neutron-diffraction patterns were nicasured" and
tutiou (if iron atomis by aluminum inl Cc.,'Fe 1-,, Y,Fc17e 7 refined 13 1 b y the same methods as repiorted earl icr. The
Nd1Fe1 7, I)yFe1-,, and l-ojFe17 causes thie unit cell to cx- Miissbatier spectra were measured" and fit' 5 17 as reportedl
pan~d and tile T,>. to increase with alumiinum content at lower earlier, The spectra that inidicated ferromlagnetic ordering
aluminium concentrations." 3, In ThFbfe1 ,113 the terbium mag- were lit with tour or seven magnetic sextets corresponding to
nletic moments are aligned antiparallel'" with tile ironl mlo- thie four or seven imignetically inequivalent iron sites ex-
menits and a si milfar anti parallel magtnet ic structure is ex - pected for a I ax ialI or basal oricnt at in of t he tm agile izat ion
pected in Th2V'e 7 ,Al., . It has beeln reported"'- that and tile site poinlt SymInfiet ry.

11)"'Ce -,.Al, crystallizes inl thle hexagonal Th)Ni, structure The Curie temperature of thle lh2 .C7 .- ,. Al.,. solid solo-
at aluminumn concenltrations, up to all x (ot 3.8 and in tile lions increases with increasing aluminum content at lower

___________________________________________utm in ui conlce n (rat ions anmd reaches a Ill axi 010 ni at ail x

"I'resent ,uk'ress: Van tier wils -Zem LlI otIratmly. university of Amster- -- 31" The results of" thle reftinlement of dit 295 K neut Ironl-

dam, Ni.-1(18 XII AnistrtimThuli e Nelhelann ds. dif'fract ill Ii pM items ofthel)se Solid so Itn Lit m ru given1 inl 1 'h I e
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TABLE 1. The lattice and positional parameters, site occupanc~ies, and momecnts in Tlb2Fcti7 -.At, us nmcasured
by neutron diffraction at 295 K.

Compound Tb2Fe1~jA12  Th2FýclA13 '1`b2Fct53AI4  Th2Fec12A13  lb2FciiAl6 Tb2Fe10 A17  1b 2Fc9Al 8

x refined 1.98 3.14 4.08 5.10 6.06 7.16 8.12
a (A) 8.5768(2) 8.6011(2) 8.6212(1) 8.6625(1) 8.694201) 8,7482(1) 8.7874(1)
C A 12.5191(4) 12.5549(3) 12.5872(2) 12.6307(3) 12.6501(2) 12.6988(3) 12.7270(3)
c/a 1.460 1.460 1.460 1.458 1.455 1.452 1.448
V (P') 797.5 8G4.4 810.2 821.3 828.1 841.6 851.1
Tb, 6c, z 0.3413(4) (0.3408(3) 0.3406(3) 0,3433(2) 0.3417(3) (0.3458(2) 0.3480(2)
Fe/Al, 6c, z 0.0958(3) 0,0957(2) 0.0941(2) 0.0962(2) 0.0993(1) 0.1002(3) 0.1028(4)
Fe/Al, 18f, x 0.2964(2) 0.2947(1) 0.2896(1) 0.,2893(t) 0,.2920(1) 0.2905(2) 0.2928(2)
FO/AL, 1811, X 0,1676(l) 0.1684(1) 0.1690(1) 0,1697(1) 0.1681(l) 0.1683(l) 0.1677(l)
Fe/Al, 18 i, z (1.4921(2) 0.4920(1) 0.4895(1) 0.4895(l) 0.4882(1) (1.4905(1) 0.,4904(1)
%At, 6c 14.4 21.0 24.6 32.9 41.3 72.4 94.0
%At, 9d 0.0 0.0 01(0 0.0 0.0 (M.0 0.0
%A1, 18f 9.8 18.8 23.4 31.4 41.4 57.6 68.8
%Al, 18h 18.4 26.6 36.4 42.6 45.8 37.6 35.2
R factor 5.88 5.24 5.26 5.09 4.46 4.84 4.97
R. factor 6.80 6.10 5.95 6.17 5.46 5.73 5.78
R., factor 10.1 8.23 5.107 8.48 9.67 14.0

X,2.57 2.49 2.56 2.61 2.62 2.50) 2.54
AT, 1,6c (A,,) -4,5(1) -4.3(1) -4.1(1) -4.1(1) -3.5(1) -0.60I) ..
IA, Vc, 6c (All,) 2.7(2) 3.0(1) 3,l10) 3.3(1) 32.3(l) 0.6(1) ..

A., Fc, 9d (1.,s) 1.9(l) 1.9(1) 2.0(1) 1.801) 1.7(l) 0).6(1) ..
A. FL, I 8f (,a,,) 1.9(1) 2,0(l) 2.1(1) 2.0(1) 1.9(1) (1.6(1)

/4/cell (p.,,) 56.7 57,6 55.5 4o.2 34.5 14.1
/4/formula (All,) 18.9 19.2 18.5 15,4 11.5 4.7..
p.(Z)Ip.(X) 0.1) 0.0 0.0 0.0 1.2 infinite

1. The lattice parameters increase approximiately linearly with The Mdssbauer spectra of the T"b2F"CI>__Al, solid solu-
x as was found' 9 to be the case for the related Nd2Fe 17 -. Al, tions have been measured at 85 and 295 K. The spectra were
solid solutions, but the incerase differs from the behavior initially fit with either four or seven broadened niagitetic
found for the c lattice parameter in Th2F1

7el._,AGaX, which sextets which represent thle expected nmtmhr of magnetic
increases up to an x of 6 and then remains constant at higher
values, The unit-cell volume of Tfb2Fe1 7.. ,Al, increases lin-
early by 8.9 &3 per aluminum, a value which is similar to
that of the gallium solid solutions.2 0' to0

Asv is shown in Fig. 1, thle aluminum completely avoidsja
the 9d crystallographic site, the site expected to have the
smallest Wigner-Scitz cell volume.' 9 In contrast, at least up 8
to an x of 6, the aluminum somewhat favors the 1 8h site and 7 e
occupies the 6c and 1 8f sites almost randomly. At x values
above 6 these trends change and aluminum highly favors tile 00ano
6c and 1 8f sites. A rather similar occupation has been 5
observed1 9 in the Nd2Fe 17 .,Al, solid solutions and ex-R
plained on the basis of the differing near-neighbor ettviron- 4o,

ments of the different sites. 7 , -8 (i~l

The compositional dependence of the magnetic momnents
derived from the neutron-diffraction 9 scattering is given in
Table I, and shown in Fig. 2. As expected on the basis of thle
terbium crystal field ,2 the terbium magnetic moments arce
antiferromagnetically exchange coupled to the iron moments'
which are in the basal plane of the unit cell torxi values of 5 **~ ~~ '

and less, At larger x values a spin reorienitation occurs such , .Ii

that, in Th2FeCAlA7, the magnetization is axial. Untortu- 1A

nately, Th2Fe9A18 is paramagnetic, at least at 295 K. Trie iron
momnent on the 6 c site increases gradually for x values up to FIGI. 1 . 1 ht c~rCCIlt~gi. ofI illluiniil loUl n by111. icu 11rol difftract ion oil each
6, whereas the other iron moments remain approx imatel of til It In I Vtal logi phic 11111 sit" Iin tilhl e 11 ' AI &4(1 At, solidslutionsh.

constant for x betweten 0) and 6. The dashecd hlit letlICSefl~is .iiiului oeipacc l by alinlituillii.
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Structure and magnetic anisotropy of Sm 2Fe 17_xAIxC (x=2-8) compounds
prepared by arc melting

Zhao-Hua Cheng, Bao-Gen Shen, Jun-Xian Zhang, Fang-Wei Wang, Hua-Yany Gong,
Wen-Shan Zhan, and Jian-Gao Zhao
State Key Laboratory o' Magnetism, Institute of Physics, Chinese Academy of Sciences, tP.0. Box 603,
Beijing 100080, Peopleh:; Republic of 'China

In previous work it was discovered that the 2:1 7-type rare-earth-iron compounds with high carbon
concentration could be formed by the substitution of Ga, Si, or Al, etc., for Fe in R2Fe1 C.,.. The
effect of Al substitution for Fe on the structure and magnetic anisotropy of Sm2 Fe17C has been
investigated. Alloys with the composition of Sm 2Fel7_,Ai.C (x=2, 3, 4, 5, 6, 7, and 8) were
prepared by arc melting. The carbides are single phase with rhombohedral Th2Zn17-type structure
except fbor Sni2FeI (' which contains a small amount of a-Fe. The addition of Al results in an
approximately linear increase in the lattice constants and the unit-cell volumes. The Curie
temperature T,. is found to increase slightly when x-3, then decrease rapidly with increasing Al
concentration, while the room-temperature saturation magnetiz -on decreases moo itonically with
the addition of aluminum. X-ray-diffraction and magnetization measurement studies of
|iagnetic-field-orionted powders demonstrate that the samples with x_-6 exhibit an easy c-axis
anisotropy at room temperature and the room-temperature anisotropy field increases from 5.3 T for
x=-0 to about I I T for .=2. Further substitution decreases the anisotropy field. For the sample with
x=2, tho room-temperature anisotropy field is higher than that of Nd2Fc 4B, and the saturation
magnetization is about 110 emu/g. In this alloy, the substitution of a small amount of other elements,
such as Co, Ni. etc., may yield a further improvement in its magnetic properties. Thus, it is possible
that these carbides can be used as the starting materials for producing high-performance 2:17-type
sintered permanent magnets.

I. INTRODUCTION 1400 K for 5 days followed by quenching into water. Ingots
were then ground to yield powders and oriented in an applied

The interstitial rare-Iarth-eiron compounds based su the field of 2 T in an epoxy resin. X-ray-diffraction (XRD) ex-
rtonrbohedral Th•Znl-•-type or hexagonal Th2Nilo-typn struc- periments were performed on powder samples using CoKa
ture are found to have an excellent intrinsic magnetic radiation to determine the phase structure as well as lattice
properties: however, the poor high-temperature stability of constants and unit-cell volume. The Curie temperature T,
Si1121 'CI7(',. and Sinl"C17N, compeunds prepared by gas-solid was derived from the temperature dependence of magnetiza-
reaction methods restriclt the possible application of these tion o(T) curves measured by a vibrating sample magneto-
materials as I"ermllanCet magnets. Our previous studies have meter in a field of 700 Oe. The anisotropy fields HA Were
shown that the heavy-rare-earth-iron compounds R-,Fel7C obtained from the magnetization curves measured along and
with high catrbon concentration (x-3.0) could be obtainedwIthn high c -4 Tcenratinsicouldne obtied perpendicular to the aligned direction by using the magneto-

from melt stonn oeng. f Their intrinsic magnetic properties meter with a magnetic field up to 7 T. The saturation mag-are complarable to those of the corresponding carbides pre- netization at 300 K was obtained from fitting the experimen-

pared by gas-solid reaction. It was noteworthy that they tal at 300 K w s o us ing the w o pproac nt

could be stabilized at high temperature (above 1000 'C). It tal data for n. (H) vs H using the lw of approach to

was, however, still difficult to synthesize Sm 2Fe1 7C, with saturation.

.X -1.5. Recently, it was discovered that highly stable
Srm1Ie1 i7(', with x--3.0 can be formed by the substitution of III. RESULTS AND DISCUSSIONS
/Al. Ga, or Si,5- 7 In this work, the effect of the substitution of The XRD study demonstrates that all Al-containing al-
Al onl tht structure and magnetic anisotropy of Sm 2Fe1 7C is loys are single-phase compounds with the rhombohedral
reported Th.2Zn17-type structure and no significant diffraction from

impurity phases, especially bcc ar-Fc, is observed. For ex-

II. EXPERIMENT ample, Fig. l(a) shows the typical XI) pattern of
SmFe11 AI,C; however, Sm_,Fel 7C contains a few percent

Iron and carbon were first melted together in an induc- cr-Fe of impurity phase. This fact implies that the addition of
tion furnace to form Fe-C alloy with a lower melting tem- Al can help the formation of the 2: 17-type carbides with high
perature. Then Fe, Sin, Al, and Fe-C alloys were melted by carbon concentration.
arc melting in a high-purity argon atmosphere. Elements The lattice constants ci,c and the unit-cell volume v of
used were at least 99.9% pure. An excess of 10%-20% Sin Sm,Fe7 ,AI,C compounds are summarized in Table I. It
was added to compensate the evaporation during melting, can be seen that these both show a linear dependence on A1
The ingot alloys were melted at least four times to ensure concentration as we would excepted on the hasis of a simple
honvo:-eneity, then annealed under an argon atmosphrc,, a. ruodtdl involving atormic Volunles. 'lo a good ;Ipproximlation,
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FIG. 2. The Curie temperature of Sm.Fce17 ,AIC and Sm 2Fe 17 Al., as a
function of Al concentration.

of Sm 2Fe 17_,A1l increases more sharply when x_-3. It is
commonly assumed that the magnetic ordering temperature

L , ,in rare-earth-iron compounds is determined by the Fe-Fe
SI Iexchange interactions. The generally low values of T, in

30 40. 50 60 R2Fe17 compounds result from the relatively small Fe-Fe dis-
2 O tance in these materials. The increase in Curie temperature

corresponds to an increase in the positive Fe-Fe exchange

FIG. 1. CoKtr radiation x-ray-diffraction patterns of Sm 2Fe1 Al6C prepared coupling as a result of increased interatomic distance. Jacobs
by arc melting: (a) unoriented powders, and (b) oriented powders. et al. have shown that this coupling increases with increasing

Al content up to about x=3 in R2Fei7 _xAl. with R=-Y, and
Ho;8 however, for the carbides, the interstitial carbon atoms

therefore, the substitution of larger Al atoms for Fe merely have already enlarged the interatomic distance. Both C and
produces an expansion of the lattice. This result is consistent Al atoms will influence the Curie temperature and the effect
with that of R2Fe17 _xAl, with R=Y, Ho,8 and Sm.9 The fact of Al atoms on the Curie temperature is not significant.
that the ratio c/a is; within experimental uncertainty, inde-
pendent of the Al content of these carbides indicates that the
expansion of the lattice caused by the substitution of larger
Al atoms for smaller Fe atoms is essentially an isotropic 120.00

process.
The Curie temperature T, of Sm 2Fel7_xAlxC versus Al 1 ."

concentration is shown in Fig. 2. For comparison, the T,. of 100.00 ."
Sm 2Fe17 _xAl, is also presented in this figure.9 For the car-
bides, T, is found to increase slightly when x-<3, then de- 1 80.00 o0
crease rapidly with increasing Al concentration, while the T, -o

a) 60.00 .0.o"
S.,o0

TABLE 1. Structural parameters for Sm 2Fe, 7 ._rAlxC compounds. 4.0/-O S2Fe1A2

Compounds a (A) c (A) V (\3) c/a 00

x=0 8.6441 12.416' 807.3 1.443 20.00 0

x =2 8.674 12.506 814.1) 1.441 o
x=3 8.709 12.575 826.0 1.444 0
x=4 8.716 12.617 830.0 1,447 0.00 "----_

X=S 8.753 12.664 840.2 1.447 0 2 4 6 8

x=6 8.764 12.723 846.2 1.451 H (I)
x=7 8.806 12.787 858.7 1.452
X =8 8.816 12.8109 862.1 1.451 FIG. 3. Magnetization curves of SmJe IsAIC at 300 K along and perpeti-

dicular to aligned direction; solid and open circles are for parallel and per-
'Reference I1. pcndicular it) the aligned direction, respectively.
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140 , temperature anisotropy field of Sm2Fet 7 _. AlrC is found to

inwrease from 5.3 T, lu for x=O, to 10.8 T for x=2. Further
120 substitution decreases the anisotropy field. This means thal

"0 the addition of Al in Sm 1Fe 17_Al.,C has a very significant
100 influence on the magnetocrystalline anisotropy. Earlier re-

ports indicated that the addition of Al in Sm2Fe1 -7 compounds
: 50 can develop a room-temperature uniaxial anisotropy when
E x--2,(,9 without the need to introduce interstitial nitrogen or

S6o carbon atoms. For the sample with x=2, the Curie tempera-
lure is about 560 K, the room-temperature saturation magne-

40 S r 2Fe e7-xAIC tization is about 110 emu/g, and the anisotropy field at room
temperature is 10 8 T. The value of HA is much higher than

20 that of Sm 2Fe C and Nd2 Fc1 4B (8 T), but the saturation
magnetization is somewhat lower than that of the Al-frce

0 compound. In this alloy, the substitution of a small amount of
other elements, such as Co, Ni, etc., or the reduction of the
Al concentration may yield a further improvement in the
hard magnetic properties. Thus, it is possible that these car-
bides can be used as the starting materials for producing
high-performance 2:17-type sintered permanent magnets.

In summary, single-phase Sm2FelT7 -AIlC compounds
I- 6 with 2<-x<8 have been prepared by arc melting. The addi-

"tion of Al in these materials can not only help the formation

SMr2Fe 1 7 -XAIXC of the 2:17-type rare-earth-iron compounds with high car-
bon concentration, but also improve the hard magnetic prop-
erties. For the samples with x=2, the Curie temperature is
about 180 K higher than that of Sm 2Fe1 7 and comparable
with that of Nd 2Fe14B, and the anisotropy field is much

0 2 higher than that of NdFe14B and Sm2Fe17C. The present
0 2 4 6 work suggests that Sm 2(Fe,Al)ITCx magnets with appropriate

carbon concentration can be a starting material for sintered
permanent magnets.

FIG. 4. The saturation magnetization M, and anisotropy field at room tem-
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Uniaxial magnetic anisotropy in Fe-rich 2:17 compounds with sp
substitutions
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The magnetic properties of single-phase 2:17 compounds of the composition Sm2Fe,7 .,_yCoyM.,
with M=AI and Ga and x and y in the range 0-5 are reported. The Curie temperature is found to
increase for the y =0 samples with increasing x up to a maximum at x = 3 for M =AI and x =4 for
M=Ga and a monotonic increase with increasing y for all x and M. Samples with x<2 showed an
easy-plane magnetic anisotropy at room temperature while samples with x>2 showed a
single-phase uniaxial anisotropy. The addition of Co is seen to increase the saturation magnetization
and the anisotropy field.

I. INTRODUCTION tures were obtained by calorimetric techniques. Magnetiza-

The rare-earth-iron compounids of the composition tion curves were obtained at 10 K with a standard induction

R2Fe17 are of potential commercial interest as they possess magnetometer in applied fields up to 3.0 T.

good thermal stability and the large Fe content yields high
saturation magnetization; however, two severe drawbacks II. RESULTS
have limited the practical application of these compounds as X-ray-diffraction studies indicate that all compounds are
hard magnetic materials; (1) the relatively low values of the of the rhombohedral Th 2Zn1 7 structure. A typical pattern is
Curie temperature '2 and (2) the lack of a room-temperature illustrated in Fig. 1(a) and cell volumes are given in Table I.
uniaxial anisotropy. While many rare-earth-cobalt com- The measured magnetic anisotropies and Curie temperatures
pounds do not suffer from these drawbacks, they are cer- are also given in the table. The presence of a uniaxial anisot-
tainly not as attractive for commercial applications from anl ropy observed in some of the samples is illustrated in Fig.
economic standpoint. 1 (b). The unit-cell-volume dependence of the Curie tempera-

Recent studies concerning methods by which the techni- ture is illustrated in Fig. 2 for the Sm-Fe-Al and SM-Fe-Ga
cal magnetic properties may be improved have been con- _ ipounds, The magnetic properties of the Sm-Fe-Co-Al
cerned with the preparation of materials with either substitu- compounds are summarized in Fig. 3. AM(, is defined as the
tional or interstitial impurities. Results have shown that the difference between the easy- and hard-axis magnetization ex-
substitution of Co, Ni, Al, and Si, for Fe, at least up to a trapolated to zero applied field and is a measure of the
certain point, increases the Curie temperature (see, e.g., Rcfs. strength of the magnetic anisotropy field.
1-3) and recent evidence has indicated that the substitution
of sufficient quantities of Al or Ga for Fe cap induce a room-
temperature anisotropy in these materials. 4

.
5 Interstitial hy-

drogen, carbon, and nitrogen can yield substantial increases
in the Curie temperature (see, e.g., Refs. 6 and 7). Although
C and N interstitials favor the formation of a uniaxial
anisotropy, 7. the presence of interstitial I-I has been shown to -

be detrimental in this respect." In the present work an inves-
tigation of the effects of sp (i.e., Al and Ga) substitutions on 12
Sm-based compounds is reported.

Ih. EXPERIMENTAL METHODS

Samples of Sm 2Fe 17t, yCo1M., with M=AI and Ga "0

and x and y in the range of 0-5 were prepared by are melt-
ing components followed by grinding to a powder with an
average particle size of about 2t)0 m. Powders were annealed
under argon at 1273 K for 72-t)() 0h and water quenched. . , . ,, . .,.

Structural properties were investigated using a Siemens
D500 scanning x-ray diffractometer. Room-temperature 20 40 60 80
magnetic anisotropy was determined from x-ray-diffraction 20(")
patterns of powder samples which were mixed with epoxy F1; I. Rooii-tcmperaLiur ('uK x-ray-diffraufion patterns for Sni ,Fc1 AI1 :

resin and aligned in a nmagnetic field otf i.0 T. Curie tempera- (a) noniuricnticd ald (h) field oricnted,
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TABLE 1, Unit-cell volumes, magnetic anisotropics, and Curie tcnpcraturcs 400
of the series of SmFe1 7 .,CoM., compounds with the Th2Znt 7 structure. o

M X y V (P') Anisotropy T, (K)

. 788 planar 391 300

Al 1 0 798 planar 417
Al 2 0 805 mixed 452
At 3 0 809 uniaxial 471 • 200 4 30
Al 4 0 818 uniaxinl 451 30

At 3 1 81(1 uniaxial 533
Al 3 2 807 uniaxial 578
Al 3 3 803 uniaxial 625 l00 20 -f

Al 3 4 8(110 uniaxinl 663 E
Al 3 5 798 uniaxiul 698 10
Ga 1 0 795 planar 468 45
Ga 2 0 802 mixed 541) Q o
Ga 3 0 809 uniaxihd 570 0----
Ga 4 0 817 uniaxiul 580 0 M
Ga 5 0 823 uniaxial 55 4055
Ga 3 3 8(14 uniaxial 712

35 o
IV. DISCUWSION AND CONCLUSIONS 02 3 4

The value of the Curie temperature in these materials 2 is Y (att% Co)

primarily dependent on the magnitude of the exchange cou-
pling between transition-metal (TM) atoms J1.1. This be- FIG. 3. Composition dependence of the tnagnetic properties of

comes more positive and increases T, as larger nonmagnetic S121FC4 .CUAlj compoulnds: (00I coercivity at 10 K, (b) AlM5 -difference
between easy- and hard-axis magnetization at 10 K, and (c) MA, (saturatonit

atoms are substituted for Fe. Beyond a certain point, how- magnetizatitn) at 10 K and 1LO T.
ever, a decrease in J.1,1. and T, results from either the further
dilution of tile magnetic species or the further increase in
Fe-Fe neighbor distances or both. The rare-earth-transition- crease in Curie temperature with the substitution of Co for
metal (RE-TM) coupling 3 JR'r and the RE-RE coupling JR, Fe is indicative of a strong Ferromiagnetic Fe-Co coupling,
are substantially smaller than J1.r and are relatively indepen- In contrast to earlier reports2 that the substitution of Al
dent of interatomic distances. As illustrated in Fig. 2, tile or Ga for Fe in Srn2FeN7 does not alter the planar anisotropy,
changes in T,. as a function of atomic volume which result the present results clearly show that in compounds with
from the substitution of Al are substantially less than those x>2, a uniaxial anisotropy is observed. The net magnetic
which result from the substitution of Ga. As this difference is anisotropy is determined from the sum of the Fe and the
not expected on the basis of atomic volume, it is presumably rare-earth sublattice anisotropies. The rare-earth sublattice
due to the 3d coupling between Ga and Fe, which is not a anisotropy is determined by the product of the second-order
factor for the Al-containing compounds. The substantial in- Stevens coefficient q1 , which reflects the form of the 4f

charge distribution and the second-order crystal-field param-
eter. A" is negative in the 2:17 compounds,6't'' t t and a nega-

600 -tive product qjA o gives a uniaxial contribution, it is in cas-s
where a 1 is positive, as for Sm, that an easy-axis anisotropyis favored. The present studies indicate that increasing the sp

550 o content (at least up to x = 5) increases the uniaxial contribu-
(b) tion from the Sm sublattice as a result of an increase in themagnitude of the negative A2.4 These changes can be under-

S 500 stood in terms of the electronic structure of the RE
environment. The principal contribution to the electric-field

/ gradient experienced by the Sm 4f shell results from the

450 -) details of the RE 5d and 6p electron charge density which/must match that of the neighboring atoms on tile Wigner-

Seitz (WS) boundary. These are tie I 8f TM sites which lie

4(0 0 in the basal plane of the Th 2 Zn[ 7 structure as illustrated in
0 1 1 1 1 _ig. 4. The existence of sp atoms in those sites in Al- and

790 !;00 810 820 830 Ga-substituted compounds has been demonstrated by

v (A1) Weitzer et al.12'13 The large electron density at the
WS boundary of tile 18f 8]p atonms is analogous to the case

FIG. 2. Measured cell volume depciidence of the Curie temperature for of N or C interstitials ill tile basal plane and yields a large
Sm-CFe 17 M, ,oninpoouid, for (a) M = Al and (b) M (ia. nlegative A •.
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lac preparation methods such as e~g., ball milling is required in
order to achieve improvement in coercivity. Thle properties
for the material,% prepared in the present work are consistent
with the requirements for perpendicular recording materials

In and are comparablc to commercially viable materials sucht as
CoCr flilms. The present compounds also have the advantage
of allowing for the design of materials with specific chlaiac-
teristics which are tailored to particular recording applica-
tions, Further investigation of these materials for this appli-
cation is warranted and will enable compositions and
processing techniques to be refined,

FIG. 4. 18f silte contigunition airound the Sin utomis in the rhoinhohtedrul

Th2Znj, structure. ACKNOWLEDGMENTS
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Magnetic properties of R2Fel 7 -xGax compounds (R=Y, Ho)
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Structural and magnetic properties of the R2Fe 17 .,Ga., compounds (R = Y, Ho, 0<x •<6) have been
investigated. All investigated HoFe1 .,Ga, compounds with x >2.5 crystallize in the Th-,Zn 17-type
structure and the others in the Th2Ni 17-type structure. The substitution of Ga for Fe leads to an
increase in lattice constants a, c, and unit-cell volunme, a decrease of the average Fe moment, and
a maximum of the Curie temperature as a function of the Ga concentration at x 3, for both
Y7Fe1 .,- Ga, and lo-,Fe1 ..-,Ga,. compounds. The high magnetic field leads to a spin phase
iransition from the ferromagnetic to the canted phase. The critical field B, of the transition decreases
with increasing Ga concentration. The exchange interaction constantsl./.. between Fe-Fe spins and
I.T between R-T spins have been derived from it mean field analysis of Curie temperature. It has
been found that , increases at first, going through a maximum at x=3, then decreases with
increasing x, whereas J rT is almost independent of the Ga content, which is consistent with the
result obtained from a mean field analysis of the high field magnetization curves of the
HoFe17 ..XGaA.

I. INTRODUCTION the direction of the applied field. Magnetization versus tern-

Since Coey and Sun reported that the introduction of perature curves were measured in a field of 500 Oe by means
nleads to a remarkable improvement in thle Magnetic of the vibrating sample magnetometer (VSM) between tern-properties of R2Fen7 compounds,1 which makes these con- peratures from 300 K to 800 K. The Curie temperature were

pounds interesting materials for permanent magnets, the derived by o"r vs T plot.

structural and magnetic properties of the interstitial nitrides
have attracted much attention. In order to fully understand III. RESULT AND DISCUSSION
the interaction in these nitrides, it is necessary to first under- X-ray diffraction patterns showed that the Ho2Fe17 AGav
stand the exchange interaction of the R-T and T-T spins in
their parent compounds. Previous studies of these interac- compounds for x--2.5 crystallize in ThNij 7, and for x>2.5

tions have shown improvement in the properties of these crystallize in ThZn 7, as shown in Fig. I. The substitution of

compounds by substituting other atoms for Fe or R.2"' In this a trger radius Ga atom for the Fe atom makes the

paper, the i, fluence of the substitution of Ga for Fe oil the ThNi17-type structure unstable. The values of lattice param-
man, =o, Y) compounds eters a and c are given in Table I. The substitution of Ga formagnetic properties of R2Fe1 7..•.Gai (R=oYcmpud Fe results in a linear increase of the lattice constants in

has been studied. The exchange interaction of the i,-T and

T-T spins in these compounds has been calculated based o IoFe, Ga, compounds, reflecting the larger radius ofathe

a mean field analysis of the Curie temperature of Ga atom.

R2Fe1 7,CGa.,. (R=Y, Ho), which are then compared with the
results obtained by the mean field analysis of the high field T
magnetization curves of Ho2Fe17 -. Ga.,.

il. LXPERIMENT "" ' .. AJ\h"

The Ho 2Fet7_•,.Ga. (x=0, 0.25, 1.0, 2.5, 4.0, and 6.0) -.
and Y2(Fe1  .Ga3) 17  (x=0, 0.06, 0,12, 0.20, 0.30, and 0.40) 1 . . .

compounds were prepared by arc melting the constituent el- A AI i JK A
ements of 99.9 wt % purity or better, and followed by an- 110: V{ " G" t ,~i1

nealing in an argon atmosphere at 1473 K for 4 hi. X-ray ,
diffraction wa~s performned on powdered samples using Cu-
Ka radiation. Magnetization measurements at 4.2 K have
been performed in the High Magnetic Field Installation at the .... ",jU"j"
University of Amsterdam.4 Tihe measurements were done on 7 A A, , , .
powder particles about 311 Am, which are sufficiently small ' Y) 1, 40 4t, !,0 Y,
to regard them as monocrystalline. During the magnetization 11

measurement, the particles are free to rotate in tile sample tI;, . The x-ray liffraction patleis of lio.T -, Ga, ;r 0, 2.5, 4.0,

holder, so that they can orient their magnetic moments into Inti (Hl.
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TABLE I, The lattice constants (a and c), Curie temperature (T,), saturation magnetization Ms (Aml&/kg), and
average iron magnetic moment (-er) for Hu 2Fel 7 _,3a, and Y2 Fel 7 -. Gak, compounds. The data between pa-
rentheses a and c (±0.005 A); T, (±5 K); Ms (±0.1 Am-/kg); A,., (-±.O2pu1 /Fe).

a c 7"M
( A) (A) (K) (Am2 f/kg) (tzn/Fc)

Y2Fc17  8.492 8.315 337 166.6 1.98
Y,(Feo.44(a.Oh) 17 8.522 8.332 426 152.0 1.94
Yz(Fea.ssGa. 12)17  8.559 8.348 475 137.8 1.91
Y2(Fe0 goG"0.21) 8.601 8.369 513 119.7 1.85
Y2(Fe 7.-/IGa0 .30))17  8.650 8.392 484 99.5 1.79
Y2(Fc 1 .60G5 a1 ).40 ) 17  8.7(06 8,412 379 81.0 1.74
I1h2Fc 17  8.431 8,303 360 69.4 2,11
Ho•e)l•(,.7,Gaf).2.s 8.458 8,314 380 66.8 2.11
Ho 2FCIt,.siGat.a) 8.482 8.325 425 58.5 2.10
HoFet 4.Ga,.5 8.520 8,352 505 43.7 2,09
Ho 2re,|t,,Ga 4., 8,584 8.392 518 20.4 1.91
Ho2Fe1 1.1Ga1,.0  8,639 8.434 450 0.4 1.83

The Curie temperature T,. of the Ho 2Fe 17_xGax and a-Fe impurity phase to the magnetization, which could be
Y2Fel_,.Gax rises rapidly at first with x, going through a deduced from the high temperature magnetization measure-
maximum at about x=3, and falls quickly with x, as shown ments. In the evaluation of the magnetic moment per iron, it
in Fig. 2. The values of Tc for these compounds are also was assumed that the moment of Ho is independent of the Ga
listed in Table 1. The Curie temperature is mainly determined content, and the value is the same as that of the free Ho ion
by the Fe-Fe exchange interaction, which is sensitive to the (10AtI). It can be found that the average Fe ion moment
Fe-Fe distance. Therefore the increase of Tc for the com- decreases with increasing Ga content, as shown in Table I.
pounds with x<2 with x may be partially associated with the In the rare earth-transition metal intermetallics, there are
lattice expansion upon the substitution of Ga for Fe. On the three types of the interactions, namely the R-R interactions
other hand, it has previously been found that Ga, like Al in between the magnetic moments within the R sublattice, the
Y2Fe17 -. Alx compounds, preferentially occupies the 6c T-T interactions between the magnetic moments of T sub-
sites.5-7 Therefore the substitution of Ga for Fe may decrease lattice, and the R-T intersublattice interactions. Among
the negative exchange interaction between Fe-Fe at 6c sites them, the T-T interaction is the strongest and the R-R in-
and increase the Curie temperature of these compounds. The teraction is the weakest, and is usually neglected.s According
decrease of the Curie temperature for the compounds with to the mean field analysis of Curie temperature,8 ,RT and
x>3 increasing with the Ga concentration is due to the de- JFeFc can be expressed by
crease of the average iron magnetic moment and the reduced J( AB2

iron concentrat;oa, . Rr, g R9 NI-n R./2ZKT(gR- I) (gT1 1), (1)
The saturmtion moment of Ho2Fe17 -xGa, and 3kT2.=aF•):C+(a)ere+4aRpeateR) /, (2)

Y2Fe]7T..Gax dccreases with increasing Ga concentration.
The average iron magnetic moment ARF was derived on the where
basis of the satwration magnetization (T, measured at 4.2 K. (3)
The r values have been corrected for the contribution of aiC•tLe=Zl:: C•.s+I )

a RI!a I. R = Z RF.Z FeRS)k.(S :Le + I ) (g - U I )2,J( + I )./Rr:e:,

(4)

500 J eFe = 0 Fctk./Z iFFeS Fe(St F+ 1), (5)

where aij is the microscopic exchange coupling parameters,
400 .1 .j is i-j exchange constants, n Rr expresses the macroscopic

* ,. y., molecular field coefficients, gRý=8 and j' for Ho, the or-
bital moment of the Pe atom is assumed to be quenched, so

600 I"one takes g-= 2 , J.r=s.r., and sT=/.UF,/ 2 . Zij is the number of
the nearest j neighbors of the i ion, Ni is the numbers of the
i atom per formula unit. The ,Ikr and JR1 • were calculated

400 using Eqs. (l)-(5). The values OfJFCFS and JRI-e as a function
of Ga content are shown in Fig. 4. It can be seen that "RF, is

300 .... almost unchanged with x; however, J1 rr increases with the
0 1 4 5 6 7 Ga content for x<3, going through a maximum at about

x=3, and then decreases for x>3, as shown in Fig. 4. The
FIG. 2. Ga content dependence of the Curie temperature T, of Yye1 7 ,a, GA JR- can also be calculated from a mean field analysis of the
and 1-o 2Fe]7 -,Ga,. high field magnetization curves. For ferrimagnetic R-T in-
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FIG. 3. The high field magnetization curves of HIo2Fe 17 -Ga., FIG. 4. Ga content dependence of the exchange interaction constants Jv1,r
and J RF, in Ho2Fe 17 _XGax.

termetallics, in the fields beyond a critical field strength sis of Curie temperature. It has been found that J-ri. increases
Bcr, =nRT1MT--MR (MT and MR are the magnetization of at first, going through a maximum at x=3, then decreases
the R and T sublattice, respectively), the exactly antiparallel with increasing x, whereas JRT is almost independent of the
R and T moments start to bend toward each other. The total Ga content, which is consistent with the result obtained from
magnetization is described by M =B/itRT and thus a mean field analysis of the high field magnetization curves

dM of the Ho 2 Fet 7 ._Ga,. JFF, is about four times Jt7,. The
-- t[n--1 (6) critical field Br,,t decreases with increasing Ga concentra-

tion.
where M =[+M 2+M 2±2MRMMT cos(a)] 1 2.

The parameter nRT can be derived from the high field ACKNOWLEDGMENT
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Magnetic properties of Sm2(Fe, - Gak)1 7 compounds and their nitrides have been studied,
Substitution of Ga for Fe leads to an increase in lattice constar Introduction of nitrogen results in
a further increase in lattice constants. Substitution of Ga for Fe causes a dramatic change of the
Curie temperature of the Sm2(Fel - xGax) 7 compounds. When xV=0.2 the Curie temperature is
enhanced by about 200 K. X-ray-diffraction patterns ot aligned samples of Smn,(Fe1 .0Ga.) 17
compounds show that alloys with x=0.15, 0.20, and 0.25 exhibit uniaxial anisotropy at room
temperature. The introduction of nitrogen made the samples with x (0.4 exhibit uniaxial anisotropy
at room temperature, The Curie temperature of the nitrides decreases with the Ga concentration. The
anisotropy fields of the nitrides derived fron the high-field magnetization. The changes of the
magnetic anisotropy, saturation magnetization, and the moment of the Fe atoms in the nitrides and
their parent compounds with Ga concentration are discussed.

I. INTRODUCTION Amsterdam. 8 Tihe anisotropy fields of the nitrides were de-

Recently many studies on improving the magnetic prop- rived from the intersection point of the high-lield niagnetiza-

erties of R2Fe1 7 compounds have been performed. The most tion curves measured with the field applied parallel and per-

striking improvements, the strong enhancements of the Curie pendiculat to the aligned direction. The saturation

temperature and uniaxial anisotropy, have been achieved by magnetization was deduced from (r,- I/B plots.

absorption of nitrogen.' The magnetic ordering temperature
and other magnetic properties can also be improved by up- Ill. RESULTS AND DISCUSSION
taking hydrogen or carbon as well as by substituting some
elements such as Al, Si, and Co for Fe in R2 FeI7 Based on x-ray powder diffraction, all the investigated
compounds. 2-7  Sm2(Fe, -,Ga017 compounds and their nitrides crystallize in

In the present work we have focused our attention on the the Th'.hZn 17-type structure. A small amount of impurity was

crystal structure and magnetic properties of Sm2(Fe I .,Ga3.)17  found in it few samples. Ga substitution for Fe does not

(x=0-0.5) compounds and their nitrides, especially on mag- change the structure of SmnFel,, but leads to an expansion of

netization and magnctocrystalline anisotropy. The effects of the unit cell (Fig. 1), This result may be ascribed to the larger

Ga substitution for Fe and of the introduction of interstitial atomic radius of Ga atom compared to Fe. After introduction

nitrogen on the Curie temperature, the magnetic anisotropy, of nitrogen, the volume of the unit cell further increases; but,

and the saturation magnetization have been determined. the magnitude of increase is smaller than that resulting from
the Ga substitution. The nitrogen cointent introduced into the

II. EXPERIMENTAL METHODS compounds, determined by weighing, decreases linearly with
Ga concentration from 2.6 for x=- to I for x=().5. One canl

All Sm2(tej -. Ga) 17 host compounds with x =0, 0.0 1, conclude that the substitution of Ga for Fe prevents the in-
0.02, 0.04, 0,07, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, and 0.5 troduction of nitrogen.
were prepared by arc melting. The nitrides were formed by The Curie temperatures of Sm 2(Fc .,Ga,) 7 compounds
heating the powder samples of Sm 2-,(Fe, Ga.,)1 7 compounds and their nitrides are shown in Fig. 2. This figure clearly
in a mixture of NH 3 gas and 1-1, gas urnder a pressure of I atim displays that the Curie temperatuie of Sm2(Fe, ,Gad,17
at 720 K for 20 mil. compounds first goes up, passes through a maximum at

X-ray diffraction was employed to determine the struc- about x =0.2, then decreases with increasing (Ga content. The
ture, phase composition, the lattice parameters, and the an- initial increase ofT,. is mainly due to the volume expansion.
isotropy of aligned samples. The thermomagnetic or-T curves At higher Ga concentration, the average iron magnetic mo-
were measured by means of a vibrating sample magnetome- eient decreases dramatically and causes a decrease in 1,..('
ter in a fielcl of 0.05 1'. The Curie temperatures T, were This variation of T, may also be associate(d with preferential
derived from 0-1-T plots, substitution of Ga atoms for Fc atom s.( Ga atoms prcferen-

The high-field magnetization curves were measured at tially substitute fIr Fe atoms at the sites responsible for
4.2 K in high fields up to 21 and 35 T for the host com- negative exchange interaction. The Curie temperature of the
pounds and their nitrides, respectively, at the University of nitrides decreases monotonically with (;a concentration.
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2e x - 0 .4

FIG. 1. X-ray-diffraction patterns of SmI2(FeI Ga•)17 comlp)ounds and their
nitrides with x =0,0 and 0.5.

S I-0.'

When x--0.2, the Curie temperature of the nitrides is higher .
than that of their parent compounds, this indicates that the _ __ _-o__

introduction of N atoms results in an enhancement of the
exchange interaction.10 S,,0o0

X-ray-diffraction patterns at room temperature with U3"5 40 45 50 55 60

CoKa radiation for the aligned samples of Sm 2(Fe ._xGar)17 20

show that the samples with x=0.15, 0,20, and 0.25 exhibit
uniaxial anisotropy; the others arc planar [Fig. 3(a)]. X-ray-
diffraction patterns of Srn 2(Fct_,Gax,)INy [Fig. 3(b)] show FIG. 3. (a) X-ray-diffraction patterns with Coga radiation fr alignedsamples t)f Smn2(Fe! ...,Ga,)17 compounds with .r =0, 10, 0.15, 0.201, 0.25, and

that the samples with x_(I.3 exhibit uniaxial anisotropy at 0.30; (b) x-ray-diffraction patterns with CoKa radiation for aligned samples

room temperature. Ga substitution for Fe in of Snm2(FI xGan,) 17 NY compounds with x.=0, 0.1, 0,2, 0.3, and 0.4.

Sm 2(FeIxGar)I7 compounds enhances the transition tem-
perature of the anisotropy from easy plane to easy c axis.

This may be attributed to a change of the second crystal-field
coefficients A 20 at the rare-earth sites in Sm2 (Fel _xGa.,)17

"760 z compounds toward a more negative values. After the uptake
700 -of the N atoms, the A20 becomes more negative, 1,

2 which
700 • "J x NYmakes the samples of Sm 2(Fe, CGa,)17NY with x-0.3 have

- -• , Gxft.).17, uniaxial anisotropy at room temperature.
The saturation magnetization of Sm2(Fel_-, .)17 and

600 - their nitrides decreases monotonically with Ga concentration.
-"In order to get more information about the influence of Ga

, substitution on the magnetization, the average iron magnetic
500 - moment AN was calculated on the basis of the saturation

v/ magnetization measured at 4.2 K. In the process of evaluat-

450 / ing ur, it was assumed that the magnetic moment of the Sm
ion is independent of the Ga concentration, and that its mag-

400 netic moment was same as that of free Sm ion. Our results
imply that both in the nitrides and in the parent compounds

a350 L-_ -'_ ___ the iron moment A,:, decreases monotonically with Ga con-
0.0 0.1 0.2 0.0 0.4 0.5 centration. The average iron moment decreases with Ga con-

(;, I II -oll(.(.11 .il m ( X) centration from 2,1 lp .t for x = 0 to 1.5 1/zn for x = 0.5 for the

FIG, 2. Ga concentration dependence of the Curie temperature for nitrides and from 1. 9 6p.,, for c=O to 1.54g11 for x=0.5 for
Sm 2(Fe1 -,Ga,) 17 compounds and their nitrides. the parent compounds. This is a reduction of the Fe moment
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16 pounds the N atoms preferentially occupy 9e sites which are

14 the nearest to the Sm atoms. The N atoms influence the crys-
14 tal field at the Sm sites resulting in a significant increase of

"12 - A20 of the Sm atoms,11 12 so that the uniaxial anisotropy of
the Sm sublattice increases. Ga substitution for Fe prevents

o°"1o the introduction of N atoms, so that the anisotropy field ofL.
0 a sm 2(Fo,_.c),,Ny Sm 2(Fe 1 Ga,)17 Ny decreases with Ga concentration.
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Structure and magnetic properties of arc-melted Sm 2(Fe _xCOx)1 4Ga 3C2
compounds

Bao-gen Shen, Lin-shu Kong, Fang-wei Wang, Lei Cad, Bing Liang,
Zhao-hua Cheng, Hua-yang Gong, Hui-qun Guo, and Wen-shan Zhan
Slate Key Laboratory of Magnetisln, Institute of) Physics, Chinse Ai cade(?y of Sciences, IM0. IBox 603,
Beijing 100080, People's Republic of China

The effects of the substitution of Co for Fe on the formation, structure, and magnetic properties of
Sm 2Fe 14Ga 3C, compounds were studied. Alloys with composition Sm2 (Fe1 1Co.014Ga3C' (x=(),
0,1, 0,2, 0.3, 0.4, and 0.5) were prepared by arc melting. X-ray diffraction shows that these alloys
are single phase compounds of the rhombohedral Th2 Zn. 7-type structure. The lattice constants a and
c, and the unit cell volumes v of Sm1 (FcI ...,Co.)1 ,GaIC 2 compounds decrease monotonically with
increasing cobalt concentration, It is found that Vie Curie temperature increases from 615 K for x =0
to 666 K for x =0,5. Room-te'mperature saturation inagnetization is 90.3 emnu/g for .r =0, and it
decreases to 79.6 ermu/g at x =11.5. All compotands of Sm2 (Fe 1 .Co•) 14Ga 3C' studied in this work
exhibit an easy c-axis anisofropy at room lemperatute. The anisotropy field is higher than 90 kOc
for x --0.2, and it decreases slightly with x ---0.3,

I. INTRODUCTION lield of 65 kOc. The Curie temperatures were determined
lfrom the temperature dependence of magnetization measured

In our previous work,- it was found that the partial by a vibrating sample magnetometer and a magnetic balance
substitution of Ga, Al, or Si for Fc in ,12FetA7Ck helps the in a magnetic field of I kOe. The aligned samples for anisot-
formation of high-carbon rare-tarth iron compounds With a ropy field measurements were prepared by mixing the pow-2:17-type structure. It is found that the high-carbon R FeTCX der with epoxy resin and then aligning in a magnetic field of
compounds by the substitution of Ga, Al, or Si exhibit a high 10 kOc. The anisotropy field was determined from magneti-
thermal stability, in contrast with the carbides oy nitrides pro- zation curves measured along and perpendicular to the ori-
duced by the gas--solid reaction. We have prepared success- entation direction by using the extracting sample nmag-
fully single-phase compounds of R2(FeM)17C,. (R=Y, Nd, netometer with a magnetic field of up to 65 kOc at room
Sm, Gd, Tb, Dy, Ho, Er, and Ti; M=Ga, Al, or Si; and
x r3.0), with the rhombohiedral Th2Zn 7-type or hexagonal temperature.
Th2Ni1T-type structures by arc melting, and studied their for-
mation, structure, and magnetic properties.'"- It was found III. RESULTS AND DISCUSSION
that the arc-melted Sm 2(Fe,M)tICC, compounds with v -1.5 X-ray diffcaction measurements show that the
and relatively lower M concentration have a Curie tempera- Sm 2(Fe1 . .Co.).)lGa3C, alloys with x*0.2 prepared by arc
ture of higher than 600 K, and exhibit an easy c-axis anisot- melting are single phase with the rhombohedral
ropy at room temperature and have an anisotropy field of Trh 2Zn1*-type structure. No significant diffraction from the
higher than 90 kOc. The Srnm(Fe,M)1 C., compounds are impurity phase is observed. For x >0.2, the samples exhibit it
novel hard magnetic materials for sintering permanent mag- predominant 2:17 phase and a few percent a-Fe as a second
nets. A high-coercivity of 15 kOc at room temperature was phase. However, the single-phase compounds with x>0.2
obtained in the Sm 2(Fe,Ga) 1 C, compounds by melt were obtained by. melt spinning at a speed of 20 in/s. Both of
spinning.')5 In this paper, the structure and magnetic proper- the arc-incited and melt-spun Snin(Fel .Co,)14Ga3C 2 car-
ties of Sm 2(Fe1 _.Co.) 17C2 (0--x0().5) compounds prepared bides are found to be stable at high temperature. The stability
by arc melting are reported. of the samples results from the substitution of Ga, which

helps the formation of the high-carbon rare-earth iron comi-

II. EXPERIMENT pounds with a 2:17-type structure.12,'4

The lattice constants a and c. and the unit-cell volumes
The Sm2(Fel CCo1) 1,Ga3C 2 alloys with x=0, 0.1, 0.2, v obtained from the x-ray diffraction patterns of

0.3, 0,4, and 0.5 were prepared by arc melting in an argon Sm 2 (Fe _.Co-t)1 4Ga3 C2 compounds with 0-x--0.5 are
atmosphere of high purity. The raw materials of the Sm, Fe, shown in Fig. I as a ftnction of Co concentration. The sub-
Co, Ga, and Fe-C alloy were at least 99,9% pure. The ingots stitution of Co for Fe in the SmTFeI, 1Ga3C- leads to a reduc-
were melted at least four times to ensure homogeneity. An tion of the unit-cell volume. An approximately linear de-
excess of 4.5% Sm was added to compensate for the evapo- crease of the unit-cell volume with x is observed. For x =0.5,
ration of Sm during melting. X-ray diffraction measurements the unit-cell volume reduction is about 2.8%, compared with
on powder samples were performed using Co K,, radiation to the cobalt-free compound. A similar result was also observed
identify the single phase and determine the crystallographic in other Fe-Co-based compounds.
structure. The room-temperature saturation magnetization The saturation magnetization M. of
was measured by an extracting sample magnetometer in a ,"n2(FeI Co. _) 4Ga3C2 con usmpoundS is shown in Fig. 2(a) as
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. • 2" --'~- Si|a2 ("1 FŽ •Co( 2)1402;1 C2

12.5 3
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8.6 .. .. . ...J . 2.. .t_......t .....

850 S l2{F( I lCoj)14C1hC 2  I
A 40 50 O0

830F

810 . 2 . £ - . .. 0FIG. 3. X-ray diffractions pattern of magnetically aligned
0 0.1 (.2 x0.3 04 0.5 Sm 2(Fe1 .e'od 14Ga3C2 powder samples, with x =(0.2.

FIG, 1. The lattice constants a and c, and the unit cell volumes u of tonic decrease of the unit cell, In general, the Fe-Fe interac-
Sm 2(Fe1 C,Co,)14Ga.C 2 compounds as a function of Co concentration, tion is dominant in the Fe-rich rare-earth iron compounds. In

the Fe-based compounds by the substitution of cobalt, the
Curie temperature is mainly determined by the Fe--Fe, Fc-

a function of Co concentration x. The room temperature Co, and Co-Co interactions. It has been shown previously
saturation magnetization of these compounds is essentially that the exchange interaction between Fe-Co atoms is
constant at 90 cmung for x•0,3, However, higher Co con- stronger than those between Fe-Fe or Co-Co atoms, result-
centration (x>0.3) decreases Mo. ing in the increase of T,..8

Figure 2(b) shows the Co-concentration dependence of All compounds studied in this work exhibit an easy
the Curie temperature T,' of SM2(Fe -,Co.) 4Ga 3jC2 COrn c-axis anisotropy at room temperature. Figure 3 shows the
pounds. The T,' is found to increase monotonously from 615 x-ray diffraction patterns of magnetically aligned powder
K for x=O to 666 K for x=0.5. In a previous study, it was samples of Sm 2(FejxCo0) 4Ga3C2, with x=0.2. A strong
shown that the introduction of interstitial carbon"' or the sub- (0,0,6) reflection and the absence of (h,k,O) indicates
stitution of Ga for Fe7 in the Snm2Fe1 7 compound results in the characteristics of an uniaxial magnetocrystalline ant-

the strong increase of Curie temperature. The enhancement the cha rer4t shof the magnetocr ve ai

of T, can be suggested to be mainly due to the lattice expan- Sm2(Fet FCoigurGa 3C2 (x=042) compound measured along

sion induced by the introduction of carbon atoms and the and perpendicular to the aligned directions at room tempera-
addition of Ga atoms. However, the increase of' the Curie ture. The magnetocrystalline anisotropy field HA estimated
temperature with increasing x in SM2(Fel -xC) 14G3a 3C2 is from magnetization curves is shown in Fig. 2(c) as a func-
observed, although the substitution of Co results in a mono- tion of Co concentration x. The "1,A is found to be greater

than 90 kOe for x-0.2, and it decreases slightly with
increasing Co concentration, The anisotropy field of

95 ........ SM 2(Fc .,Co.,14GaC3C2 (xU_0.5) is comparable with that of"• .. _._.o- ... -o---- d2FeI4B.

(a)

650 - - -L - -I- - - ---- 1�
85 _S_ M1_ . 25 .... t ....

75 A .. . . . . (IX .... ....

Sm(e., Ca.SG~ 2 cmpons(safe nto f(acnetain. l 12 apemaue along Ga01(, P/ "tmio~ to -1 ligie irc os

765
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H We

FIGY. 2. The roorn-temfperature saturation niaglnetizatioti M, (it), thu curie
temperature T,( (b), and the roonm.ternperatture anisotropy field /I,, (c) of" FI:I( 4. The niagnutization curves of the orientled SnO(lc, C(o,)j.,(;ajC'
Smn2(Fej_ .Co,.)j4Ga3C2 Lompoun1ds as it functionl Oft Co ctmcentration. 4x -0,2) sample measured along and peCrpendicular to1 the aligned directions-
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Neutron diffraction and Mossbauer effect study of the structure
of DySixFe11.... CoN alloys
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Hor~g Chen, Den-ke Liu, Zu-xiong Xu, and Ru-zhang Ma
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DySi,,7 11 _,,Cr (x=0.5, 1.0, and 1.5) alloys and their nitrides are studied by x-ray diffraction,
MWasbauer effect and neutron diffraction experiments. The results show that both Si and Co atoms
can occupy the Sf and 8] sites, and mnore preferentially occ:upy the 8f sites. Nitrogen atoms as
ip';ýrstitial atoms enter into the 2h site. Thle nitrides have high Curie temperatures. The results of
MWssbauer spectroscopy indicate that nil~riding increases the hyperfine fields of all Fe sites.

1. INTRODUCTION Ill. RESULTS AND DISCUSSIONS

ThMnl 2-type Fe-rich ternary compounds RI(Fe,T) 12 , in The x-ray diffraction patterns indicated that
whiich R is a rare-earth element and T is a stabilizing elemenitI DySiFe 1 ~Co alloys were nearly single phase with the te-
like Ti, V, Cr, Si, et ai.,1'4 have a high iron content and a tragonal ThMn, 2-type structure. The nitrided alloy had high
large a/c ratio, and high values for saturation magnetization, Curie temperature with T,.=450) 'C and high saturation mag-
Cork( temp ~rature, and magnetocrystaliMae anisotropy can be netization with .3 146 A M2/kg.
expected. The Sm-containing compctinds especially show The neutron diffraction experiment was carricd out at
uniaxial anisotropy with an anisotropy field of up to 90 K~Cf, room temperature and the neutron diffraction pattern is
but the c~oermivity of samples prepared by standard powder shown in Fig. 1. Table I shows the parameters for the crystal
.ra-Iaurgy techniques does not exceed I W~e. The applica- and magnetic structures of DySiFe1 ()CoN0.42 alloys. Co at-
iion W',-mechanical alloying o.- rapid quenching is miore suc- oms preferentially occupy the 8f and the 8] sites and N
(,essfu! in achieving high coereivity, but ilhe ~aturationm mag- atoms enter into the 2b site. The Si atoms occupy the 8f and
netization of the samples is no higher than 1. .35T. Coey5 and 8j sites as previously reported for SmFe -,Si, compounds
Yanp, et a!.6 discovered that the magnetic properties cami be in Refs. 2, 8, and 9.
i,11p3ovecl by introducing nitrogen atoms into the lattice in- M6ssbauer spectra were obtained for DySi.,Fe1  Co (x
temstifia"iy. This work reports on such a study, by nican.s of J .0 and 1.5) and their nitrides. The distribution of the Si
neutron diff'11,11Lon amid M6ssbauer spootroscopy ot ithe struc- atomis over the different lattice sites changes the necar-
tare: :,,nd magnetic properties of niovel inlerrmetalV"', corn. neighbor environment of the Fe atoms and broadens the lines
pouds in which Fe is substituted by Co and Si atomis and of the subspectrtm. Fitting of' the MWssbauer spectra was done
nitrogtn ItOMS ýrc in trod uc t-d interstitially, assuming that the Si atoms preferentially occupy 8j and 8f

sites. For x =1,) and 1.5, overall intensity ratios of'
7.7:7.2:7.2 and 7.7:0.2:0.2 for 8i:8j:8f were imposed, re-

if, EXPERIMEN'TAL. DEITALS spectively. Thie assignment takes into account the nearest-

Samples of DySi.Fel, - Co U-=0.'~, 1.0, and 1.5) were
prepared by aiie m'-fting together with the raw elements with
purities of Dy(99.9%), Fe(.99.8%/c), Co(99.5%), and 2 .-

Sif99.999%), tvklN.ting was carried in a high purity argon at-]
mosphere. The ingois were crushed into powder (< 10(0 Ain)

C21-50H. Nitriding was carried out by heating powder-
samples '1t 500 'C for I h in riitrogen atmosphere. The phase
kietection was carriod out by x-ray diffraction. Curie tern-
peratures and saturation miagnletizations wcre measured onl a
vibratirng samaple magnetometer (VSM). Neutron difl-iction
was usid for analyzing the structure and the lattice occupa-
tion of N atoms. Mliissbauer spectra were co" -cted uising a 10 20 30 40 .50 60 ?0 80

-ovei 1t' LU.N~tant acce~c~ation spe-ctronicter with a 5% 2

(in Pd) ýokirce. The velocity scale was calibratcd using an
tX-Fe absoirber at roorn temperature, Hiti. 1. _11ic ncutron(Jitidtriitiu pimci,, (A if k~ Nd 0)
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TABLE 1. The structural parameters of DySiFce(jCoN0.42 obtained from neu- inner ones, indicating the presence of a distribution of Hhf.
tron diffraction data at 300 K. x,y,z are atomic coordinate parameters, N is The M6ssbauer spectra showed that nitriding makes the hy-
the atomic number on the different lattice sites, Kz is t magnetic moment perfine fields of all Fe sites increase.
value in the z direction; R is the consistent factor; Rp, is the consistent fattJor
for nuclear diffraction, R.%, is the consistent factor for magnetic diffraction, IV. CONCLUSIONS
x. is the residual value.

(1) The neutron diffraction study of DySiFe11 (CoNO. 42
Atom site x Y z N Kz(gfi) shows that the Si and Co atoms preferentially occupy the 8f

Dy (2a) 0.0 0.0 0.0 2.0 -4.471 site and N atoms enter into 2b site.
Fe (8i) 0.2989 0.0 0.0 7.226 1.511 (2) Nitriding increases the hyperfine fields of all Fe sites.
Si (8i) 0.2989 0t0 0.0 t).004 0.0000
Fe (8j) 0.2789 0.5 0.0 7.284 1.132 ACKNOWLEDGMENTS
Si (8j) 0.2781) 0.5 0.0 0.744 (0.(lO)0
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Fe (Sf) 0.25 0.25 0.25 5.490 1.012 ral Science Foundation of China and the State Key Labora-
Si (8f) 0.25 0.25 (1.25 1.182 0.000 tory of Magnetism, Institute of Physics, Chinese Academy of
Co (Sf) 0.25 0.25 0.25 1.328 1,012 Sciences.
N (2b) 0.0 0.0 0.5 0.835
R% 4.37 1 K. Ohasi, 1. Yokohama, R. Osuga, and Y. Tawara, IEEE Trans. Magn.
R,% 4.27 MAG-23, 3101 (1987).
R,% 6.19 2 K. H. Buschow, J. Appl. Phys. 63, 3130 (1988).
x

2  1.44 3 B. de Mooij and K. H. J. Buschow, Philips J. Res. 42, 246 (1987).
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5 J. N. D. Cocy, H. Sun, and Y. Otani, in Proceedings of the Sixth Interna-
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A full electron LMTO-ASA study of electronic band structure and magnetic
properties for RFej.TiNx (R=Y, Nd, Sm; x=0,1)

W. Y. Hu, J. Z. Zhang, and Q. Q. Zheng
Institute of Solid State Pthysics, Chinese Academy of Sciences, tlefei 230031, China

C. Y. Pan
Department of Physics, Utaht State Unive'rsity Logan, Utah, 84332

The band structure and magnetic properties are studied for RFe1 ITiN., (R=Y, Nd, Smin x=0,1)
rare-earth iron intermetallic compounds using the linear muffin tin orbital with the atomic sphere
approximation (LMTO-ASA) method. In order to elucidate the role played by the rare-earth atosiS
in these compounds, a full electron calculation is performed using a semirelativistic spin-polarized
LMTO-ASA method in the local spin density approximation (LSDA) regime. The 4f electrons of
the rare-earth atoms are considered to be valence electrons in the self-consistent calculations., For
NdFej 1TiN, a calculation in which the 4f electrons are treated as core-frozen states is also
performed, and is compared with the full electron calculation. The effects of N atoms in these
compounds are also discussed.

1. INTRODUCTION factors completely. Hence, treatment of the 4f electrons as
valence electrons in the band calculations is necessary.

The rare-earth iron ternary intermetallic compounds In this work, the full-electron self-consistent spin-
have attracted great attention as promising new permanent polarized band calculation for RFeI TiN,. (R=Y, Nd, and
magnetic materials. Theoretical first-principle calculations Sm; x=0,1) has been performed using the semirehitivistic
regarding these materials are few, because of the complexity LMTO-ASA method. The frozen core approximation is used
of these systems and the presence of the rare-earth 4f elec- for the inner close shells for simplification. The maximum 1
trons. In early works, band structure calculations of the elec- is taken as lmax= 3 for R, 'majx= 2 for Y, Fe, Ti, and 1,a,, I
tronic structure of these materials often focused on the Y for N. The crystal structure of RFeI TiN, is as shown in Ret.
compounds. For instance, Jaswal et al.' and Sakuma2 have 2 and the lattice parameters are from Refs. 2 and 8. The ratio
calculated the electronic structure of Y2Fe17N, (x=0,3) and of the atomic sphere radius is r' :r1tj :r.ri= 1.23:1.00:1.10 for
YFe1 ITiN, (x=0,1), respectively, using the LMTO-ASA RFe1 Ti and rR :rI:, :r'Ti:rN=1.40:1.15:1.25:1.00 for
band method. Choosing Y rather than the rare-earth atoms RFeITiNx. As a comparison, a calculation of electronic
avoids the trouble of considering 4f electrons, but these sys- structure for NdFej1TiN is also performed, with the 4f elec-
tems differ from the realistic materials that have applied trons of Nd in a frozen core approximation.
prospects. These results using Y may only provide some
qualitative discussion about the rare-earth iron compounds. It II. RESULTS AND DISCUSSION
is better to perform the electronic structure calculations for
realistic systems. Jaswal3 has used a simple method in which A. Magnetic moments
the 4f states were treated as frozen-core states for NdFcl 4B. The magnetic moments of R, Fe, and N (I or x= 1) atoms
Hummler et aL4 have studied R2Fe14B (R=Gd, Tb, Dy, Ho, in RFetiTiN. compounds are listed in Table I. In the case of
and Er) using a su,-alled "open core" approximation in x=0, the Fe(8i) atoms have the highest moments and the
which 4f electrons are not allowed to hybridize with other Fe(8f ) atoms have the lowest ones. The average moment of
valence electrons. The latter approximate method can only Fe atoms is 2.14A,,, 2 .2 3 A,,, and 2.15/I, for YFecjTi,
consider the effects on the 4f energy level by the crystal field NdFcITi, and SmFe11Ti, respectively. These results are simi-
and the possible hybridization and charge transfer are ne- lar to those of Asano et al. for YFell 'i5 and those of Jaswal
glected. Recently, Asano el al.5 have studied the electronic for NdFe1 Ti.8 The calculated magnetic moments are slightly
structure of RFe12A (R=Y, Ce, Gd; A=N, C), and the 4f higher than the experimentail values. This discrepancy seems
electrons were treated as valence electrons. Their results in- to possess a systematic character and is insensitive to the
dicate that the calculation of tne electronic structure can ex- radius of atomic sphere used in different works. It is inter-
plain the experimental results in the frame of the Stoner- esting to note that the magnetic moments may slightly de-
Wohlfarth theorem. In their work, the role of N or C atoms pend on the number of k points used in dLh band aIlculation.
are not discussed sufficiently. Zeng ei ael. have calculated There are 126 k points in the irreducible Brillouin zone inS the electronic structure of RFe1TN3 ",1 (R=Srn, Nd, and Gd; our self-consistent calculation, which is smailer than tile 21 5

(5=0,3) using the cluster method. Their results imply that k points used by Asano et al.5 but larger than the six k points
there are relatively strong hybridizations between 4f and used by Jaswal.5 The calculated total magnetic moments of
other valence electrons. Many ex.periments also show that transition metal atoms arc 22.6(Oul,. 23.57t,, and 22.70ALI,
there exist differences in the properties of R-Fe-A corn- for YFeutTi. Nd|:el'Ti, :-nd SmFellTi, respectively. In the
pounds for different rare earths, especially for light rare LMTO calculation, the nonxero contribution of the orbital
earths. This difference cannot be attributed to the de Gennes monlent tor rare-earth atoms was not evalualc(,. I)uc to the
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TABLE I. Calculated local and total magnetic moments (in Ajatom and pjjf.u.. respectively) for RFe11TiN,(R=Y. Nd, and Sm: x-=(.l).

YFelTiN, NdFe1 l'TiN, SrnFel'TiN,

x =) x =1 x =01 x :-: I x =0 X = i

R(2a) -0.42 -0.34 2.73 2.89 5.19 -5.69
(0(,0) (0.00) (2.71) (1 .38) (0.55) (-0.28)

Fe(8j) 2.25 2.25 2.33 2.25 2.25 2.18
Fe(8f) 1.72 2.17 1,88 2.11 1.77 2.105
Fe(8i) 2.54 2.62 2.5o 2.01 2.51 2.•2
Ti(8 i) -0.94 - 1.02 -0.96 0.99 -0(.89 -I.03
N(2b) ... 0. (1 ,,, 0.07 ... 0.09

Fe 2.14 2.32 2.23 2.301 2.15 2.25
(aver.) (1.69) (1.98) (1.69) (1.98) (1.69) (1.981
Total 22.14 24.28 26.29 27.24 27.91 18.15

(18.57) (21.75) (21.27) (23.22) (19,12) (21.23)

'The bracketed data are experimental data from Ref. 12, fEu. denotes the formula unit, and Fe (aver.) represents the average 1-c magnetic moment.

magnetic anisotropy, the magnetic moments of the rare-earth ments of Fe. This coupling becomes antiferromagnetic
and iron atoms may be not collinear. In Table 1, only the spin (AFM) for the SmFe11 TiN compound. This fact is qualita-
moments are listed for the rare-earth atoms. The moment of tively in agreement with the measurement results of Yang
each Y atom is -0.42/t 1 ,, which comes from the polarization et aLt
of the 4d, 5s electrons. The spin moment of Nd and Sm in
RFe11 Ti is 2.73pb, and 5.19k,,, respectively. Due to the ne-
glecting of spin orbit coupling and the orbital moment in our B. Density of states
semirelativistic LMTO-ASA calculations, one cannot com- The calculated partial density of states (PDOS) ot
pare the spin moments directly with experimental magnetic YFe11 Ti and YFe,1 TiN are similar to that of Sakuma.2 After
moments of rare-earth ions. However, our calculations will uptaking N, the 3d band of Fe atoms become narrower, due
describe the coupling of moments between Fe and rare-earth to the increased distance between Fe atoms. The PDOS of
atoms. The self-consistent calculations reveal a ferromag- majority moment of the 3d band is slightly low, which pro-
nctic coupling between the spin of Fe and Nd (or Sm) in Nd duces an enhancement of the moment of Fe and a reduction
(or Sm) FettTi compounds. The moment of each Ti atom is of the DOS at Fermi surface Ef. Then the reduction of
-0.94w,, -0.96/p,, and -0.89Aj, for Y, Nd, and Sm com- N(Ef) is responsible for the increase of Tc in these com-
pounds, respectively, which is antiferromagnetically coupled pounds. There is explicit hybridization between 3d of
with the Fe moments. This antiferromagnetic coupling be- Fe(8j) and N 2p at an energy about 6 eV below EP. The
tween Fe and Ti is similar to that of YFe8T4 discussed by effect of the presence of N atoms is not only changing the
Coehluont. 9  crystalline field, but also producing a hybridization between

The magnetic moment of Fe atoms are increased by the electrons of N, Fe(8j), and Y.
uptake of nitrogen, which is in agreement with experiments. The PDOS of SmFetlTiN•. (x=0,1) are shown in Fig. I.
The largest Fe moments are still associated with the Fe(8i), The essential situation is similar to that of Y compounds,
but the largest increment of moments are associated with the except for the PDOS of the rare-earth atoms. These facts
Fe(8f ) atoms, which is 0.55g,, 0.23b,, and 0.28pI, for confirm that the discussion based on the calculated results of
YFe11 TiN, NdFe11TiN, and SmFe,,TiN, respectively. The Y compounds can give a qualitatively correct conclusion
moments of Fe(8j) aLoms, which are the nearest neighbors about magnetic mnoments. Fromt these figures, the spin polar-
of N atoms, are not changed for YFe1 TiN, and even show a ization of the N 21) band in these magnetic materials is
small reduction for NdFe1 1TiN and SmFetlTiN. The ma- small. T'he main contribution of the N 2 p band is around the
ments of Ti are still antiferromagnetically coupled to the Fe energy of -4.5--8.0) eV. It is worthwhile to point out that
sublattice, and have a -0.1A,, increment. There is a moment the difference between the full electron and frozen 4f calcu-
of 0.1p., on N atoms due to the spin polarization of s,p lation revt.'als the effect of interaction among the 4f electrons
electrons. The average moment of Fe atoms is 2.32.,,, of rare-earth atoms, 3d of Fle(8j), and 2p of N atoms. The
2.30kb,, and 2.25k,, for Y, Nd, and Sm compounds, respec- hybridizaltin is taking place among not only N 2p, Fe(8j)
tively. It seems to be a general trend that the magnetic mo- 3d and 4s, R(Nd. Sm) 5d and (.i, but also 4f of Nd o, Sm.
ment of Fe in iron nitride depends on the distance from It is interesting to point out that, for the case of SmFe1 ,TiN,
neighboring N atoms. The results of Fe4N, Fer,N2,tt  although we begin with it ferrotnagnetic coupling between
R2Pe 17N3,6 and RFe 1 TiN show that the lowest magnetic mo- moments of R and Fc. the self-consistent calculation gives an
menl of Fe always corresponds to the nearest neighbor of a N antiferromagnetic coupling between Fe sublattice moments
atom. The moments of Nd in Nd compounds and that of Sm and a Sm 4f moment, which is in agreement with the experi-
in SmFe 1Ti are ferromnagnetically (FM) coupled to the mt- ments of Yang et al. 11 It is well known that the spin--orbit
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FIG. 1. Thc PDOS of (a) SmFel1Ti, (b) SmFej,TiN; trhe full and dotted curves show the up and down spin states, respectively.
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Magnetic properties and molecular field theory analysis of RFej 0Mo2 alloys

Xie Xu and S. A. Shaheen
Department of Physics and Center for Materials Research and Technology (MARTECH), Florida State

University, Tallahassee, Florida 32306

The RFe1 I0Mo 2 compounds (R=Y, Nd, Gd, Dy) with ThMn 12 type structure have been synthesized,

and their magnetizations have been investigated in the temperature range from 2 to 800 K using a

SQUID magnetometer. The Curie temperature, saturation moments, and measurements, as well as

molecular field analysis of the temperature dependence of the magnetization are reported. Our work

demonstrates that the molecular field analysis based on a two-sublattice model is capable of quite

accurately describing the temperature dependence of the magnetization for the RFe1 )Mo,
compounds. The results also suggest that the moments of the R and Fe sublattices are nearly

collinear in a large temperature range. According to the calculated molecular field coefficients, we

find that the magnetic interactions are dominated by exchange between iron 3d electrons, and, on

the other hand, the strength of the R-R interaction has even the same order as that of the R-Fe

interaction.

I. INTRODUCTION where H is the applied field, MR(T) and MFr(T) represent

The Fe-rich ternary compounds RFei-,TM, (R=rare the magnetic moment per rare earth ion and per Fe ion, re-

earth or yttrium, TM=Ti, V, Cr, Mo, Si, etc.; x=1 or 2)1-� spectively, at temperature T. The factor d converts the mo-
eart oryttium TM TiV, r, M, S, ec.;x=1or ) - ment per RFel1 )Mo- in Atll to Gauss: d =NAu;ipIA, where NA

have attracted much attention as possible candidates for per- 3
nmanent magnet applications. They crystallize in the tetrago- is Avogadro's number, p is the density of RFel(Mo 2 in g/cm3 ,

nal ThMn1 2 type structure with space group 14/mm. 1 In this andA is the formula weight of RFe11 Mo2. nRI•, nRF, and tIFF

structure, the R atoms occupy the crystallographic 2a site are the molecular field coefficients, which describe the R-R,

and the 3d atoms occupy the 8i, 8J, 8f sites. The molecular R-Fe, and Fe-Fe magnetic interactions, respectively.

field theory (MFIT) is commonly used to describe the tern- The temperature dependence of each sublattice magneti-

perature dependence of magnetization in the R-T com- zation is governed by a Brillouin function:

pounds, and it has been shown to be quite successful. 2-6 In ýMRI(O)HIR(T)\

this paper, we present studies of the RFe 0Mo-2 series with MR(T)=MRq(O)BI~jk T (3)

R=Y, Nd, Gd, and Dy. The molecular field theory based on

a two sublattice model 2 was used to analyze the experimental MtMT).M0(0HB(Tdata. MFI( T) =M F( O)B j, /I--k /:---(4)I

where MR(O) and M,..(O) arc the magnetic moments of R
IU. EXPERIMENT and Fe at zero temperature, respectively. -,1 and Jpk.. are the

Samples for this investiwation were prepared by arc individual R and Fe angular moments.

mielting appropriate amounts o•I B, Mo, and rare earth ele- In the calculations, the free ion momoent is used for the

ments (Y, Nd, Gd, and Dy) under a purified argon atmno- rare earth ion, i.e., MR((M)gJ.I,- . and M/I.([)) can be de-

sphere. As cast samples were vacuum annealed at 1000 °C duced from the observed low temperature mnoment:

for a week. All samples are almost single phase, as deter- M,(0)=[Mx,,f±()+MR(O()I/.1 (5)

mined by both x-ray powder diffraction and thermioragnetic
analysis. A Quantum Design SQUID magnetometer with an where -- " applies for the light rare earths Nd and Y, and

external field up to 5.5 T was used to measure the magneti- + " applies for the heavy rare earths (id and Dy.

zation of powdered samples in a temperature range from 2 K The coefficients nij are determined hy numerically solv-

"to their Curie temperatures. The experimental values of the ing Eqs. (1)-(4), under the condi(ion that the calculated total

Curie temperatures (T,.) were determined by nmeans of the moments,

linear relationship M2(7 ),( I - TIT(.) near the T(( T<• T7.). M (T) = M( T) _ I 0M.( T). (6)

correspond best with the experimental data. This is done by
III. ANALYSIS AND RESULTS minimizing the percentage deviation,

According to the two sublattice MIT, the molecular field [Me Ti) -Mt11t( "", )
acting on the R sublattice and Fe sublattice is separated, and R 100 VM1.j(.j) ,

can be expressed, respectively, as follows:
HR( 7) 1 + 'it RRMR( where Mcp(l) is the magnetization observed at temperature

( =i d Mr7 + l(n M:M(T) 1, (1) "'T,. No other constraints arc imposed. From Eqs. (3 a11d (4),

t17(-) = H .- d[ I On :1.1M1.-(T) T n jit;M (7I) 1, (2) thc Curie temperature in the zero field is related to the n, by
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TABLE I. Density p, rare earth gyromagnetic ratio gj, and total angular momentum JR used in MFT calcula-
tions. n.-l, nRF, and ?RR are the computed molecular field coefficients. The MFT calculated T. and experi-
mental Tc arc listed. R% is the quality-of-fit index defined by Eq. (7).

P MR(()) M,(0) R%
R (g/cm3 ) gi J, (AB) (Al) n5 .T ":R nR (%) cal. exp.

Y 8.03 ... 1.73 4562 ... ... 3.5 327 350S 5 35

Nd 7.60 MI 1.53 8780 2000 19001 4.0 445 420
Gd 8.0 2 - 7 1.65 6300 -2500 2300 4.0 465 480
Dy 7.83 2 10 1.61 6120 -1100 1000 3,0 383 390

TC the calculations and the MFT coefficients for each RFe10Mo 2
- 2 compound by solving Eqs. (1)-(7) numerically are also sum-

(n Fta+nRRM)+ 0!(nFlra+nRR10) 2-4 a13(nFFnRR--n R) marized in Table 1. The moment of an Fe atom at 0 K is
2a/t about 173A in these compounds. We chose JF.=l. 0 in the

"(8 calculations.
S(8) In Figs. 1-4, the temperature dependence of the magne-

where tization for four RFe1 0Mo 2 compounds is plotted. The data

-- {[3JR/(JR+1)][kB/,tBdIMR2(0); are represented by circles, while the MFT calculation results
for total moment Mtot(T), rare earth sublattice moment

[3J (J+ 1(9) MR(T), and Fe sublattice moment MFe(T) are indicated by
/3 M2•) solid, dashed, and dot-dashed lines, respectively. MFT with
For compounds with R=Y, we have a single coefficient (nFF) provides a quite reasonable descrip-

tion of the temperature dependence of the magnetization for
I I1 1 YFe1 OMo 2 , as Fig. 1 shows. The percentage deviation be-

Tc=--fF"(JT+1)/3Jl.][/¾d/kB]. (10) tween the measured and calculated values is R=3.5%, and

T"1=327 K is about 6% lower than the observed Curie tem-

Table I summarizes the experimental information, such perature of 350 K.

as low temperature magnetization M,(0) and Curie tempera- Figures 3 and 4 show that the two-sublattice model with

ture Tc of RFe1oMo 2 intermetallics. The low temperature the assumption of ferrimagnetically coupled R and Fe mo-

magnetization M (0) was measured at 2 K in a field of 3 T mients yields results in excellent correspondence with the

by means of a SQUID magnetometer. The parameters used in data for GdFejoMo 2 and DyFel0Mo 2 . The Curie tempera-
tures calculated are consistent with the experimental values.
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FIG. 1L The temperature dependence of the magnetization ot YF[e(Mo,.
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dence of magnetization in the RFe11tMo-2 series. The results
also suggest that the moments of R and Fe sublatties are 1K. Ohashi, 1. Yokoyanio, R. Olsugi, and Y. Tawara, IEEE Trans. Mago.n
nearly collinear. In all instances, we found that tflft is thle MAG-23, 310)1 (1987).
largest of the computed molecular field coeffliients (cf. Table 2

j. F.. Hierbst and J. J. Croat, J. AppI. Phys. 53. 430)4 (1982).
1). This implies that the magnetic interactions are dominated -'E. lelorizky, J. AppI. Pliys. 61, 3971 (1987).
b~y the exchange between 3d electrons. On the other hand, 4 Z. Liu, J. Magn. Magn. Mater. 87, 63 (1990)),

111. S. Li, Z. W. Zhang, and hi. Z. Dang, J. Magn. Magn. Mater. 75, 159
the strength of the R-R interaction cannot be neglected, as it (1988).
has nearly tile same magnitude as that of the R-Fe interac- Q0.11. hiao, 0. Wang, X, P. Zhong, and 1LI L. Luo, J. Magn. Magn. Mater,
tion. Such behavior seems to a common feature in a number 7110, 170) (1992),
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Magnetic alignment in powder magnet processing
S. Liu
University of Dayton Research Institute, Dayton, 0/io 45469-0170

A strong magnelic field is used to align single-crystal powder particles in the process of producing
sintered powder permanent magnets, including hard ferrites and rare-earth permanent magnets. The
applied magnetic field aligns the easy direction of magnetization of each particle, owing to strong
crystalline anisotropy. Shape anisotropy, existence of particles containing multigrains, and physical
interlock between particles reduce the degree of alignment. This study provides a quantitative
analysis of magnetic alignment in powder magnet processing. We assume (1) the powder particle is
a single crystal; (2) it has the shape of an oblate spheroid and its short axis is the easy direction of
magnetization; and (3) the applied magnetic field is strong enough to overcome the resistance of
alignment. By applying the minimum-energy principle, it was concluded that the necessary and
sufficient condition for a complete magnetic alignment is that the magnetocrystalline anisotropy
constant K, of the particles is greater than its shape anisotropy constant K.,, provided the applied
magnetic field is strong enough. When K.,> K1 + 2K 2 , the angle between the short axis of the oblate
particle and the direction of applied magnetic field is 90', and when K t• K.- K I+ 2K 2 , the angle
is arcsin v(K - K i)/2K2.

The fabrication of powder magnet materials involves a ment. These assumptions are appropriate for several reasons.
complicated multistep process. For example, the production First, the size of the powder particle used for powder magnet
of high performance sintered Sm2(Co,Fe,Cu,Zr) 17 permanent production is usually in the range of 1-5 /Am, far smaller
magnets involves seven major steps: melting and casting, than the grain size of the starting materials. Therefore, most
homogenization, crushing and milling, magnetic alignment powder particles can be considered single-crystal particles.
and compacting, sintering, solid solution treatment, and ag- Second, all powder magnet materials are of uniaxial crystal
ing. Each step includes three or more process variables. A structure (hexagonal, rhombohedral, or tetragonal), and the

quantitative analysis of each step in powder magnet process- basal plane is the most densely packed crystal plane. Break-

ing would lead to an insight into the physical and/or chemi- ing into particles having a shape similar to an oblate spheroid

cal prccesses involved in each step. This is not yet possible with its c axis to be the short axis rather than a prolate

for all steps in the processes due to the complexity of the spheroid with its c axis to be the long axis during crushing

problem. Magnetic alignment is perhaps the simplest step in and milling is an energetically favorable process. Actually,

the whole processing procedure for producing powder mag- needle-like particles (prolate spheroid) are seldom observed

nets; therefore, it is possible to explore this step in some for either hard ferrites or rare earth-transition metal alloys.

detail. Third, in practice, the applied magnetic field for powder

The most useful magnets are anisotropic with a single alignment is either a dc magnetic field of 20-30 kOe or a

preferred axis of magnetization, requiring that the c axes of pulse field of 70-100 kOe. These fields are proved strong

all grains in the sintered magnet are aligned parallel. This is enough to overcome any resistance of alignment.

achieved by applying a magnetic field strong enough to align When a magnetic field is applied, the shape anisotropy
tthe particles against the frictional force, and then compacting tends to align the long axis (a axis) parallel with the direc-

to immobilize them in this state. The crystal texture is main- tion of the applied field. On the other hand, the crystalline

taied through the subsequent sintering and homogenizing if anisotropy tends to align the short axis (c axis) parallel with

properly conducted.' Magnetic alignment is used to produce the applied field. Obviously, the orientation of the particle in
S all types of anisotropic powder permanent magnets, includ- a given applied field is determined by the balance between
all type feanisotropic p r ane magnets mnctud the shape anisotropy energy and the crystalline anisotropy

S~ ing hard ferrites, SinCe5, Sni 2TM1 7, and Nd-Fe-B magnets.

If all particles are perfect single-crystal spheres, or if" the energy, rather than simply by the srength of the field, Sup-
long axes of all particles happen to be the easy direction ofthe oblate particl and
longiaxes ofal parfti happent he te eairectionof the direction of applied field H1 is (/, as shown in Fig. 1, the

•Imagnetization, then perfect alignment can be obtained, pro- shape antisotropy energy, E, ,and the crystalline anisotropy

vided the applied magnetic field is strong enough. Obviously, energy, E,, of the particle are

the real case is more complicated. Shape anisotropy (if the

long axis of a particle does not happen to be the easy direc- E, = K., sin 2(9t) - (/')= K, cos2 (

tion of magnetization), the existence of particles containing E, = K, ý + K, S f, (2)
multigrains, and the physical interlock between particles re-
duce the degree of alignment, respectively, where K, is the shape anisotropy constant and

Assume (1) the powder particle is a single crystal; (2) it K, and K, are the crystalline anisotropy constanls of a
has the shape of an oblate spheroid and its short axis is the uniaxial crystal, which all powder magnets, including hard
easy direction of magnetization: and (3) the applied magnetic ferritcs and rare earth magnets, belong to. The total energy of
field is strong enough to overcome the resistance of align- the system is
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TABLE 1. Angle q6 corresponding to the minimum energy condition.

Relation among 0
K2  K,, K1. and K2 For minimum energy

K, = Kany 0
K20 K.,> K 90°

K.,<Kl W°

K,>K, + 2K, 90°

RA2>t K,<K, O°
K,--K, K, + 2K 2  arcsinC(K.-K,)/2K 2

C For a minimum energy condition, we have

d •=(KI-Ks)sin 24-+2K2 sin 2 4, sin 240=0. (9)

It is obvious that the first two solutions of Eq. (9) are 01 =0*
"and 412=90°. In order to determine 40 corresponding to the
minimum energy, we calculate the secondary derivative,

y-7=2(K1 -K,)cos 240+2K 2(sin 2 241

+2 sn ,c s 2 s,). (20)

FIG. 1. Orientation of an oblate spheroid in a magnetic field. +2 sin 2 4 cos 241). (10)

If K, >K,, when 4=-00, we have cos 240=1, sin 201=0, and
sin2 40=0. So, d2E/d 02 >0. Therefore, E has a minimum

E = E, 4 (3) value. Substituting 4,=90' into Eq. (10) yields

and the minimum energy con~dition requires d =2 [E , Kt+22)] (11)

dE
.0. (4) when K,>Kl + 2K 2 , d 2E/d4'2>O. Thus, E has a minimum

d, value.

Let us determine the angle d1 corresponding to the minimum If 40#00, 4O=90°, and 00<40<90', then sin 241/0W, and
energy condition by ihe following two steps. Eq. (9) becomes

Step I. Considering only a single anisotropy constant, dE

In this case, Eq. (3) becomes.

E ;K sint2  14 -K, cos-4 . (5) or

For the minimum energy condition, we have sin2 4,=(K.,-K1 )/2K2,

dE 41=arcsin (K.-Kt)/2K2,

j- --=Kl sin 24k--K, sin 20=(Kt--Ksin 240=0. (6) and obviously K, must not be smaller than KI, and K,-Kt
must not be greater than 2K 2 . The secondary derivative of E,IfKmon ses may lave ad to). e (fbutnothenly d 45', whe with respect to 4/, should be evaluated at the angle 41 form on sense m ay lead to). If K 4:AK ,., then dE /d•]f---O w hen wh c ld = .I is o v usf m Eq (1 ) t awhich dE/d4b---. It is obvious from Eq. (12) that

sin 241=0 or 4=0 or 900. In order to determine 41, corre-
spomding to the minimum energy condition, the second de- d2E
rivative, = = 2K 2 sill 241. (14)

d'E When 0'<0<90' and K,>0, d2E/d 02 >0; thus E has a
-24, (l7 minimum value. The above results are summarized in

should be positive. If K, >K.,, when 40=0, cos 24=1, and Table 1.

thus d2E/d4,2 >0. Therefore, E has the minimum value. If It is obvious that increasing the strength of the applied

K, <K,, when 40=90', cos 241=-- 1, d2E/d4,2>0, E also magnetic field only helps to overcome the resistance of
has the minimum value, as shown in Table 1. alignment caused by the physical interlock between particles,Step II. Taking into consideration both KI and K,. but cannot align the powders unless K,<K,. In other words,

Snthiscasep Eq. Tkn iconesid. the necessary and sufficient condition for a complete mag-
In this case, Eq. (3)becomes netic alignment is K,<KI , provided the applied magnetic

E = (K1 - K,)sin2 41 + K2 sin 4 h4+- K,. (8) field is strong enough. This conclusion was supported by our

6758 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 S. Llu



TABLE 11. Data summary for crystalline anisotropy constants of 1.0
(Sm1 _--yPrxNd) 2 (Cot -vFv)17 (10' erg/cm

3
).

x y V K, K2  Reference 0.9

0 0 0 32 3
0 0 (1.2 43 3 1
0 0 0.3 35 1.4 4 0Y .
0 0 0.4 14 3 2

0 0.1 0.2 29 5
0 0.3 0.2 16 5
0 0.5 0.2 15 5 Co 0.7-
0 0.5 0.3 11 5
0.3 0 0.3 17 5_______________________________________S m1 .xLRx (CObaFe 28Ou Z r.0 2) 7 .78

0.6 1 -LR.Nd

2 -LR - Pr

experiments of Nd, Pr substituted Sm2TM17 permanent mag-
nets. Table II summarizes crystalline anisotropy constant val- 0.5 ,
ues for (Smi1.-,.yPrxNdy) 2(Co IFe,)17. Table III lists the 0 0.1 0.2 0.3 0.4 0.5 0.6

calculated demagnetizing factors and shape anisotropy con-
stants for a oblate spheroid with various a/c ratios, r. Equa- LR content, x

tions used for these calculation are as follows: 2

Nc=4 rrr2/(r 2 - 1)11 - /1/(r 2 - 1) sin- r1 1/r, FIG. 2. Dependence of B,/4 1rM, on LR content, x.

(15)
powder particles during the sintering process) turns back to

Na"=0.5(47Tr-Nc), (16) the nearest easy magnetization direction. If tile powder par-

K.=0.5(Nc-Na)M2 . (17) ticles are perfectly aligned and this crystal texture is main-
tained during the sintering process, then the demagnetization

It can be seen from comparing Tables I1 and III that for curve in the first quadrant would be a straight line parallel to
magnet alloys of (Sml_x_yPrNdy)2(Col_vFev)17 in most the horizontal axis, and the ratio of Br/4rrM, would be equal
cases, Kl->K,. This means that crystalline anisotropy domi- to 1. In another extreme, if the powder particles are of a
nates. However, with further extensive increasing Fe substi- completely random distribution, then, according to Chika-
tution for Co, or with further extensive increasing Pr and/or zumi's calculation,6 B,/47rM, would be equal to 0.5. There-
Nd substitution for Sm, it is possible for K, to drop to a level fore, for a material with uniaxial crystal structure, the ratio of
lower than K,. This would decrease the degree of alignment B,14 rM,. should have a value ranging from 0.5 (correspond-
and reduce values of remanence, Br, and the maximum en- ing to a completely random distribution) to 1.0 (correspond-
ergy product, (BH)mas, of the magnets. For powder perma- ing to a perfect alignment). So, B,/47rM, can serve as a
nent magnet materials with uniaxial crystal structure, the de- good measure for the degree of particle alignment.
magnetizing curves in the first quadrant are more or less like In practice, 4 7rM to, the magnetization value in a 10 kOe
a straight line, and the slope of this line reflects the degree of applied magnetic field, is a good approximation to
powder alignment. What happens in the first quadrant de- 4 arM,. Figure 2 shows the dependence of Br/41rMTA,
magnetizing process is that the magnetization vector in every upon the light rare earth (LR) content, x, for
grain (each individual grain was developed from one or more Smt-xLRx(COb5IFe0.2SCuO.06Zr(l() 2)7.78 with LR=Nd or Pr. It

can be seen from Fig. 2 that B,14 7rM I) drops sharply when
x exceeds 0.3. The author believes this indicates that the

TABLE 111. Calculated demagnetizing factors and shape anisotropy con- crystalline anisotropy constant Kt is no longer greater than
stants (for M= I10_0 G). its shape anisotropy K, when x>0.3 for this particular mag-

K, net composition.
r N, N. (10, rg/cm-3 ) 1 K. J. Strnat, in Ferromcagnetic Materials, edited by E. P. Wohlfartlh and K.
1.5 5.6(0 3.48 1.16 H1. J. Buschow (Elsevier, New York, 1988), Vol. 4, p. 180.
2 6.63 2.97 1.83 2 B. D. Cullity, Introduction to Magnetic Materials (Addison-Wesley,
3 7.98 2.29 2.85 Reading, MA, 1972), pp. 57, 243.
5 9.43 1.57 3.93 3 R. S. Perkins, S. Gaiffi, and A. Menth, IEEE Trans. Magn. MAG-lI. 1,431

10 10.82 0.87 4.97 (1975).
50 12.18 0.19 5.99 

4
R. W. Lee, IEEE Trans. Magn. MAG.15, 1762 (1979).

100 12.37 0.)M 6.14 -C. J. Wit'man and K. S. V. L. Narasimhan, IEEE Trans. Magn. MAG-21,
4rr (0 6.28 1976 (1985).
4-__ "_ _ _ __6.28_('S. Chikazumi, tPhysics of Magnetisin (Wiley, New York, 1964), p. 249.
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Sputter synthesis of TbCu7 type Sm(CoFeCuZr) films with controlled easy
axis orientation

H. Hegde, P. Samarasekara, R. Rani, A. Navarathna, K. Tracy, and F. J. Cadieu
Department of Physics, Queens College of CUNY Flushing, New Yrk 11.367

Single phase ThCu7 type films of Sm(CoFeCuZr) have been sputter synthesized for a range of
sputter gas pressure, deposition temperature, and two different gas species: Ar and Ar5O%Xe. The
magnetic and crystallographic properties of these films as a function of sputter deposition
parameters have been studied. Films synthesized at temperatures near their crystallization
temperatures at sputter gas pressures exceeding 60 mTorr of Ar5)%Xe, had a strong c-axis in-pla.1e
texture. The remanent magnetization ratio for measurement perpendicular to the film plane versus
in plane was close to zero for such films. X-ray diffraction patterns of these films showed only (hk0)
type reflections. At gas pressures around 30 mTorr predominant reflection was (111) type. The
perpendicular to the in-plane BR ratio for such films was around 0.55. For films with in-plane c-axis
texture, in-plane B, of 9.0 kGauss and coercivities in the range 3-I10 kOe were possible. Pressures
of Ar and Ar50%Xe correlated roughly in the ratio 1:2 for the synthesis of films, with comparable
crystallographic and magnetic properties.

1. INTRODUCTION allow fluorescence discrimination. Magnetic measurements
were performed using a VSM for fields up to 18 kOe. Film

Permanent magnets based onl the Sm,('oFeCuZr),., compositions were determined by electron excited x-ray
rhombohedral 2-17 type structure are extremely attractive fluorescence using a PGT System 4 Plus unit coupled to a
because of their high temperature stability, fairly high satu-
ration moment, and energy product.' 2 Such magnets consist scanning electron microscope.

of a cellular structure of 2-17 regions with SmCo.ý based
grain boundaries to enhance the coercivity.3 The magnetic 111. RESULTS AND DISCUSSION

properties of such two phase cellular structures are very sen- The Sm concentrations in the films were dependent on
sitive to thermal treatments. In contrast to this, TbCu7 type sputter gas species, pressure, and deposition temperature due
single phase film magnets that exhibit a high degree of in- to the high volatility of Sm and the preferential scattering of
plane c-axis texture and energy product have been sputter the low mass TM atoms out of the sputtered atom beam. 7

synthesized in recent years. 4 The TbCu 7 type films are single However, the relative concentrations of the TM atoms in the
phase, whereas bulk samples of similar composition exhibit films were fairly constant, at 24, 9, 3, and 1 for Co, Fe, Cu,
the cellular structure. The magnetic properties of the single and Zr, respectively. These TM relative concentrations were
phase sputtered film samples exhibit optimal magnetic prop- about the same as in the target.
erties as deposited and are very insensitive to subsequent All films in this study exhibited the ThCu? type disor-
thermal treatments. Such films are extremely important in dered crystalline phase, even though the target magnets were
applications involving magnetic biasing of magnetoresistive, a 2- 17 cellular based structure. For the deposition tempera-
magneto-optic, microwave devices, etc.'" We have now ture range, 300 'C-475 °C, and Fe concentration used, the
studied the texture change and resultant change in magnetic ordered 2-17 phase was not formed.8 The crystallite c-axis
properties of these permanent magnet TbCu1 type films, as a orientation was found to depend on the deposition tempera-
function of their sputter deposition parameters. ture, as shown in Fig. 1. At lower temperatures, the films

were strongly c-axis in-plane textured. As the temperature

II. EXPERIMENT was raised, the degree of in-plane texturing was reduced.
Even with a modest increase in temperature of 55 'C, from

The films in the study were sputter synthesized from the initial temperature of 345 'C, crystallites with the c axis
commercially available 2-17 bulk magnets of the type oriented away from the film plane were observed, as indi-
Sm2(CoFeCuZr)17 . The films were deposited on polycrystal- cated by (hki) reflections, 100, in Fig. 1. As the net easy
line A120 3 substrates. The film thickness were generally in axis direction deviates from the film plane, the ratio of the
the 2 p. range. The deposition temperatures for all films in remanent magnetic moments, in directions perpendicular to
this study exceeded the minimum temperature required for the film plane versus in-plane increases., This is clearly seen
their crystallization, so that they were directly crystallized as from Fig. 3(a). For Ar5)%Xe, at 60 mTorr pressure, this ratio
deposited, with no post deposition heat treatments required. is only 0.07 for a deposition temperature of 345 'C, increas-
Two varieties of sputter gases were used, 100% Ar, and equal ing to 0.40 at 450 'C. However, for I 00%Ar. at 60 m'Torr
mixtures of Ar and Xe referred to henceforth as Ar50%Xe, pressure, the degree of the c-axis in-plane texturing was
For all films in this study, the target to substrate distance was rather poor for all deposition temperatures tried. The texture
held constant at 5 cm. The crystal phase and film texture change with pressure is shown in Fig. 2. At deposition tem-
were determined with Cu K,, radiation by x-ray diffracto- perature of 345 'C for sputter gas Ar5t)%Xe, the films could
meter measurements using a Si(Li) solid state detector to be formed with the c-axis in-plane texture at pressures ot' 60
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25 35 45 55 65 75 85 FIG. 3. Variations of ratios of remanent magnetizations perpendicular to the
2 e Cu K. film plane to that in plane for films synthesized in IO0%Ar and Ar5O%Xc.

(a) Variation with temperature at 60( mlbrr pressure. (b) Variation with pres-
sure at temperature 345 *C.

FIG. 1. The texture change with deposition temperature, for tilms synthe-
sized in Ar50%Xe at 60 mTorr pressure. X-ray diffraction is using CuK,.
radiation. sures below 45 mTorr, Fig. 5. This is due to defects caused

by increased energy bombardment of the growing flint at
lower pressures. Previous calculations have shown that to

mTorr and above. For sputter gas 100%Ar, a similar pure completely thermalize the sputtered atoms, the pressures re-
in-plane texture could only be obtained at pressures exceed- quired are around 60 mTorr of Ar50%Xe.t) The rather sharp
ing 120 mTorr, In terms of texture control, this suggests that deviation of coercivity from its correlated behavior with Sm
60 mTorr of Ar5O%Xc is equivalent to about 120 mTorr at. %, in Fig. 4, below 345 'C, is attributable to incomplete
of Ai. crystallization of the film. High resolution SEM studies of

The film magnetic properties and their Sm at. % are the films have not revealed any type of cellular structure, as
shown in Fig. 4 and Fig. 5. The coercivities of the films are observed in bulk 2-17 type magnets.
found to be strongly correlated to the film Sm concentration. No attempt to saturate the film magnetization was made,
This is attributable to the increase in the magnetocrystalline due to the large fields required. However, the 4 "TM, values
anisotropy of the 1-7 phase with Sm concentration. However, of the films are expected to decrease with increased Sm con-
a fairly significant departure in the correlated behavior of Sm centration. For films sputtered in Ar50%Xe, the film Sm
at. % and coercivity is observable for films formed at pres- at. % is given in Fig. 4, and Fig. 5, as a function of deposi-

tion temperature at 60 inTorr pressure and as a function of
gas pressure at a deposition temperature of 345 'C. Figure 4
and Fig. 5 also show the remanance B,, energy product

P =30[j

--- •8 •Io .................................. 11

re , , _ _o------- .... -. ~ _ . ... .•

-n P 45p-. -- 11=

U) -- -- -. U..

C" t 1 '.. "1..:

030 0..

('430 300 400 401

25 ::35 45 55 65 75 85 I

-2 0 Cu Ka FI.l 4, Variation with deposition teilltperatture, of reln;.lleilt Inagnlizati/ilt (Il

l3/€ (Open.l circle). coercivity ,tl,. (triangle), energy produt fIll,,, tshaded --.
S FIG. 2. The texture change with pressure, for filmns synthesized in Ar9(I°%,Xc circle), anld Sm at. % (square). Magnetic ,neasurcmcents, are Ith• tile ii plane.

at 345 0C. X-ioy diffraction is using Cu K,, radiation. Films synthesized in Ar5(t"%Xe, at 6t0 rnlorr.,
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125 For films sputtered in Ar at pressures around 120 mTorr,
S. -- the general variation of texturing with temperature was simi-

10.0 A, -- lar to that of films sputtered at 60 mTorr of Ar5O%Xe, show-
-/ • -- ~-Y -"ing the pressure equivalence of these different gas species, in

759 terms of their thermahization efficiency.
M- '-P - In conclusion, the magnetic properties and texture con-Ss0 5Q -'' 0 trol of sputter synthesized TbCu7 type permanent magnet

/ films have been studied in terms of their sputter deposition

Z5 10 parameters. The sputtering parameters for the best in-plane
.5 -'/ c-axis texture, the optimum energy products, and coercivity

4 , have been identified. The pressure equivalence of two types
0 20 50 75 100 125 of gas species in terms of their thermalization efficacy has

been established.
Pressure (mTorr)

FIG, 5. Variation with pressure, if remanent magnetization BIr (open circle), ACKNOWLEDGMENT
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Metastable Nd2(Fel -XCOX) 23B3 (0O'X 1.OA compounds with thle 2:23:3-type
structure

Bao-gen Shen, Bo Zhang, Fang-wel Wang, Jun-xian Zhang, Bing Liang, Wen-shart Zhan,
Hui-qun Guo, and Jian-gao Zhao
State Key LaboralorY of Magnetism, inslitute of Phi.%-ics, C'hinesec Academ~l. of Sr'b',,u",. P ). BoU1 003.
Beijing 100080, People 's Republic of China

Amorphous Nd,(Fe, -X~od), 3B 3 (()-X * I .0)alloys were prepared by melt spinning at at speed of 47
ni/s. When the amorphous samples were annealed at 900) K f'or 2(0 rmin. they crystallized to thle
metastable 2:23:3 single phase for all x. A detailed study of' structure and malgnMCc properties of'
metastable Nd2 (Fe1 - ,Co3, 23B3 compounds has been made by x-ray diffraction and nmagneti/.ailo)9
measurements. They are body-centered cubic, a.,d the lattice Constant decreases liuei~rI\ fromt
a = 14.16 A for x =( to 13.36 A for x= 1 .0 The Fe atornm noment 1-11.,for Nd.I-ic1  ('k Co, 1,t~ was,

found to increase with x from 2.2)i for x=t) to 2.17ýj for x -t0.8 whlenl tile Co atoml mlomlent pt,
ts assumed to be constarA, as made in previous papers f'or crystalline lFc-(o alloys.. The (uric
temperature T, is found to increase monotonically with increasingv x from 059 K tork 0 t to about
1218 K for x =;.t). The thermomagnetic measuremnentts showed that when the Ndt(cIC', 1
compounds were heated to certain temperatures, they decomposed to NdtFecXot14H~ and ca-I leCnt
phases. The decomposition temperature of metastable compounds wats about 99(1 * 15 K, and was
almost independent of the Co concentration x.

1. INTRODUCTION pared by melt spinning in an argon atmosphere itt a polished

Since the discovery of the Nd-[e-B3 permanent magnet Cu drum of 2(0 cmi diami with a s,,eed of about 47 rn/s and
mateial, a umbr ofinvstigtios onrapdly uenhed were then annealed inl a steel tube in a vacuum ot' 101 5Tort

ma Bterias, anu bry alofs invstigaios oae en rapi rtdly que che at different temperatures and times,

Ndftee- studernr aloyus systhems have bageenc preported eMst X-ray diffraction measurements were pe&rfored on the

ofil thes suinestiftous on theryshardimaginbetaicpoprties, annealed ribbons using Co K, radiation to identify the phase

whilethc invpestiti ios o n cmr yho stallizaion bea viors a ndrea components and determine the crystallographic structure.

mantie proper tieusco of amorphousd -Fe -B th rsalliysarco re fa 'he Curie temp~erature T, of the compounds were detcr-

tivrphoy fewer. Bueow Fch a om.ostuiethcrsalztion onte d fe mined from the temperature dependence of magnetization.

aytmorhu alloysd aofe Fe-richy composiindi h Nd-Fe-B131 High-field magnetization measurements at 1 .5 K were made

system,~~~~ ~ ~ ~ an fon, oe enr o p u d Ne 3 3  on these samples using an extracting sample m-agnetometer
The cnmpound ts metastable magnetic. Its crystal structure is in fields ranging from 0) to 65 kOc.
body-centered cubic, space group 143d, the lattice constant
a = 14.19 A.2 Shen et al1.3 have prepared amorphous alloys in
a wide composition range of the Nd-Fe-B system, and stud- Ill. RESULTS AND DISCUSSION
ied the phase diagram of crystallization and magnetic prop-
erties of the metastable phase. A study of crystalline phases The Nd1 (Fel -,CoAd2313. alloys prepared at at speed of 47
of amorphous Nd2 Fe 2 3 B3 and the formation and magnetic ni/s were amorphous, and its x-ray diffraction pattern exhib-
properties of metastable Nd2 Fe .3 B3 compound has been ited a diffuse broad maximum. The amorphous ribbons an-
made using 4x-ray diffraction and magnetization nea~ed at different temperatures of higher than their crystal-
measurements. Gou et al.-' have reported the powder neu- lization temperature produced different crystalline phases.
tron diffraction study of magnetic structure of metastable For the annealing tempeiature of' about 900t K, the amor-
Nd 2Fe23B3 compound, In order to obtain more information phous samples crystallized to the nmetastable Nd2 (Fe.('o)L1 I3,
about the structure and magnetic properties of metastable phase. When the annealing temperature w,:s higher than 925
compound, we have studied the effect of the substitution oft K. thle qr-( Fe.Co) phase appeared. coexisting with the
Co for Fe on the crystal structure and magnetic properties of Nd,(t ve('o), i, phiase.
NdFe,,B 3 compound. In this paper, somec results of' thle ill- -1ur shows an example oft thle x-ray ditflrathion pt
vestigation are reported. terns of NdtlFc, ,('o,) t-t ,Is (.10.2 and 1.t0t after annealing

at 91N)(I K totl 201 mill. It is found that %-tl itlnercatsilg (o

11. EXPERIMENTAL concentration, thle diftraction line N. ' hitted to higlter
anlgle'.. indict.ating 1tha, the lattilce con'.t11mNt dccrcaw. with 1

Iron (purity. 99.1)" 1. cob;-lt ptpority. 09.9") . neodk tnium I he pre'.en '.tudh '.hom. that the itu'tuiuitolr~l (ifC tot I-C oi
(purity, 9i9.Y t atd Fc- li alloy (punts. 98.0'; 1 ý%cte melted tile Nd I e .,Is comnpo'und ttle',knot chtinee is" ct%'.tal 'true-
by arc Itnching inl an argon atnrosplirer. ot high phuritnto ml,,trc I het Lo~lllilete. ..rut'Intutilon (Wt1111rfl% ncm. '.mirgle-phlr'.e
boniogetteous btilttonw, %, titl thle C01ni41 110' l kmn ouirnp nd ol Nd .( ý i . Ilic ki I stn ,[.I tn"raicltc ir t the
Nd.,tFc, U(o,),,B , Ii k 0 .(12.(1 4, (1 (). i . and 1 0ii Afro'r %d (I LA( It kiirrporirlir m'ý l'rt\ k-ulintcrer k-uhtir s1ilkce
phous ribbon'. about I mint 'Aide: and .2() jin, Qk ý%t~ ft. cue t pie corp I I ;i I lit ti.r11 t or'.jt.gtrt ik1L utrt~ckt to i-Ii thc Is
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FIG. 1. X-ray diffiau~tior patcr~ili, of 1mlaq4bi: %da ii .( 11, ti, .tm
pounds wth t0.21 and 1.0

Vk )t h ic h ' Iii IILn Ow) m.4iti I ll a Nd git'll thlt .1% e1.1ge nllig-

diffraction patterns are found it) decrease lincarls fiolm lictic 10lil p., 3, , , * 
2 p. I c f Co 1)1 en IV baihtbII ;I%:-P

a = 14.16 A for x = 0 to 1 3.86 A for 1 1.0 .1. ti how It i del'ice ait the 4vel'fdL Il)1'i)&icit Pl,, , iliatIV written ;v,
Table 1. i~, - I O 14of1. V. here l, .ind ;1( .itc tile Met:-

X-ray diffraction and thermontlagnvctic mecasuremnents 185C Illagt)ctic il)o)lI1hCIt jwr tile I-C Jilin1) anid the Co tiam.l
showed that the Nd,(I-c*'o)411l cumpt%,nds obtained fly the rCWCtlCe A studsl (t Ili~ttv. t af a n the crvst1alhnc
crystallization from corresponding amorphous altao'. were Ic-' lo sng;'tridnuin ifato eo
meta-stable. When the compiounds were heated to certain stritcd that *the kiseragc miomnitt ji,, lor IFe atomn increases
temperature T41, as shown il Fig. 2. they dec moiitsed ti ) tticcsn a acnriln n twa rg toi~

Nd2(Fe,Co)1 4 B and ai-(Fc.Co) phasous. The decomposlition p4 , ( er ( oaln J eta t rflains all essesitilt %aluc Similar result,,
temperature of the i 1astabie compiounds was atxout "-)4 ' 1 were found sit other Fe C-( a-bsd 11o s. it l,~ Of
K. and was almost independent at' the (Ca concentration It Nd.4l Ic, C,(a ),,ll; i% assuilled to keep the C*onstlant s aluc (it

Figure 3 shows the magnetization or of rnitastahk: NMIp, I the %auc (it p, , inl Nd (A. I contptutid . tile p4 1
Nd2(Fe1 rCO, )23B ' compounds at 1.5 K as it functiion atitle lis folund I()[1c r As 11th mc1I eVaag a CimCotrjI0o froint
external field H-. 11,e spo~ntaneous m;agnectization IT. 1.5 at (1214"*, tor Itb 2 I t 1"U" lt '4

1.5 K were obtained by at liner extrarpolation of inapeti/a.

tion curves to I/ = (. The r,( 1 54 shows. at monoltontic de-

crease with increasing (Ca concentration trom 18?4 cinu-g to

1413 emu/g as x increases from 4) to 1.04, 1,s shown in Idle1 I
A similar result was observed in tither 1-c -Co-based a~liovs".

The magnetic moment per unit formula of a

Nd,(Fe1 .Co.)2,Bl compounds is shown in Fig. 4(a) as it

function of (Ca concentration t. The Ou is found to decrease -

from 52.Qt,4 bor .% ýAl to 33.141,~ tar I - 1.0). It thle magnetic

moment of the Nd atom M'Nl1 ,s suggeItcl to tie 3 2 . ..

AH . I M l't iaiiiuE onuni~ t a. -m ato nIY4441 lAgfl..t11IIIA u4I .14A I
the I'*Ufic icrnlpclAIUIC. / i d: I-4 C 1, I44) uu'

(ii4 IN, f,-'

Kb I '-
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- 7 folund to incrcase monotonically trom 651) K for -% -0 to

ahoui 1218 K for x = 1.0. The variation of T with x was
different from that of' the crv'%tallint:E 1%-- ('oi alYos and sonic

4,amorphous Fe -C(o- hasd allory ,"' in %%h ich T, % hI lwd a

Ndgl-cmaximum value. According to the averag: niolecular-fited
NJ~c.(*.. ~model, the ( uric itemperatare ik directly proilortional to the

II) e chtaitge 1nte ract ioits 1et wee ii magnectic at& nt'. and the
I Ž01 .ilt nithr fit ned restI- te ghlthr mtagnet ic at nit'. Ftor

Nd .t Fe1 0), 1,1111. the 1, dle~nd% maiiiiI onl 1c Ic c ex-

1419) chantge anteruwtumns for th1c be-rich regioo or (o ('4 e v

Ch~ange 111tey~action'. 'mr thc (o-richt regnoin 111 heirolg inl
ccrase ilt 1, with ifor Nd.t I e1  ('o,1 '. ,H Compound-,
indicated that the contiribution (of thc i~cwiaitge: illicact iolts

1) 1: - 1hetmecr the (0- O (iitomt on 1. s~~much largerttn thatOw

IV 41.)Krf&0V4 gtr NI fltfwln IaP.J.I MIth UK ACKNOWLEDGMENT
ice-gwildult 1 -' 4 %J4 * 11, o-IU.&MA~.ud A, fumliý-r A ( Ihis s- oil %4.1 as upj)4tcd 11% tite Natstmali Natural S'i-

4ti~k~l~fh~i~cS e te I oundat n n of ('1i 1ia

k' It ) Iiu-Ah,,* 1) It .k %t''g . Anti Ii 54 sýi %4x'fl J k -. ( 4 vi~mmr

Tbe temperiaunet dcpilndcne of the %AIulAllon Itla~gnili 54it 12$. 1i 1 Im

.ra~tin r, of Nd~tle' , Co,,B, 4.mo11vunds% with 4) i2. 1) Yt A an k 54*' JPt  Itu%3 I1%'.sA. PItidi;i' I Me 41. 44m) 1 1)tX,,

41.6. and 1jit, %thmn Ill lag 2 I li 4. thc ('uric wilca 'I . MKf Id I Nt irn.sPg N.it Soi 3. 141i i~

'it (.n SIo N NAOig.. t ( -1. Ht ) Nang4. J ( 1, /Ji1. .Iu I %I 'tMIM.
ture 1, of tht: ;treiastabIc tLttomluid,%4,- ~ higher thin the J S4agn %Stin %tater 14- 107 t SI 'ij Ni

dicmiximaton temnprat~uic `1he I (if the antples %j (As)o- ( .. w. I X bg. 1) 1 ( htn. % Wk N1m. 0) W Ntin. 1' 1 /hangj. 11

t~llied b) IWlna ClillAiI)OAtaon Of the %4uard magnovaltion (, 3I,(. fl I Nt Njngi~ j %tjgsi Map± N1.,1Ii~ 128. 2(Ž14);

(r:%cru crn aui uve o (I. .Fgue4b n It to Sb&n. I ( o ~. and It 0) (ua. J Appt 11h% , 73. 57.114) (t1993 .

14ahic I Shoiw the (urCivi lvem~rAtuic ofI Nd ' il-cl C4Q.,,j 'It 6 Shcn. I Y Yiang. J / I tang and 11 Q. G u.., J I'hys ( trndis

conqxounds- i-. .a funtction of (o coiteeattation. Hih 1 %~a% kiAn~ -A. 7247 1192

J f, 1 Phyt Vo' 76 No 1 ( 1 Nove"-AHw 9%4 Shen e( at. 6765



Magnetic properties of (Nd0 9 40 .1)5 eI17 with R=Sm, Gd, and Y
Cong-Xiao Liu, Yun-Xi Sun, Zun-Xiao Liu, and Chin Lin
I)C/niirttiid of/ P t %if-,. /Yki'S ng I'l 1)0 mt . fIem~ng. I'coihiI % Jepul'/idhIU oj C

Magnaetic prop.rc (i i Nd,_,, JR1 , hax c been im csigited. SaminplL %%crc prL parcd bv :trc
muIti ng and ain nailcdl ai (it w (* tor 4. (fdax% X-tax d ill ae lion and I lc Ii am lagnictic anal kses s howed
t hilt thc sarulplc., ac alm11ot sInglc phaw%%i ithe ilIdt tucuewc Sin (id. and Y.1huta this
%trulcltar caitrot Ix fltormed Mixi hll I Pti effcect,, ot R %ullI iution onl saturationi miigncti/aition.
(uric Icilli~rraturc. .11d salattw par1ianwicers ame repoirtd. Via% diffraction ;lnal\, %,c,, 'f uigned
;it'%hdcrs hmjctstitm thewe sailcslilmc 11asal 111.11nc anstrp hc Inagicti/lation tiocs not fuill%
%.itualeiii.-I fl'r~ile field if) .1 field iip to '0 L( c althaough life iiatglcii/attion cmx es sluim the
4l a.1i.1111 f rl I'titwh fi'o rli of .1 .olft furrornilglitic nrlalctrial

1. INTRODUCTION 'Ac su'stiIitltc Itt, it Nd In Nild c, [. bildier irel cauth dc~
nIlcnIt and Imx e'agl:tc heir structuril arid tuaglictit. proper-

kci~cmttl a rex \,I N I c pha~t' diagiain- includinig thec
0CVA %t1l.11k phItsW Ndd C- \AW I s CII'tid III he -. 1 iis ii kru
ture of ldiI c 1wh ng% 4 lito the IegollaI "pace: gri ml' 1I. EXPERIMENT
P ,11tm 1ticfi. As Ith,1 12 forimi111li.1 nit, Iki TII ' S.gld k a lpc \% c pselle h\trt ki. Mullintg (Nd,,R,, I andl I~c

II~cjuftal;: tation&c dnia~l /:Iimucu I lii teitiu 0 ag- 4% fil In hie p'ifoIXrtiimt (int 1 it1 1 itidmc a purified argoi .I1n *itnaisfcrc.
1. ,0 Kanld -iliill r1,9111lo 10 'A ga itli 'K Ndl, Prt. Sin. ( d. and N I hie sanplcs As crc annealed

XloQlaucr \4 t ets c fittedi xi, fih I\ C I c siics. \ Icdling all lit II %auti at(N (" fo 48 dax s. StruCtural imnialkS %tcs er
.iVerdig I? If 14 7 1 at 11) K. front \xhfuch ;fn aS cragc I-c ctrrcd outi oni luimdremtinpeswt a RitzakkU I) MAX. RI
moment of 2.12, /.1/ i deduced. X-ra\ diffrae!onl anlal'.st- ol f f~iutattuigCL k, aitoi .a iiato n
m agnc ticalII aIi gned powdersco suggfestl has: Iala plie anis) t h tagc iaa s kis dh h ail caIm s
iopy. This coiploutud is not cotasideicd to lie a prontiinig %ingle ;ahilsc with thc Nddc, - struc~ture M.hlcit R Nd. Sm.
pc-mr ne nt maignet ic matc r ia I" ( )n the it hcir hanid, a h igh O d. anrd Y, Small a m nnion ( it metlallic raicr cart h elemencnt,, and

coecivly in- l:c - Ti phasc wlas produiccd byv sputtenta fg.,
eoee aivj l tv l~ n .SmK 11101 sslnn 'T. lsm - e T ,I c r-\cc found fii sonic %aimple,, Tlie Nd~lc . structutc

p eh ase i w as identi tag. i d clsi l havrag the Ndlae, istu ur Sm XK coiuld not foirmed \t hen It o( f t hc Nd a% ,uh--Iit u lcd bi Iij.
phae ws ienifid a hvin th NdIci~ trutue 1 x-ayMagneiactile asucnci wretiet1. A )cc irfhitnad w itha an c st rkc-

indcexin g.' The substitution of' V antd Ti fo r a ppro xi mate ly i aan oai .itatcIlLpu71k co u1 o e s
I(1% oft Fe yields aI systematic e xpansioin of' t li unit -ccl till inti saimples. Pouwde rcd %aminplc, %\crc alignedi in aI lie Id r
volume." Blinary StnaFe 7 was also synthesized.1 Becatise It0 k( c at room teimperature and fixed iii cp~o.\% resin. Thve
the Stevens factor tr. is of 'a different sign for Smi find f~or Ndt. casy vmnagneizactioni di rect ion was de termained li'v x -rayv dif -
Sm5Fe~,7 has uniaxial atnisotroipy. Magnetically hard Sin5( Fe f, cii aalsso
Co, Ti)17 phases have been synthesized by at conventional f'ato nlw faligncd ptiwdcrs. lhcrnionaagoctic

powder metallurgical tiaethod.12 SM~(fe1 .1,4 ri0.1 d,) shonwed at
room-temperature coercivity i,I-. 21.5 kOc In this work, W I

I S1k--

0d

0'

0-i
300 400 500 600 .~

35
T (K)

FIG. 1.Theriioniligilitie curves ofI iNd.,, R ,Ite1  with tR Nd. Smi. (hi. FtG- 2. X-ray ttiitrlition pi tiairts Ai Nd,,Sin,, ,i ide1  (;0 Magnieticailly
and Y. aligned: (hi random powder.
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TAB3LE 1. Lattice par: meters, Curie temnperature and saturation magnetiza- 200 --
tion at 1.5 K.

a~~~~~~m~ (,) CA ,(K YAlu
Nd5Fe17  20.207 12.341 507 48.2 Sm Y--

(Ndo~jSmo 1)5 [,e, 7  20.204 12.354 508 48.9 -

NdGd1 )F 17  20.226 12.348 526 43.7 Gdo
(dY1)F 17  20).2017 12.354 499 47.5 I0

ý.urves at temperatures higher than room temperature wereI
measured by a vibrating sample magnetometer operating at a
low field. The Curie temperature was determnined by plotting 0 -

M2vs T near T,. and extrapolating the linear part to M =0. It 0 20 .10 60 80
may he slightly higher than that determined by the "kink- HI (kOe)
point" method.

Ill. RESULTS AND DISCUSSION FII(, 4. Magnetization curves at 1.5 K for (Nd, 5R(1 lW~e, 7, with R=Sm1, Y,
aiid Gd.

Thermomiagneicti curvyes of (Nd(,.,R,,.l)J'C17 with R =Nd.
Sm, Gd, and Y are shown ill Fig. I. (3d substitution increases 15Kaesoni i.3 artzto uvsa . o
T, slightly and Y substitution decreases T, . A small amount 1Nd,5 R K F 1rc sh wninh Fi=S. 3 Y.Mageiaind urve sh at 1nFi.5 K4.o
of 112FC17 is observed in the Y-substituted sample. X-ray dit- TNde 1samplesd with fully Yaurt alnd Gd ae fhold in afig.d 4.
traction patterns of magnetically aligned and random powder tohe sampes duto nth fulyatrate along the fiagetcyld in a afel -u
(74d0),Sni, I?5F . are shown in Figs. 2(a) arid 2(h). wtspec- istropy) . due strtiontelrei-ln magnettatin cMystdediced an-
tively. The intensity of the (314) reflection, which is thle fliso troyhe datuatio n a antto law was dedce tyy
strongest in random powders. is reduced in aligned powders. ltinthdtaoalw fheyp
The intensities of' (iki) with /1(0 are enhanced. The (X)04) At M A1( I -- ali~i -- 1012.
and ((XkO) reflections are still weak. This suggests that the
sample has basal plane anisotropy. Similar re.s .ults were ob- The results are also listed in Table 1. Y has no magnetic

tuicU or il ndY sbsttutd ampes.Lativ paanitcr -Moment. Thle magnetic moment o)t Gd is 7Mlj. If we take the

and C'urie temperatures of these samples are listed in Table 1. average Fe moment to be 2.1 7A,,, and Nd moment 2 .44 AI,,
The initial composition of' these samples is off the effects offY and Gd substitution are ill agreement with the

stoichiometric. However, considering that there is negligible calculated values ofA4 .
loss in weight in the arc mielting, the materials should have Our results show that although only 100/v of the Nd is
rare eafth metals. as in the starting composition. Nd. Sm, and substituted, the effects are evident. The substitution of Pr
Gd are aritiferromagnetic orderotg at 1.5 K. Their contribu- destroys the NdsFet 7 structure. Y lowers the stability of the

struceture. the RFe17 phase appeatrs. Gd has the largest detions to magnietization are negligible in our experiments. so C atr tehne u erae anti~t~l
that the magnetizations of (Ndn Rj) 1) )Fe 17 are deduced fromt duennt fator. Ittifernhtancesm Toupltg betweaensC tagnd Fe.
the measured va~ues. The magnetization curve and the inag- duhe formeantion rof qasneih opinar bN.m~etween Ci ad pFsei
netic hysteresis loop in the second quadrant for NdýFle at T h otainfqusbar N.n)F7rccl aps-

bility that it uniatxial itnisotropy could lie obta* ted by increas-
ing the substitution of' Sm for Nd. Further investigations are
in progress.
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New permanent magnetic MnBiDy alloy films
Fang Ruiyi, Fang Qingqing, Zhang Sheng, Peng Chubing, and Dai Daosheng
Deparnnieit of Physics~, Peking UniversitY. Beijing 100871, China

We have studied the magnetic properties of MnBiDy films fabricated by the thermal coevaporation
method and annealed subsequently in a vacuum oven at temperatures of 350 'C-425 'C. The
thicknesses of these films are in the range from 60 to 1200 nm. X-ray diffraction analyses have
confirmed that those samples have an hcp structure, Magnetic measurements revealed that the
saturation magnetization cr,= 46-78 cmu/g, remnanence ratio R=0.67-0.98, coercive force
p1c=2.2-7.3 kOe, and magnetic energy product (BH)tn=3.3-tI4.3 MGOe. These values are
sensitive to the film thicknesses. It was found that uilc reaches at maximum at d-400) nn.

1. INTRODUCTION oxidation. The as-deposited samples were annealed in a

Recently, studies on the permanent magnet films are con- vacuu 375n (2 0"T tdfern ftmeaue

centrated on rare earth-transition metal compounds and il- 35 OC, 375 ..C 400 'C' and 425 *C for 4 It. The composi-
loys. The films of SmC'o5 and SmiCo-based systems exhibit tion of all samples were anialyzed by electron probe and an

very high in-plane anisotropy, and high magnetic energy Auger profile. These results show that the samples exhib~t

products about 21 MG~c.'' Ini Sm--Co 2:17-type films, the the component ratio of NMn:[3i :Dy oif about 1:1:0.10.)5 So ' i

energy product can reach 210 MGioe.2 NdFeB films have it rfrtahs ape sM~iy h rsa tutm )

high intrinsic coercive force with anl energy product about 121 the prepared filmsi was analyzed bly x-ray diffractit'n. It

MGOe. but With a relatively low (Curic temperature, iThe shows that thle films have the NiAs Structure with their c axes

Sm Fe 2-type allow films exhibit at perpendicular anisotropy perpendicular to thle film plante. The magnetic hIt steresis

wih negyprdut 117M(,e 4 (eeal, hs im r loops at room tenmperature were measured with at VSM (LDI
deposited at very high substrate tcrmperatures of 51)0 'C
7(M O(C and are necessary to apply an externial magnetic field
1 2 kOc) during the process of depoisition for controlling thle Ill. RESULTS AND DISCUSSIONS

growth of out-plane texture. F~igure I shows the hysteresis loops of MalliDy films for
We have prepared new p)I-rmnanen. magnet films Of NinIli several film thickness, (d1 -00, 257, 377, 022, 9)13, and 12WX

doped with rare earth elements Dy and Sin by usingli the nmi) at tile external magnetic field lie 0--2.t) T. The sat ura-
vacuum deposition method. Ini this paper the magnetic prop- tion magnetizations of the Mnlli Iv filas, for all annealing
erties are reported. temp~eratures decreases its d1 increa'ses for d<3WM nmn. This

can be explained by the increase in tli. amnount of free 13i and
11. SAMPLE PREPARATION AND MEASUREMENT Bii Mn ' phases as *thle film thickness increases. This is conl-

MnIii films doped with lDy or Smn were fabricated by firmed by the x-ray diffraction an~alysis. The intrinsic coer-
using thermal evaporation at at vacuum of I x 10 "' 'rr. First cive force MI/c ats at function of d1 is shown in Fig. 3. jsl-lc

at li buffer layer of' suitable thickness was deposited onto at increases with d for d, 4W M n't. 'Ibis may be caused by thle
glass substrate co oled by liquid niitrogen: then Mn. Bii. and~ nucleation. Tlhe n pJ.Ii deerev~ses as 1 increases for d1>4(M
IDy (or Sin), with anl atomlic ratio oft 2: 1:10.1(0 were %imiulta- unw. this is dite to the donu'tn rotation during the demlagne-
neously dept rited onto thie buffer layer with at different thick- lizn p l'c',*I'hc reason', are given as follows.
ness, ranging from 61) to I121H) imui. Fnally, at SiO.ý ovcrl,,vcr
of about 3WM tmn was deposited toi prev'ent saimples from

604

4 40

1.01 -0.5 0 11.5 1.0 1.5 2.04 :M0 6:4449004 ; 1

d-257 tint (111. dl 377 lint4 (ci, d1 622 1111 (d),. d 91 1 u 111 CI. Mid) jIm'n a~nnealeud at ASO 4 C 1- 5 1, - '( 0). 4004'C (T), and 42S'( V 4IV

d- 12004 lint M1 Itir 54ifflit)y films. lilt 4 It.
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FIG. 3. TIhickness dependence of the intrinsic coercive force of MolliDyI
films annealed at 350 'C (0), 375 *C (0), 4M8 TC MY, and 425 TC (V)

for 4 h. FIG. 5. The 47rMl-fli and B-Hi hysteresis loops of the MnBiDy film an-

nealed at 375 'C' for 4 h. dz-23tl nin, plk=5 k~c, 1311c437 k~c, and
(BhI)rn 8.3 M00c.

Thc intrinsic coercive force may result front three irre-
versible magnetization processes: (a) nucleation and growth
of the reverse domain, (b) domain wall pinning; and (c) ir-
reversible domain rotation. In order to identity which process rotation. According to the domain rotation model for films
the Hc comes from for NMn~iDy films, we also measured the with uniaxial anisotropy, the value of He is estimated to be
magnetic hysteresis loopF for thosc films under various mag- about 3.7 kOe for the d=913 unm sample, which is nearly
netic fields, as shown in Fig. 4. Evidently, as d = 60 and 143 equal to the experimental data (about 4.0 kOe at the mag-
nm, the Hc value increases with the applied field, but the netic field of 2 T).
magnetization does nvi vary with the field when the field is According to the measured data of the hysteresis loops,
high. This feature reveals that He results from the nucleation we can obtain the magnetization 4 irM arid magnetic induc-
and growth. This is also confirmed by the observation of lion 1B as a function of the intrinsic magnetic field IlIi (see
nucleation processes using polarized light microscopy par- Fig. 5) hy using the relations lui~-I-f-NM and B=lli+47rM,
terns. As d = 622 and 913 nni, the shape of hysteresis loops is when N .is the demagnetizing factor (Ný4ir for films when

completely different front those for d=601 nin. indicating II spredclrt h ln.adteefcieaio~p
that the coercivity does riot result from the nucleation antd field is nteglected), Then, the maximum magnetic energy
growth. H-ence, we ;ijggcst that it results fromt tlte domainlr product (lIIi)m as a ftwctiort of filmt thickness d. which is

shown itt Fig. 6. cart be obtained. It decr'~ascs quickly as d
increases for d --350 nnm. arid then remairts as af constant for

(10 1 f f--I I d -350) nm. This cart he understood due to the behaviors

40related to thtickniess dependence of' tlte plic and mnagrieliza-
tim of, these films.

-0 - (6In conclusion, we have prepared Mrulil~v permanent
1)1magnet filIms with it la arge magneteic enre rgy product and alIso

fitn*- - studied thle saturation magrnetizationt, coercive force and

80* (111)mn ats at function oif film thicknesses for these filrins.

- (f
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Symposium on Neutron Scattering Studies
of Vortex Structures in Superconductors J. Lynn, Chairman

Neutron scattering studies of the vortex lattice in niobium and N123
superconductors (invited)

N. Rosov, J. W. Lynn,') and T. E. Grigereita)
Reactor Radiation Division, National Institute of Standards and kchnology; Gaithelrsburg, Maryland 20899

The magnetic flux lattice undergoes a melting transition not only in high-T,. oxide superconductors,
but also in conventional superconductors, as recently observed in superconducting niobium films.
Small-angle neutron scattering was used to investigate the properties of the magnetic flux lattice in
a large, high-quai'ity single crystal of niobium. The small London penetration depth of niobium
gives a large magnetic scattering signal, and the use of a high-quality single crystal eliminates other
unwanted scattering (from twin boundaries, voids, etc.). The signal-to-noise ratio is therefore
improved by several orders of riagnitude over the best available measurements of high..T, oxide
superconductors. A sixfold hexagonal pattern of peaks is observed in the rnixd state
(HI<H<H,.2 ) at all temperatures. These peaks are resolution limited below the irreversibility
line; above it, the width in the transverse direction increases with temperature due to the vortex
dynamics. Close to H,2, the radial widths of the peaks also broaden. The increase in broadening is
a direct observation of a transition to a disordered phase. Nevertheless, the basic hexagonal pattern
of peaks is maintained throughout the mixed state, indicating that a correlated flux fluid exists in the
reversible regime. Some results on the vortex lattice in superconducting DyBa2Cu30 7 are presented
and some of the possible exotic states ,'esulting from the coexistence of antiferromagnetic order and
superconductivity arc described,

I. INTRODUCTION Irreversibility lines have also been recently observed in
niobium, which is an ideal candidate for neutron studies of

The melting of the flux lattice in high-temperature oxide noim hc satielcniaefrnurnsuiso
Theromelttorsin ofrrthlux lattice in high-tematfurdamoxide the vortex lattice, with the combined benefits of large signal

superconductors is currently a subject of great fundamental

and practical interest. The early discovery of an irreversibil- and low background due to the availability of large, high-

ity line' in the cuprate superconductors suggested that the quality single crystals. Pure, defect-free niobium has a

basic vortex behavior was quite different from previously Ginzburg-Landau parameter K of 0.77, just slightly greater
known superconductors, perhaps due to the much higher than the minimum value (l/V2) for type 11 behavior. In addi-
critical temperature T, . Neutron scattering studies of the tion, niobium is a material for which K can be dramatically
melting process te probe the exact nature of the melting tran- increased by the influence of defects such as grain bound-
sition would be most interesting, especially since techniques aries or by the introduction of impurities. Neutron diffraction
such as Bitter decoration are restricted to low fields. Unfor- experiments on the flux line lattice in niobium have been
tunately, the very nature of the high-T,, superconductors performed over the last thirty years, beginning with a study
makes observing such a melting transition via neutrons ex- by Cribier et aL2 that explicitly demonstrated the existence
tremely difficult. The London penetration depth X1, in the of a triangular vortex lattice, and continuing with much more
oxide superconductors is a factor of 4 or 5 larger than for detailed work by groups at Jiilich 3 and Oak Ridge. 4 The sub-
niobium (for which X1,-350 A). As a result, the neutron dealdwrbygopatJihndOkRg.Tesu

-s4 sequent work focused on the interaction of the flux lattice
scattering intensity from the flux lattice, which goes as t, with the crystalline lattice, concentrated mainly on the region
is much smaller for the high-T, materials. An additional
technical difficulty is that presently available large single of the phase diagram w.11 below the upper critical field

crystals of 123 superconductors have grain boundaries, twin /-,2(T). The work5 that we review here extends the measure-
boundaries, and various other defects that give rise to scat- ments to the H,.,(T) line.
tering in the same small-angle region as the vortex scatter- In the first part of this article we describe the basics of
ing. This dramatically reduces the signal-to-noise ratio for the neutron scattering experiments and the features of the
the vortex scattering, and makes the vortex scattering pattern vortex lattice over the (1, T) plane in niobium. We continue
much more difficult to study. with a description of our detailed measurements of the melt-

ing of the vortex lattice in niobium and conclude with a

')Also at the Center for Superconductivity Research, Department f'n Physics, description of some recent work on rare-earth 123 supercon-
University of Maryland, College Park, MD. clutors.
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Ii. EXPERIMENT .... . N1 Vo,ei a ttice 1W

A. Neutron scattering--

The bulk of the experimental results described here were 171
obtained on the 30 m small-angle neutron scattering (SANS) L

spectrometers of the Cold Neutron Research Facility at the
National Institute of Standards and Technology. Both spec-
trometers operate in the same way: A beam ot' neutrons mod- a
crated by a cold source is incident on a neutron velocity
selector, which produces a triangular wavelength distribution
of neutrons with AX/X- 15%. The neutrons pass down a long
(t I5 m) variable-length flight path with a pinhole collimator
at each end, which fixes the incident neutron momentum ki.
After the sample there is another variable-length flight path r L_
to a multidetector, which allows the simultaneous collection A

of data over some range of momentum transfer Q=ki-k-.
Our sample is a 95 g single crystal of niobium, 9 cm in

length, with a diameter of 1.25 cm. The cylinder axis is the (a)

[110] crystallographic axis, which was oriented perpendicu-
lar to the applied field. The neutron beam illuminated a sec-
tion of approximately 1 cm diameter near the midpoint of the
cylinder. Initial measurements were performed in a flow cry-
ostat with an Al vacuum shroud and 77 K heat shield that
was mounted in an electromagnet with holes for the neutron
beam drilled through the pole pieces. Later measurements AW
were performed in a horizontal superconducting magnet cry-
ostat specially designed for SANS measurements, with
single-crystal sapphire windows along the beam path to re-
duce unwanted cryostat scattering.

At low temperatures a crystalline vortex lattice is
formed, and the scattering pattern of neutrons from the flux
lattice directly reveals the reciprocal lattice. Our experimen-
tal configuration involved applying the magnetic field nearly
along the incoming neutron direction ki. In this case, the
possible momentum transfers for all six 10 reflections are
approximately parallel to the plane of the detector, so a pat- (b)
tern such as Fig. 1 will appear on the detector. The simulta- FIG, 1. (Top) Sixfold scattering pattern as observed on the two-dimensional
neous appearance of all six spots in this case results from multidetector from single crystal niobium it a"T-4.5 K and At= (0),12 T. The

gray-scale image is logarithmically sealed. (Bottoln) Pattern ot a single dif-
some domain structure in the formation of the lattice. If the fraction spot obtained at 0.85 K mnd /,4,1 0,(12 T1 Here the gray scale is

lattice is formed carefully, it is possible to observe a single linear.
diffraction spot as in Fig. l(bottom).

This pattern [Fig. l(top)] was collected in two minutes.
In comparison, a similarly sized single crystal of YBaCu30 7  space of the 1() reflection, which occurs at a momentum
(Ref. 6) requires the subtraction of a zero-field cooled back- transfer Q a *, is
ground scan from the applied field scan, each of which takes
several hours counting time. The excellent quality of the NI) Q 2IZ
single crystal-with an almost complete lack of sample-
dependent small-angle scattering, incohe 2nt scattering, ana In the Hjlkj configuration, there are a number of ways to
absorption-not only allowed the rapid collection of data in view the data. One way is a "radial scan," which is per-
the low-temperature regime, but in fact permitted the analy- formed by summing the scattering at a particular Q around a
sis of the behavior near the H,2 phase boundary, where the portion, or all, of the detector [see Fig. 2(a)]. These scans (or
signal is drastically reduced. sums, in this case) determine the translational correlations

The reciprocal lattice of a triangular lattice with lattice between the flux lines in the lattice. Another possibility is a
constant a is a self-similar triangular lattice with lattice c.,,i- "transverse scan," a sum of the scattering over a small range
stant a*= 4rr/V"a. Since the flux quantum of Q as a function of angle r/) around the detector [see Fig.

•)=2.068X 10 iS T m2 and the area per flux quantum is 2(b)], which gives the angular correlations between the flux
v3a 2/2, we can relate the interiial magnetic field B to the lines. Finally, we can perform rocking scans [see Fig. 2(c)],
lattice parameter by )=tV3Ba2/2. The position in reciprocal where the intensity in it particulor region of the detector is
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10'1-. a .. . . --..... .. produce the required cancellation. The boundary conditions
(a) radial scan on the field imply a demagnetizing field, due to the sample

Kc5 T=2.5K

',1 / • , = 0.15 T magnetization, that opposes the applied field, and so

EH Hope - 17M, (2)
•0 where r7 is the demagnetization factor. In the case of an

.•io infinite right cylinder with a field applied perpendicularly to
I thf. cylinder axis 77 1/2, the H inside the sample is actually

2t1,p1, in the Meissner state. For the internal field to reach the
S . . ... 0... low er critical field H ,.,, a field H ,,pp =H ~ needs to be ap-

0.005 0.01 0.015 0.02 0.025 0.03IT H ne st bea

0 (V1) plied.
1,J r For HPp 4 ,.l, flux will penetrate the sample. The
140 (b) + transverse scan competition between the short-range repulsion and long-

T a 2.5 K
H =0.5T range attraction of the fluxoids initially causes the formation

. IN of domains of flux lines with a density B, determined by the

so strength of the long-range attraction. In this intermediate
mixed state (IMS), the sample magnetization is

60 •,M=fB(VA,-H, where f is the fraction of the sample in the
S40 vortex state. As the applied field is Itapp=H+7M, in the

20 IMS the relation between the applied field and the intcrnal
o I fields is

0 50 I00 150 200 250 300 350

6 (d0g HapJp= (Il - r?) H+ f /(B Be//o). (3)

(c) rocking scan In our experimental configuration, f increases linearly from

" So=O,1T 0at Happ= /l1* to I at Happ-= c H + 2Bo1l 0 =H 2 . With fur-
410' ther increase of Happ above H2 , the flux lattice density in-

SIo*0- 0.29* creases throughout the sample. Just below H,., the flux lat-
F tice achieves its highest density, and ultimately, at

2•10' Happ =Hc2, the sample magnetization goes to zero and the
110'L sample is no longer superconducting.

_ _.. We thus expect to observe the following behavior as a

0 0.5 -1 . function of field in a SANS measurement: For H,pp<.iH,.
w (deg) the sample is in the Meissner state and there is no scattering.

(d) man X .2.35 A 00- Just above 1H,.1 flux penetrates the sample and is confined to
beam To2.2K regions with constant flux density B0; elsewhere in the

*oo PoH=0.15T A sample, the flux density is zero. At this point, a scattering

0.0t ,' . 200 pattern can be observed, with a lattice spacing corresponding::200 FWHM/k 6 to the flux density B0i,

1oooto 2t q) 0, 4
1000 3 B(4

0 0 0.... . 1 0.15 This lattice spacing remains constant while the scattering
-0,05 0 0.05 0.1 0.15

20 (deg) intensity increases linearly with field, until t 1tPP=H 2 , where
the flux lattice fills the entire sample. Above H2, the flux

FIG. 2. Various summations of tI.: Fig. (to1ij pattern: (a) Radial and (b) density increases, but the scattering intensity decreases as the
transverse scans at T'--2.5 K aid 14H=(0.15 T. (c) Rocking curve of Nb as fluxoids overlap each other and the contrast is consequently
collected on the SANS spectrometer: total intensity in the peak as a function reduced. The sample magsnetization is M = B//- H, so the
of magnet angle. (d) Radial scan of 10 peak with improved resolution per- flux density is then B =.)[Happ-(! - y)1]/ri. Exactly this
formed on the BT-7 reflectometer. behavior has been observed for niobium by Christen et a. 4

We can also make the SANS measurements as a function

recorded as a function of magnet rotation angle co. In this of temperature in a constant app!ied field. Since
configuration, the rocking scans primarily determine the H - M +B/I), then
straightnes., of the flux lines. B = Ito(Ha~pp4- iM) (5)

B. The flux line lattice In Nb for our experimental configuration. As the magnetization is
negative and approaches zero near the superconducting

In the Meissner state, the magnetic 'ield in the sample phase boundary, the flux density increases a's the phase
must vanish, i.e., B=0. The magnetization fI of the sample boundary is approached, and so the diffraction peaks move
then depends directly on the applied magnetic field H.p, to out from their low-temperature position. Since the magneti-
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FIG. 3. (a) Intensity of the 10 peak as a function of temperaturt and (b) intensity, and so allow the extrapolation of the intensity to
imearized plot of f(l) vs T4, showing the extrapolation to obtain T,.(H). zero and the determination of T.(H) [Fig. i(b)]. From our

temperature scans we were able to determine the H, 2 phase
zation goes to zero at H,, the demagnetization factor does boundary. In addition, we immediately noticed that (i) the

not affect the determination of the upper critical field, and temperature dependence of the scattering was smooth, with

the magnetic scattering will disappear at Hno discontinuities; (ii) the scattering intensity was not lost
t ga Happ=Hc. until just below the extrapolated H,2 line; and (iii) we al-

Ill. MELTING OF THE FLUX LATTrICE IN NIOBIUM ways had a sixfold pattern-no ring of scattering ever ap-
peared. Not only did the scattering from the vortices main-

The observation of irreversibility lines and the implica- tain its hexagonal symmetry at all fields and temperatures in
tioit of melting phenomena occurring in the flux lattice of the the mixed state, but it was locked by the crystalline anisot-
high-T, superconductors prompted a reexamination of "con- ropy, since we consistently observed the same orientation for
ventional" superconductors to see if similar phenomena were the sixfold diffraction pattern over many different experi-
possible in these systems. Drulis et al.7 observed irreversibil- mental configurations.
ity effects from flux depinning in vibrating reed measure- If, however, we examined the widths of the peaks in the
ments on cold-rolled ntkbium foils. Later work by Schmidt radial and transverse directions as a function of temperature,
et al.8 demonstrated the existence of a magnetic irreversibil- we found (see Fig. 4) that at some temperature Tf(F) well
ity line in sputtered Nb films that followed the expectations below T,(H), an intrinsic width developed in iinu transverse
for a melting line. direction. This width determines the degree of orientational

One would naively expect that the melting of the flLx correlations. The radial width remained resolution limited
line lattice might be manifested by a sudden transition from until some higher temperature T,(H), whereupon it also de-
the low-temperature hexagonal pattern of Fig. 1 to an isotro- veloped an intripsic width. We also measured the scattering
pic ring of scattering on the detector, indicative of an isotro- pattern from the vortex lattice on the NIST BT-7 reflectome-
pie liquid state. We therefore performed field cooling mea- ter. The spectrometer resolution here is a factor of 3 better
surements, starting well above the superconducting transition for radial scans tha the corresponding SANS resolution [see
at constant Happ, and then slowly (<0.1 K/5 min and even Fig. 2(d)]. We otserved the radial width increase above the
slower near the H, 2 line) lowered the temperature, collecting resolution limit with the reflectometer at the same tempera-
scattering patterns at various tei,:peratures. Care was taken to ture as we had observed on the SANS, and this therefore
avoia overshooting the new temperature set point on chang- lends confidence the intrinsic radial widths develop at higher
ing the temperature. From our discussion above, we expect temperatures than the intrinsic transverse widths.
the intensity to appear just below T7,(H), as the magnetic To further clarify the nature of these two transitions, we
contrast appears, and this is in fact what happens [see Fig. performed isiithermal field sweeps and found that the peak
3(a)]. We note that since K is small for our niobium sample, intensities and widths were reversible above the T, line and
wme two-fluid model does not exactly tpply; however, we hysteretic below. The restoration of thi; reversible behavior
have used the T4 behavior of the London model to guide us above T, leads us to believe that we have observed the onset
in linearizing the temperature dependence of the scattering of a correlated flux fluid state above T,. This state may not
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FIG. 5. Phase diagram H vs T for Nb as determined by neutron scattering. FIG. 6. Radial sumt of the difference pattern between field-cooled and zero-
The Hr' and H•: boundaries are indicated, as arc thc points where the radial field cooled Dyl123 at T =10 K and poH =0.5 T. The peak position indicates
and transverse widths broaden. that the lattice is close to triangular.

be a hexatic phase, since in hexatic systems both the trans- on the linewidth at T1 , and the lattice would not melt until
verse and radial widths appear to be coupled and therefore the intrinsic radial width begins to develop.
the intrinsic widths would be expected to develop together.9  Given the correlation between the onset of irreversibility

Figure 5 displays the experimentally determined phase in the isothermal scans and the abrupt onset of an intrinsic
diagram for our niobium crystal. The lower and upper critical transverse width in the constant field scans, we believe that
fields have been determined via neutrons by the respective the first explanation is the correct one. We cannot entirely
onset and loss of scattering from the flux lattice. We can rule out the second; however, in either case we observe a
estimate from the two-fluid model that K H• •c/Hot correlated flux fluid, due to the non-negligible interactions of
S 2. This is larger than the value of K•0.8 obtained ,"or high the crystal with the vortices. It is interesting to note that

purity and defect-free niobium. 4'11 Our sample and those of broadening in the radial and transverse widths, similar to
Drulis et al.7 and Schmidt et al.8 are high purity niobium; what we have observed for this two-dimensional system, has
however, the various preparation methods created samples also been observed in melting transitions in two-dimensional
with varying defect and grain boundary concentrations, as colloidal suspensions~t'

reflected by the value of K. Those samples with larger K have
a larger Hc2(T): the K•,7 cold-rolled foil7 higher than our IV. THE FLUX LINE LATTICE IN MgAGNETIC 91123
sample and the K•,10 sputtered film 8 still larger. The phase SUPERCONDUCTORS
diagram also shows Tr(H), T,(H), and the irreversibility line The coexistence of antiferromagnetism and supercon-
Tirr(H). The irreversibility line and Tt(H), which we identify ductivity poses the question: What is the effect of ar. under-
with a melting curve, are well below that reported for the lying magnetic order on the vortex lattice? The high-Ta com-
cold-rolled foils,7 which is lower again than the melting pounds DyBa2Cu307 and ErBa2Cu3 07 are already known to
curve for the sputtered niobium films.8 This supports the rea- have ai very well-defined zero-field ordering of the rare-earth
sonable expectation that Tirr depends on the pinning strength moments at low temperatures (TN•I K) (Ref. 12) without
and defect density. significant detriment to the superconductivity. We have ob-

The broadening is definitely dynamic in origin, and there sre h lxln atc na20m igecytlo
S are two possibilities for the behavior which we observe. The DyaCOat1Kina5Tpledfld(eFg.6,wl

first possibility is that the onset 9f broadening in the trans- aoeaytmeaueweeoewudepc n fet
verse width indicates a transition to an orientationally disor- frmteodinofheae-rhsuatceTe10pk
dered phase and that the broadening of the radial width at a appears at Qto=0.0105/A- 1, which is expected for a vortex
higher temperature is associated with the loss of translational lattice that is close to triangular, as has been observed by
order. In this case, the low-temperature phase is crystalline, Keimer et al.t3 in YBa2Cu3 07 .
the transition to an orientationally disordered phase occurs at A oe eprtrsteeaesvrlpsil neet
Tt(H), and a correlated flux fluid exists above Tr(H). ing behaviors. Above the onset of long-range order, the en-

The second possibility is that the transverse broadening hanced susceptibility of the rare-earth moments would allow
is "lattice dynamical" in origin, associated with the same

involved a variation of the rare-earth moment alignment that would
softsher mde o th votex attce hat oul bedecorate the vortices. Since the total magnetic flux must be

in melting. This would imply that if much higher instrumen- quantized, the addition of the Dy magnetization MD,, will
tal resolution were available, we would see wings of inelastic then give a new momentum transfer for scattering from the
scattering on the sides of an elastic Bragg peak. The present vortex lattice
(best available) resolution would convolve the elastic and
inelastic scattering into t single broadened peak. In this case,
we would be observing the effect of the inelastic scattering Q Mto =1 27r•21o(H+Moy)/V'Jqbt. (6)
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Extensive smalli ang~c neutron scaittering cxlpelinient. have bencisi oduclCed oni thle sirtes .S\%Icit in
Yl~a,('u107 in at magnetic field range of 0.5"1'- li 5 1. and %%l %ith iouii iiricntiatissn' iii the
magnetic field with respect to the Qrvstallogia~phic axcs. 1-m IH parallel it) thle ( axis,. tile \(orte\
lattice is oblique withI two nea rly equail Ilattice c ististaits and ;in anogle sit 7Y betW1 wee 611 pi 1n i\ v
vectors. One principal axis of' thle vortex lattice coincides, with the (l10) direction of the crys-tal
lattice. It is shown t hat this structu~re canlnot be exsplianed in thle lraine wo rk (it a pure ly
electrodynam ic ( London)I model. and that it is intimate ly relIated to the in -planec aniiisot rs p of thle
superconducting coherence length. When the field i, jinclined with respect to thle c axis, thle uniaxial
anisotropy due to the layered crystal structure of YKI.4aUJ u 17 bcomecs relevant, The initerplay
between the square in-plane anisotropy and the uniaxial anisotropy leads to both a continlous
structural transition and a reorientation of' the vortex lattice ats a function of' inclination angle, For
the largest inclination angles, the vortex lattice (leeonpo~ses into independent chains.

1. INTRODUCTION superconducting transiliotis at 143 K. The microstructure of

The v-)rtex system in the cuprate superconductors has these samples lias been extensively characterized by trans-
received a high level of attention mostly because of its novel mission elect ron mnicroscopy. P~rominetst microstruetural fea-
phase behavior inferred from transport experiments at high tures are dinm sized Y,Ha('"O' inclusions with at total volume
temperatures and high magnetic fields. Small angle neutron fraction 101'/., twin boun- ries- of average separation -- 90(0
scattering (SANS) is applicable in high magnetic fields anld A extending iii the ( 110) or ( I11f)) crystallographic directions.
capable of measuring the relevant correlation lenghts of' the and stacking f'aults perpendicular to the (Ot) I direction. The
vortex lattice. SANS is therefore very promising its at tool to latter two features occur onl length scales comparable to inf-
further elucidate this behavior. However, since the signal in- ervortex distances and therefore give rise to background
tensity at high temperatures is very small, these expe.rimenits small angle scattering in the experismentally relevant range of
are difficult. Our approach has therefore been to first avelop scattering angles. This (temperature independent) back-
a thorough experimental description of the vortex system at ground is comparable to or larger than thle magnetic scatter-
low temperatures as a function of field strength and field ing from the vortex lattice arid must be subtracted from the
orientation with respect to the crystallographic axes, before raw data.
studying thermal effects in detail. We have found that the All experiments were performed oin thle NG-3 and NG-7
behavior of the vortex lattice is very rich even at low tem- SANS spectrometers at the Cold Neutron Research Facility
peratures. In particular, our experiments indicate a close re- of the National Institute of' Standards and Technology. We
lation between the structure of the vortex lattice and the mi- mostly used the standard horizontal-field scattering
croscopic electronic structure of YBa'CU30 7. The following geonletry' with the neutron beam almost parallel to thle mag-
is a preliminary summary of these studies. netic field. Horizontal magnetic fields of 0.5 T or less were

generated by an electromagnet, larger fields were achieved in

11. XPERMENTL DEAILSa horizontal -fie ld superconducting magnet. For some experi-
II. EXERIMETAL DEAILSriets we also used a vertical-field electromagnet.

Our- sample is a disk-shaped single crystal Of Yba2ICU30 7  The experimnental geometry is illustrated in Fig. 1. The x
of volume -2.5 c-n3 and mosaicity -15'. The sample is too (horizontal) axis in this figure is thle magnetic field direction.
large to fit into a superconducting quantumi itnterference de- The scattered neutrons are collected as at function of thle co-
vice (SQUID) magnetometer, but small pieces cut off fromn ordinates y and z perpendicular to the field by an area detec-
samples prepared under identical conditions showed sharp tor behind the sample. D~uring the experiment the angle be-
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FIG. I, ('•rdinate system illustrating the experimenta! geometry ot our
experiments. The x axis is the magnetic field direction:. The neutron beam is
almost parallel to the magnetic field (i.e., the scattering angle is small), The
angle 0 (rotation angle around i relative to the x axis) can le changed
during the experiment. The orientation of the crystalline axes with respect to
x,y,z is chosen by orienting the crystal outside the cryostut. TWo different
crystal orientations are shown: (top) (I(X)) parallel to , and (bottom) (I 10)
parallel to 1. The axes ý and i perpendicular to the magnetic field are the
horizontal and vertical axes in the diffraction patterns below.

tween the neutron beam and the magnetic field (i.e., the
scattering angle .) can be varied, and the sample can be
turned around the vertical 2 axis without rcmounting the
sample. We denote the angle between the crystalline (001)
direction and the magnetic field by 6. The crystallographic
direction coinciding with the 2 axis is selected hy orienting
the sample by x-ray and thermal neutron scattering outside
the cryostat. We chose three different sample orientations: (i)
(100) parallel to 2 (Fig. 1, top); (ii) (110) parallel to ! (Fig. 1, FIG. 2. Grey scale images of SANS diffraction patterns taken for (top)
bottom); and (iii) a low-symmetry crystallographic direction 11=0.5 T 0-10*10. obtained by rotating around a low-symmetry crystallo-

parallel to 2 (not shown). A uniform flux profile within the graphic direction and (bottom) If-2 T, O)0.

sample is achieved by field cooling the crystal for each crys-
tal orientation. Typical counting times for high quality dif-
fraction patterns are several hours, the magnetic field is aligned with the (001) crystalline

In order to optimize both resolution and signal intensity, direction.3 This pattert was subsequently shown to consist of
different spectrometer settings were chosen at each magnetic two sixfold symmetric patterns with 9(10 relative orientation.4

field. We mostly used neutrons of wavelengths 5 or 6 A and However, the angular resolution of these patterns was not
wavelength spread AX/X=0.31, source and sample apertures sufficient to determine the structure of the vortex lattice for
of 5 and 1.27 cm diameter, respectively, and source-to- this field orientation in detail. We have now used the im-
sample distances between 11 and 13 m. A parameter of par- proved angular resolution achievable in higher magnetic
ticular importance is the angular resolution in the plane of fields to resolve this issue definitively. The bottom panel of
the area detector (yz plane in Fig. 1). At a given wavelength Fig. 2 shows that a total of 16 weak and 4 strong Bragg
and source aperture (chosen to optimize the neutron flux on reflections can be resolved for fields of 2 T and above. (Note
the sample), this quantity is primarily controlled by the dis- that all patterns shown here are for iý fixed. Since by Bragg's
tance between the sample and the detector.2 For larger mag- law each reflection corresponds to a different 49, not all of the
netic fields (corresponding to larger scattering angles), 20 spots appear ill a single pattern. The remaining spots can
smaller sample-to-detector distances can be chosen., and the be moved into the resolution volume by adjusting 10 appro-
angular resolution is improved. On the other hand, because priately.)
of the decreasing form factor the signal-to-background ratio The real-space lattice corresponding to this diffraction
becomes worse for larger fields. We found that data of opti- pattern, shown in Fig. 3, can be regarded as intermediate
mal overall quality could be taken for H =2 T. between triangular (with an angle of 0-60) between primi-

tive vectors) and square (corresponding to 8=900). In a high
III. VORTEX LATTICE SYMMETRY AND ELECTRONIC resolution measurement at H = 2 T we obtained 8=-(73.t 1)0.
STRUCTURE We also found that the lattice constants differ by (5t5)%;

Early SANS experiments on YBa2 Cu3 0 7 for 11=0.8 T the unit cell arca satisfies the flux quantization rule within
revealed a diffraction pattern with fourfold symmetry when the experimental accuracy. We can therefore not distinguish
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Domain I Domain 2 tion patterns of these four domains results in the experimen-
* * • * 0 0 tally observed pattern of Fig. 2: the four strong reflections

* * • * . * . originate from two domains, the l weak reflections from
one domain. ,N deconvolution of the patterns for 11=0.5 T
and H=5 T which takes the appropriate spectrometer reso-
lution into account yields the same value for [3. Note that

S(110) with the spectrometer settings that had to be chosen for
H =0.5 T two of the weak spots could not be resolved com-

Domain 3 L (110) Domain4 pletely (Fig. 2, top).
* When i1 is precisely aligned with the c axis, these four

domains are degenerate and occupy equal fractions of the
* •sample volume. However, the degeneracy between the do-

_ •mains is lifted even by a subtle inclination of the field with
L4 * •respect to the c axis. Tilting often favors two of the domains

over the remaining two, as shown in Fig. 2. The mechanism
for creation of this domain imbalance will be discussed in

FIG. 3. Real-space structures corresponding to the diffraction patterns o' the next section.
Fig. 2. The top pattern of that figure is taken under conditions in which only The oblique structure we observe is manifestly different
two of the domains are populated (t and 2, or 3 and 4). In the bottom pattern
all four domains are populated. from the triangular lattice expected when the vortices interact

purely electrodynamically. We have therefore evaluated the
Gibbs free energies of vortex lattices with different fl, taking

experimentally between oblique (unequal lattice constants, the nonzero extent of the vortex core into account. In the
space group p2) or rectangular (equal lattice constants, space Loxndon approximation, the Gibbs free energy density can be
group c2mm) vortex lattice symmetry. As the figure indi- written as5

cates, four domains with different orientations of the unit cell
are observed. One of the nearest-neighbor directions of the ( =) __l)

vortex lattice coincides with either the (110) or the (I 10) 8 7T I +rrT
direction of the crystal lattice. Superposition of the diffrac- where Xh- 150(1 A is the penetration depth, II is the magnetic

induction, and the sum runs iver all reciprocal lattice vectors

1200 Q. The finite extent of the vortex core is approximated by a

H.O.ST circular "hard core" cutoff Q1;% = 27 / where f-I15 A is the

600 in-plane coherence length. At each applied field 11 and for
each [3 the magnetic induction, BI. is computed by numeri-
cally evaluating ,G/iB =(0. While at low magnetic fields our
calculation is insensitive to the size of the vortex core and

2000 G• - reproduces the well-known free energy minimum at [3f=60'
(i([3) becomes extremely sensitive to the core cutoff in fields

1000 Iof several tesla. Typical numerical data are shown in Fig. 4.

0 This means that the structure of the vortex core begins to

H-?T have a signtificant influence on the structure of the vortex
bo4000 lattice in the field regime investigated in our experiments.

- <"The shape of the vortex core and the behavior of the super-
21 200 conducting order parameter near the core reflect the underly-

0

WH-ST

5000 -- 1--
H-TT

2500

0 11- -.

-2500

-5000 .
900 800 700 600 50° 400

FIG. 4. Numerically computed Gibbs free energy density of , 'ortex lattice
with space group c2min and angle P between primitive %-.,tors (Fig. 3),
relative to the triangular lAttice (P=60'), The calculations are based on
Eq. (1) with X= 1500 A and 6= 16 A. The numerical errors are much smaller FIG. 5. Contour plot of SANS pattern for r1 2 T, 0- 21', obtained by
than the symbol size. rotating around (111).
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ing microscopic electronic structure of the sunerconductor, in YBau.307 -. In particular, the energy gap in the (110) direc-

particular the spatial variation of the energy gap. tion is extremely small and possibly zero, which may lead to

The link between the microscopic electronic structure a long range interaction between vortices. Nevertheless, the

and the mesoscopic structure of the vortex lattice is provided directional variation of the energy gap in the CuO, planes is

by the gap equation in a magnetic field. Even for an isotropic a plausible explanation for the observed coupling between

Bardeen-Cooper-Schrieffer (BCS) superconductor this vortex lattice and crystal lattice orientations.

equation is difficult to solve at a general magnetic field. Ad- We4 and others 3 had previously attributed this unique

ditional difficulties arise in the cuprates because ;he func- orientation of the vortex lattice to pinning by twin bound-

tional form of the gap equation is still under debate. Hlow- aries. However, the persistence of this orientation even as the

ever, as first shown by Abrikosov," the equations simplify field is inclined 'y up to 40' with respect to the twin bound-

significantly n'.ar the upper critical field, where the magnetic aries is difficult to reconcile with this model. Moreover, the

induction is almost uniform. While for isotropic supercon- persistence of the same structure over an order of magnitude

ductors the equilibrium vortex lattice structure is the triangu- in magnetic field which we have now observed argues

lar lattice near H,.7," a c21nn structure of the type we oh- against a significant influence of twin boundaries on the vor-

serve here has been observed before in the cubic tex lattice structure and orientation. (Whereas at H=0.5 T

superconductor Nb,5 when the field is ,;;:;. in a fourfold the intervortex distance is comparable to the average twin

crystallographic direction. This observation was explained boundarv spacing, at H=5 T it is almost five times smaller.)

theoretically by Takanaka,4 who solved the gap equation of a Sif,. "icar H,., the size of the vortex core is negligible

superconductor with a cubic Fermi surface and found that in compare-. to the intervortex distance, vortex core effects can-

general structures of c2mm symmetry have lower free ener- not play a role in determining the vortex lattice structure and

gies than the triangular lattice. The angle /3 between primi- orientation in very low magnetic fields. Indeed, Bitter deco-

five vectors depends on the degree of Fermi surface anisot- ration experiments near H,., have revealed the expected tri-

ropy through the parameter e where to is the azimuthal angular lattice with an orientation unrelated to any crystal-

angle in the yz plane perpendicular to the magnetic field, and line high-symmetry direction.' 2,1- We thus expect a crossover

the brackets denote an average on the Fermi surface. We between an orientationally degenerate triangular lattice and

have parametrized the Fermi surface extracted from photo- the oblique structure with unique orientation in an interme-

emission experiments"' by two harmonics invariant under diatc field range. There are some indications that this cross-

the point symmetry of the lattice over actually occurs at a very low field, as expected for a
large gap anisotropy: For BI(-0.0065 T, close to the largest

E,.(p)=E..( +E1 tji sin5 •p cos t. (2) field for which the Bitter decoration technique is applicable.

with EljE-.F,, and obtain (e t ')-Ei.t/ (i",..,i. According Dolan et al.'3 observed a structure that is completely consis-

to the numerical calculations of Ref. 9, this value of (e'4 4P tent with the one we observed (Fig. 3), except that /=(65'
oh+ 5°). Note that these measurements were taken in un-

corresponds to 13- (63'. nuch closer to 00') than the an.le we twinned sections of YBaCu 30 7 crystals, further supporting

observe. The origin of this discrepaincy is likely to b'- an

energy gap anisotropy contributed by the pairing interaction our argument for an intrinsic origin of the coupling between

in the cuprates. It is already known that significant modifi- the crystal lattice and vortex lattice. The field independence

c:ý;ions to the standard gap equation are needed to account of /3 ii, the field range we have investigated suggests that 83

for the large directional variation of" the energy gap observed l'is already saturated at its I/. value.

in photoemission experiments on BiSr 2('aCu, 2O,,, An-
other possible origin of the quattitative discrepancy between IV. TILT-INDUCED STRUCTURAL TRANSITION
theory and our observations is an in-plane penetration depth
anisotropy, which various authors have determined to be be- We observe a potentially related structural transition as

tween - 1.1 (Ref. 12) and - 1.5.'" While a quantitative ex- t,, nmagnetic field is inclined by an angle 0 with respect to

planation of our data thus has to await more elaborate calcu- the c axis. This transition is superposed by an overall distor-

lations based on realistic gap equations, it is remarkable that tion of the vortex lattice due to the quasi two dimensionality

the symmetry of the vortex lattice is correctly predicted by of the electronic structure.'1|'( For inclination angles up to

an analysis whose only ingredient is the fourfold symmetry 0-60', the structure of the vortex lattice remains dominated

of the vortex core. by interactions within the CuO2 sheets. The vortex lattice "or

A more extensive treatment of anisotropic vortex lattices small 0 can thus be thought of as the projection of an is,'tro-

in type-l1 superconductors with a small ratio of penetration pic two-dimensional lattice onto the field direction. This ef-

depth to coherence length has been given by Teichler,14 who fect gives rise to an elliptical distortion of the vorte', lattice;

considered a cubic superconductor with an anisotropic pair- the semimajor axis of the ellipse coincides with ifX×, and

ing interaction. The resulting gap anisotropy leads to an at- the aspect ratio is cos 0 for small 0. (As three-dimensional

tractive interaction between the vortices, in addition to the interactions become relevant for larger 0, the aspect ratio

electrodynamic repulsion. The magnitude of the aft ictive becomes E/c" sin 0+cos 9, where e-0.2 is the penetration

interaction is largest in the direction of minimum energy gap, depth anisotropy.)
which is the. (110) direction in BiSr2CaCu2O58+(Ref. 11) In addition to this overall anisotropy, we observe a con-

and presumably also in YBa 2Cu 30 7 . Teichlet's analysis will tinuous structural transition of the in-plane isotropic lattice

likely need substantial modifications in the case of as a function of 0: The angle )3=73' observed for 0--[) de-
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smaller angle with respect to the twin boundaries, because
the vortices have to bend less in order to gain advantage of
the pinning energy, Although, :ts discussed above, the struc-

Cture and orientation of the vortex lattice are determined by
electronic energies that are presumably much larger than pin-
ning energies, pinning effects appear to provide enough en-
ergy to select between otherwise degenerate domains.

It may not be coincidental that the triangular structure
observed in inclined fields is just the structure expected in
the London limit, since the in-plane vortex lattice is only
sensitive to a reduced field component H cos 0 perpendicular
to the Cu0 2 sheets. Moreover, for large 0 the effective core
size shrinks because of the reduced coherence length in the

ý qrq c-axis direction. Electrodynamic effects should thus become
* more relevant for larger inclinations. Detailed numerical cal-

a" q. culations to test these ideas are currently underway.

S-V. TILT-INDUCED REORIENTATION AND VORTEX
CHAIN STATE

In agreement with this general scenario, we observe a
reorientation of the vortex lattice into the unique orientation
predicted by the anisotropic London model when the incli-

FIG, 6. (Top) contour plot of SANS pattern for H=0.5f" 0= 0', obtained nation is achieved by rotating around (100). In this case the
by rotating around a low-symmetry crystallographic direction. (Bottom) pro- orientation favored by the in-plane energy gap anisotropy is
jection of two isotrople triangular lattices in the Cu0 2 layers onto the field
direction fir the same geometry. The lattices arc oriented such that nearest- different from the orientation favored by the anisotropic clec-
neighbor pairs point in either the (110) or the (I io) direction, One of these trodynamic interactions between the vortices. For small 0 the
domains ;s highlighted. electrodynamic erý:rgies favoring the hX(fHX3) direction

as the nearest-neighbor direction are small,17 and the in-
plane anisotropy determines the vortex lattice orientation, As

creases continuously and reaches P=600, corresponding to the shielding currents around the vortices begin to flow in the
the triangular lattice, for 0-50' (Fig. 6). The nearest- c-axis direction for large 0, in-plane anisotropy effects di-
neighbor direction remains the in-plane (110) direction, minish and the electrodynamic effects associated with the

While the structural transition occurs for all three experi- uniaxial peneini.-tion depth anisotropy begin to dominate. The
mentJl geometries discussed in Sec. I, the domain structure crossover between these two orientations is gradual and be-
of the observed lattice depends on the crystallographic direc- gins at 0--700 in this geometry, coming to completion for
tion chosen as the axis of rotation. If the field inclination is 0_800.
achieved by rotating around (I(X)), all four domains of Fig. 3 In the large-0 orientation, the vortex lattice can be con-
coutinue to be populated. However, once 8 has reached 60', sidered as a collection of chains with locked periodicity ex-
domains I and 2, as well as domains 3 and 4, become iden- tending in the fix (h X ý) direction. Because of the penetra-
tical. If the rotation axis is (110), a two-domain lattice is tion depth anisotropy, the distance between the chains is
observed (Fig. 5). For the two observed domains, the projec- much larger than the nearest-neighbor distance within the
tion of (1it) is parallel to the direction H/X (H/XI ), i.e., the chains. Based on calculations in the London limit, an ex-
y axis in Fig. 1. [Note that the diffraction pattern can be tremely small modulus for shear in the chain direction has
obtained from the real lattice by a 900 rotation and rescaling, been predicted, t s thus causing a decoupling of the chains
"and 'hat because of twinning (110) and (10 i) are superposed even for very weak pinning disorder or thermal fluctuations.
in our crystal.] This is the nearest-neighbor direction favored This vortex chain state has indeed been observed in Bitter
by the uniaxial anisotropy reflecting the quasi two- decoration experiments in very low magnetic fields.'9 We
dimensional electronic structure.t 7 The uniaxial anisotropy have observed the same instability in fields of 0.5 and 2'r. Its
can thus lift the degeneracy between the domains, experimental signature is a continuous broadening of all

We have also chosen an experimental geometry in which Bragg reflections not exclusively associated with the distance
twe inclination is achieved by rotating around a low- between the chains. For 0=800 only the two reflections with
symmetry crystallographic direction such that (110) and Bragg planes parallel to the chain direction remain sharp and
(1i0) subtend identical angles with the rotation axis. 4 In this observable. Note that all of our diffraction patterns were
case we also observe a two-domain lattice for small 0, al- taken after field cooling the sample to low temperatures. The
though the uniaxial anisotropy does not distinguish between disordered vortex chain state is thus presumably frozen in at
the two domain pairs. However, the vortices in the two do- high temperatures.
main pairs subtend different angles with respect to both sets We baive carefully measured the width of the "rocking
of twin boundaries.4 Pinning interactions between vortices curves" of the vortex chain state reflections at T1=0.3 T,
and twin boundaries favor the pair of domains subtending the using a vertical-field electromagnet. This measurement pro-
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A flux-line lattice (FLL) was observed in a single crystal of Bi21.Sr ,,,('aCuO,, ,(BCCO) using
small-angle neutron scattering methods, The sample has a superconducting transition at 85 K. The
flux-line lattice is observed to melt, cvidenccd by the rapid disappearance of diffracted intensity as
the temperature is increased above a field-dependent melting temperature. Diffracted intensity due
to the vortex lattice also falls off as the applied field is increased. It is believed that this is a
manifestation of the transition of the three-dimensional flux lines into two-dimensional pancake
vortices. The Bragg intensity of the FLL peak is inversely proportional to the fourth power of the
London penetration depth (XI). Hence, the temperature (T) dependence of the order parameter can
be measured quite accurately from the intensity of the Bragg spots at different temperatures. In
BSCCO with an applied field of 501 mr', the measured 7' dependence appears linear. The low-I
behavior is of great interest for an understanding of the underlying mechanism for superconductivity
in these materials.

INTRODUCTION bution. Extremely clear decorations have been seen by a
number of groups, both in the conventional as well as in the

In type-1 superconductors, an applied field is completely high-T, materials. It is also the method by which defects in
screened till the field strength exceeds the critical field. A vortex lattices were first observed. More recently, scanning
higher field causes the superconductor to become normal, tunneling microscopes equipped with a magnetic tip have
thait is, nonsuperconducting. In 1957, Abrikosov' in his been used to look at the field distribution in conventional
theory of type-Il superconductors predicted the existence of' superconduct'ors. The most serious limitation of both these
the "mixed" state, where flux carried by quantized flux lines techniques is that they probe only the surface. Also, the fields
or vortices penetrate the bulk material, causing parts of the used to get a good decoration must be quite low to distin-
superconducting material to become normal, This occurs for guish between the cores. lo their advantage, samples can be
applied fields (B) such that H,.t<B<H,.2 , where H,., and quite small. Invariably, more perfect samples can be obtained
H,.2 are the lower and upper critical fields, respectively, when large size is not required,

The interaction between vortices is repulsive, hence vor- The properties of the flux lattice as a function of field
tices form a lattice which maintains the maximum distance and temperature are important both for a better understand-
oetween them. Each vortex line contains a total flux equal to ing of the nature of the interaction causing pair formation in
the flux quantum •(J=hc/2e, where h is Planck's constant, c high-7,. superconductors and also for applications of the ma-
is the .peed of light, and e the charge of an electron. Hence terial in devices. Using small-angle neutron scattering
the total number of flux lines in the sample is determined by (SANS), the temperature (T) dependence of the London
the external applied field. depth is vital information that can be measured. In the LAun-

The arrangement of flux lines was first observed in Bitter don model, the intensity of the Bragg peaks is proportional to
patterns or decoration experiments. When a thin layer of the inverse fourth power of the London penetration depth;
finely ground ferromagnetic particles are deposited on the because of this strong dependence, this length can be accu-
surface of a superconductor which is then cooled in a field, rately determined. Of all the high-,, superconductors,
the magnetic dust settles at the normal cores of the vortex. YBa.,Cu307 (YBCO) is of particular interest in applications
The resulting decoration reflects the underlying field distri- since the !arge pinning, due to twin plane defects, leads to
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high critical currents. However, the transition mechanism in [l2 T 2

high-T', superconductors is a topic of ongoing debate and the d = BI)
high density of the twin plane defects in the samples of
YBCO that have been studied cast some doubt on whether or where B is the applied field and (1), is the flux quantum. (The
not the observed temperature dependence is intrinsic or due interv,)rtex spacing. a, a d/cos 30.) For an applied field of
to the defects combined with the fact that the temperatures 1010 inT, this distance is approximately 1350t A. correspond-
involved are quite high and thermal effects can be substan- ing to a q value of' 0.0047 A 1. Hence, the angles at which
tial. Hence, measuring the temperature dependence of the this scattering can be observed are small. The vortex is a line
order parameter in a material with relatively few defects, of magnetic flux. the lateral extent of the field distribution is
such as our sample of Bii.=Sr,0('aC'uO, ., (BSCCO), is determined by the London penetration depth, X, . The inten-
quite important. sity of a diffraction peak, /i,A. is given by

In addition, it has been clear for some time that YI3CO ~
and BSCCO behave quite differently. BSCCO is much more / 2"n -7 -- - (2)
anisotropic than YBCO. A variety of vortex structures that 4I 'I iik I +q(N) /.
have been suggested for high-T,, superconductors in general where I() is the incident neutron flux, # the neutron magnetic
vortex lattice melting with increase in temperature and 3d- oment in Bohr magnelons (g.= 1.91), V the sample volume,
2d dissociation have been invoked to explain experimental \,, the neutron wavelength, X, the LAndon penetration depth,
data. Although this is expected in YBCO as well, the effects B is the applied magnetic field, and (1), is the flux quantum.
in BSCCO were larger and occurred it lower fields and tenm- The London depth is approximately the half-width at
peratures because of its larger anisoti-'py. It was apparent halft maximum of the field distribution of a single flux line,
that the B-T phase diagram for BSCCO was not dull. hence there is less contrast for larger X,.. For niobium,

The anisotropy of the high-T, superconductors is, in h,. 4(10 A, whereas for the high T,. materials, it is at least
general, nominally uniaxial since the a-b (basal plane) an- three times larger. The signal to be measured is therefore
isotropy is fairly small and the c axis is considerably larger. lower by approximately two orders of magnitude. Also, the
In BSCCO, the crystal structure is nearly tetragonal with the signal for the first-order reflections, barring other complica-
a/b ratio close to unity and c-5.5a. Consequently, the high tions, is relatively independent of the applied field except for
symmetry configuration for the observation of the vortex lat- a geometrical l/q factor. On the one hand, there is less con-
tice is with the applied field parallel to the crystalllographic c trast between the peak and valley at a higher field due to
axis of the crystal. The information al',ut the ratio of the larger number of flux lines; on the other, the number of scat-
in-plane effective mass to that out of plane is obtained from terers is higher which balances the equation. However, there
FLL's in the geometry where the applied field is at a large is considerable gain in utilizing a larger field in order to get
angle to the c axis of the crystal. away from the incident beam and the metallurgical scattering

In the last few years, we have carried out SANS experi- as much as possible in o)rder to increase the signal to noise
ments in the high-T,, superconductors YBCO and BSCCO. In ratio.
this article we discuss the measurements that we have made In order to obtain the integrated intensity, the rocking
of the flux lattice in single-crystal samples of BSCCO both curve (or mosaic width), AO, of the Bragg scattering must be
with the field parallel to the c axis and with the field at an measured. This mosaic is a measure of the straightness of the
angle of up to 15' from the ( axis. We also discuss the flux lines along the applied field direction or a measure of the
experimental technique and the information that it gives in length over which they remain straight. If it is assumed that
some detail. the mosaic is entirely due to finite sample size (i.e., flux-line

length). the lower limit (on this length is determined. A scat-
EXPERIMENT tering object of finite size leads to an extended object in

reciprocal space, If it is assumed that the flux lines are

Small-angle neutron scattering experiments were first straight over length /, the Fourier width on reciprocal space
suggested by deGennes and Matricon. 2 (Since neutrons have is given by
a magnetic moment, they interact with the field modulation 27r d
caused by an array of flux lines.) Shortly thereafter, a Bragg - q ý A 0, hence /--1-= (3)
diffraction peak from a flux-line lattice corresponding to the

predicted triangular arrangement was observed by Cribier Because the measured rocking width convolutes this length
and co-workers 3 in a single-crystal sample of niobium on effect with any meandering of the flux lines away from the
which a magnetic field was applied. Since then, extensive field direction, I is a lower limit on the length of the lines.
measurements have been made in Jiilich4 and Oak Ridge,5 on Data were taken onl the small-angle spectrometer at Ris6
niobium as well as other conventional superconductors, National Laboratory using an incident neutron wavelength of
probing the details of the lattice structure, the effect of de- nearly 21) A and a O-X/\ of 18%. The lowest applied field was
fects, the exact nature of the form factor and of the 2(10 mT.
temperature-dependent order parameter. The sample used for most of these measurements was a

The d spacing, d, of the first-order reflection of a trian- platelike single crystal weighing 181) nrg. This sample had a
gular isotropic lattice, determined solely by the applied field (crystal) mosaic width of approximately 0.50. Other samples
and the flux quantum, is given by were also studied briefly thus far; all had a nominal compo-
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FIG. 1. The flux-lattice signal seen in a difference measurement between there appears to be no anisotropy within the measured errors
field-cooled (4(0 niT) and zcro-tield-cooled data. in the plane. That is, the T dependence of the Bragg peaks

aligned along b compared to the peaks 600 from b show no
sition given by BiM2 .1St.,1 CaCu 2O5+x, The samples appear significant difference. However, it must be emphasized that

to be untwinned: front and back faces had the same relative the linear slope at low temperatures does not imply d-wave

orientation of the a axis in x-ray characterizations. superconductivity, the interpretation of the 7' dependence is
still an open question.

At a temperature that is dependent on the applied mag-
RESULTS AND DISCUSSION netic field, we observe the rapid decrease of the intensity

A.t the lowest temperatures, with the applied field (50 associated with melting of the flux lattice. The melting oc-
mrT) parallel to the c axis of the sample, the flux-line lattice curs at the same temperature at which finite resistance ap-
was seen 6 in the difference signal between field-cooled and pears within the the superconducting state. The melting line
zero-field-cooled runs, shown in Fig. I. The lattice has six- in the B - T phase diagram appears to coincide with measure-
fold symmetry and is aligned with the crystalline b axis in all ments of the irreversibility line. The schematic B-T phase
the samples measured. It is likely that the samples are un- diagram from neutron scattering and magnetic measurements
twinned since the flux lattice consists of only one domain. (A is shown in Fig. 3. The solid line in the figure is found by
twinned crystal would give rise to a second domain rotated using the relation 8

by 910'.) The mosaic width of this lattice was approximately 1
1.2(2)0, giving a minimum flux-line length of approximately B3D)(T"n) [ + 22 [ . ,(
10 Atm. From the integrated intensity, the London penetration {[42 1 I 1 [ykBT, a
depth obtained for BSCCO at the lowest tLmperatures is ap- [ (T,,,/T,.)
proximately 1801) ,A, not significantly different from YBCO. X T, T.] (4)

As the applied field was increased, the signal intensity
decreased faster than expected from the (l/q) factor. The with the Lindemann melting parameter, cq=0.2, the mass
signal intensity began to decrease as the field was raised ratio, /= 1402, the in-plane London penetration depth at
above 50 mT and for fields above 100 mT, no flux lattice was zero temperature, X,,j,(0)= 1800 A, and n =3.3. This line is in
observed at all. We believe this to be a manifestation of the good agreement with the observation of flux-lattice melting
dissociation of three-dimensional flux lines into 2d pancakes. observed here as well as by the muon spin rotation measure-
This was also observed in ASR measurements 7 on samples ments. It is reasonable to assume that this decrease in inten-
prepared by the same method. The 3d-2d transition occurs sity represents the melting of the 3-d lattice. Careful analyses
at the same field that appears to be independent of tempera- show no broadening or any other indication that the flux line
ture. is approaching the melting temperature. We do not see any

The intensity, which is inversely proportional to the signal at all above T,, even though a ring of scattering is
fourth power of the London penetration depth, decreases lin- expected, presumably because the disordered flux liquid is
early at low temperatures in BSCCO, as shown in Fig. 2. not a strong enough scatterer to give a measurable count. The
This is unlike conventional s-wave superconductors where coherent Bragg signal could not be seen in the raw data but
intensity changes very little for T less than about T,.13. Also, okily in a difference as stated earlier. Hence it is not unex-
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120 , ratio resulted in very odd behavior. In this system, when the
angle 0 was increased, the signal from the vortex lattice
dropped sharply at a moderate applied field of 30 mT. In fact,100 Reversible by the time 0 was increased to 150. no measurable scattering

pancake vortices was observed. The loss of intensity could arise due to melt-

ing at a lower temperature when 0 is increased, but this is

E inconsistent with the ASR data7 in which a three-dimensional
• ... .. .lattice is clearly seen for larger angles at the same field. It is

"0 4 possible that the c axis is a preferred direction for the flux•LE 77,1 line (in a manner similar to YBCO, although twin plane de-
---------- fects are thought to cause the effect in that compound), per-

S0 - p
40 z haps because the currents prefer to flow in the a-b plane. Fo

test this hypothesis, we searched for the scattering signal
with the q vector perpendicular to the c axis but did not

20 Irreversible observe any. (NOTE: In the latter configuration, the field
3-d flux lattice direction was 0- from the incident neutron direction and the c

axis was now parallel to the incident neutrons.) More experi-
0 ' ments are planned in order to elucidate this matter, Clearly,

0 40 60 80 100 much more remains to be learned about these superconduct-0 20 i0ng0systems.

Temperature (K) ing systems.
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Neutron diffraction from the vortex lattice in the heavy fermion
superconductor UPt 3 (invited) (abstract)

R. N. Kleiman, G, Aeppli, D. J. Bishop, C. Broholm, E. Bucher, N. St16chelli, and U. Yaron
A'F&T Bell Laboratories, Mlurrayv Hill, New ,Jerse¥y 07974

K. N. Clausen, B. Howard, K. Mortensen, and J. S. Pedersen
RisM National Laboratory Ro.skilde, Denmark

The heavy fermion superconductor UPt. is thought to have a d-wave pairing ground state. The
principal experimental evidence for this consists of the anisotropy of the power-law behavior
observed in transverse ultrasound and gp SR measurements. The observation of a complex phase
diagram in the superconductiag state in ultrasound, torsional oscillator, and specific heat
measurements may be a further indication of an unconventional pairing state. Theoretical
investigations suggest the possibility of vortex lattices that are unconventional in their symmetry,
their quantization, or the structure of their composite vortex cores. Transitions between such exotic
vortex lattices are in principle allowed and could explain the observed features at H-0).6 H,. (for
Hjjý) and 11-0.3H,., (for I_L3). Neutron diffraction is an ideal bulk probe of the microscopic
properties of the vortex lattice. We have studied the vortex lattice with HL3 and T-50( mK in the
field range 0.75<H1< <I0 kG. The structure of the vortex lattice and the quantization of the vortices,
in addition to the London penetration depth, X/, the coherence length, •, and the effective mass
anisotropy are all well determined by our measurements.' The lattice is oblique hexagonal with
conventional quantization. Its anisotropy can be explained by considering a combination of Fermi
surface and gap anisotropy. However, the lattice does not appear to change near the transition
between superconducting phases identified by other techniques.

R. N. Klciman, C, Broholm, G. Acppli. E. Bucher, N. Stjiehhlli. D. J.
B3ishop, K. N. (lauscn, K. Morten.ven, J. S. Pedersen, and 13. Ho\"ard.
Phys. Rev. Lett. 69, 312t0 l1992).
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Small angle neutron scattering from the vortex lattice in 2H-NbSe 2 (invited)
(abstract)

P. L. Gammel, U. Yaron, D. A. Huse, R. N, Kleiman, B. Batlogg, C. S. Oglesby,
E. Bucher, and D. J. Bishop
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

T E. Mason and K. Mortensen
Ris6 National Laboratories, 4000 Roskilde, Denmark

We report on small angle neutron scattering studies of the flux-line lattice in single crystal
2H-NbSe2 . For fields inclined with respect to the c axis, we find distortions and form factors
consistent with Ginzburg-Landau corrections to the London equations with a mass anisotropy
F= 10.1 ±0.9. The flux lattice orientation, however, remains pinned to the crystal lattice for all tilts
studied, in disagreement with the orientation defined by anisotropic London theory.' For fields
below 2 kG parallel to the c axis, the peaks are no longer resolution limited. The correlation lengths
extracted are history dependent, and show that the lattice is annealed when a current greater than the
critical current is applied. This occurs both when a direct transport current is used, or an induced
current in a zero field cooled experiment. The annealing is seen in both the transverse and
longitudinal correlation lengths, and calls into question the relationship between the
Larkin-Ovchinnikov correlation length and the measured critical currents in this system.

'P. L. Gamniel et aL, Phys. Rcv. Lett. 72. 279 (1994).
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Giant Magnetoresistances
in Granular Magnetic Systems G. Hadjipanayis, Chairman

Giant magnetoresistance in sputtered Cr-Fe heterogeneous alloy films
K. Takanashi, T. Sugawara, K. Hono, and H. Fujimori
Ilstitute for Materials Research, Tohoku University Sendai 980-77, Japan

We have observed large negative magnetoresistance (MR) in Cr-Fe heterogeneous alloy, films
sputter deposited on heated substrates. The largest MR, 37.3% at 4.2 K and 14 T, appears around the
Fe concentration of 20 at. %. While a large substrate temperature dependence of MR is observed
when the Fe concentration is lower than 20 at. %, MR does not vary noticeably with changes in the
substrate temperature when Fe concentration exceeds 20 at. %.

I. INTRODUCTION strate is denoted as h/c-Cr -_Fe.. The background pressure

Recently, giant magnetoresistance (GMR) in heteroge- of the sputtering chamber was approximately 1 X 10-6 Torr.

neous alloy films such as Cu-Co t2 Ag-Co,3 4 and Ag-Fe,'4 -
6  Sputtering was carried out in an atmosphere of Ar gas at

in which ferromagnetic particles of nanometer size are ho- 5X10_ Torr by applying a power of 500 W. The distance
mogeneously distributed in the nonmagnetic matrix, has between the target and the substrate was 100 mm. The depo-obeen attracting much interest. GMR was found in multilay- sition rate was typically 1.5 Ais, and the films were 1-2 Am
bered Cr/F for the first time;.7, however it has never been thick. The microstructure of the samples was observed by a
reported in Cr-Fe heterogeneous alloys. Thit hs the first re- 120 kV transmission electron microscope (TEM), Philips

port on GMR behavior in sputtered Cr-Fe heterogeneous al- CMI2. TEM specimens were prepared by ion milling after
port onms, Mmechanically grinding the substrate. The Ar ion current for

Cr-Fe has an isostructure two phase region below 475 .C ion milling was set to be 0.5 mA at 4 kV. Magnetoresistance
but the solubility limit of Fe in Cr is considerable. The C (MR) was measured at 4.2 K by the conventional four-probephasthe solubiis y prese t ofFe in th temnerat g e .fm 4 tor method. An electromagnet was used in a low field range ofphase is present in the temperature range from induc--0.6 T, and a superconducting magnet was used in high821 °C, w hich m akes high tem perature annealing for indue- fed p t 4 T a n t z t o e s s a pi d m g ei
irg phase separation without an appearance of o- phase dif- field up to 14 magneti ation v applie mageticf~cult. Above 821 °C, Cr and Fe are entirely miscible.9 These field (M-HI) curves were measured at 4.5 K in the range of

+5.5 T, using a SQUID magnetometer (Quantum Design,
ieatures are in contrast to the Cu-Co, Ag-Co, and Ag-Ve MPMS),
systems, in which GMR has been reported in the heteroge-
neous structure. In such alloy systems, the heterogeneous
structure can been obtained upon annealing nonequilibrium
solid solutions prepared by sputtering or rapid quenching. In
the case of Cr-Fe, however, post-deposition annealing is not --..
appropriate for phase separation because of the slow kinetics.
Hence, in the present study, we have deposited Cr-Fe alloy
films at elevated temperatures. Sputter deposition on heated
substrates is expected to promote phase separation due to
surface diffusion which is many orders of magnitude faster
than the volume diffus-on that would otherwise control the
kinetics of the post-deposition annealing.' 0

II. EXPERIMENT

Cr-Fe heterogeneous alloy films were prepared by the if
sputtering method on Si substrates heated up to 200 'C. For
comparison, Cr-Fe homogeneous alloy films were also pre-
paled by rf sputtering on Si substrates cooled by liquid ni-
trogen. The composition of the alloy films was varied from 0
to 40 at. % Fe by the number of Fe sheets (lOX 10 mm2) on
a Cr target (0100 mm). The composition of the films was
determined by inductively coupled plasma (ICP) emission 1. Bright field TEM images and selected area diffraction patterns of (a)

spectroscopy analysis. In this article, the sample with the Fe a CrN3.QFe1 ,.1 ftilm sputtered on the heated substrate (h-Cr,3.,Fe1 l,1 ) and (b) a
concentration of x at. % deposited at the heated/cooled sub- CrK3.jFctr,., film sputtered on the cooled suhstrate (c-Crs. 1PFc11,.,)).
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FIG. 3. Fe concentration, x, dependence of the MR ratio in Cr1 , Fe, Jlloy
FIG. 2, MR (upper) and M-H (lower) curves of (a) a Crs5 .7Fe,0 film films sputtered on the heated (open circles) and cooled (closed circles) sub-

sputtered on the heated substrate (h-CrY.7 FeC1o.3) and a Cr89.LFc 1o.,4 film sput- strates.
tered in the cooled substrate (c-Cr5 ,.jFe 10.5 ), (b) h-Cr79.0Fe 2 1.0  and
c-Crs.&3Fe21.7, and (c) h-Cr7 t.4Fe 28.6 and c-Crhy.7 Fe7 03 . The MR curve is
represented as the resistivity normalized by the maximum around zero field,
Ap/pm.ý, as a function of applied field, H. In the M -H curves, the values per
Fe volume are shown.

cooled substrate becomes easier with increasing x. The con-
centration dependence of the MR ratio, [pmas-p(H=14

III. RESULTS AND DISCUSSION T)]/pmax, is shown in Fig. 3. The MR ratio has a maximum
around x=20 at. % for both heated and cooled substrates,

Figures 1(a) and 1(b) show bright field images and their similarly to other systems such as Ag-Fe.5 However, the MR
corresponding selected area diffraction patterns (SADP) of ratio for the cooled substrate is smaller than that for the
h-Cr8 3.9Fel6.1 and c-Cr8 3.1Fel6 9, respectively. The SADPs in- heated substrate at x<25 at. %, and no difference is seen at
dicate that the films consist of a bcc phase. The average grain x>25 at. %.
size is 200 nm for h-Cr83.9Fe 16.1 and 70 nm for c-Cr8 3.1Fe16,9, The negative MR behavior observed in samples grown

respectively, indicating that cooling by liquid nitrogen re- c 1 cooled substrates is considered to be equivalent to that
duces the grain size remarkably. For tht h-Cr83.91F`e 6  repý,',•d2 iur various spin glasses,1-1 3 We have also prepared
sample, small specks can be seen within a grain. The size of homogeneous bulk Cr-Fe alloys by the solution treatment,
the specks is approximately 2 nm and these distribute homo- and confirmed a similar MR behavior.14 In the spin glass
geneously within the grain. Such specks are seen in many state, single Fe atomE and/or small Fe clusters with a few Fe
grains, although the apvearance of the image varies depend- atoms distribute in a Cr matrix randomly. The magnetization
ing on the orientation of the grains. This specklike contrast is vectors of the Fe atoms and clusters lie in different direc-
probably due to the presence of Fe-rich ferromagnetic iso- tions. Therefore, the MR and the magnetization do not satu-
structural particles. The formation of these particles is con rate easily. By heating substrate phase separation may
sidered to be a result of the phase separation which pro- progress during the film growth. In this case, large ferromag-
gressed during the film growth on the heated substrate. netic Fe particles, the average size of which is estimated to

Typical examples of MR and M-H curves are shown in be 2 nm, are formed as shown in Fig. 1 (a). Consequently, the
Figs. 2(a)-2(c). The MR curves represent the normalized MR and the magnetization for the heated substrate changes
resistivity, Ap/Pniax, as a function of applied magnetic field more steeply in low fields than those for the cooled substrate;
H. In the M-H curves, the values of magnetization are cal- the MR ratio for the heated substrate is larger than that for
culated per Fe volume. The results of two specimens with a the cooled substrate. However, Figs. 2 and 3 indicate that the
similar composition but grown at different temperatures are shape of the MR curve and the magnitude of the MR ratio do

displayed in the same figure. Negative MR is observed for all not depend on the substrate temperature at x>25 at. %. The
the samples. Interestingly, the maximum value of MR as reason for this is considered to be as follows: In a concen-
large as 37.3% is observed in h-Cr79 .,)Fe 21*.0. However, MR trated region, even if Fe atoms are randomly distributed in
does not saturate even at 14 T for all the samples. At the Fe the Cr matrix, the density of Fe atoms is so high that a
concentrations of x<10 at. %, the resistivity for the films considerable amount of Fe atoms couple ferromagnetically to
grown on the cooled substrate decreases almost linearly as a form a magnetic cluster. 15 The size of the magnetic clusters
function of the magnetic field. On the other hand, the resis- may be comparable to that of Fe particles precipitated by
tivity drops more steeply in the low field region for the films heating the substrate. Consequently, the difference between
grown on the heated substrate. As the concentration of Fe the MRs for the heated and cooled substrates disappears in
increases, the discrepancy between the MR curves for the the concentrated region. The fact that the MR has a mttaxi-
heated and cooled substrates diminishes and both arc almost mum around x =20 at. % also suggests that ferromagnetic
the same at x>25 at. %. A similar tendency is seen for the coupling of Fe atoms becomes dominant when x becomes
M-H curves. The magnetization for the heated substrate larger than 20-25 at. %. In fact, by neutron diffraction,
saturates more easily than that for the cooled substrate in the Burke et al. 5 showed that the onset of ferromagnetism was
low x region, and the saturation of the magnetization for the around 19 at. % Fe in bulk Cr-Fe alloys.

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Takanashi et al. 6791
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Origin of giant magnetoresistance effect in granular thin films
Atsushi Maeda, Minoru Kume, Satoru Oikawa, and Kazuhilko Kuroki
New Materials Research Center, Sanyo Electric Co., Ltd., 1-1 Dainichi-higashinachi, Moriguchzi, Osaka
570, Japan

Though the &dmagnetization process of granular Cc.-Ag films became steep by adding permalloy
layer, slow saturation in the magnetoresistance (MR) curves was maintained. In addition, the MR
characteristics of granular Fe-Ag films prepared under a magnetic field; in which strong magnetic
anisotropy was induced, were isotropic. The disagreement between the MR and magnetic
characteristics implies that ferromagnetic granules are not responsible for the giant MR (GMR)
effect. The MR ratio of the granular Fe-Ag films considerably increased at thicknesses less than 20
nm. In such ultrathin films, the features of the MR curves corresponded well with those of the
magnetization curves with slow saturation and no hysteresis. These results suggest that the GMR
effect in the granular systems is attributable to superparamag.ietism.

I. INTRODUCTION magnetic field (tl) up to 1.5 T was applied parallel to the
current. In the present study, the MR ratio is displayed asGiant magnetoresistance (GMR) effect in the Fe/Cr follows:

multilayerl has stimulated a great deal of investigation of the

magnetotransport properties in the various multilayered and AMR= AR/R( 1.5), (1)
sandwiched materials. Since the interlayer diffusion strongly where AR is the MR change, Rm,,-R?(I.5), and R(1.5) is the
influences the physical properties of such structures, the ori- MR at H = 1.5 T.
gin of the GMR effect is believed to be an interfacial spin-
dependent scattering. 2 - Recently, it has been observed that Ill. RESULTS AND DISCUSSION
the GMR effect is also present in granular materials compris-
ing mutually insoluble magnetic and nonmagnetic metals Very recently, we have indicated that the Co-Ag/
and/or alloys.6'7 These results demonstrated that the GMR permalloy double-layered structure possesses a steep magne-
effect is not restricted to multilayered structures and that ad- tization change.") This occurred because the ferromagnetic
ditional opportunities exist for technological applications, granules in the granular Co-Ag layer were magnetically
However, the transport phenomena in the granular systems dragged by the Permalloy layer with a soft magnetic nature.
are not much understood. So far a few models have been However, saturation was not observed in the MR curves of
used for an explanation of the GMR effect. 8,s Though mag- the double-layered films with a steep demagnetization pro-
netization of the granular films is saturated at low fields, the cess. Such disagreement between the MR and magnetic char-
MR curves show a slow saturation.") We consider that such acteristics is also observed in granular Fe-Ag films prepared
disagreement between the MR and magnetic characteristics under a magnetic field (H)= 130 Oe) which was applied
is a key in the understanding of the mechanisms for the parallel to the film plane. Figure I(a) shows the M-It curves
GMR effect in the granular systems. meaisured under the condition where the H was applied nar-

In the present study, based on the experimental results
for Fe-Ag films prepared under a magnetic field, ferromag-
netic granules are pointed out to be not responsible for the I G
GMR effect in the granular systems. Detailed thickness de- (a)
pendence study suggests that the GMR effect is dominated
by fine granules with superparamagnetic characteristics. \ o

S-- 11 II I lex- 5 .. Ie

II. EXPERIMENT '- 1 .,•0
HI (0)

To study the effects of the applied field, the Fe-Ag films 4
were prepared by rf sputtering under a magnetic field](b) WJ 1ll1 lax
H0,=130 Oe. The thickness dependence was studied on the I 1 I1 llo,

granular Fe-Ag films that were prepared under zero field. 2 -2 J1 l1e
The details for the preparation have been described
previously."1 An electron probe rnicroanalyzer (JEOL JXA-
840) was used for the elemenial analyses. Magnetization (M) 1and hysteresis loops were measured using a vibrating sample I I' K ) 5 o

nI (c)
magnctormeter (TOEI VSM-3S). The MR was measured at
room temperature, about 293 K, in a four-terminal geometry FIG. t. U-Il (a) and MR (b) curves at room temperature of lO0ii-nni-thick
with an in-plane direct current (.1) between 0.(1 and I mA. A Fc4mAg 52 film prepared under a magnetic field.
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FIG. 2. MR ratios of Fc48AB52 films with various thicknesses (t). The bro- FIG. 3. MR changes of Fe4hAg52 films with various thicknesses (t).
ken line indicates the critical diameter of Fe granule estimated by theoretical
calculation.

allel HIIH a p nh Fe48Agj2 ultrathin films showed the M-H curves with slow
ilml plane,) and perpendicular (H_Le ap) to the Hew in the saturation and no hysteresis, In addition, the features of the

film plane, Here the thickness of the sample was 100 nm. It MR curves corresponded well with those of the M-H curves.
is found that magnetic anisotropy was induced in the pre- This is in contrast to the disagreement between the MR and
pared samples. This is probably because the applied field M-H data in the Co-Ag/Permalloy double-layered films and
dominated the easy axis direction of the ferromagnetic gran- the Fe-Ag films prepared under a magnetic field. The above
ules. In contrast, the MR characteristics were independent on results indicate that the growth of the granules is restrained
the arrangements between the J, H, and/-,,,, as shown in with decreasing the thickness as we expected. It is also sug-
Fig. 1(b). This indicates that the MR characteristics are gested that the small granules with superparamagnetic char-
maintained to be isotropic in the samples prepared under a acteristics mainly contribute to the GMR effect in the granu-
magnetic field. These results for the Co-Ag/Permalloy lar systems. Figure 5 shows the thickness dependence of
double-layered films and the Fe-Ag films prepared under a saturation field (H,) associated with the MR characteristics.
magnetic field suggest that the GMR effect is not attributable Here the H, is defined as the value of the magnetic field
to the ferromagnetic granules. In the granular systems, there- corresponding to the MR. ratio at a value 80% below each
fore, other magnetic components must be proposed as scyt- MR ratio [see Fig. 5 in Ref. 11(b)]. The H, decreased with
tering centers. In this respect, we note small magnetic gran- increasing the MR ratio in the ultrathin films. Toward the
ules with superparamagnetic characteristics. Though the application for thin-film sensor devices, it is extremely im-
contribution of the superparamagnetic components are neg- portant that the MR ratio increases and H, decreases with
ligibly small in the magnetic properties of the granular ma- reducing the thickness in the granular systems.
terials, the transport properties are probably influenced by
them.

The magnetic property of granules changes from ferro-
magnetic to superparamagnetic as the granule size
decreases.i 2 Therefore, the existing ratio of the superpara- 3•. (ii)

magnetic granules is expected to increase with decreasing the
thickness of the granular films. This idea prompted us to
prepare the granular "ultrathin" films. Figure 2 shows the o -

thickness dependence of the MR ratio in Fe48Ag5 2 films that
were prepared under zero field. Here the MR ratio is normal-
ized relative to the MR ratio of the 90-nm-thick sample. The 0 2000

MR ratio considerably increased at thicknesses less than 20 i1 (G)

nm. It is interesting that this thickness is close to the "critical 2
diameter" of the Fe granule (25 tim), below which the Fe is
theoretically estimated to be superparamagnetic.1 3 Here the
value of R(1.5) necessarily increased with decreasing thick-
ness. Therefore, it is noteworthy that the MR ratio increased
in spite of the increase in the R(1.5) value. This means that
intrinsic change in the MR, which is estimated from AR in 2000 0 2000

Eq. (1), is extremely large in the ultrathin films. From a (C)
quantitative study, it was found that the MR change is about
60 times as much as that in the "bulk" films which are FIG. 4. M-H (a) and MR (b) curves at room temperature of l(-nm-thick
thicker than 90 nm (see Fig. 3). As shown in Fig. 4, the Fc 4,A, 52 film.
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1 2 esis were observed in the M-H curves, whose features corre-
*sponded well with those of the MR curves. These results

, . suggest that the larger ferromagnetic particles are not as ef-
So fective as the smaller superparamagnetic particles to the

GMR cffect in the granular systems. This is probably be-
8 cause of the small surface to volume ratio of the former.
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Evolution of structure and magnetoresistance in ranular Ni(Fe,Co)/Ag
multilayers: Dependence on magnetic layer thickness

X. Bian, X. Meng, J. 0. Str6m-Olsen, Z. Altounian, W. B. Muir, and M. Sutton
Centre for the Physics of Materials and Department of Physics, Mc;ill University .3600 Univr'itY Street,
Montreal, Quihec H3A 2TS, Canada

R. W. Cochrane
D~partetnent de Physique 2t Groupe de Recherche en Physique et Technologie des Couches Minces,
Universit6 de Montreal, _,P 6128, Suec. Centre-Vill', Montreal, Qu•;b'c H3C' 3.17, Canada

Structural and magnetoresistance results on annealed sputtered (Ni$tFe,), Ni6,(,Fe6,Coj 8)/Ag
granular multilayers are presented. Structural evolution has shown that highly (111) textured,
discontinuous layered structures can persist on annealing up to 400 'C. The average magnetic
particle size is controlled by the annealing temperature and the initial magnetic layer thickness. No
giant magrnetoresistance was observed in the as-deposited films, while significant MR was found
after annealing between 300 'C and 400 'C. Magnetoresistance over 3W)%, together with a small
saturation field, was found at 4.2 K for a starting magnetic thickness of 4 A. Increasing the magnetic
layer thickness to 20 A greatly improves the magnetic thermal stability, and leads to high
magnetoresistive sensitivities of up to 0.35%/Oe in a field of 10 Oc at room temperature. The
magnetization hysteresis, anisotropy, and magnetic interaction in such a granular inultilayer are also
discussed.

I. INTRODUCTION and Ag were adjusted to yield films of magnetic composition
-- between 20 and 55 at. %. Total film thicknesses were 75t)-

Since the observation of giant magnetoresi stance (GMR) bewn20ad5at%.Talfmthcesswre70Sinc th obervtionof ian manetoesitane (MR) 1200 A•. The heat treatment was carried out, either under a
first in antiferromagnetically colipled multilayers,t12 and later

vacuum of better than 2X 10 - Torr or under a flow of 5% H,in uncoupled granular alloy films,3 ' structural and magne- and 95% Ar.
totransport properties have been intensely studied in a vari- The structural characterization ot the samples were per-

ety of artificially inhomogeneous structures. [igh negative formed using low- and high-angle x-ray diffraction using

GMR, which is essential for magnetoresistive sensor appli- Cu-K, radiation and a transmission electron microscope. The

cations, is found in these system and is shown to be related film raditionsd a trmission electron micrope

to the interface spin-dependent scattering, and is associated film compositions, as determined by electron mnicroprobeto he ntefac spn-dpenen sctteing an isassciaed measurements, were found to be within 4% of the nominal
with the reorientation of the magnetic moments in either a vameasurements were carrie d

coupled multilayer structure or an immiscible granular values. The magnetoresistance measurements were carried
out using a four-terminal geometry and a high-resolution acalloy.t'3 However, the magnetic fields required to achieve bridge~iU The current was in the plane of the film, with the

magnetic saturation and a significant magnetoresistive effect magetic fie either in tilm plane an pereilar ti

are generally too large to be useful in low-field device appli- magnetic field either in the film plane and perpendicular to
cations, the current (transverse pl.) or perpendicular to the plane (per-Arinealed NiFe/Ag multilayers, however, have shown pendicular p, ), Magnetic hysteresis data at 300 K were ob-

A5dtained usingi, a agnAeg-optic Kerr effect (MOKE) magneto-
low-field GMR.- 8 We have recently extended these studies tamed siit a mg etopic Ke efe t fKlma
by annealing NiFe/Ag multilayers containing ultrathin NiFe
layems. Larger enhancements in GMR at 4.2 K were found
for annealed multilayers and low saturation fields were also
' observed by controlling the size and shape of the magnetic Ill. RESULTS AND DISCUSSIONS: NlslFe19/Ag
precipitates!) In this paper, we report the magnetic layer MULTILAYERS
thickness dependence of annealed (NiFe,NiFeCo)/Ag multi- (Ni81 Fet,)t/Ag2t) Al)30 multilayers with tNil.,= 4 - 2 0 A
layers on the structural, magnetic, and transport properties. were deposited on glass substrates and followed by anneal-

ing under vacuum. The iow-angle x-ray reflectivity spectra
reveal superlattice peaks for all the as-deposited samples,

II. EXPERIMENT down to a bilayer thickness of A= 24 A (with a 4 A layer of
magnetic component), indicating a well-defined composi-

A series of (Ni 81Fei,,Ni,,FeI(,Co, 5 )/Ag multilayers with tional modulation along the growth direction. The corre-
individual magnetic layers, ranging from 4 to 20 A and Ag sponding high-anigl2 x-ray diffraction and electron diffrac-
layers of 20-40 A were prepared by dc magnetron sputtering tion for these samples show that the multilayer films have
at room temperature from separate targets of Ni8IFeq, coherent interfaces and a highly textured structure with (Ill)
Ni(,FelCo, 8 , and Ag onto both glass and oxidized Si sub- orientations normal to the film plane. Figure I shows the
strates. The base pressure was less than 2X 10 7 Tort, The high-angle x-ray diffraction patterns for a multilayer with
deposition rates were typically 1.4-1.6 A/s in 7.5 mTorr ar- tNil:,= 2 0 A at different annealing temperatures. Hlighly tex-
gon. The individual layer thicknesses of the magnetic alloys tured Ag( Il1) and NiFe( 11) structures can he seen in the
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FIG. 1. High-angle x-ray data for the samples with form glass/(Ag20
A/Nis5 Fe1920 A).o/Ag2O A, as-deposited and anneal-d at 320 'C, 375 'C,
and 4W(X *C for 10 min. FIG. 2. Temperature dependencies of (a) Ap/p and (b) saturation field Hs

for three Nis 1Fe1, samples with layer thicknesses, as indicated,

annealed samples. As illustrated in Fig. 1, superlattice coher-
ence persists for samples annealed up to 400 *C. Further an- found in the samples annealed at 300 'C with a saturation
nealing above 450 °C, however, dissolved the superlattice field generally less than those observed in cosputtered granu-
structures, as shown by the disappearance of the satellite lar films of similar compositions. 34 As tNiF, increases to 20
peaks around the two primary Bragg peaks, indicating sig- A, a substantial decrease of the GMR is observed. This result
nificant interdiffusion during annealing. Similar structural is expected, since for high NiFe concentrations, the surface
changes in annealing, found from high-angle x-ray diffrac- to volume ratio decreases, thereby reducing the interfacial
tion, were observed for all the NiFe thicknesses studied here. spin-dependent electron scattering,t t However, the saturation
However, low-angle x-ray reflectivity data show that, except field is greatly reduced as the magnetic layer thickness is
for very thin NiFe layers (4-6 A), the compositionally increased. Similar behavior was found for samples annealed
modulated layer structures persist, even after annealing at at 450 'C, except that the values of the GMR and HS are
450 °C, indicating a well-spaced discontinuous multilayer lower, due to the growth of magnetic precipitates.
structure. The average NiFe grain sizes, D, corresponding to An important aspect of increasing tNIr, is the improve-
different tNlPF, estimated from the high-angle diffraction ment of the magnetic thermal stability. Figure 2 shows the
peak width, range from 60 to 250 A for samples annealed at temperature dependence of GMR and Hs. Cooling the
450 'C, as shown in Table I. As the annealing temperature is samples down from 300 K to 4.2 K increased ApIp by a
increased, the high-angle NiFe (Ill) x-ray peak intensity in- factor of 7 for the sample with tNI:e= 4 A, but only by a
creases and becomes sharper, indicating the growth of NiFe factor of 2 for the sample with tNiF,= 2 0 A. Interestingly, the
particles. 7  MR values for these samples are comparable at 300 K. The

For a wide range of NiFe thicknesses (4-20 A) and Ag saturation fields show behavior similar to those of GMR. A
spacer 20 A, the as-deposited multilayers show no GMR at large increase of HS for thinner NiFe samples are seen at
room temperature. However, large MR was found for temperatures below 50 K, compared to a relatively flat varia-
samples anne-led between 300 and 450 'C at both 4.2 and tion for the thickest NiFe sample. The strong temperature
300 K. Data obtained at 4.2 K are shown in Table I. For the dependences of the GMR parameters for the samples with
samples with ultrathin NiFe layers (-4-6 A), which is con- ultrathin NiFe layers were shown to be related to the super-
sidered as granular in nature, GMR as large as 30% was paramagnetic properties of the small magnetic precipitates.)

TABLE I. Dependence of magnetoresistance parameters on trit;, for samples annealed at 3(X) 'C and 450 'C, data obtained at 4.2 K. pI and p, are the
resistivities at H1=0 and H=Hv , respectively.

Sample 30) °C 450 'C

I NIF App/ps Ifj h A) Ap &pips !s D)
(A) (pl cm) (PI I cm) (%) (O0) (tdl cm) (P.11 cm) (M) ((0)0 (A)

4 9.94 2.30 30.)0 2(XX) 5.95 0.945 18.8 14W) 60.1)

6 9.93 1,98 25.0 17W8) 5.76 0.630) 12.3 1150 80.0

8 ............ 5.49 0.59 12.0 1050 95.0

20 10.93 0.296 2.8 SO ... ... 250.0
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FIG. 3. Room temperature magnetoresistance for multilaycrs with the form
SiO 2/Nb5O A/Ag20 A/NiF,:Co20 A(Ag4O A/NiFeCo20 A),/Ag20 A/Nbl(t)
A, in different hcat-treatment states, as indicated. The curves show one-half FIG. 4. Magncto-optic Kerr effect (MOKE) measurements for the samples
of the MR vs 1 cycle, shown in Fig. 3, (a) as-depositcd, and annealed for 10 rain at (b) 325 oC, (c)

350 'C, and (d) 360 'C.

IV. LOW-FIELD GMR STRUCTURE hysteresis loop gradually tilts and the remanence magnetiza-

Although large GMR values have already been obtained tion decreases, suggesting the formation of a fractional anti-

in a variety of multilayers and granular alloys, the magnetic ferromagnetic spin configuration. Annealing above 370 'C
fields required are usually large. In a multilayer structure, increases both the remancnce and the coercivity; correspond-

low saturation fields are possible by choosing a structure ingly, the GMR sensitivity decreases. Although a small in-

with small antiferromagnetic coupling,12 A recent report has plane anisotropy was found in the as-deposited sample, the

shown that very low field GMR is obtained in an annealed hysteresis loop difference of the in-plane magnetic easy and

NiFe/Ag multilayer structure, with a typical magnetic layer hard axes vanishes after annealing above 300 'C. Therefore,
.hickness of 20 A.5 The large value of the magnetoresistive one could conjecture that under a minimum in-plane anisot-

sensitivity, over 0.8%/Oe, was ascribed to the balance of ropy, low-field GMR and high sensitivity are promoted as the
magnetostatic and local antiferromagnetic interaction be- results of the balance of magnetostatic interaction and local

tween the plate-like islands in the annealed layer structures. antiferromagnetic coupling.5

We have prepared similar structures by substituting the mag-
netic component by a magnetically soft Ni,6Fe1 6Co18 alloy. ACKNOWLEDGMENTS
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Magnetoresistance in (Fe-Co)/Ag films
A. Tsoukatos,a) D. V. Dimitrov, A. S. Murthy, and G. C. Hadjipanayis
Department of Physics and Astronomy. University of Dela ware, Newark, Delaware 19716-2570

The structural and magnetotransport properties of (Fe 1.Col ),i ...Ag. films were studied as a
function of composition. Giant magnetoresistance (GMR) values were measured in these granular
films, with the best GMR obtained for the composition (Fe1 ).33Co 1.(,7)2 7Ag.3, with values of 29% at
30 K and 11.7% at 300 K. XRD and TEM results have shown a fcc crystal structure with a relatively
homogeneous microstructure. Magnetic data for the samples with the best GMR indicate a
superparamagnetic behavior. The narrow peak in thermomagnetic data and low blocking
temperature suggest a small and uniform size distribution of magnetic granules. A summary of the
electrical transport properties is presented, in relation to the structural, microstructural, and magnetic
properties.

i. INTRODUCTION ranging from 5 to 50 nm), irrespective of the Ag or Fe-Co

Giant magnetoresistance has been recently observed in relative composition. All the observed selected area diffrac-
transitin maetalo resistancomposite hams ben rc nto d in b tion (SAD) reflections were solely due to Ag, The absence of

transition metal multilayers,' composite films,4n3 and in bro- diffraction rings characteristic of elemental Fe or Co or some
ken multilayers, 4 The origin of GMR is attributed to spin- FeCo structure is reminiscent of Co(Fe)/Ag granular films, In

dependent scattering at the interfaces between magnetic and te ltte sysemitasenc of Co(Fe) reflections wsa

nonmagnetic regions.- 7 The highest GMR, of the order of the latter system,) the absence of Co(Fe) reflections was at-

150%, was observed in multilayers,8 but the highest sensitiv- whichte r o bserve d on when g r es TE was

ity, about 1.2%/Oc, was found in broken multilayers. 4 Both which were observed only when high resolution TEM was

of these systems require very stringent preparation tech- used.

niqus, hic mae thm dffiultto e usd fr pactcal The dependence of GMR values on composition in (Fe-niques, which make them difficult to be used for practical Co)/Ag is shown in Fig. 3, It is seeni that for a fixed ratio

applications. On the other hand, granular films are much ibetween Fe and Co (y), the GMR values form a well-defined

easier to prepare, but the studies, to date, showed low sensi- bell-shaped curve. All these curves show maxima that lie iin

tivity and high saturation fields. This study was performed in the region of 65%-70% Ag. The magnitude of GMR drops

an effort to improve the sensitivity and lower the saturation sigicn we t he magne te ome s

field in (Fe-Co)/Ag films by investigating the dependence of which corresponds to the theoretical estimation for the per-

these parameters on the composition, structure, size, and corain ponto gal sol F or thle wir-
densty f mgnetc ganues.colation point of granular solids,'(' For the samples with a

density of magnetic granules, small percent of magnetic material (less than 20%), the den-

sity of magnetic granules is small, giving rise to a small

II. EXPERIMENTAL PROCEDURES scattering surface area and a large separation between the
granules, leading to small GMR values. Figure 3 also shows(Fe,.Cotyl,, _,~.Ag,. granular films with y=0)-0.4 and that the GMR values for Fe-Co/Ag films are consistently

x=30-80 were prepared using magnetron sputtering from lowe tha thos of t e -Co/Ag films are condidentl
Fe-C an Agtargts n wter oold sbstrtes Cabon lower than those of the Co/Ag films prepa~red under identical

Fe-Co and Ag targets on water cooled substrates. Carbon conditions. I lowever, for y =0.33 and x =0).73, comparable

coated copper grids, Al foils, kapton, and glass were used as values were observed, with a maximum { cR()-Rp(Oa)]/

substrates. The predeposition pressure was 3X 10 8 Torr, and R(v)s of b 29% at 30 K and 11.7% at 3m K. The prominent

sputtering was done in a 5 mTorr Ar pressure. X-ray diffrac- feaur of' all C ampe was The lomanet
tion(XR) an trnsmisio eletro micoscpe (EM) feature of all Fe-Co/Ag samples was tile lower magnetic

tion (XRD) and transmission electron microscope (TEM)

studies were used to determine the crystal structure and mi-
crostructure of the samples. A SQUID magne-
tometer, with a maximum applied field of 55 kOe, was used
for the magnetic and the electrical transport measurements in , I

the temperature range of 10-300 K. The four-probe tech- 100 I.:I:fI,;7

nique with the field parallel to both the current and the film -

surface was used for the GMR measurements. I:

III. RESULTS AND DISCUSSION :

The XRD (Fig. 1) and TEM results (Fig, 2) have shown HI

a fcc crystal structure with uniform microstructure (grain size ,

"1Prcsent address: Center for Materials Research and Analysis, 112 Brace
Lab, University ot Nebraska, .O. Box 8810113, Litncotln, NE 64588-1)113. 1IG. I. X-ray ditfraction patterns or samples with different Ic-(co c(ltent.
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"FIG. 4. Field dependence of GMR at 30 K.
(a)

slope of the curve decreases with a further increase of the
magnetic content. The peak vani:.± .s for the sample with
63% magnetic content. Magnetization curves (Fig. 6) taken
on the samples with the best GMR, at different temperatures,
show small coercivity (100 Oe at 20 K and a negligible value
at 300 K) and lack of saturation, even for fields up to 55 kOc
[the magnetization curve at 300 K seems to achieve satura-
tion, because of the higher signal from the diamagnetic sub-
strate (kapton)]. These results are indicative of the superpara-
magnetic behavior of the samples, having a small grain size.
A notable feature here, however, is that although the magne-
tization does not show complete saturation, the magnetiza-
tion at 10 kOe is 95% of the magnetization at 55 kOc. This is
in contrast to the Co/Ag samples with the same percentage of

(b) magnetic material, which never approached saturation, even
for fields as high as 55 kOe.t t

FIG, 2. (it) BF micrograph showing a tine uniform inierostructure, (b) cor- The thermonlagnetic data for the samples showing the
responding SAD pattern showing only the Ag tings. highest GMR values (Fig. 7) confirm their superparamag-

netic behavior. The low blocking temperature, of the order of

fields required for the saturation of magnetoresistance, which 25 K, is suggestive of a very small size of the magnetic

results in sharper GMR (H1) peaks compared to their Co/Ag particles, which is consistent with the absence of SAD re-

counterparts. This point is clearly demonstrated in Fig. 4. flections and XRD peaks. The narrow peak is indicative of

The GMR vs i- curves taken for samples with different the uniform size distribution of magnetic particles.

magnetic content (Fig. 5) show that for a small amount of the
magnetic material, the magnitude of GMR smoothly in- IV. CONCLUSIONS
creases with increasing field, For samples with a magnetic We observed high values of GMR in Fe-Co/Ag granular
co,atent of about 30%, it is seen that the magnetoresistance films with values of 29% at 30 K and 11.7% at 300 K. The
iikcreases and the curve appears to have a peak at around GMR saturating fields are lower than those in Co/Ag. The
H-=0. The magnitude of the peak becomes smaller, and the
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Interaction effects and magnetic ordering in GMR alloys

S. J. Greaves, M. EI-Hilo, and K. O'Grady
Magnetic Materials Reseorch Group, SEECS, UCNW, Bangor, Gwynedd LL57 IUI; United Kingdom

M. Watson
Centre for Data Storage Materials, Coventry University, Coventry CVI 5F11, United Kingdom

In this paper AgNiFe alloy films were examined both before and after annealing. Characterization
of the samples and examination of interaction effects was carried out by measuring the temperature
decay of remanence, initial susceptibility, and magnetoresistance. The temperature decay of
remanence reveals that annealing widens the distribution of energy barriers, which is indicative of
grain growth. The behavior of the initial susceptibility as a function of temperature is analogous to
that found in spin glasses. From these measurements, it is believed that interaction effects in these
systems are small.

I. INTRODUCTION A second useful measurement is the variation of initial
susceptibility with temperature. For a zero field cooled pro-

Recently, there has been a growing interest in giant mag- cess this behavior is well known and gives a peak at a tern-
netoresistance (GMR) materials, which are being considered perature T= T 2 If the distribution of energy barriers origi-fop t applications such as sensors and read/write heads in re-ri-

nates from a distribution of precipitate sizes, then well above
cording systems. Materials that exhibit GMR may be multi- Tg and over a limited range of temperature, the initial sus-
"layers or alloys. In granular alloy films such as AgNiFe, the ceptibility, xi is given by"
giant magnetoresistance arises from spin-dependent electron
scattering within and at the boundaries of the grains con- bC 0
tained within the Ag matrix. The size of these precipitates X T(T) -T o T t,'(

and the interactions between them affects the orientation of where TO t -7' Bi - is the total ordering temperature over
the spins, and hence the magnitude of the magnetoresistance. that limited range of temperature. T1 represents the contri-

In disordered magnetic materials, the first step in their tuti i nted ra tn s tof t ,eture. Toi= represents
bution of interactions to Tk , and To Il rtBf representscharacterization is the measurement of the energy barrier dis- the correction for the blocking effects that arise, due to the

tribution. This measurement is made by cooling the sample fact that there is a distribution of blocking temperatures.
in the zero field to the lowest temperature, where all the fathtterisadtibiooflckntmpaue.mmntse zerebielod and unablowes tomfluctuate, oere l their e Equation (3) was derived by fitting the tail of the distribution
moments are blocked and unable to fluctuate over their en- function to f(y) = cry -1 in the limited range of temperature
ergy barriers (AE). Then the saturation remanence of the examined, where `=/a/b and h ~exp(-(c/2) and (-,. is the
magnetic compound is measured as a function of tempera- standard deviation of f(y), since a lognormal distribution of
ttt,•, this variation is given byI energy barriers is assumed.

According to this analysis of the temperature variation of
Mr,(T) = ,(0) f(y)d.v, (I) the initial susceptibility, and with the help of the energy bar-

rier distribution data obtained via the decay of remanence

where M=M,111M, is the reduced remaience relative to the measurement, the interaction effects in the AgNiFe alloy
-- films can be examined.

saturation magnetization of the system, y = AE/AE is the
reduced energy barrier relative to the average barrier AE and II. EXPERIMENT
f(y) is the distribution function of reduced energy barriers,
which, in this formalism we assume to be independent of T. The films examined consisted of silver, which formed

y,,jt is the reduced critical barrier above which the moments the bulk of the material, together with nickel and iron, the

are unable to fluctuate on a given time scale. Using this ferromagnetic components that form precipitates in the silver
criterion of the critical barrier. Ycrit is given by matrix. The size of these grains, and hence the GMR, may be

controlled after deposition by annealing of the film, which
AEcrit 7' causes growth of the grains.

Yc-it= - = -, (2) The films were produced by rf sputtering onto glass sub-
AE T11 strates in 8 mTorr argon pressure from a base pressure of

better than 2X 10 7 Torr. The films were between 200-300
where AEci,=kT ln(tjfo), t,,, is the measuring time and fu nm thick and the deposition time was I nin. The film com-
is a frequency factor associated with these fluctuations. Tjj is positions , :c varied by changing the configuration of the
the average blocking temperature of the system, at which sputtering target. Films were generally 78±5 atomic percent
fluctuations are taking place over the average barrier. Ac- silver, with the rest consisting of nickel and iron in a range of
cording to Eq. (1), the differential of the temperature decay proportions. Annealing was carried out at three different tern-
of remanence curve shows directly the distribution of energy peratures: 600 'C, 65(1 'C, and 750 'C under vacuum, using
barriers f(AEIAE) =- J'(T7/ITB). halogen bulbs as heaters.
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FIG. 1, Tcmperature decay of remanence data for the as-deposited and
annealed films.

FIG. 3. Initial susucptibility, Xi, fur as-deposited and anncaled :ramples after
coolirng in zero and 50 Oc fields.

Magnetic measurements were made with a PAR4500
VSM. Measurements of the initial susceptibility were made
after zero field cooling using applied fields of ±50 Oe over a The energy barrier distribution for the as-deposited sample
temperature range from room temperature to 4 K. The shows that there is some degree of bimodality that disappears
samples were cooled in zero field. Further susceptibility when the sample is annealed. The data also shows that the
measurements were made at T> Tg9 while cooling the sample distribution becomes broader after annealing, which may be
in a 50 Oe field. Temperature decay of remanence measure- due to precipitate growth arising from coagulation of neigh-
meats were made over the same temperature range, measure- boring precipitates or alloying. The analysis of the decay of
ments of the remanence were made after saturating in a ± 1.2 the rnmanence curve for the annealed sample gives a value of
T field. Magnetoresistance v, as measured using a four point 'n = 10 K and O'y = 1.3, however, it is difficult to fit the curve
probe. for the as-deposited sample, since a bimodal distribution is

present.
III. RESULTS AND DISCUSSION Figure 3 shows the temperature variation of reduced ini-

tial susceptibility: j1i(T)= X1(T)/M. 0(T), where Ms~(T) is the
Figure 1 shows the measured temperature decay of re-

manence curves for two films of composition 78.9% Ag, saturation magnetization. Curves are shown for cooling in

11.3% Fe, and 9.7% Ni before and after annealing at 650 'C. the zero applied field and cooling in a 50 Oe field. The

We see that the value of ,r(0) can be extrapolated to 0.5, samples exhibit typical spin-glass behavior. From the figure,

,the Stoner-Wolfarth value for a system with randomly the values of initial susceptibility for the annealed sample arei.e., thItnrWlat au frasse ihrnol
oriented easy axes,4 Analysis of this data according to Eq. (1) larger than those of the as-deposited sample, and also the

gives the energy barrier distribution. Figure 2 shows the dis- position of the peak in the zero field cooled curve is shifted

tiibution of energy barriers or the distribution of blocking to a higher temperature. This behavior can be attributed to

temperatures obtained from the decay of remanence curves.
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FIG. 2. The energy barrier distributions, f0'yt), for the as-deposited and
annealed films. FIG. 4. Magnetoresistance for the two films.
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0.002 -r -,- ch. o, - of Ap(H) and A,ýM 2(H) for both samples examined.

The ,.",J Jearly shows that the rate of change of Ap(H) is
Annealed greater for the annealed sample. This data also shows that for0 d(Af,)/dH

S 0.001 (- dAM')/dH 'he as-deposited sample, the variation of d[Ap(H)]/dH and
C9 d1diA,-(H)]/dH is similar, whereas for the annealed sample

I• the d[Ap(H)]IdH curve deviates from the d[AMAI 2 (H)IIdH
0 / o 0 curve; this is particularly apparent at low fields. This result

*/ can be explained in terms of recent calculations,6 in which,
As-depositod due to interaction effects, the Ap(H) curve does not follow

"*0.000 the AM"(H) curve at low fields. This is because the magne-
toresistance is influenced by the short range correlation be-
tween neighboring precipitates, whereas the behavior of

.0.002 , , I AM 2 is an average over the whole system. The data for the
.12 .8 .4 0 4 8 12 annealed sample shown in Fig. 5 shows that the deviation of

Applied Field (kOe) the d[Ap(H)]/dH curve from the d[AM 2(H)]IdH curve is
not large, which again suggests that interaction effects are

FIG. 5. Comparison of d(Ap)/dH and d(IM2)/dH for the annealed and small in this sample. This result is consistent with the mag-
as-deposited films. nitude of the ordering temperature T0)i=5 K, obtained from

the initial susceptibility data.

the fact that the precipitates are larger in the annealed IV. CONCLUSIONS
sample. In this paper, a method of examining and characterizing

Analysis of XT- versus temperature for the annealed interaction effects has been presented. The temperature de-
sample according to Eq. (3) gives a total ordering tempera- cay of remanence is found to give useful information about
ture of T1 tut=-50 K. Using the data for the energy barrier the energy barrier distribution that can be used to examine
distribution obtained for this sample, we calculate a value for interaction effects, in conjunction with initial susceptibility

Toi of -55 K. Subtracting this from Ttot, gives a value for measurements. From the examination of the initial suscepti-
Toi of 5 K that arises due to interaction effects. This value of bility data and a comparison of the resistivity and magneti-
To, indicates that the interaction effects in this sample are zation curves of the annealed sample, the effects of interac-
small. tions are found to be small. These effects are believed to play

Figure 4 shows the GMR curves measured at room tem- a significant role in the increase in the GMR effect as the
perature before and after annealing. We see that the GMR sample is annealed.
effects in the annealed sample with the larger precipitates are
greater than in the as-deposited film, and Ap increases from1.3% to 4.5% as the sample is annealed to 650 iC. r D. P. E. Dickson, N. M. K. Reid, C. Hunt, H. D. Williams, M. EI-Hilo, andK. O'Grady, J. Magn. Magn. Mater. 69, 276 (1987).

Since neither samples exhibit remanence or coercivity at 2j. 1. Gittleman, B. Abeles, and S. Bozowski, Phys. Rev. B 9, 3891 (1974).

room temperature, we may compare the field dependence of 3K. O'Grady, M. El-ltilo, and R. W. Chantrell, EA03 INTERMAG 1993.
Ap(H) and AMTf 2 (H), where AM2= [k(-)-M (H)]2 . This 4 E. C. Stoner and E. P. Wohlfarth, Philos. Trans. R. Soc. London Ser. A

comparison is based on the model of Gittleman et al.,5 de- 240, 599 (1948).
-5J. 1, Gitnleman, Y. Goldstein, and S. Bozowski, Phys. Rev. B, 5, 3009

scribing the relationship between the magnetoresistance and (1971).
the magnetization of the system. Figure 5 shows the rate of 6M. E-I-Hilo, K. O'Grady, and R. W. Chantrell (these proceedings).
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Magnetic structure of the spin valve interface
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Nonferromagnetic atoms present at Ni/Cu and Permalloy/Cu interfaces in sputtered spin valve
magnetoresistive layered structures have been shown to cause reduced magnetoresistance. Here we
show that a model in which the moments on the Ni atoms in the interfacial region of Ni/Cu arc
reduced substantially by interdiffusion with Cu is consistent with the experimental results. In
contrast, we believe that moments persist at the permalloy/Cu interface, which first principle total
energy calculations suggest will be disordered at finite temperatures. These reduced or disordered
moments are expected to significantly reduce the GMR.

I. INTRODUCTION majority d-wave phase shifts) of fcc Ni, Fe, and Co are all
similar and close to that of Cu. As a consequence of this

It is clear from experiments that an understanding of matching of potentials, interfaces in these materials that have
the chemical, physical, and magnetic structure of the inter- no imperfections other than a substitutional intermixing of
faces in magnetic multilayers is an important part of under- the constituent atoms are predicted to scatter majority spin
standing the giant magnetoresistance (GMR) effect in these electrons only weakly, whereas the scattering of the minority
systems. Here we report on experiments and calculations spin electrons at the interfaces (and in the bulk for Permal-
aimed at elucidating the magnetic structure of these inter- loy) is predicted to be very strong. The GMR arises in part
faces. because these majority carriers that carry most of the current

For some time, the moment as a function of the total do not scatter strongly at either interface for the case of fer-
amount of magnetic material deposited in Cu/Permalloy/Cu romagnetic layer alignment, but scatter strongly off of one of
and Cu/Ni/Cu sandwiches, as well as Ni/Cu and the interfaces in the antiferromagnetic case. Another contri-
Permalloy/Cu and other spin valves, has been measured, 1-3' 5  bution to the GMR arises because of the difference in ferro-
and the moment found to be less than expected from the magnet spin up and spin down mean-free paths, so that ma-
amount of Ni and Fe deposited. In particular, for nickel jority carriers that traverse the interface unhindered can
thicknesses less than TI (thickness nonferromagnetic) no travel a large distance before scattering, but minority carriers
moment w."s observed, but with a further increase in thick- continue to be strongly scattered throughout the ferromag-
ness, the moment increased linearly with a slope given by the netic layer.8 In this paper, we attempt to present a coherent
bulk magnetization. This showed that a nonmagnetic region picture of the disorder present at the Cu/Ni and Cu/
is formed at the interface, and that away from the interface Permalloy interfaces and its effect on the GMR amplitude.
relatively undisturbed ferromagnetic material is present. The
thickness Tr corresponded to roughly one atomic layer of II. DIFFUSION MODEL OF NI/CU CONCENTRATION
Ni0.gFe().2 per interface for the "as deposited" sample and PROFILES
increased to approximately four atomic layers after annealing Ni differs from Fe and Co, in that it loses its nmoment as
at 32(0 'C. For Ni/Cu, the missing moment was equivalent to a substitutional impurity in Cu. At low temperature, the solid
approximately 2.5 atomic layers of bulk Ni. A direct corre- solution moment per atom is observed both experimentally
lation of Tnf with loss in GMR was observed, and was inter- and theoretically 10 to decrease from its value of (0.6jit, in
preted as arising from spin-independent scattering caused by pure Ni at about l A, per atomic fraction Cu. This decrease is
the nonferromagnetic atoms near the interface. This scatter- due both to the dilution of Ni by Cu and to the decrease of
ing reduces the number of majority carrier electrons that can the Ni moment, which vanishes at around 601% Cu. At room
traverse the interface unhindered and penetrate into the fer- temperature the moment decreases faster, vanishing at about
romagnetic layer.' ' 30% Cu.

The need to understand the magnetic structure of GMR We shall investigate a model in which Cu atoms migrate
interfaces takes on added importance in light of experiments into the magnetic layer, where they reduce the nearby inn-
in which atoms of third elements added to the interface ments. To model interfaces with different amounts of inter-
greatly modify the GMR amplitude;6 in particular, small mixing, and to make connection1 to the annealing data, we
amounts of Co at the Permalloy/Cu interface greatly increase consider initially abrupt interfaces that we allow to interdif-
the GMR effect, 4 Also, first principles calculations 7 predict fuse for increasing amounts of' time, resulting in more inter-
an extremely large GMR effect for multilayer systems, such mixing. For Ni/Cu, the atoms are of similar size, and the
as Permalloy/Cu/Pernialloy or Co/Cu/Co. This large calcu- equilibrium phase above 322 'C is a slightly clustering solid
lated GMR arises, because the majority spin potentials (and solution. Therefore, it is reasonable to assume that hopping
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probabilities are species independent. Thus, the concentra- 10 . " "

tion on a layer should obey a one-dimensional diffusion
equation of the form -

dck
dt k t, § + ( I + .... 1)-

dt 2

where ck is the concentration of Cu on the kth plane and ..-.
is the number of out of plane jumps per second per site. This V

equation is easily solved in terms of the dimensionless time, R 4

ro'Dt, for an initially perfect periodic multilayer consisting CC,
of nca planes of Cu followed by nl planes of Ni. Unfortu-
nately o-D is r'lt available, and since the experimental depo-
sition and sling includes several successive tempera- -_ --- --.....----
tures, the mapping from T" to t is not even linear. However,_•_ 0 6 - 10 12 14
the mapping should be independent of ncu and nIS. This tne unit)

(ue(rbta) nt
allows us to qualitatively compare our calculated loss in mo-

ment and interfacial width with those obtaired from magne- 18

tometry and x-ray reflectance." Specifically, we calculate the 16 -

concentration profile Ck(T) as a function of r for a periodic
structure initially consisting of 25 [111] planes of Cu fol- 14 - peimen ,

lowed by nNi planes of Ni. As r increases, mixing occurs and 12 M
the concentration profile evolves. b

We are interested in fcc [111] layers, where each atom • 10

has six neighbors in its plane and three neighbors in each of V
0 8

the two neighboring planes. To obtain a rough picture of the o.
deperidence of the moment on the thickness of the Ni layer, 6 6 o
nsi, we approximate the moment on a Ni atom by the aver- 4

age Ni moment in a random alloy, with the same average
number of Ni nearest neighbors as the Ni atom under con- 2

sideration. With this assumption, the total moment can be O0
determined as a function of intermixing, calculated from Eq. 0b5 10 e5p20

(1) for different numbers of Ni planes. In Fig. 1(a), we show

the total moment per unit cell of a multilayer consisting of 25 FIG. I. (a) The total spin magnetic moment as calculated in the model is
shown as a function of T for various 1Ni, The number of Ni planes goes

Cu planes followed by nNl planes calculated as a function of from 2 in the lower left corner to 201 at the top. (M) Magnetization (expressed

rusing the room temperature data for the moment as a func- in terms of an equivalent numnber of planes with bulk moments) vs the

tion of concentration. number of planes deposited. Calculated and experimental results are shown

These results show that, depending on r (i.e., intermix- for Cu/Ni/Cu sandwiches.

ing), when only a few Ni layers are present, there is no
moment, but that as Ni layers are added, a point is reached
when the moment appears; the moment then increases almost ou a n f tom in pire s onfirmed byour calculation of the moments in Permalloy/Cu/Permalloy
linearly. In Fig. l(b), the net moment versus the number of sandwiches with interfacial mixing, as shown in Table I. We
Ni layers is plotted for T=5, along with room temperature find that the moment on Fe actually increases slightly for
(RT) measurements. The value, r=5, was chosen to give the atomstin the nominally acu aly ieate Nim et do-

bestagremet wth te masuemets.Base onthi quli- atoms in the nominally Cu layer, while the Ni moment de-
best agreement with the measurements. Based art this quali- creases. Thus, although it may be possible to model the miss-
tative agre "nent with experiment, we propose that our ing moment at Permalloy/Cu interfaces similarly to our treat-
simple diffusion model provides a plausible description of ment of the Ni/Cu interfaces, an alternative or additional
the concentration profile, and may be the explanation for the explanation for the missing moment at Permalloy/Cu inter-
missing moment at Cu/Ni interfaces. The intermixed region
is predicted to be somewhat larger than the number of layers
corresponding to the missing moment, in general agreement TABLE I. Calculated moments on Ni and Fe near Permalloy Cu interfaces.

with x-ray measurements.t It is asumined that three layers have interdiffused with a simple linear diffu-

sion profile.

Ill. PERMALLOY/CU INTERFACES Layer No. %Ni %Fe %Cu Ni moment (A,,) Fe moment (A,,)

In the case of Permalloy (FeO. 2NiO. 8)/Cu interfaces, the 1 801 20 0 0.521 7.897

situation is more complicated. Fe, which contributes as much 2 80 20 0 0.478 2.895
3 60 15 25 0.395 2.914

to the total moment of Permalloy as Ni, is unlikely to have 4 40 10 511 0.32? 2.935

its moment reduced by mixing at the interface, since the 5 20 5 75 0.242 2.943

moment of an Fe atom as an impurity in Cu is greater than
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TABLE II. Calculated energy differences and moments for ferromagnetic and disordcred-local-momcnt Per-
malloy and Permalloy 0.5CuO5.

System Relative energy (mHa) Ni moment (p-l) Fe moment (jge?)

Ferromagnetic NiO.8FeO.2 0.00 0.570 2.59
Disordered local moment NiO,8FcO.2 1.70 0.050 2.55

Ferromagnetic NiO.4FeO.lCu0.5 0.00 0.292 2.54
Disordered local moment NiO.4FeO.ICuO.5 0.33 0.023 2.51

faces is that as an Fe atom becomes increasingly surrounded interface. Probably more important, however, is the ability of
by Cu and very weakly magnetic Ni, its moment becomes cobalt to maintain its ferromagnetic alignment, even in the
increasingly decourled from the moments of its neighboring presence of dilution by Cu. To test this idea, we performed
magnetic atoms, i.e., the exchange interaction is substantially total energy calculations for an equiconcentration fcc
weakened and the spins disorder. cobalt-Cu alloy in its ferromagnetic state and in the disor-

In order to test this hypothesis, we calculate the total dered local moment state. The ferromagnetic state was more
energy of Ni, Permalloy, and a hypothetical Permalloy-Cu stable by 2.1 mHa. Thus, we predict that the ferromagnetic
alloy, both in the ferromagnetic state and in a state with exchange interaction in fcc cobalt, eveni when diluted by
disordered local moments. t 2 These calculations provide a 50% Cu, is stronger than in Permalloy with no dilution.
rough idea of the relative energy cost for disordering the
moments in the presence of the exchange coupling, which ACKNOWLEDGMENTS
attempts to align them ferromagnetically. These calculations
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to magnetic multilayer systems

W. H. Butler, X.-G. Zhang, and D. M. C. Nicholson
Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, TeMnessee 378.1-6114

J, M. MacLaren
Department of Physics, Tulane University, New Orl)ean.r, Louisiana 70118

A theory of the electrical conductivity of homogeneous random alloys based on the Korringa-
Kohn-Rostoker coherent potential approximation (KKR-CPA) is generalized to treat an
inhomogeneous alloy in which the concentrations of the constituent atoms can vary from site to site.
A special case of such a system is an epitaxial multilayer system. We develop the theory for such
systems and show how it can be implemented by using the layer Korringa-Kohn--Rostoker
Lechnique to calculate the electronic structure. Applications to magnetic multilayers and to the
calculation of the giant magnetoresistance are discussed.

I. INTRODUCTION tential difference across the sample. Fot an inhomogeneous
system, this may differ from the average applied field and it

Recently, there has been great interest in the transport may be different for different spins."
properties of layered magnetic materials because of the dis- For a homogeneous random alloy, the current and ap-
covery of a new form of magnetoresistancet 2 which may plied field can be assumed to be uniform, so that one can
have important practical applications. The transport proper- define a single conductivity that is also uniform,
ties of layered materials have been the subject of several P , E,,. This is the conductivity tI. 4 is given by the
theoretical investigations already. Fuchs,3 and later Kubo-A reno E, rm uc 11.12

Sondheimer,4 obtained a solution to the semiclassical Boltz-

mann equation with boundary conditions appropriate to a 7rh
thin film. Barnis and co-workers5 extended this approach to Nil - • (alJ•,1 a')(o•'"J,,a)6(Li,-
the case in which the film has several layers with differing\ .. '

scattering rates. Levy and co-workerst '-'1 used the more rig-
orous Kubo-Greenwood theory, 1112 which avoids certain X 6(EF- e(,) (2)
conceptual difficulties associated with the semiclassical ap-
proach, The work described in this paper also starts from the
Kubo-Greenwood linear response formula, but it is based on where j,, is the current operator, j,ý-(- ihe/m,.)a/ar ,, 11 is
quantities calculable from first principle", electronic structure the volume per atom, and N is the number of atoms. The
theory. We do not assume that the scattering is weak or that quantum states lao in Eq. (2) represent the exact eigenfunc-
the electron wave functions are those of free electrons, The tions of a particular configuration of the random potential,
only necessary inputs to our calculations are the atomic num- and the large angle brackets indicate an average over con-
bers and concentrations of the atoms in each layer. figurations.

Our approach is based on the Korringa-Kohn-Rostoker In order to define a nonlocal site-dependent conductivity,
coherent potential theory for transport in homogeneous ran- , we define the current density at site i for spin s as the
dom alloys,"' We first generalize this theory so that it can be average of the current density over the atomic cell at that
applied to the case in which the concentrations of the con- site, J' = fl1 f1 dr J'(r). We also assume that the local
stituent atoms can vary from site to site, then we treat the field, EN,(r), is constant over each atomic cell. Thus, we write
particular case of layered systems. Finally, we show how this Ohm's law in a discrete form, in which the current at site i is
theory can be implemented using the layer Korringa-Kohn- related to the local electric field at site j through the two-
Rostoker technique. point conductivity function, (rr,

i's _ -- ij,.s ,

II. CONDUCTIVITY OF INHOMOGENEOUS ALLOYS

We define the nonlocal conductivity o as the li- rThe superscript s on the local field indicates that it can be
ear response of the current of electrons of spin s at point r in spin dependent, as has been emphasized by Camblong et al.8
direction ,a to the local applied field at point r' in directior v, The local field will be determined after the nonlocal conduc-

. r dr' tivity is determined by the requirement of current continuity
JMAr)= d ,,(r,r')E,(r'). (I) in the steady state, XI 'W(r)/dr =0).

"The intersite conductivity, uJ, is given by Eq. (2), with
Here, "local applied field" means the change in the local the matrix element integrals (aclj~I') and (a'IjIa) restricted
electrostatic field that arises due to the application of a po- to sites i and j, respectively, and can be seen to depend on

6808 J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6808/3/$6.00 © 1994 American Institute of Physics



the imaginary part of Green's function, Zj a)(aIbEF-ca), It We follow Ref. 13 to average the two particle Green's
can be written in terms of the Green's function, G(r,r';e.), function and obtain an expression for the conductivity of the
by writing form

(W ) 4 P) Er,,(• 7rPpOEF• +i77p), (4) AP=- 41 ,,,., I. L4 (9)

4 pp =' I LL

where 77 is infinitesimal, and where where the function ! is given by

' z. - drl dr' j-(r)G-(rr';zj)j,(r') I ' i"2

&igT 1 ( I Z J2 1 2  L'L 1  ILLL, L

X Gs(r',r;z2 ). (5) +V cik ,kk y.kjv Xak cki+Ck 7-CLL XL L 2 L L L TL 14 L L, 0(0))

Following Ref. 13, we write Green's function in terms of L. ka k I 2 '21 4 L4 '

the scattering path operator of multiple scattering theory, where the second term is the vertex correction, and MILL is
th'' and the local solution to the Schr6dinger equation on

1'ei ~ a particular average over the matrix elements for the various
s te (r,z), types of atoms that may occupy site i,

h2SZ""(ri) "Lj,' ZlN,(rj)+S.T. (6) M . (11)

1. .12 L i 2 L2

The scattering path operator r is a "representation" of Equations (9)-(11) are the generalization of the KKR-CPA
Green's function within the angular momentum space, and theory of transport to an inhomogeneous alloy. The generali-
depends on the atomic t matrices, t, calculated from the zation from the results of Ref. 13 is straightforward because
self-consistent atomic potentials, and on the structure con- the CPA self-consistency condition is a single site condition
stants, which depend only upon the positions of the atoms. and therefore can be applied independently on each site. For
The singular term in the Green function (S.T.), which in- a general inhomogeneous alloy, this theory would he difficult
volves the irregular solution to the local Schr6dinger equa- to implement, because it would be hard to calculate the scat-
tion, can be omitted from the calculation of the conductivity tering path operators r',J. However, for a layered system that
because it does not contribute to Eq. (4). Thus, we write the retains a two-dimensional periodicity, implementation is fea-
conductivity in the form sible, as we describe in the next section.

- 4m
2

'v'(Z I , 2) = r e •_ Ill. APPLICATION TO LAYERED SYSTEMS
L1L2L..L 4  In this section we consider a special case where the con-

X(MtA L'(z2 ,z )Y£'(z1 ) centration of the alloy can vary from layer to layer, but is
" L4 I 1  H ' uniform within each layer. The CPA average is performed on

",M JL2L'S. " I ,Z2) I'-' 4(Z2 )?, (7) the atomic sites to produce an effective layered system that
.,L4  has a two-dimensional periodicity. We use a notation in

where the dipole matrix element is given as which a site labeled by i in Sec. II and representing any

-ieh, lattice site in the three-dimensional crystal acquires two la-
rZLf(r, zi)V,•Zt(r, z2 ). bels: i-+Ii, where the upper case I distinguishes different

me atomic layers, and the lower case i labels a site within layer
(8) 1. The probability of site 1i being occupied by an atom of

So far, we have not made any serious approximations in type a depends only on the layer index, I. Thus, suppressing
evaluating the linear response to the applied field. Under the angular momentum, Cartesian, and slin indices, we can
certain circumstances, it may be computationally feasible to write Eq. (9) as & = (-4m,,/rh'ff.)M".VZ'1  . The inter-
evaluate Eq. (7) directly, however, in this paper we use the layer conductivity can then be written in the form
cohernnt potential approximation (CPA) to put this equation ' lJ=N -&"jl'Jj, where N, is the number of atoms per
into a more tractable form. The CPA is a technique for "self- layer.
consistently" averaging over the atomic configurations. The Because of the two-dimensional periodicity (after the
individual atomic t matrices, t are replaced in the CPA by CPA average), we can relate the scattering path operator that
"coherent" t matrices, .' The self-consistency condition for connects any two sites r.i-. .) to a scattering path operator that
determining these "coherent" t matrices is Y,,cx"J 0. Here connects layers through an integral over the two-dimensional
x•' describes the scattering caused by replacing a coherent t Brillouin zone, of area 11,
matrix by one for an atom of type a at site j, and is given by I
xaj=Am'J DLj, where Am'• is the difference between the T."=f• C J d2q T C(q)eq(ni-J). (12)
inverse of the coherent t matrix and the t matrix for an atom
of type a on site j, Am'iJ=(ti) '- (ti) -,and C." is given These layer scattering path operators r ,. can be calculated
by Da)=(1 -rJ{ Amj )-1 using the layer KKR formalism.1
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The final expression for the conductivity is expressed in film may decrease. This giant magnetoresistance systems can
terms of matrices indexed by the layer numbers, be calculated directly using the results derived in this paper

' J=(-4m2/erhf 1 )l'Z't, where by calculating the conductivity for the case in which alter-
nate ferromagnetic layers are aligned parallel or antiparallel.

Y'-,-1 d2q 4'(q)M r•.(q) Calculations that we have performed for cobalt-copper-
'f , cobalt sandwiches using the formalism of this paper imple-

+ 1Kmented within the layer-KKR technique in the "CIP" ar-
- i, c•- d2q TcK(q)xY.%KJxat (q). rangement show that the major contributions to the

Ka magnetoresistance arise from terms, or 1J, in which I and J

(13) are atomic layers adjacent to the ferromagnetic-spacer inter-
faces, and are on opposite sides of the spacer layer. Details of

The local fields can be determined after u J is obtained, these calculations will be published elsewhere.
by using jls= 7K IKrSEKS' and the condition that the current
for each spin must be continuous in the steady state. Two
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The effect of interactions on GMR in granular solids
M. EI-Hilo and K. O'Grady
Magnetic Materials Research Group, SEECS, UCNW, Bangor, Gwynedd LL57 I UT, Great Britain

R. W. Chantrell
Department of Physics, Keele University, Keele, Staffs ST5 58G, Great Britain

In this article the effects of dipolar and exchange interactions on the magnetoresistance curves in
granular solids has been calculated using a generalized 3-d Monte Carlo model. This model allows
the final configuration of magnetic moments to be calculated as a function of concentration,
temperature, and magnetic field. The results show that interaction effects give rise to a finite
resistivity in small magnetic fields. The magnitude of this finite magnetoresistance is found to
increase with increasing concentration. Thus the maximum change in MR with field is found to be
lowerL• by the interaction effects.

I. INTRODUCTION value obtained at zero field (i.e., starting from a demagne-
tized state). This effect was attributed to interaction effectsThe magnetoresistance phenomena have recently re- between the so-called active magnetic regions.

ceived major attention due to its potential application in Thus, in order to provide an unambiguous explanation

magnetic sensors and recording heads. The first attempt to for the interaction effects on the behavior of MR in granular

obtain a simple description for the magnetoresistance was
made by Gittleman et al.' who showed that the change in or quasigranular systems we have used a generalized 3-dmad byGitlemn e al shwedtha th chngein Monte Carlo model in which the quantity (/p1/• . can be
resistivity with magnetic field is directly proportional to the Mine del as ahuct teeratu fel and

moment to moment correlation of the neighboring grains av- other variables.

eraged over all configurations

p(H)e (1 II. MODEL

The model consists of a cubic cell in which the positionswhere/o and ri, are the magnetic moments of the ith and jth of the particles are generated randomly. The particle sizes
neighboring grains, respectively, were generated according to a log-normal distribution fune-

For systems which contain uniform, noninteracting su- to n itdrnol ihntecl ihu hi oi

perparamagnetic particles (i.e., all the moments fluctuate tion and fitted randomly within the cell without their posi-
thermally) the statistical average of (1Ai.1zj)//t2 along the tions being overlapped. Anisotropy effects were also consid-thermallcthn saivestl aered and the particles easy axes were generated randomly.field direction gives According to this arrangement the., axis system for any par-

(,zi.tsj)=ltE[L(b)]2 lM2, (2) ticle within the cell is described in Fig. I where the total

where M[=MIM,=L(b)] is the reduced magnetization of energy of the ith particle is
the system, L(b) is the Langevin function with b=jiH/kkT, E=KVi sin2 a -/lt. l-H.r, (3)
where H is the field acting on the grain, kB is Boltzmann's where K is the anisotropy constant (uniaxial) and /
constant, and T is the absolute temperature. In Ref. I inter- is the magnetic moment of the particle, with Ia,, the satura-
action effects were represented by a mean-field term which ion magneticamo n of the parial, and V the paticle
was added to the applied field (H,), i.e., H--,Ha+XM, tion magnetization of the bulk material, and V the particle
However, this way of representing interaction effects has al- volume. eie (Hnc , es tT wi) is the total field that particle
ways been criticized particularly when the problem is related experiences which is the vector sum of the applied field and
to inhomogeneous systems and hence the strength of the in- the dipolar and exchange fields arising from neighboring par-
teraction field is not directly proportional to M.

In general ana particularly at low temperatures, the mag- 3 (p1 r11 )r,, •]r ±.*J up (4)
netoresistance curves exhibit hysteresis effects and plots of HTv=tla+j 3 r j
Ap(H)=p(}).--p(H1) as a function of field, give a peak 7,j X•[* '

near the cocicivity, where p(-) is the maximum resistivity in where the applied field (H,,) is chosen to be along the z axis.
a saturating field.2'3 In the case where no hysteresis is ob- The second term of Eq. (4) represents the vector sum of the
served Eq. (2) has been adapted to analyze the MR curves total dipolar fields arising from neighboring particles while
and estimate the average volume of the cluster in Co-Ag the third term represents the vector sum of the exchange
granular sysems.4 In other Co-Ag systems the MR data arc fields with C* being the average exchange coupling between
observed not to follow the MA2 law particularly in the region the grains whose surfaces lie within a distance comparable to
of low fields which was attributed to different magnetic the interatomic spacing (-10 A). The range of the dipolar
phases within the sample."5 However in Ref. 5 and :,t low field is chosen to be at a distance of 3D,,L from the particle
temperatures where hyste ;is is observed, t'.• value of under investigation where D,,, is the median diameter of the
AP(1 = 11,.) i.e., Ap ,,. was observed to be different from the particles. This range is chosen because the dipolar field aris-
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FIG. 1. Axis system for a particle within the cell. Temperature (K)

FIG. 2. The calculated short-range correlation of moments during the ther-
ing from other particles located outside this range becomes mal demagnetization process.
very small (<4%). The calculation is based on the energy
minimization of Eq. (3) where the final configuration of mo-
ments is obtained after several hundred iterations for 0 and tern to the Curie temperature and then cooling down slowly
0. Therefore, the magnetoresistance is calculated as in zero applied field. Figure 2 shows the temperature varia-
pOC(Ai,Az) where the correlation range is taken over the tion of the short-range correlation of moments during the
neighboring particles, i.e., the short-range correlation. More thermal demagnetization process. These data show that there
details of this model and how the calculation is performed is a finite positive correlation which increases with concen-
for both superparamagnetic and blocked particles are to be tration due to the increase in the interaction strength within
published elsewhere.

6

III. RESULTS AND DISCUSSION

All the calculations were made using a primary cell Ap(H)=p(oo).p(H)
which contained 400 particles. The particles generated were [---I
chosen to have a median diameter of Dm =60 A with a stan-
dard deviation of o'=0.15 and an effective anisotropy con- L3-- -- v,0.2
stant of K=2x 106 erg/cc. These parameters were obtained 0.8 G-- o c=0.3 3

for a fine particle system containing cobalt particles in pre-
vious experimental work.7 For this system the MR curves ,,

were calculated as a function of concentration. One advan-
tage of this study is that the distribution of particle sizes was
invariant with particle concentration, thus any changes in the
behavior was due entirely to interaction effects. However, in 0.4 -
real alloy films the distribution will not be invariant with 0.4
poncentration and an extended report on this matter is in w

preparation In these calculations a value of C*=0.05 was
used in order to keep the exchange interaction effects small
and the total interaction effect will then be dominated by
dipolar interactions. f

Before starting the calculation of the MR curve, the ini- 0 -
tial configuration of the magnetic moments (i.e., the demag- -6 -3 0 3 6

netized state) was achieved by thermal demagnetization. This
technique produces demagnetized states which are equiva- Applied field (kOc)
lent to those obtained via an ac demagnetizing technique. 8

Thus the demagnetized state was achieved by taking the sys- FIG. 3. Calculated MR curves at T=S K for Co particles.
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Ap(H) and AM2  Figure 4 shows the MR curves at room temperature (T
=300 K) for the sample with e=0.2, In this case all the

--- AM2(-I) particles are superparamagnetic and the system exhibits no
AM~ (1l) 1emanence and coercivity. Also on the same figure AM 2 data------- •Ap(I-I) are shown where AM 2 M= 2(.c)-M 2(H) and M is the re-

duced magnetization of the system. It is clear from the data
0.8 rthat the Ap(H) curve starts to deviate from the AM 2 curve as

the field is reduced and at low fields the Ap(H) exhibits a flat
region which is lower than AM 2. This result can be under-
stood since AM2 is a measure of the average correlation over
the whole sysem whereas the Ap(H) data give the degree of

0.4 short range c-rrelation between the neighboring particles. At
low fields the short-range correlation is insensitive to field
changes and only gives small changes in the magnetoresis-
tance. These results also shows that even at room tempera-
ture the short-range correlation is still significant which in-
dicates that interaction effects in random systems decrease

0 1 i - , t , the values of AfýH),ax.
-5.0 -2.5 o 2.5 5.0

IV. CONCLUSIONS
Applied Field (kOe) In this article the effects of interactions on the behavior

of GMR in idealized granular systems is examined using a

FIG. 4. Calculated room-terperaturc MR curves for Co particles, generalized 3-d Monte Carlo model, Calculations of the
short-range correlation of moments as a function of field are
partially consistent with the observed MR curves in random

the system. This result suggests that the moments have systems. These calculations show that due to interaction ef-

formed a vortex structure where the correlation over a short- fects the Ap(H =0) is different from that for Ap(H)max . Also,

range compared to the particle diameter is positive, whereas when there is no hysteresis the Ap(H) does not follow an M2

if this range is extended further a negative correlation is ob- law due to the fact that MR depends on the short-range order

tained (see the dotted line in Fig. 2 which represents the whereas the magnetization is an average over the whole sys-

correlation of moments over a range of 3 D, where Dm is the tem.

average diameter of the system.
Figure 3 shows the calculated MR loops at T=5 K for J. 1. Giteleman, Y. Goldsteia, and S. Bozowski, Phys. Rev. B 9, 3609

concentrations e=0.2 and 0.3, starting frost the demagne- (1972).
tized state and increasing the field to positive saturation and 2

j. Q. Xiao, J, S. Jiang, and C. L. Chien, Phys. Rev, Lett. 68, 3749 (1992).
-'A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, D. Rao, A. Star,then to negative saturation. These data for Ap(H) are typical S, Zang, F. E. Spada, F, T. Praker, A. Hutten, and G. Thomas, J. Appl.

and show that the va!ue of Ap(H=O) is lower than that for Phys. 73, 5320) (1993).

Ap(H)max due to the fact that there is a finite positive corre- 4 M. R. Parker, J. A. Barnard, D. Scale, aud A, Waknis, 3. Appl. Phys. 73,

lation of moments in the demagnetized state. Also, these data 5512 (1993).
'1J. F. Gregg, S. M. Thompson, S. J. Dawson, K. Ounadjela, C. R. Staddon,

show that as the concentration increases Ap(H)max decreases J. llamman, C. Fernion, G. Saux, and K. O'Grady, Phys. Rev. B 49, 1064
which indicates that interaction effects in random systems (1q4).
depress the MR values and then decrease the maximum `M. El-Hiho, K. O'Grady, and R. W. Chantrell (unpublished).

change in magnetoresistance for the system. Figure 3 also 7 K. O'Grady, R. W, Chantrell, J. Popplewell, and S. W. Charles, IEEE
Trans. Magn. 16, 1077 (1980).

shows that due to interaction effects the peak in the Ap(H) 8C. Dean, A. Hart, D. A. Parker, R, W. Chantrell, and J. J. Miles, IEEE
curve is shifted to lower fields and be,:omes more rou.nded. Trans. Magn. 27, 4769 (1991).
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Giant magnetoresistance in spinodally decomposed Cu-Ni-Fe films
L. H. Chen
Department of Electrical Engineering, Kaohsiung Polytechnic Institute, Kaohsiung, Taiwan

S. Jin and T" H. Tiefel
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T. C. Wu
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We report the observation of the GMR effect in spinodally decomposed Cu-20Ni-20Fe thin films.
A AR/R value as high as 6.5% was observed at room temperature. In contrast to the commonly
observed temperature-dependent behavior of AR/R increasing at low temperature; thin film shows
a decrease in AR/R at 4.2 K. The dependence of the GMR effect on various deposition parameters,
such as substrate temperature has been studied. The observed giant magnetoresistance behavior in
Cu-2ONi-2OFe films is most likely related to the field-induced decrease in electron scatterirng in a
pseudosuperparamagnetic material, as well as the spin-dependent scattering at the two-phase
interface and in the ferromagnetic phase.

Giant magnetoresistance (GMR) type ferromagnetic/ netic properties were studied by using a vibrating sample
nonmagnetic superlattice structure was first discovered in a magnetometer. The microstructure of thin films was studied
Fe/Cr system,1 and later in other systems, including Co/Cu, by high resolution transmission electron microscopy (TEM)
Fe/Cu, Co/Ag, etc. 2,3 Recently, negative magnetoresistance using JEOL 4000 microscope operated at 400 kV, after
in granular alloys, consisting of ferromagnetic particles dis- sample thinning by ion milling at 77 K.
persed in a nonmagnetic matri:i, was also found in Cu-Co The Cu-20Ni-20Fe film was first deposited onto a sub-
thin films, 4.5 as well as in other thin film systems, for ex- strate at a temperature of 77 K with an Ar accelerating bias
ample, Ag-Co, Cu-Fe, and Au-Co.5-7 While many combi- of 200 V and under a pressure of 4 mTorr. Figure 1 shows
nations of ferromagnetic-nonmagnetic phases are possible in the room temperature and 4.2 K magnetoresistance (MR)
granular alloys, the systems that exhibit the GMR effect are ratio versus the applied magnetic field for this film. The MR
restricted to those that are essentially not soluble to each ratio was defined here as Apr,/ps or AR,/R , where P, (or
other in the solid state. R,) is the electrical resistivity or resistance near the satura-

In our previous reports, giant negative magnetoresis- tion field, The electrical resistivity of the film in zero field is
tance was created in spinodally decomposed Cu-Ni-Fe bulk about 24 pul cm at room temperature and 14 An cm at 4.2
alloys with artificial layer-like structures, in both the K. As the field strength is increased, the electrical resistivity
ferromagnetic-nonmagnetic and ferromagnetic-ferromag- of the film aecreases continuously. The as-deposited sample
netic two-phase states.Y9 The superlattice-like structure with exhibits a negative room temperature magnetoresistance ra-
a size scale of 10-30 A was obtained, either by anisotropic tio of about 6.5% at H=60 KOe. The MR ratio versus H
deformation or by proper heat treatment of spinodally de- curve is not saturated at the maximum applied field, and
composed Cu-20Ni-2OFe alloys. In this study, the creation hence the maximum magnetoresistance ratio attainable must
of the ultrafine and spinodally decomposed microstructure of
Cu-20Ni-20Fe thin films by triode magnetron sputtering is
reported, and the giant magnetoresistance and magnetization 7 , , ,
results are presented.

The Cu-20Ni-2OFe (wt.%) alloy thin films were pre- 6
pared by dc magnetron triode sputtering from a 57 mm diam
target. The films with a thickness of 1000-5000 A were
sputtered onto Si(100) single crystal substrate under various 4
sputtering conditions. The substrate temperatures during 4.2 K
sputtering were changed from 7/ to 500 K. Various acceler- Cr 3
ating bias voltages, applied between the target and the sub-
strate, ranging from 75 to 250 V were used in the sputtering. 2

The film thickness was determined by Rutherford Back- 1
scattering Spectrometry (RBS). The crystal structure and tex-
ture of the deposited films were investigated by x-ray diffrac- 0
tion (XRD) using K, (Cu) radiation. The magnetoresistance ___

(MR) measurement were made using the conventional four- -60 -40 -20 0 20 40 60
point probe method with a magnetic field applied in the film H (KOs)

plane. The measurements were carried out at various tem- FIG. 1. MR ratio vs H curves at room temperature and 4.2 K in a Cu-
peratures (4.2 K-295 K) and fields up to 60 KOe. The mag- 2ONi-2OFe thin film.
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FIG. 3. Spinodally decomposed microstrueture in the as-deposiled
FIG. 2. M-H loops for the as-dcposiied film and hulk Cu-20lNi-2OFe alloy. Cu-Ni-]Fe film..

be higher than 6.5% measured at the field of 6 T. The mag- is on the order of 10-.30 A, Thus, the observed giant mag-
netoresistance ratio of the sample in Fig. 1 was also mea- netoresistance in the as-deposited Cu-Ni-Fe film is attrib-
sured with magnetic fields up to 2 T, applied perpendicular to uted to the extremely fine-scale spinodally decomposed
the film surface. When the demagnetizing field is taken into structure, the presence of which is further confirmed by mag-
consideration, essentially the same magnetoresistance behav- netization measurement, as well as by XRD and TEM. The
ior as for the in-plane field orientation was observed. Thus, bulk spinodally decomposed Cu-2ONi-2OFe alloy (Cunife
the possibility of significant anisotropic magnetoresistance 1, a common permanent magnet material) with a particle size
contribution is eliminated. of -500 A was found to exhibit a magnetoresistance ratio of

Shown in Fig. 2 is the M-H magnetization hysteresis only about 0.6% at room temperature, with fields up to 6 T in
loop at room temperature, measured with the maximum field our previous report.8 Here we show that the promotion of the
of 2 T for the as-deposited film, The M-H loop for the bulk magnetoresistance effect in the spinodally decomposed
Cu-20Ni-20Fe alloy sample is also shown as a dotted curve Cu-Ni-Fe alloy could be achieved through microstructure
for comparison. The as-deposited film exhibits a relatively modification by a sputtering process, in addition to the an-
small hysteresis with a relatively lower coercivity (Hc) of isotropic deformation or heat treatment methods reported in
less than -20 Oe, a remanence ratio (Mr/Ms) of -0.2, and

a atrain Mjo 10 m/c 3,wIcsugtsafl the previous papers.a saturation (M,) of 130 emu/cm" , which suggests a film Upon cooling from room temperature to 4.2 K, the film
microstructure with very fine particle size of the ferromag- exhibits a decrease of electrical resistivity by a factor of 1.7
netic phase, almost close to the superparamagnetic regime. (from 24 to 14 Afl cm). In contrast to the resistivity, the
However, the bulk sample with particle size of -500 A has a Ap,,,, defined as (Po-P.,), decreases by a factor of 3.3 (from
coercivity of 620 Oe, a remanence ratio of 0.87, and satura- 1.4 to 0.4 jM cm). The net result is that the room tempera-
tion of 200 emu/cm3 . Essentially, similar M-H behavior is ture MR rat*., is higher than that at 4.2 K as shown in Fig. 4,
observed at 4.2 K, except with slightly larger hysteretic be- which is opposite to the commonly observed tendency of
havior for both samples. MR ratio increasing at lower temperatures,

The x-ray diffraction study indicates that the main dif- Comparing the MR ratio versus H curve to tle M-H
fraction peak in the XRD pattern of this as-deposited film Comparingsthratio ver H curve to th e
are, respectively, (111), (200), and (220) in the order of in-
tegral intensity for both the Cu-rich and the (Fe, Ni)-rich
phases, as their lattice parameters are very close to each
other and the pea'rs overlap due to the slight shift and broad- 7 T --- ,- 35

ening of the peak,. This suggests that polycrystalline struc- 6 -- -" 30
ture exists in this as-deposited Cu-2ONi-2OFe film, and the ,PM/p 25 30
composition fluctuation and phase separation in it is small, as p .-

indicated by diffraction peaks without significant splitting. 4 0/

Figure 3 shows the decomposition structure with a -30 Aa,,-:- 20

size composition modulation in the as-deposited Cu-Ni-Fe . -,. -. ' 15
film. Tie Moire fringes in the TEM image suggests that the 2 .r 1OAp,. 10
(Fe, Ni,-rich phase (the darker phase in Fig. 3) has a lattice 1 - -

paramett r slightly different from that of Cu-rich matrix. The
relative volume of the two phases is approximately 50% 0 - --. .. - 0

0 120 240 360
"each. TLe particle size in the present film is comparable to Temperature (K)
the layer thickness, and the interlayer spacing between the
ferromagnetic layers in GMR-type superlattice films, which FIG. 4. MR ratio and resistivity vs temperature.
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4 - MR ratio versus T., curve shows a strong dependence of MR
ratio on T.,. It increases from 1.2% to 3.2% after the sub-

3.5 Bias = 130 V strate temperature is lowered down to 200 K or below. The
PAr 4 mTorr measurement at room temperature indicates that higher coer-

civity, magnetization (at H=2 T) and remanence magnetiza-
tion ratio (Mr/M) are obtained for the films deposited at
higher T,. For example, the magnetization for the film de-

cc.• posited at at room temperature,
which is about 2.5 times that for the film deposited at 77 K.

2- In general, the films deposited at higher temperatures show
more significant hysteresis behavior of M-H loops.

1.5 Higher substrate temperatures tend to increase the par-
ticle size (or wavelength in a spinodally decomposed struc-

1 [ I ture) and compositional segregation. The Cu-20Ni-2OFe
0 200 400 600 film deposited at low T, below 300 K is composed of small

T, (K) particles (clusters) with comparatively smaller compositional

variation, and gives small coercivity and a remanence mag-
FIG. 5. Substrate temperature dependence of the MR ratio (for H=2 T) for netization ratio, which indicates a superparamagnetic-like
the Cu-20Ni-2OFe film. behavior at the measurement temperatures. For the substrates

at higher T,, the larger driving force for the sputtered par-

significantly lower than that for the corresponding magne- ticles to diffuse and coalesce in the film enhances the particle

toresistance curve (Fig. 1). Although the exact mechanisms growth, and phase separation. It is noteworthy that the en-

not fully understood are still obscure, the GMR behavior is ergy (and mobility) of the impinging atoms on substrate sur-

believed to be related to the spin-dependent scattering, which face during sputter deposition is much higher than that of

is reduced when the angle between the magnetization of ad- bulk materials at nominally the same temperature as T, The

jacent layers of magnetic grains (domains) is decreased. It is magnetoresistance ratio (measured at H=2 T) is substantially

thuu, expected that the GMR and magnetization will be di- reduced from 3.2% for the film with T.,=77 K to 1.2% for

rectly related. the film with T,=500 K. This is most likely due to the par-

However, in view of the much lower saturation field for ticle coarsening at higher T, which will raise the superpara-

the M-H curve than that for the magnetoresistance curve, as magnetic blocking temperature (TO,) for the (Fe, Ni)-rich

well as the abnormal temperature dependence of MR, it is clusters and reduce the degree of superparamagnetic fluctua-
tion.

speculated that the GMR mechanism in the present film may We are greatly thankful for the partial financial support
be qualitatively different from the general feature described We the Natl thankful o f Rep ubi c fina un-by previous investigators. Similar to the as-deformed from the National Science Council of Republic of China un-
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Relaxation of magnetoresistance and magnetization in granular Cu9 0 Co 1 0

obtained from rapidly quenched ribbons
P. Allia, C. Beatrice,a) M. Knobel,a) PR Tiberto,a) and F. Vinaia)
Dipartimento di Fisica, 'olitecnico di Torino, 1-10129 lb)ino, ht•y

Bulk granular Cu,1 Co011 systems displaying a negative giant rnagnetoresistance (GMR) were
produced by submitting melt-spun ribbons to conventional annealing and dc joule heating in order
to induce diverse microstructures. Room-temperature GMR values up to 9% at 20 kOe were found
in samples produced using both kinds of thermal treatments. An evolution from a superparamagnetic
towards a ferromagnetic behavior has been observed in samples submitted to different heat
treatments. A long-time, nearly logarithmic relaxation of the magnetic remanence has been
measured after fast removal of a magnetic field of 10 kOe. The progressive randomization of the
magnetiz moments also gives rise to a corresponding increase in the zero-field electrical resistance.

I. INTRODUCTION thickness 5 X 10-- m) were submitted either to furnace an-

A strong negative magnetoresistance has been observed nealing in Ar atmosphere at T,,=440 and 500 'C for I h, or
to dc joule heating in vacuo. The latter treatment was per-

in certain granaular magnetic materials where clusters of a formed by clipping the samples between copper electrodes
ferromagnetic metal such as Co or Fc are dissolved in a
metallic matrix such as Cu or Ag." 2 Although the interest for (electrode distance I Xf1 cons), and subsequently applying
these granular magnetic systems is obviously enhanced byI of constant intensity for s. The
the possible applications of the giant magnetoresistaence bf- electrical resistance R was continuously monitored by mea-
fect (GMR), a great research effort is being focused on a suring the voltage drop across a standard resistor, in order to

number of open problems concerning their fundamental detect thermal and structural changes occurring in the

pioperties. 34 The magnetoresistance behavior of these het- samples."( A detailed description of the technique is given

erogeneous alloys was first observed in deposited thin elsewhere.' 1

films.5 (' Melt-spinning techniques have been successfully ex- Room-temperature measurements of magnetization
su- curves and magnetoresistance were performed on both as-ploited to produce hulk metastable solid solutions where qunhdadaneldrbousrp.Temant-mmn

perparaniagnetic and ferromagnetic clusters may be devel- quenched and annealed ribbon strips. The magnetic moment
per-re a ragnetdl .of each sample was measured as a function of the applied

oped by effect of suitable annealing treatments. field H by mneans of a vibrating sample nmagnetometer (LDJ/
The technique of joule heating under a direct electrical VSM nodel 9500) up to 14=10 kOc. The field behavior of

current, where the temperature of a metallic ribbon strip is the electrical resistance was measured uip to H=20 kic in
dramatically increased by the joule effect, has recently the same magnetometer through a conventional four-contact
proven to be a most effective method to produce nanostruc- technique. The magnetic field was applied either in te rib-
tlured ferromagnets starting from compositionally homoge- hnsple, Terpendic tte bas curren (transversbneou, met-sp n rbbon. 9bon's plane, pecrpendicular to the bias current (transverse
neous, melt-sp;' n ribbons.9  configuration), or normally to the ribbon plane (perpendicu-

In this article, we report on the magnetic and transport configuration).

properties of a set of CuCo granular bulk systems obtained hit configuration).

by submitting the rapidly quenched alloy either to conven-
tional annealings, or to dc joule heating under different cur- III. RESULTS AND DISCUSSION
rents for the same time. The latter technique allows one to Hysteresis loops give information aimut the development
ea;iily produce materials with GMR comparable to the ones HystersisTlo ve ifomatio n ianotte deveopmnt
found in conventionally annealed materials. The superpara- of Co clusters. The aluecs of magnetic remanence (M,.) and
magnetic component of the considered granular magnetic coercivity (H.) of sselected samples are reported in Table I
materials is particularly evidenced by a significant relaxation along with the saturation magnetization M, determined by
of the magnetic remanence. In correspondence of this
gradual reduction in the magnetic order, the zero-field elec-
trical resistance of the samples is observed to steadily in-

Ssarnples. Treatment tinies: joule hciting: 00 s: furnace attttling: 361(10 s.
crease with time. 1'he GMR rni)io is (lcfineCd in (lic iext.

II. EXPERIMENT Trcautnen I1, (O0 M, (muig) M, (ctg gMR (1..

As-qucnchcd 42 01.12 7.7 - 1.7-•7 A (2.8x 10'7 Ahn121 141 0.53 I10.0 6.3SA rapidly quenched Cu511Co,() alloy was obtained inl rib- 7A1.<l~At
2  

4 15 11 i

bon form by planar flow casting in control!ed atmosphere on 8 A (3.2x I(17 A/ni:) 185 1.4 10,9 -5.5

a CuZr drum. Strips cut from the ribbon twidth 5X 10 3 m. ,9.25 A (3.7X I10' Affin) 198 1.4 15.2 (0.2
10I A W4 10' A/nt) 208 4.6 13,0 0(.5

44)) "C' 187 1.2 12.5 7.3

" Istituto Eletirote,.nico Nazionitle -ialilco FUcrraris, (.si Mtjsinlo 5010) "( 2013 I1.1 14.8 8,9
D'Azcglio 42, 1-10125 Torino, Italy.

J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6817/3/$6.00 ( 1994 American Institute of Physics 6817



7 ý 0.3
1.0,I ~

C o . .10

0.9 • "
& .,• A 0.1- .5 0 , 0', H (W.)}

4 as-quenched ".,k •
a 1-7A 4A0+ 1'TA U.&

.o 1-8A 
......... . . . .......v 1'9.25 A 0.0 .2

0.8 * lh, 500-C 0.0I 0'1 . 2
o l'10 A 0.0 03

Mr /Ms

10 10' 102 10 10' 10 1o'
FIG. 2. lntcnsity of the remanencc relaxation, AM,/Mr,[M,(O)

time (s) -M(t0-' s]/M,(0), as a function of the ratio M,/M0 for the samples of Fig.
1. Inset: selected hysteresis loops up to !1= 10 kOe.

FIG. 1. Time behavior of the reduced magnetic remanence M,)/M,(O) in
joule heated and conventionally annealed Cure}Co 10 samples. both an increase in the ferromagnetic character of the hyster-

esis loops (Table I) and a reduction in the relaxation inten-
extrapolation of the experimental curves to H---o through a sity, as evidenced in Fig. 2, where M,(O) - Mr(105 0s)Mr(O)
multiple-Langevin function fit. This fitting procedure allows is reported as a function of the ratio M/M,. for the considered

one to assign values of the cluster radii ranging between 2 set of samples.
and 6 nm. The values of Mr and 11, of the as-quenched The magnetoresistance (MR) ratio is defined here as
sample show that the starting material is not an ideal solid [R(H)-Rmax]/Rmax, where Rm.x is the maximum resistance
solution, although the size of quenched-in clusters is so small value obtained in each hysteresis loop. For as-quenched
that the system nearly behaves as a superparamagnet. Table I samples the MR value obtained for a maximum field of 20
shows that all annealing treatments induce a growth of Hc kOe is about 1.7%. After a proper furnace annealing or joule-
with increasing either the current density or the annealing heating treatment, the room-temperature MR ratio can reach
temperature. Usually, the value of Hc may be taken as a values as high as 9%, comparable to the highest GMR values
measure of the average size of the ferromagnetic clusters obtained in granular solids."2 Figure 3 shows two represen-
once the value of the magnetic inisotropy constant of the tative GMR curves, obtained for a conventionally annealed
precipitates is known.12 This is however not the case for sample (curve a, T",= 4 4 0 °C) and for a current-heated ribbon
granular systems produced by high heating rates, where both (curve b, 1=6 A). The differences between the curves of Fig.
the crystalline structure and the shape of the Co clusters are 3 mainly arise from a different experimental procedure.
still unknown. The evolution of the product KV (V being the Curve a was measured by waiting until complete stabiliza-
average cluster volume) with changing the annealing param- tion of the resistance value was obtained for each value of H
eters is responsible for the magnetic behavior of this set of (-15 s per point). Curve b was instead obtained during a
samples. A particularly large value of KV is possibly respon- continuous hysteresis loop (total time 5 mi). The curves do
sible for the peculiar magnetic and transport properties of the not saturate up to 20 kOe, indicating the presence, in both
sample submitted to 4× 0 A/m 2 joule heating. samples, of a superparamagnetic phase responsible for the

A significant isothermal relaxation of the magnetic rema-
nence was observed in all samples. This effect was measured
by first applying to each sample a high magnetic field (10 ,
kOc) for a fixed time (1 h), and subsequently measuring the 0.00
time behavior of the magnetic moment in the range 1-10f' s cu 0co
after sudden removal of the field (stabilized in -.,5 s). The Tu0C0 K

relaxation of MIM,(O) is reported in Fig. 1 for different
samples. The curve for the specimen treated at Ta= 4 4 0 °C is
not shown because it is identical to the one observed in the -0.04 1=6 A
sample submitted to joule heating at 1=8 A. The relaxation
kinetics is roughly of logarithmic type in all samples. How- 5.

ever, the intensity of relaxation is strongly influenced by the t -0.6
thermal treatment, being highest in the as-quenched material,
where Co clusters are very small and finely dispersed in the -0.08 .
Cu matrix t 3 In this case the magnetic field is effective in -20 -10 0 10 20

orienting the magnetic moments, which are progressively H (kOe)

randomized by thermal fluctuation when the field is re- FIG. 3. Room-temperature giant magnetoresistancc in a conventionally an-
moved. The increase in the average cluster size brings about healed and a joule-heated sample of granular ('u51 Co,)1 .
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0.20 change in the magnetic order must have only a minor effect
on the overall sample resistance. Owing to the reduced mag-
nitude of the observed effect, the differences found bctween

0.15 the two measurement configurations can have several ori-
gins, including anisotropic magnetoresistance,1 ordinary

00 magnetoresistance of Cu, or even the lack of complete sphe-
a 0.10 ricity of the clusters, as proposed by Xiao et al.5

In conclusion, the present results confirm that the joule-
' ( heating technique can be adopted as a reliable, fast, and easy-

to-use treatment to produce granular magnetic materials. In
1 fact, this treatment allows one to produce a variety of micro-
00 structures in the CugoCol0 system, dependent on the value of

the joule-heating current, and characterized by very small
0 s50 150o0o 2000 clusters displaying a magnetic behavior gradually evolving

time (s) from the nearly superparamagnetic to a more ferromagnetic
character. By properly choosing the treatment conditions, not
only very similar MR curves, but also nearly identical mag-

FIG. 4. Time behavior of the zero-field electrical resistance after applying a netic parameters may be obtained through conventional an-
transversal (curve a) or perpendicular (curve b) field of 20 kOe for 120 san nealing and joule heating, indicating that the same micro-ajoule-heated sample (/=6 A, 60 s). naigadjuehaig niaigta h aemco

structures are generated independently of the rate of heating
involved in the thermal treatments. Finally, the observed re-

giant MR effect. In agreement with Wecker et al.,7 we also laxations in both Mr and R, although detrimental to perspec-verified that the RIH) data obtained in a ioop are always tive applications of granular magnetic systems, are intrinsi-different from the ones obtained on the virgin curve. cally very interesting and worthy of more detaileddiffren frm tle oes btanedon te vrgi cuve.investigation in the near future.
Owing to the close relation existing between the magne-

toresistance and the magnetic order within the material, a
change in the electrical resistance should be measured along ACKNOWLEDGMENT
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Magnetic and magnetotransport properties of granular Cu85Fels prepared
by mechanical alloying

Siddharth S. Saxena and Jinke Tang
Department of Physics, University of New Orleans, New Orleans, Louisiana 70148

Young-Sook Lee and Charles J. O'Connor
Department of Chemistry, University of New Orleans, New Orleans, Louisiana 70148

The magnetic and magnetotransport properties of granular Cu%.Fe1 5 prepared by mechanical
alloying have been investigated. The sample was prepared by grinding fine powders of copper and
iron in a high energy ball mill. Zero field cooled and field cooled susceptibilities showed a behavior
that is typical of a superparamagnet. The blocking temperature T11 of 20 K was determined from ac
"susceptibility. The magnetoresistance reached 5.5% at 4.5 K in a field of 5 T. It was increased to
7.6% after the sample was annealed at 300 'C for 20 min. The hysteresis loop was measured for
both magnetization and mn.gnetoresistance. There was a clear correlation between the two, The
magnetoresistance is due to the scattering associated with iron nanonarticles present in the samples
and its dependence on particle size is discussed.

INTRODUCTION diffraction examinations. The sample was cold pressed into

The discovery of negative giant magnetoresistance pellets, and some of those were annealed at low temperatures

(GMR) in Fe-Cr magnetic multilayers by Baibich et al, 1 and (T=300 and 550 'C) for 20 min in order to study the effects

the subsequent finding that GMR occurs in many other of such annealing on the interested physical properties.

multilayer ultrathin magnetic film systems2-5 have attracted The magnetic susceptibility of the mechanically alloyed

much attention. Recently, GMR wad also found in granular sample was measured as a function of temperature under
structures where metallic ferroagnetic nanoparticles are both zero field cooled (ZFC) and field cooled (FC) condi-
dispersed in a nonmagnetic metal matrix."17 Not only have tions, and measured with an ac field using a Quantum Design
these discoveries provided new opportunities for studying SQUID susceptometer (Model MPMS-5S). The blocking

the fundamental issues of spin-dependent electrical transport temperature of the superparamagnetic iron nanoparticles ea-
phenomena but they may also have an enormous impact oil bedded in the copper matrix was determined from the data.

the information storage technologies due to the potential de- Magnetization (M vs H) and hysteresis loop of the sample

vice applications of these materials in magnetic read heads.s were examined at 4.5 K. Magnetoresistance measurements

The fact that GMR also exists in some granular systems has were carried out, using a four-point technique, at both room
provided opportunities to explore other preparation methods temperature and low temperatures as a function of appliedfield. Magnetoresistive hysteresis was also studied and corn-
which are capable of producing the granular systems and are fied withte ma nti c hysteresis .

less expensive and more reliable than, for example, the corn- pared with the magnetic hysteresis.

monly used sputtering techniques. Wecker et al." have ap-
plied the melt-spinning method to produce bulk Cu-Co al- RESULTS AND DISCUSSION
loys by rapid solidification. For the optimally annealed
samples the GMR was found to be 36% at 30 K. Ounadjela The x-ray diffraction pattern of the Cu85 Fe , sample
et al. have studied GMR in the Ag-Co granular system pre- which was mechanically alloyed for 30 h showed only broad
pared by mechanical alloying.'(' GMR of 7.7% at 5 K was peaks from fcc copper. No peak from bcc a iron was observ-
observed in their bulk mechanically alloyed Ag7oCo 30  able. The diffraction peaks of the mechanically alloyed
sample. In this article, we report the magnetic and magne- sample were slightly shifted toward lower angles relative to
toresistive properties of granular Cu45 1Fel 5 prepared by me- those of pure copper. This indicated an increase in the lattice
clianical alloying, constant a of the mechanically alloyed sample as compared

to that of pure copper, which implies that a certain amount of

EXPERIMENTAL DETAILS iron has been dissolved in the fec copper matrix. This result
is consistent with the finding that mechanical alloying in-

Cu55 Fel., was prepareC by mechanical alloying using a duces fcc solid solution Cul Fc.,. for x<0.6.1-13 However,
high energy Spex 8000 mixer/mill, The starting materials as will be discussed later, magnetic measurements indicated
were fine powders of copper and iron of 99.9% purity, Sto- that our sample also contained undissolved iron particles.
ichiometric am',mnts of the powders were sealed in a grind- The reason that peaks from the iron were absent in the x-ray
ing vial made of hardened steel under argon atmosphere. pattern is probably attributed to the extremely small sizes of
Also sealed in the vial were two hardened steel balls. The the iron particles.
weight ratio of ball to sample was approximately 2:1. After Figure I shows the magnetic susceptibility of the 3I1 h
30) h of grinding, the product was shiny, almost colorless and mechanically al'oyed CU85 Fel.S measured under both field-
in the form of small spherical dots. A SCIN'IAG x-ray pow- cooled (FC) and zero-field-cooled (ZFC) conditions, What is
der diffractometcr with Cu Ka radiation was used for x-ray obvious is the irreversibility indicaled by the deviation be-
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tween FC and ZFC susceptibilities, There is a broad maxi-
mum in the ZFC susceptibility at 20-30 K. This maximum FIG. 2. The real part of the ac susceptibility X' of the as-mechanically
can be caused by either a spin-gloss-type transition or super- alloyed sample and imaginary part of the ac susceptibility X" (inset). Only

paramagnetic iron particles. For a spin-glass transition, the the low-temperature portion of the x' is shown,

peak in the ZFC susceptibility is normally very sharp and all
irreversibility effects disappear just above the freezing tem-
perature. On the other hand, in a superparamagnet, the maxi- tering process. As the annealing temperature is further in-
mum is broad and irreversibility persists well above the creased to 550 °C, the sizes of the iron particles grow and
blocking temperature. 4 Therefore, we believe the observed become sufficiently large such that the GMR decreases sig-
irreversibility and broad maximum in the ZFC susceptibility nificantly. The effects of annealing at the mentioned tempera-
of our sample is caused by an assembly of superparamag- tures on the particle size have been well documented, for
netic iron particles dispersed in the copper matrix. In addi- example, see Ref, 15.
tion, the absolute value of susceptibility is quite high even at Shown in Fig. 5 are the hysteresis loops for magnetiza-
room temperature, which suggests that there is a wide distri- tion and magnetoresistance measured at 4.5 K. Only data
bution of particle size with blocking temperatures ranging below H=3500 Oe are shown, A clear correlation between
from very low temperature to above room temperature. Fig- the two hysteresis loops exists. The coercivity H, (at which
ure 2 shows the real part of the ac (f=32 Hz) susceptibility magnetization becomes zero) is about 500 Oe, and as can be
X' of the same sample. The inset shows the imaginary part A// seen, it is also the field at which magnetoresistance becomes
in the low-temperature region. The average blocking tem- zero.
perature TB determined from the peak in the ac susceptibility
X' is 20 K. As seen, x' shows it corresponding loss peak near
the same temperature,

The magnetoresistance was measured as a function of 0.00 Lo i i a a'-

applied field up to 5 T at 4.5, 77, and 300 K, respectively. •
Figure 3 shows such magnetoresistance, defined as .0.01 o
[P(n)-P(0)/P0), versus applied field plots. The niagnetoresis- 0 L

tance reaches 5.5% at 4.5 K in a field of 5 T. It is reduced to .0.02 ,
3.8% at 77 K and less than 0.2% at 300 K. The observed 9 A

magnetoresistance shows no indication of saturation in a ' .03J "
field of 5 T at all temperatures. A A

The as-mechanically alloyed sample was subsequently -0o.04 a T J 300 K
annealed for 20 min at 300 and 550 'C, respectively. Figure 1 T = 77 K

,L T =4.5 KA4 is the magnetoresistance versus field plots at 4.5 K for 0. ..04

samples annealed at these temperatures. The as-mechanically
alloyed sample is also shown for comparison. The heat treat- 0.060 -- 2 3 4

nment at 300 'C results in an increase in magnetoresistance to H (T)
7.6% from 5.5% of the not-annealed sample. This is attrib-
uted to the precipitation of additional iron particles front the FIG. 3, Magnetoresistance of tie as-mechanically alloyed "iarnplc vs applied
copper matrix, which contribute to the spin-dependent scat- field measured at 4.5, 77. and 300 K.
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. -~ .tance is 5.5% at 4.5 K in a field of 5 T. It is increased to 7.6%
~ after the sample was annealed at 300 'C for 20 min. The
.0.02 *effect of such heat treatment is to let more iron particles

**. precipitate out of the copper matrix. Further annealing at
-0.03 -higher temperature has a deteriorating effect on the magne-
.0.05toresistance. The largest magnetoresistance of 7,6% found in

.06 An -nealcd at 5 50 C Aour sample is smaller than reported elsewhere using other
S *Not annealed preparation method S.6 ,7 Improvement should he possible by
.0.07 LoAnnealed at 300 C Aoptimizing parameters like grinding time, composition, and

-0.04annealing temperature. As mentioned earlier, x-ray diffrac-
02 3 tion data indicate that a part of iron is dissolved in the fcc

11 (T) copper matrix in the as-mechlanically alloyed sample, there-
fore the actual composition of the granular portion of the

FIG. 4. Magnectorcsistance it- a function of applied field at 4.5 K for the sample which contributes to GMR is not Cu8,5Fe1~s but prob-
as-mechunically alloyed sample and subsequently annealed at 300 and ably contains less iron, It is interesting to note that another
550 *C samnples, granular system prepared by mechanical alloying Ag 711Co.10

exhibits MGR of 7.7% at 5 K, which is almost identical to

CONCLUSIONS the value found in our sample.
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Granular giant magnetoresistive materials and their ferromagnetic
resonances (abstract)

M. Rubinstein, B. N. Das, N. C. Koon, D. B. Chrisey, and J. Horwitz
U.S, Naval Research Laboratory, Washington, DC 20375-5000

Ferromagnetic resonance (FMR) can reveal important information on the size and shape of the
ferromagnetic particles which are dispersed in granular giant magnetoresistive (GMR) materials. We
have investigated the FMR spectra of three different types of granular GMR material, each with
different properties: (1) melt-spun ribbons of Fe5Coj5Cu 80 and Co20Cu80,, (2) thin films of Co20Cu80
produced by pulsed laser deposition, and (3) a granular multilayer film of [Cu(50 A)/Fe(10 A)]x50.
We interpret the linewidth of these materials in as simple a manner as possible, as a "powder
pattern" of noninteracting ferromagnetic particles. The linewidth of the melt-spun ribbons is caused
by a completely random distribution of crystalline anisotropy axes. The linewidth of these samples
is strongly dependent upon the annealing temperature: the linewidth of the as-spun sample is 2.5
kOe (appropriate for single-domain particles) while the linewidth of a melt-spun sample annealed at
900 °C for 15 min is 3.8 kOe (appropriate for larger, multidomain particles). The linewidth of the
granular multilayer is attributed to a restricted distribution of shape anisotropies, as expected from
a discontinuous multilayer, and is only 0.98 kOe with the magnetic field in the plane of the film.1

1M, Rubinsltin, B. N. DWs, N, C. Koon, D, B. Chrisey, and J. Horwitz, Phys.
Rev. B 50, 184 (1994).
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Magnetoresistance of granular Cu-(Co,Fe) and Cu-Co-B (abstract)
R. v. Helmolt
Siemens AG, Research Laboratories, Q1052 Erlangen, Germany and Institute of Physics,
University of Augsburg, 86159 A ugsburg, Germany

J. Wecker
Siemens AG, Research Laboratories, 91052 Erlangen, Germnanv

K. Sarnwer
Institute of Physics, University of Augsbl4rg, 86159 Augsburg, Germany

Giant magnetoresistance (GMR) is known to occur in alloys consisting of superparamagnetic
precipitates in a metallic matrix. This had been demonstrated for the first time for Cu-Co prepared
as co-sputtered thin films1 and later for rapidly quenched alloys.2 For Cu-Fe no GMR has been
reported even in multilayer systems. In order to study the transition from Cu-Co to Cu-Fe in more
detail we prepared quasibinary Cu,9 0Co1 ._-Fe., ribbons by conventional melt spinning followed by
an annealing treatment to precipitate Co-Fe clusters in the Cu matrix. The particle sizes of the
ferromagnetic phase have been determined by fitting the magnetization and magnetoresistance
curves with a Langevin function. The saturation magnetization increases with increasing Fe content
x for x--4 as expected froma the Slater-Pauling curve. However, a strong decrease of the
magnetization is observed at high Fe contents. The GMR effect continuously decreases with
increasing Fe content and for x>0.7 no GMR is observed, similar to Cu-Fe multilayers. Small B
additions were added to Cu-Co in order to improve the homogeneity of the as-quenched ribbons. For
these samples the magnetoresistance is suppressed even by small B additions below 3 at. %. This is
different from the Au-Co system, where B additions of up to 20% enhance the GMR effect.3

This work was supported by the German Ministry for Research and Tech-
nology (BMFT).

1J. Q. Xiau, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68. 3749 (1992).
2 j. Wecker, R. v. Ilelmiolt, L. Sclultz, and K. Samwer, Appl. Phys. Le.tt. 62,

1985 (1993).
-R. v. Herniolt, J. Weeker, and K. Samwer, Appl. I'lhs. Lett. 64, 791

(1994).
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Evolution of recombination in a solid HDDR processed Nd14Fe 79B7 alloy
N. Martinez, D. G. R. Jones, and 0. Gutfleisch
School of Metallurgy and Materials, The University of Birmingham, Birmingham, United Kingdom

D. Lavielle and D. Per6
RhcJne Poulenc, Centre de Recherches d'Aubervilliers, France

I. R. Harris
School of Metallurgy and Materials, The University of Birmingham, Birmingham, United Kingdom

A high-resolution scanning electron microscope was used to study the microstructural changes
occurring during the desorption and recombination stages in a cast NdI 4Fe7 9B7 alloy HDDR
processed at 780 *C. Phase identification was based on backscattered electron contrast. In the early
stages of desorption, the disproportionated structure in the matrix coarsens to produce a mixture of
Nd-rich (NdH 2 and/or Nd) and Fe-rich (ciFe and/or Fe 2B) clusters. At the center of the specimen,
regions of recombined multicrystalline Nd2Fel 4B phase are observed associated with Nd- and
Fe-rich clusters. When desorption of hydrogen is almost complete, the microstructure consists of a
Nd 2Fel 4B matrix with a few remaining Nd- and Fe-rich clusters. The subsequent completion of
recombination results in a multigrained Nd 2FeI 4B structure, some grains being separated by Nd-rich
material. The magnetic properties of the Nd1 4Fe 79B7 alloy have been measured at significant stages
during the desorption/ecombination process at 600 'C, the stages being deduced from electrical
resistivity measurements. Initially, the material is noncoercive with a high magnetization at 1100
kA/m, reflecting the high proportion of aFe in the sample. As recombination proceeds, the
magnetization drops and the coercivity increases as ib'. fine-grained Nd2Fel 4B devdops and the aFe
disappears.

I. INTRODUCTION 780 *C. Finally, the samples were quenched in order to fix

The Hydrogenation-Disproportionation-Desorption and th- recombined structure. The observations were carried out

Recombination process (HDDR)1' 2 transforms a coarse- with a high-resolution field-emission scanning electron mi-

grained ingot (cast or homogenised) into a friable, powdered croscope (Hitachi 4000) using the backscattered electron

material with submicrometer grain size. The first stage re- mode.

sults in the hydrogenation and decrepitation of the ingot (1-13 An electrical resistivity monitoring method 8 was used to
3 follow the averagte stane ofio three samples during (HDofooprocess). 3 The disproportionation reaction occurs at elevated the average state of three samples during rcconbina-

temperature and produces an intimate mixture2.4 of aFe, Nd tion at 600 'C under vacuum, after disproportionation at

hydride, and Fc2B. Recombination occurs on hydrogen de- 700 'C in an initial hydrogen pressure of 0.7 bar. These low

sorption at high temperature. The main potential of these temperatures were chosen in order to slow the reaction and

coercive powders is to produce polymer bonded' and hot study only the transformations occurring in the matrix phase
pressed 5 magnets. by avoiding the desorption and melting of the intergranular

It is possible to disproportionate solid blocks of Nd-Fe-B Nd-rich phase."' Intrinsic coercivity and magnetization at

based alloys without decrepitating them by using very high 1100 kA/n were measured with a vibrating sample magne-

heating rates under hydrogen 6 or introducing hydrogen at tometer (VSM).

high temperature.7 It has been observed that, in Ndi.Fe76B8, ill. RESULTS AND DISCUSSION
the disproportionation process begins at the grain boundaries
at the Nd hydride/Nd 2Fei 4B interface and then progresses A. Determination of the desorptlon temperature
into the matrix phase.,s41 The block does not decrepitate as in Figure 1 represents the DTA graph showing the desorp-
the HD process. The process is referred to as "solid HDDR" tion of hydrogen from the disproportionated material with
and can be usefully employed to study the development of increasing temperature. 'The first peak starting at -lt00 *C
the HDDR microstructure because of the modified reaction corresponds to the transformation from NdH2 +x to NdH, that
kinetics. takes place within the disproportionated matrix and Nd-rich

EX M P Eintergranular phase. The two peaks, starting at -600() 'C, rep-
S II. EXPERIMENTAL PROCEDURE resent first, desorption of hydrogen from the disproportion-

"Differential thermal analysis (DTA) was carried out in ated matrix and also recombination and second, from the
order to determine the starting temperatures of disproportion- Nd-rich grain-boundary phase."1

ation in a nydrogen atmosphere and recombination under B. Microstructures of samples desorbed at 780 0C
vacuum. The solid HDDR was carried out at 780 'C in an
initial hydrogen pressure of I bar. Hydrogen was evacuated, During solid hydrogenation and disproportionation, a
and the samples held under vacuum for 20, 40, and 70 min at disproportionated front moves from the edges towards the

J. Appl, Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6825/3/$6.00 © 1994 American Institute of Physics 6825
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FIG. 1. AT and pressure traces vs temperature of the hydrogen desorption
of the disproportionated Nd14Fe,9B7 material.

FIG. 2. Backscattered electron picture of a Nd14FeCyB7 sample desorbed at
780 'C for 20 rmin. (a) colonies of hlmcllae, (b) Nd-rich cluster, (c) Fe-rich
cluster.

center of the specimen. Because of the hydrogen diffusion
during absorption and desorptiot, the microstructure of a diffraction analysis revealed that this sample consists pre-
solid disproportionated and recombined sample, at a given
temperature and initial hydrogen pressure, depends on the dominantly of the Nd2Fes 4B phase.
region observed in the specimen and also the position con- deyorpombin m plest were obta af 7()mm ofsidered in the original Nd2Fe14B grains. The evolution of the desorption. This microstructure consists of submicrometer'

sideed n te oigial d2F)4B rais. he voltio ofthe grains, some of which are delineated because they are sur-
microstructure with time, during the solid HDDR process, rainse b f which ared
also depeads upon the total volume of the specimen. Times
given in the present work must therefore be considered in the C Do
light of these factors. It should also be noted that at
T-655 °C, the Nd-rich material melts as soon as the trans- Figure 5 represents the variation of normalized electrical
formation of NdH2 into metal Nd occurs.12  resistivity [p(O)= resistivity at 600 °C before desorption] and

In the specimen, desorbed for 20 min, the distribution of hydrogen pressure with desorption time at 600 °C. Approxi-
the original grain boundaries, most of which contain mately three different stages could be identified during re-
NdFe4B4 and Nd-rich phases, has not been altered by this combination, although in the bulk samples the various stages
process and appears to be the same as in the cast material, will overlap. When the temperature is lower than the melting
Residual free-iron dendrites, present in the cast state, could point of Nd metal and the Nd-rich phase, it is possible to
also be observed. The colony-type structure,8 ,

9 observed in follow the recombination as a completely solid-state reaction
the matrix of disproportionated samples, has coarsened as occurring exclusively in the matrix phase and thus much less
shown in Fig. 2. The microstructure of the matrix, between dependent upon the state and proportimo of the intergranular
the edges and the center of the sample, consists of small Nd-rich phase. Thus, during desorption and recombination at
colonies of (a) lamellae, which are broader than those of a 600 'C, the Nd-rich phase remains in the hydrided state. In
fully disproportionated matrix, indicating that coarsening has the first stage (stage I in Fig. 5), the desorption of hydrogen
occurred, thus lowering the total interfacial energy. This mi-
crostructure corresponds to the stage where the desorption
reaction is dominant. At the center of the specimen, the re-
combination of the Nd 2Fe1 4B phase has begun and Fig. 3
illustrates the formation of (d) the recombined, multicrystal-
line Nd2Fel 4B phase from the surrounding (e) Nd-rich and
(f) Fe-rich particles. This microstructure is only located at
the center of the sample occupying a very small volume frac-
tion of the total volume. The specific identification of aFe
and Fe2B has not been possible so far by SEM studies.

Figure 4 shows the microstructure of a sample desorbed
for 40 min. The structure is different from that shown in Fig.
2, as the matrix consists now of (g) a multicrystalline
Nd 2Fel4B phase but still contains some remaining (h) Nd-
rich and (i) Fe-rich clusters. This microstructure is similar to
that of the Nd 2Fetl4 B region shown in Fig. 3 and was also
observed by Nakayama and Takeshita. t 3 The scale of clear FIG. 3. Backscattered electron picture of a Nd141c,11, sample desorhed at
regions indicates multicrystalline Nd 2 Fe14 B phase but indi- 780 'C for 201 min. (d) region of recotmbiuied Ntl.Fe1 ,11l. (c) Nd-rich cluster,

vidual crystallites cannot be imaged. Powder x-ray- (f) Fe-rich cluster.
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FIG. 6, VSM traces of disproportionated (Disp) adL partially d(sorbcd
(A,B,C) Nd,4Pc,,B7 samples,

FIG. 4. Backseattered elcetron picture of a NdN4 FC7eB., sample dc-iorbed at
780 *C for 40) min. (g) Nd 2Pel4B phase, (h) Nd-rich cluster, (i) Fe-rich At stage A, when the specimen is partially desorbed and
cluster. rccombined, the coercivity has not been modified signifi-

cantly and the magnetization has decreased but is still high
from NdH 2 , within the disproportionated structure, is the compared to that of the fully recombined sample, This indi-
dominant reaction and is responsible for the resistivity drop cates that the recombined Nd 2Fc 4B phase coexists with are.
as this reaction transforms semiconducting NdH71 into metl- The second curve represents the demagnetization curve of a
lic Nd,7 The subsequent increase in resistivity (stage 11 ln sample quenched at stage B, when the specimen is almost
Fig. 5) is due to the consumption of aFe as the recombina- desorbed but still partially recombined. The coercivity has
tion reaction proceeds. In order to study the mechanism of improved and the magnetization at 1100 kA/m has decreased
the recombination reaction, samples were obtained by significantly, thus indicating that the proportion of recom-
quenching in vacuum at three stages (A, B, and C in Fig. 5) bined phase is muclh larger compared to stage A. At stage C,
of the desorption and recombination process (stage II in Fig. when the sample is fully desorbed and recombined, the co-
5). Their magnetic properties were measured and compared ercivity has improved considerably, whereas the magnetiza-
with those of a specimen fully disproportionated at 700 'C. tion at 1100 kAhn has decreased slightly compared to that of

Figure 6 shows the demagnetization traces of the fully the previous sample. This indicates that the remaining aFe
disproportionated specimen and the partially and fully de- was removed between stages B and C. The microstructures
sorbed samples. It can be seen that the magnetization of the of all these specimens are currently under investigation and
fully disproportionated material at 110)0 kAWm is the highest will be reported at a later date. 'I
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Effects of HDDR treatment conditions on magnetic properties of Nd-Fe-B3
anisotropic powders

H. Nakamura, R. Suefuji, S. Sugimnoto, M. Okada, and M. Homma
Departnient of Materials Science, Faculty of Engineering, Tohoku Unier~csity, Sendui 980, JIapan

It is reported that Nd-Fc-B3 magnetic powders prepared by utilizing thle HI-IDR (hydrogenation,
disproportionation, desorption, and recombination) phenomena exhibit high coercivity, and the
addition of Co, Ga, and Zr induces magnetic aniso~tropy in these powders. I-DDR phenomena are
caused by the heat treatment in hydrogen (H treatment) and subsequently in vacuum (V treatment).
Present works describe the effects oif V-treatmient conditions onl magnetic properties of
Nd 12.6FejtjCoB.Br (x =0- 17.4) alloys. The powders V-treated at lower temperature show lower
remanenice and no noticeable magnetic anisotropy. V treatment at higher temperature enhances
remanence and increases the differences of remanlence between the powders aligned with and
without magnetic field. Higher values are obtained in Co added alloys. T'his result suggests that a
selective grain growth of Nd2Fe14B grains during V treatment plays anl important role for the
inducement of magnetic anisotropy in HIDDR-treated powders. The temperature for complete
recombination reaction under evacuating condition decreases with increasing Co content, It call be
said that Co) addition enhances recombination reaction and results in acceleration of1 grain growth.

1. INTRODUCTION /uim and pressed into compacts. These compacts were used
Hydogeatondisroortontio, dsoptinand re- for invest igatinfg thle hydrogen absorption and desorption

Hydrogenaion,(DR dipreoprionat,2ion Ndesrptialoysar characteristic,., which were measured by monitoring the dit'-

comedbination heattreaphenomena hydroin Nd-1te- alloys) are ference between the flow rate in front and in the rear- of the

causerytherha treatment in hydroge (V- treatment). andC43 ot furnace (called AQ hereafter). Details onl AQ measurement

fourthe ti pretme atnt o in vau m i(V tureatm nt) NdH2 , e1 l and- aire described elsewhere.-' 11 treatment and further V treat-

pou3 t nd dispopotionatempintoa miture ofao n 80 'C i d- 1 -1 t-re, and ment (referred to ats IIV treatment) was performed onl

me2 t. anelevateleprtr of arounde 81) til inxur by trbeauet-V crushed ingots and sinitered bodies which were magnetically
ment Reovalof ydroen n th mitureby ubseiuct V anisotropic. The process of l-V treatment is schematically

tireatment reforms the Nd2Fe 14B Conll1)01und With homo11ge- illustrated in Fig. 1(b) and details of [IV treatment are de-
neous and fine: grains of about 0.3 Am in diameter, which is scribed elsewhierefs I I treatment wats carried out at 8.50 'C for
close to the single domain size of' Nd2Fe1 ,,B. This results !ii 2 It which was the samne condition as used in Ref, 1. Subse-
high cocerivity in l-IDDR-treated Nd. Fe-B powders. qetVtetetwt raca 0-90' o t

Since it has been reported that Co, Ga, Zr, and Nb) addi- qetVtetetwsmd t7)-5 CfrIh
tion induces magnetic anisotropy through this phenomlena, 3  l-IV-treated samples were ground into p)owders of' <63
Nd-Fe-B powders produced by utilizing l-IDI)R phenomena Am by hand milling. These powders were mixed with molten

have been candidates as powders for high perhrniance parattin and were solidified with or without ap)plying at mag-
bonded magnets. But thle mechanism for inducement ofrag- avbrtingiedof1 sampe Magnetocmetoer wi) th re ainli applied b
netic anisotropy is still unclear. One of thle proposed mechia- fiel ofbrating stmter nappyng a pter wsehli' hi of 1) k)tom thpled

nismrs has been reported, in which the role of Co is to depress sample.f 5W fe ppyn usdfv~ f0kct

the disproportionation reaction during I1I treatment especially sape

at IligI) temperature. The origin of anisotropy is due to the X-ray diffractions will) Fe K x radiation were carried out.

undecomposed fine p~articles which inh~erit a crystallographic
relationship with newly formed grains.4 These works arc 111. RESULTS AND DISCUSSION
only concerned with 1-1 treatment Conditions Oil malgneCtic Thte characteristics of' hydrogen absorpt ott and dcsorp-
properties and nicerostrueture. But thle magnetic aniisotrop~y tio of Nd 1 ,Fem 14 Co., (x -0, 11.0, 17.4) on heating at
mlight be varied not only with IfI treatmetnt but will) V treat- arteo40 (/ ieswniFg.2Itcssso'to
mrent. Then the purpose of this study is to investigate the arae(f4)0(1aestoni i..Itoiis otw
effects of V-treatment temperatures o1) magnetic anisotropy
in Ndj 2.,Fe814,, .,.CoB,(,u (x =0)-17.4) alloys.

111. EXPERIMENTAL PROCEDURE 80.2 0 5( l

The diagramn of' thle experimental procedure is shown in H a
Fig. I(a), Thle composition~s oft studied alloys were Vac

Ndl 2 (,Fct .4 Co B(,., (x =0,5.8, 11.6,17.4). Thte aflltys were Ar
induction- mel ted from high-purity elements uttder an Ar at-
roosphere aild then were homogenized at 1ll00 0(C for 210 h. ; . 1. W) Na '11 ofitii itt \p(i titictilla tm (o atnidii (bt \ tlutwittv 0tt1i."(1.
The homogenized i ngots were groundo into powde rs of' ---63 tion ii [ltie pit ccs., ot ItV It c ttlim-it.
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FIG. 2. H-ydrogen absorption and desorption characteristics of
NdI 2.6F7et4 - xCoBafla (xr=0,t11.6,17.4) (in heating at a rate of 4t) C/h. FIG, 3. V-treatmcni temperature depentdecne inl 1111gttctic propettics of liv.

treated Ndl2.0Fe8 lA. 1CoxB6.0 where (a) x=Ot, (b) 17.A. (Dotted liitc intdi-
cates half values of iaturation magntet izationt (If eacht ttlttntgetttzed attlloy.)

absorption peaks and two desorption peaks. X-ray-diffraction
analysis reveals that the characteristics of hydrogen absorp- Judging from the magnetic properties shown in Fig. .3, the
tion and desorption correspond to the phase changes during inducement of anisotropic aspect proceeds by the V treat-
the heat treatment in hydrogen, and that the peaks indicate ment above 800 'C.
the reaction as follows: Absorption peaks at around 250 0C Figure 4 shows x-ray-diffraction patterns a-tf
correspond to interstitial hydrogen uptake to form Ndl 26(Fe 8 lA_.CoxB51 1( (x0O, 11.0, 17.4) alloys V-treated at
Nd 2(Fe,Co)14 BH,, and the desorption peaks covering 250- 700 'C, which is a relatively low tenpipceature of V treatment.
650"0C indicate hydrogen atoms leaving the interstitial site. X-ray reflections from NdH2 anld a-Fe phases -arc domndant
Hydrogen absorption peaks at around 700 'C, corresponding in NdI 2.6F7eti. 1 34 6.0 powders. The intensity ot reflections from~
to a disproportionation reaction into a mixture of NdH 2 , the Nd 2(Fe,Co) 14B phase increases with increasintg Co con-
a-(Fe,Co), and (Fe,Co)2B phases. The desorption peaks ob- tent. It can be said that Co added alloys tend to foini
served above 900 *C correspond to the recombination reac- Nd 2(Fe,Co) 14B compound under evactiation condition. Tlhis
tions to the original compound. The results described above results in higher coercivity at lower temperature int Co added
are in good agreement with the reported ones by Harris 6 and alloys.
Takeshita,7 The shape of the peaks corresponding to the dis- Figure 5 shows x-ray-diffraction patterns of l-lV-treated
lproportionation reaction is narrow inl both alloys with and NdI2.6FC81.4Br6,t powders which were pressed with a toag
without Co. Co added alloys show the recombination reac- netic field of 12 kOe. The x-ray -d iffraction patterni of the
tion at lower temperature. It can be considered that the dis-
proportionation reactions are very drastic in the both alloys,
It can also be said that the Co contained disproportionated
mixture is less stable under an atmospheric pressure of by- N1.Fj4--CxB.
drogen, and tends to form Nd2(Fe,Co)14 B compounds at V-treated at 700Cc
lower temperature. 0 Nd,(Fo,Co),,B 0

Figure 3 shows the V-treatment temperature dependence 
S~in-(Fan,Co)Coercivities increase with increasing V-treatment tempera-ture and exhibit maximum values at 850 and 800) 'C in the VX=

alloys without and with Co, respectively. Co added alloys
show higher coercivity at lower V-treatment temperature (

than the alloys without Co. In both alloys, remanence in-
creases with increasing temperature and shows highest val-0- X=1.
ues at 850-860 OC, which then decreases at above 880 'C. ~00 ~ 0 'io~Vx1,

The alloys aligned with a magnetic field exhibit higher re-
manence than the half values of saturation magnetization of0U
each homogenized alloy, which correspond to the retnanence duVx=1.

of isotropic alloys and are shown by the dotted lines in Fig. 40 50 0

3, in the temperature range between 800 and 900 0C. Thle 211 (Dog.)

differences of remanence between the alloys aligned with FIG1.4. X-rtty-diffirtction pattertns of Nd1 'JCH1 4 kCo,tl,n, (x -0,11l.0,17,4)
and without a magnetic field become larger at above 80J0 'C. V-treated atl Mt) V'.
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FIG. 5. X-ray-difftraction patterns ot Nd12,lFe~1 jl,B,1 V-treated at (at) 8WX and FIG. 6. X-ray -diffraction patterns of Ndt2s6Fce(4jC~otlsjBs sintered bodies
(h) 890t 'C, whicht were milled it) 2 Aemt and tltrat presscd in it magttetic field. (a) before FHV treatment, and (b) after V treatment at 880 'C.

portionated mixture after H treatment are the nuclei of re-
-V-treated greets compact at 800 'C'. where remancrnce equals combination during V treatment and Co makes this tendency
to the value of isotropic alloy and exhibits no diffcrence noticeable. 4 Since the disproportionation reaction is very
between thle alloys aligned with and without nmagnctic field, drastic and no dtfference can be observed in hydrogen ab-
shows isotropic characteristics. But the V-treated one at sorption and desorption characteristics below 900 'C in all
88() 'C exhibits intensive reflection from (0)06) which indi- the studied alloys front Fig. 2, it is anticipated that no re-
cates alignment of' grains in thle p~owders. This feature is sidual Nd2 Fet4B phase exists after H treatment at 850 *C. If
closely related to thc difference in remanience at htigher tem- tho oriented nucleation had been dominant, magnetic anisot-
perature shown int Fig. 3 antd it would he due to Zrain align- ropy would be induced by V treatment at lower temperatures.
ment. But in our results, shown in Fig. 3, the remanence of

In order to investigate thle texture change during V treat- Ndt 2,6Fe8t.4B36.0 powders V-treated at 800 TC and solidified
ment, x-ray diffraction wats performed on anisotrupic sin- with a magnetic field is almost the same as that without a
tered bodiies after 11V treatment. X-ray-diffructiort patterns of magnetic field. The main effect of Co addition is to enhance
Nd1 2 .6Fet,4 CO~,t131 ,4 sintercd bodies (a) befov 11V treatment the recombination reaction.
and t(b) after V treatment at 880 'C' are shown in Fig. 6. The 1T. Takeshita and R. Nakayama, Proceedings of the toth International
diffraction pattern of an as-sintered sample shows an aniso- Workshop onl Rare Earth Magnets and Their Applicatifins, Kyoto, Ills(.
(tropic characteristic sittce intettsivc rd,:41etions from (00)6) (unpublished), Vot. 1, p. 551.
and (10)5) are observed in Fig 6(w). h-igh intensities of re- 2P .McGuiness, X. Jt. Zhang, X. J. Yin,atnd 1. R. Harris, J. Less-Common
fiectionts fromt (000)) antd (I 105) at-c also observed in the Met. 158, 359 (1t990).

sltott i Fig 6(b. Itis 13 . Takeshita and R. Nakarysa.na Proceedingps of the 12tht Interttationtalsample after V treatmieut at 880) ̀Csoni ig ()ti Workshop onl Rare Earth Magnets aitd Their Applications-, Canberra, 1992
considered that the V-trcutted powders at higher temperatures (unpublished), p. 6701.
tend to fortm thle samle textttrc ais thle original samples before 4M. Uehara, H-. Tonlizawa. S. Hirosawa, T. Tonilda, and Y. Maelhara, IEEE
HV treatment. , rans. Magn. 29, 2770(1 t993).

.5H, Nakamura, S. Sugimioto, M. Okuda, and M. l-omnsa, Mater. Chem.l
Taking account of thec results shown in Fig, 5, it can be Pliys. 32, 280t (1992).

said that magnetic attisotropiv it [IV-treated powders is in- 'T. Takeshita and R. Nakayamna, Proceedings of the ttth International
duced by higlt-tettperaturc V treatment. It suggests that in- Workshop onl Rare Earth Magnets and Their Applications, Pittsburgh,
ducement at miagitetic antisotropy proceeds through a selec- (991, Vol. I (unpublished), p. 49.

71. It Harris, I~roceedings of the 12th International Workshop oil
tive grain gtrowth of Nd 2Fel 4B grains. Uehara et al. Rare Earth Magnets and Their Applicationts, Ca~nberra, 1992 (unpab-
concluded thtat residual Nd 2,Fe1 4B grains among the dispro- lished), p. 347.
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The use of polytetrafluoroethylene in the production of high-density
bonded Nd-Fe-B magnets

C. Tattam, A, J. Williams, J. N. Hay, and I. R. Harris
School of Metallurgy and Materials. University of BirmiJngha1n, Birminghamn . '5 217, United Kingdom

S. F. Tedstone and M. M. Ashraf
Penny and Giles Blackwood, Ltd., Blackwood, Gwent NP2 2YD. United K:ngdom

Rotary forging has been used to produce high-density bonded magnets from rapidly quenched
Nd-Fe-B based ribbons [MQP-D, of nominal composition 28%Nd-56%Fe-15%Co-I%B (wt %)].
Polytetrafluoroethylene (PTFE), when used as an additive (5%-15% by volume) has been found to
act as an effective binder and greatly enhances the forgeability of the MQI, allowing higher foiging
pressures to be used. Densities of up to 98% of the fully dense composite have been achieved. The
forging process can be undertaken in air at room temperature. Magnetically, the compacts are
comparable to conventional epoxy resin bonded MQI, with energy products of up to 84 kJ/m 3 .
Equivalent volume fractions of MQ1 (-83.5 vol %) have been achieved in the compacts with
increased PTFE content due to the displacement of pores by the PTFE. The effect of PTFE content
on the mechanical strength of the compacts has been assessed and it has been found that strength
increases with increasing PTFE content, consistent with the reduction in porosity.

I. INTRODUCTION ing action. The relatively small contact area means that lower

There are two principal methods used for processing Nd- overall loads are required to produce a given compaction

Fe-B alloys into permanent magnets. The first is a conven- compared with uniaxial pressing. The forging pressure in the

tional powder metallurgy process which is similar to that hydraulic ram was varied to ascertain the optimum condi-

employed for the production of rare-earth cobalt magnets., 2  tions with respect to compact density. Ejection of the corn-

The second involves the rapid quenching of the alloy from pacts from the die was facilitated by the presence of PTFE.

the melt. 3'4 The ribbons that result from rapid quenching Tihe magnetic properties were measured by demagnetiz-theg comlpacts ina permeameter.,h scn quadrant
have a high coercivity which can be attributed to the ex- demagnetization loop was obtained after pulse magnetizing

tremely fine grained microstructure. Magnets can be pro- the sample in a field of 4.5 T. The mechanical strength of the

duced using rapidly quenched material by grinding, mixing

with a binder, and then pressing. Various binders have been compacts was assessed using a method based on the ball on

employed for this purpose including epoxy resins,5 and more ring test.9 Samples were supported around the edge of their
(PTFE).' base by a ring of 15 min diameter while a load was applied

recently, polytetrafiuoroethylene (PF).to the center of the top surface via a steel sphere of 11I mm
It has been shown that high-density magnets can be pro-

duced by rotary forging MQI with or without a soft metal
binder.7.8 MQI compacts forged with no bina;,r were found to
have poor mechanical integrity. PTFE was chosen as an ad-
ditive to enhance the flow of the flakes, due to its low coef-
ficient of friction, during forging. The PTFE was subse-
quently found to act as an effective binder as well asP
allowing the forging of ribbon in air, where previously it was
necessary !h) forge in an inert atmosphere .

It has been shown6 that densities of 6.2 g/cm 3 can be
achieved by the compression moulding of anisotropic Nd- Silding Imu,', An.,e•nly

Fe-B powder (prepared by the hydrogen decrepitation of hot Guide Col1nr
deformed overquenched ribbon) with 2.1 wt % PTFE at a Central Mand.el
temperature of 250 °C under an argon atmosphere. The sub-
ject of this paper is the formation by rotary forging, in air at
room temperature, of hilh-density compacts of isotropic
melt spun ribbon using PTFE as a binder.

II. EXPERIMENT Zone of ( Utlilct ,tr 'Fnttprin-

0i the ( 'jlpci "r'r rn Ihe

Melt spun flake material was mixed with 5, 10. and 15 WIkpieSe

vol % PTFE powder using a powder blender. 15 g batches Pian v%., ,fthe.
were loaded into the die cavity of a rotary forging machine Wrkpr.e.
(Fig. 1). The contact area between the upper tool and the
workpiece rotates around tile top surface, producing a shear- 1IG. I. A sneenicaic re.rnert'sntitrr of the rotary forging process.
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FIG. 4. The variation of magnetic properties with forging pressure for
MOI + 15 vol % PTr`E compacts.

FIG. 2. The effect of forging pressure on the volume fraction of MQI.

diameter. The cross head speed employed was 0.05 cm/min. maxima in volume fraction occur, values decrease due to the
The load required for fracture of the specimen was recorded onset of cra,'king at these pressures. The presence of cracks
on a chart recorder. means that, despite the probability of there being regions of

higher density within the compact, the overall density is
Ill. RESULTS AND DISCUSSION lower than the maximum.

The effect of varying the forging pressure on the volume The traces shown in Fig. 3 are consistent with the data

fraction of MQI within the compact is shown in Fig. 2. Rela- shown in Fig. 2. It can be seen that the higher the PTFE
content, the lower the porosity. This displacement of the

tive densities were determined by dividing the actual density poresiyyTFE duing fogincacoutsof the
by he heoetcalmaxmu an covetin toa ercntae. pores by PTFE during forging accounts for the near-by the theoretical maximum and converting to a percentage. equivalent volume fractions of MQI being obtainable in

The volum e fraction of M QJ -'as then calculated by m ulti- compa ct with fracti ons f these ina esin

plying the relative density by ,ae volume fraction of MQI in compacts with higher PthFE content. From these investiga-

the original composition. It can be seen from Fig. 2 that there tions it appears that the optimum forging pressure for

is little difference in the maxima obtained for these three MQI+5 vol % PTFE samples is 30 bars and for 10 and 15

compositions, the largest MQI content being 83.8±0,5% for vol % PTFE, 40 bars.The effect of varying the forging pressure on the mag-
10 vol % PTFE and the lowest being 83.3±0.5% for 15 n e proert of MQi+ 15 vol p acts is shown

netic properties of MQI+ 15 vol % PTFE compacts is shownvol % PTFE. in Fig. 4. It can be seen that, as expected, the remanenice
For all three compositions, to the left of the maximla, the i i.4 tcnb entaa xetd h eaeccurve follows the same trend as the volume fraction of MQI

lower volume fraction of MQI is due to the lower forging curve obtained for these compacts. Variations in the forging
pressure, producing compacts of lower density and hence pressure appear to have little effect on the coercivities of the
higher porosity. The porosity within the compacts for the energy products are also showncompacts. The maximum•eeg rdcsaeas hw
three compositions as a function of forging pressure is shown and it can be seen that the highest BJI(max) obtained was
in Fig. 3. At forging pressures higher than those at which the -84 kJ/m 3 for samples forged at 40 bars.

A typical demagnetization loop for an MQI+ 15 vol %
PTFE magnet is shown in Fig. 5. A curve for an epoxy

20o _ . .. .. ...... ... -... , bonded magnet of equivalent density is included for com-L o 5 vol%,rT parison. Both magnets have comparable remanences but it
)0 A - (1) vol% PTFE j can be seen that the epoxy bonded sample has a somewhat

16-1 - 1 --- 15 vot%1P.IE lower coercivity. This trend has been observed in all the

" 2 ....... magnets tested, and could be due to possible modification of
1 12 L C./ the ribbon microstructure during forging.8 The energy prod-

uct of the PTFE bonded magnet is slightly higher, 84± 1
-. -.- "A kJ/m 3 compared to 81 1 k Jim3 for the epoxy bonded mug-

net.
• , .... -<' . Table I shows the load required for mechanical failure of

4 . .P- PTFE, zinc, and epoxy bonded compacts. An MQtI15
vol % PTFE compact was also produced by compression

0........... ................ .moulding at 3 tons/cni2 but this crumbled prior to testing,
10 20 30 40 50 6(1 70 exhibiting a much inferior mechanical integrity compared

F'orging Pressure (bar) with that of the rotary forged compacts. The zinc bonded

FIG. 3. The effect of forging pressure on the porosity contcnt. sample was fabricated using an identical procedure to that of
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- -____ ______-. -.--- *-~1000 subsequent heat treatment of the PTFE, bonded samples can

~~ substantially improve their mechanical integrity.'

.. Epoxy Bonded Magnet I 8(X) IV. CONCLUSIONS
ý6. When PTFE is present during thle rotary forging of MQI,

i600  ~ it greatly increases the forgeability and also acts as a binder.
The PTFE content can be increased without loss of MQI

4(X) content due to thle displacement of pores by the PTFE. Den-

2(K)sities of up to 98% of thle fully dense composite can be12W achieved resulting in energy products of up to 84 kJ/m' for

~00 600 400 2000the isotropic ribbon.
_lý;___0 60 o 2o0 0 The mechanical testing of compacts indicates that by

H (kA/m) increasing the PTFE content the mechanical integrity in-
creases. Thle non-heat-treated compacts, however, atre not as

FIG 5.Demgneizaioncures orPTF an epxy ondd mgnes. strong as either zinc or epoxy bonded compacts. H-eat treat-
FIG 5 Deagetiaton urcs orPTF ad eox bode manes. ment of the PTFE bonded samples improve% substantially

their mechanical strength.
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Evidence of domain-wall pinning in W-doped (NdDy)(FeCo)B sintered
magnets

T. Y Cho.
Material,- Researc!, ',aboratories, Industrial Technologies Researtch Ilstitute, Chutung, 310 Taiwan,
Republic of China

T. S, Chin, C. H. Lin, and J, M. Yao
Department of Materials Science and Engineering, T'ing Hima University, Hsinchu, 300 Thiwan,
Republic of China

Addition of tungsten (1-2 at. %) is very effective in improving coercivity of (Nd,Dy)-(Fc,Co)-B
sintered magnets both at room temperature and elevated temperatures in addition to improving
thermal stability. Transmission electron microscopy shows that there exists a WFeB precipitate
phase inside the Nd 2Fel 4 B (2-14-1) matrix grain. The WFcB phase is plateletlike, and occasionally
appears to have its largest dimension running parallel to the c axis of the 2-14-1 matrix phase. The
orientation relationship between the WFeB precipitate and the matrix is found to be
(I02)wr-,:nj(22(l)2.l4.1 and [0l0]wjkýajl•[00212.14.1. Domain walls jump from a position alongside the
WFeB particles to a new position alongside others upon turning on magnetic field of the objective
lens, as evidenced by Lorentz microscopy, denoting the ability of domain-wall pinning by the strain
field around the WFeB precipitate. As a result, this provides extra hindrance to domain-wall motion
and leads to enhanced coercivity and thermal stability, particularly at elevated temperatures.

I. INTRODUCTION between 25 and 150 'C by a B-H tracer after specimens were
The high-temperature properties of Nd-Fe-B magnets magnetized by a 5 T pulse field. The microstructure was

have been found to improve dramatically by doping with studied by transmission electron microscopy in a JEOL 2000
some elements. -4 When alloying both Co and Dy in the FX .scanning transmission eiectron microscope (STEM)

someeleents'4  hen lloingbothCo nd D inthe equipped with a LINK AN IOI000 energy dispersive x-ray
Nd-Fe-B magnets, addition of a third element such as Al. Ga, analyzer.

Nb, V, or Mo has been studied extensively and was shown to

be effective in improving high-temperature magnetic proper-
ties of Nd-Dy-Fe-Co-B magnets. 4 -€" The Nb-rich precipitates III. RESULTS AND DISCUSSION
dispersed in the matrix were suggested to be responsible for Figure 1 shows coercivity versus temperature, up
the coercivity increase of Nb-containing magnets.7 The comn- to 150 °C, for the optimally heat-treated
bined substitutions of (Nb,Ga) or (Nb,AI) for partial Fe con- Nd14Dy15 FeC71 -..CoWrB7.5 (x=0, the blank, andx=2) mag-
tent are effective in reducing the irreversible thermal loss and nets. The W-containing alloy shows remarkable intrinsic co-
the temperature coefficient of remancnce.8 Sagawa et al. and ercivity (iHc) as compared to the blank alloy. Furthermore,
Hirosawa ct al. have shown that the additijn of V or Mo is iWc values of the W-containing alloy are twice as large as
effective in improving the thermal stability of sintered Nd- that of blank alloy even at temperatures higher than 100 'C.
Fe-B magnets, and a working temperature of over 200 'C It was speculated that the increased coercivity and ther-
may be possible. 516' mal stability might be due to an intrinsic enhancement of

The effect of W addition ou magnetic properties of Nd-
Dy-Fe-Co-B magnets have been reported by us in a previous
paper.9 The observation of W-rich inclusions and precipitates 25
in W-containing Nd-Fe-B magnets has also been reported
elsewhere."' However, the crystallographic relationship be-
tween these precipitates and the matrix phase has never been 20
studied. In this paper, the results of microstructure study of 0-,
W-containing magnets are presented and the reason for en- i5
hanced coercivity is delineated. A

W

II. EXPERIMENT

Alloy ingots of Nd14Dy1 lFe71 ..,Co(,W•.B.1.. (x=O or 2)
were prepared by induction melting under Ar protection, then
made into sintered magnets (sintering at 1090 'C for I h) and
heat treated (at 900 'C for 2 h then 550 'C for I h) under Ar 0 25 75 1110 125 15175

atmosphere by conventional powder metallurgy processes as 'i

described in the previous paper." Magnetic properties of Sin- FIl. 1. (ocrcivity or sincrcid Ndt.1t)ytn,:c- W,CoB1 -7., magncts (V 0,

tered specimens were isothermally measured at temperatures fle blank alloy. andt _ -: 2) vs temperature.
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FIG. 2. WFeB platelet precipitates dispersed in Nd2Fe14t3 matrix of a 2
at, % W-containing sintered maignet, the hisu isi thu microdiffractioni pattern
(the narker-2)0 nmn).

FIG. 3, Large inclusion phase oni the grain boundary (the intarker1 2 dill).

magnetocrystalline anisotropy field (t"A) ari'ing from W al-
loying. However, experiments on HiA for both the blank and believed to precipitate out of supersaturated W-containing
the 2% W-containing alloys showed the same value of 7.8 T. matrix phase during thc heat-treatment stage (900-550 °C).
That is to say, the improvement might be due to extrinsic It was occasionally observed that the largest dimension
reasons. of these precipitates runs parallel to the c axis of the 2-14-1

It has been reported that W is not completely dissolved phase, as identified by the electron-diffraction pattern taken
into the matrix 2-14-1 phase, and W-rich inclusions and pre- from the matrix phase near the precipitate (Fig. 4). The pre-
cipitates exist in the W-containing magnets.) In other re- ferred orientation of the precipitate thus results in aligning
ports in which V- or Mo-containing Nd-Dy-Fe-Co-B alloys their largest dimension parallel to the domain wall, as shown
were studied, V2Fevl2 or Mo2 FeB phases were observed, in Fig. 5(a). Therefore the precipitates can very effectively
respectively. 1112 act as domain-wall-pinning sites, as clearly shown by the

Figure 2 shows the platelet precipitates dispersed inside Lorentz microscopy micrographs in Figs. 5(a) and 5(b). In
the 2-14-1 matrix grains of W-containing magnet. Since the the micrograph shown in Fig. 5(a), taken with the TEM
precipitates are generally smaller than 200 nm in thickness, specimen experiencing virtually no externally applied field,
the microdiffraction method, in which a focused electron the domain wall (white line in the middle of the micrograph)
probe is used to acquire the diffraction patterns, was per- is straight and sits alongside two precipitates (arrOwed). The
formed in order to reduce the contribution from the sur- micrograph in Fig. 5(b) is taken after turning on the objective
rounding 2-14-1 matrix phase. The precipitates were indexed lens of the electron microscope; the domain-wall jumps left
as orthorhombic W-Fe-B (1-1-1) phase with lattice param- over the middle larger precipitate and bowed around the
eters a=0.582 nrm, b=0.316 nm, and c=0,681 nm. A dif- other precipitates (arrowed), Thus the dispersed platelet pre-
fraction pattern is shown as the inset of Fig. 2. By analyzing cipitates are effective as domain-wall-pinning sites. Flow-
diffraction patterns taken from the junction between the pre-
cipitate and matrix phase, it is found that there exists an
orientation relationship between them, that is

(1 0 2)wr BI:lI(2 2 0)2.14-1, (I)

L- 1 0]wFBol() (0 2 12-14-1. (2)

Crystallographically, the platelet precipitate is found to
be identical to the larger W-containing inclusions present at
grain boundaries, even though their dimension is one order
of magnitude larger and their morphologies are quite differ-
"ent from each other. The inclusions on the grain boundaries
are usually equiaxed as shown in Fig. 3. These two kinds of
particles are suggested to appear at different stages in the
manufacturing processes. The inclusions are the broken bits
of W-rich dendrite in the cast ingot as evidenced by an opti- V16. 4. The elect ron.di Iraction pattern taken from the tni rix phase near the

cal microscope. The platelets inside the matrix grains are WFefl precipitate (1h1c tarkci 200111 ni).
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(a) .IV. CONCLUSIONS

Coercivity of (Nd,lDy)-(Fe,Co)-13 sintered magnets, both
at room temperature and elevated temperatures, and thermal
stability can be very effectively improved by thle addition of
tungsten (1 -2 at. %). Tlransmission electron microscopy
studies show that there exists a WFeI3 precipitate phase in-
side the Nd-1 Fe 14B (2-14-I1) matrix grain. The WFeB phase is
plateletlike, and occasionally appcars to have its largest di-
miension running parallel to the c axis of the 2-14-1 matrix
phase. The orientation relationship between the WFeI3 pre-
cipitate and the matrix is found to be ( lO2)WI:,I31I(22t))2.I4-l,
and I9lO]Wt;CtlII[02]2.l4-1- Domain walls jump from a posi-
tion alongside thle WFeI3 particles to a new position along-
side other WFeB particles upon turning on magnetic field of
the objective lens, as evidenced by Lorentz microscopy, de-
noting the ability of domnain-wall pinning by the strain field
around the WFeB precipitate. Consequently, this refractory
precipitate provides extra hindrance to domain-wall motion
and leads to enhanced coercivity and thermal stability, par-
ticularly at elevated temperatures.
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Shenyang, PRR. China, 1989.the strain field around them, hence is responsible for the qC. H. Lini, T. S. Chin. Y It. Huang, J. MI. Yau, K. It. Clieng, and T. Y. Chtu,

extremely high coercivity and thermlal stability of thle t1LEtTh ranst. Mugit. 29, 2785 (1993).
W-eontaining magnets. On the other hand, but to a lesser 'J. tiermitrdi, J. tidler, anid V. Fodennayr, IFtiE 'Trans, Magli. 281, 2127

extent, the W-rich inclusions present onl the grain-boundary (1992)u. ViaA. lBarzsi, A. Duchtente, and MI. Sagtwat, Proceedhings
regions might impede the grain growlth of the 2- 14-1I phase ir the It I t tttiterltltilolttl Workshiop ott Rare Eartht Magnets and their Ap-
during sintering, giving rise to a finle grain structure which is plicittoiots, P'ittsbiurgh, 1'A, 11)1)0 (unpublished), Vol. 1, pp. 123-135.
also essential for high coercivity. Since the refractory WFcI3 S.. Itirosawa, S. Mino. It.Tominwa, and K. Tokultara, Proceedings tifthe

phas istherall stale t elvatd teper t hrs ie ability II th tItterntiotntal Workshtop on Rare Eartht Magniets and tlteir AppIlea~-
phas is hermllystabe atelevtedtempratuestions. Pittsburgh, PtA, 191.01 (unpublishied), Vol. 1, pp. 136 -147.
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'ihe magnetic properties of the tetragonal ThiMn 12-tYPC RCol,0Mo, compounds have been
investigated by means of maignetic measurement and x-ray diffraction. It is found that the Co
moment is roughly the same in all RCol,)Mo, compounds (0.9 ull/Co), excepting CeCo10)Mo, (0.7
A1jlCo). It is also found that the Co subli'ttice displays easy c-axis magnetization. Nonaxial behavior
at room temperature is observed only for SmCo1()Mo,, whereas in ErCo,1 )Mo, a spin reorientation
occurs from axial to planar magnetization upon cooling below T,, 125 K. These results suggest
that the A() ternm, mainly responsible for the rare-earth-sublattice anisotropy has thle same sign as ill
the R2Fe14B3 series (A0>0). This is in contrast to other Thmn 12-type compounds (IFc111V,, RFe11Ti)
where it is generally assumed that A('<(). The intersublattice coupling of ErCo1 ()Mo, has been
determined by means of thle hign-field free-powder method.

1. INTRODUCTION Ill. EXPERIMENTAL RESULTS

Many novel Fe-rich rare-earth-based permanient-magnet From x-ray-diffraction experimtents onl magnetically
materials have comiparatively low Curie temperatures and aligned powders, it was derived that at room temperature the
hence require Co suhbstitution for Curie temperature enhance- easy-magnetic direction in the RColO0M 2 compounds is par-
ment. Well-known examples are NdFel 4l3, SmFe11Ti, and allel to thle ('-axis. The1 Only exception is SmlCo111Mo2 where
SmFel1 )Mo,. In order to study the effect of Co substitution thle easy- magnet ization direction is perpendicular to the
onl Curie temperature, magnetization, intersublattice- c-axis. These results confirm earlier observations by Xu and
Coupling constant, and anisotropy field in !?Fe10,Mo, com- Shalecnl.2

pounds. we have studied the magnetic properties of thle ac-susceptibility measurements show no temperature-
RCo11 )Mo., series in pure form, induced spin reorientations except in ErCo )(1M02  and

IEr,18Y112Co141Mo, (see Fig. 1). Th'le sharp cusp observed for
[I. EXPERIMENT

The compounds of the RCoinMo, type were prepared by
arc-mielting stoichiomietric mixtures of the metallic constitu-- ------ '-

ents of at least 99.9% purity'. After arc melting, the polycrys-
talline specimens were wrapped in tantalum foil, sealed into
evacuated quartz tubes, and annealed at 1000 'C for 4 weeks, U

The samples were quickly cooled to room temperature after
annealing by breaking thle quartz tubes uinder water. Subse- 1:

quently, the samples were investigated by x-ray powder dif- C
fraction and found to be approximately single phase. T'he5
x-ray patterns were indexed onl thle basis of the Thiln 12j--type ~

mu
of' structure. F~or each compound, the free-powder magneti-
zation was measured at 4.2 K as a function of applied miag-
netic fields up to 35 Tr, using the High-Field Installation at---.."
the University of Amsterdam.' In order to investigate the a100 200 300

presence of spiAn-reorientation transitions between 4.2 K and
ro0om temperature, ac-susceptibility measurements were FIG 1. rcmpvranre dependntceu (it the ac susccplitbility Iot raiM
mnade on several compounds in the RCo 10Mo, series, isolid line) aind I 1 ,.(oM daslied link!).
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FIG. 2. Magnetic isotherms at 4.2 K measured on magnetically aligned FIG. 3. Magnetic isotherms at 4.2 K of RCo11,Mo 2 compounds (R =Gd, Tb.
powders of PrCo11 Mo2 and NdCol0Mo 2. Open circles correspond to the Dy, Ho, and Er) measured on powder particles that are free to rotate in the
field parallel to the alignment direction and filled circles to perpendicular to sample holder.
the alignment direction.

both materials is taken as evidence of spin reorientations sublattice since Ce is tetravalent and Gd is an S-state ion.

front M1 c (at low temperature) to Mi1c (at high tempera- The deviating valence of Ce follows from the lattice con-

ture), at 125 K in ErCol 0Mo 2 and at 115 K in stants.
In order to obtain experimental information on the

RCo0 M02  compounds by Xu and Shaheen,t 2 it can be de- intersublattice-coupling strength we have studied how the
rivedothatthcomeonts of the light Sareenith cabe p lel low-field ferromagnetic state is affected by an applied field
rived that the moments of the light rare earths couie parallel by measuring the magnetization of free single-crystalline
earths couple antiparallel to the Co moments, as is usuav y powder particles of the compounds formed with the heavy
oearthvcuped aTiparle toinr the Coimom ntasiatuu rare earths in applied fields up to 35 T. Results obtained on
observed. Therefore no information on the intersublattice- the RCot0Mo 2 compounds with R=Gd, Tb, Dy, Ho, and Er
coupling strength can be derived by means of the high-field
free-powder (HFFP) method4'5 for the compounds with the are shown in Fig. 3, The observation that the magnetic iso-

light-rare-earth elements. The isotherms of these compounds therms pass almost through the origin for the compounds

were therefore studied only in fields up to 20 T. with R =Tb, Dy, Ho, and Er means that the R-sublattice

The magnetization at 4.2 K of magnetically aligned magnetization MRq and the Co-sublattice magnetization Mco

powders of PrCoi01Mo 2 and NdCoWt1Mo 2 is shown in Fig. 2. are nearly equal to each other in these materials.
The anisotropy field BA for PrCo10Mo2 equals approximately In practically all R-T intermetallics previously investi-Theaniotrpy iel BAforPr~t 11 o2 qu~s aproimaely gated by means of the HFFP method,5 the T-sublattice an-

25 T. In NdColtMo2 there is a field-induced change of the gatropy is of the the R-subuaatice an -

magnetization direction, the critical field being equal to tsotropy is much smaller than the R-sublattice anisotropy. In

6.5 T. these cases, the former can be ignored and the R, sublattice

The saturation moments M(0) at 4.2 K were derived magnetization can be parallel to the easy-magnetization di-
rection and to remain so during the bending process. 'the free

from the free-powder magnetization curves by extrapolation en an toven ss
to B =0. These values ar listed in Table I. The anisotropy in energy is given by
CeCo10Mo 2 and GdCo10Mo2 is predominantly that of the Co

E = EE"'+ E"' 4- nRCM/Mc, cos a -BM. (1)

TABLE 1. Magnetic properties of RCo0 MoM compounds. The magnetization M is given by MC=(Mo+
M(0) + 2MRpi1.,, cos a)"/2 .

Compounds M(O) M,¢ M C MR,,Cocsa)12

In ocriving the magnetization by minimizing the free
YCon1Mo2  8.5 0 8.5 energy, only the last two terms in Eq. (1) need to be taken
CeCo1OMo 2  6.5 t 6.5 into consideration. In this case, the intersublattice-coupling
PrCo01 Mo 2  11.2 3.2 8.0Nd~o1Mo2  (16 32 74constarnt nm, can be obtained straightforwardly from the
NdCoWMo2 10.6 3.2 7.4

SmCo,tM, 2  9.5 0.7 8.8 magnetization in the region where the bending process from
GdCo1 )Mo2  1.9 7.0 700± 1.9 the ferrimagnetic configuration to the forced ferromagnetic
ThCo•nMo2 0.1 9.0 9.(ool state occurs (ni,= [M/B]- 1).
DyComMo2  0.3 I0.0 10.0±0.3 In the RCo,,oMO2 compounds, however, it is no longer
110CO10Mo2  0.3 l0t0 10.0±0.3
ErllgYo2CctMo, 1.4 7.2 7.2±1.4 legitimate to neglect the Co-sublattice anisotropy. If only the
ErC'I,,,Mo 2  0.0 9.0 9.0 first-order anisotropy constants Ku and K," are taken into

account, the free-energy expression reads
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E =Kl sin 2 +Kc sin(+ a) + PRCoMRMC, COS a -BM. FIG. 5. (a) Comparison of the experimental and calculated magnetizations
(2) of ErCo ,0Mo 2 (b) calculated field dependence of the orientations of the Er-

The angles 0 and a are defined in Fig. 4. Due to the presence and Co-sublattice moments.

of the two anisotropy terms in Eq. (2) neither of the two
sublattice magnetizations will remain oriented along the cor- It should be mentioned that in order to obtain the infor-
responding easy-axis direction during the process that the niation about the magnetic coupling between R and Co sub-
two sublattice magnetizations bend towards each other under lattices for the other RColt)Mo 2 compounds, all the magne-
influence of the external field. This leads to a nonlinear be- tization curves shown in Fig. 2 should be analyzed taking
havior of the magnetic isotherm.ti'hl into account the anisotropy of the two sublattices. This

By minimizing the free energy given in Eq. (2), the fol- analysis which presently is carried out may be very different
lowing expression for the magnetization can be derived: for the different rare-earth ions, For instance, for R =He,

B 2K AKl high-ordor anisotropy constants have to be taken into ac-
"-=naB M MIKIcos a, (3) count.
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Magnetic hardening by crystallization of amorphous precursors using vecy
high heating rates

C. de Julin and J. M. Gonzalez
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The dependence of the treatment parameters of the coercivity of PrNdFeB samples prepared by
crystallization of melt spun amorphous precursors is investigated. The crysiallizatiotl treatments
were carried out at high temperatures and using very high heating rates ("flash crystallization").
From the analysis of the temperature dependence of the critical field of the samples,, it is concluded
that this kind of crystallization treatment leads to very fine and homogeneous microstructures which
result in a significant enhancement of the hard magnetic properties.

I. INTRODUCTION densities .J., typically in the range from 1.6 to 1,9X 103

The crystallizatioi of amorphous alloys is usually de- Acm 2 and pulse time widths t, going from I to 12 s, wcre

scribed by specifying the fraction of material which is trans- used. In order to protect the samples, and also to improve the

formed either after a certain time at a given temperature (iso- homogeneity of the temperatures distribution, the flakes of
thermal crystallization) or after a certain time when the the amorphous precursors were wrapped in a Ta foil which,material is heated up at a constant rate (continuous heating in turn, was electrically isolated from the heating elements
crystallization),' Nevertheless, for a given percentage of by means oi mica foils. The whole setup was maintained
transformed material and depending on the concrete values under dynamic Ar atmosphere.
of the treatment parameters, both the phase distribution vad In Fig. 2 we present the time evolution of the tempera-especially the microstructure of the crystallization product ture of the samples (measured by means of a low-mass ther-ecan be significantly different.2 This is due to the different mocouple which was in good thermal contact with the Takinetics of the elemental processes (i.e., nucleation and grain foil) when 16 A current pulses flow through the heating ele-kinetics inolvedf n the elemen tallproces (iz ,ation and h v ryaintr ments (cross section 0.01 cm2) for different pulse widths t,.growth) involved in the crystallization and has a very inter- Thi maximum temperature TM achieved for the different
esting consequence: the possibility of optimizing the hyster- trcatnents increased with the width of the current pulse (up
etic properties of the crystallized material, which depend tr a2(00 'C in the case of the s,e19 A pulse). The maximum
very sensitively on the microstructure. As it is shown in a
previous work, 2 the use of high heating rates up to the treat- heating rate (approximately 15 000 'C min- 1) was achievedment temperature allowed, in the case of NdDyFeB melt 2.5 s after the beginning of the pulse. The inset in this figure

spun samples, optimizes the phase distribution of the crystal- presents, as a function of the pulse width t•, the total time
lization product through the inhibition of the precipitation of t7 00 for which the temperature of the sample was above

the excess of a-Fe. Also, the accomplishment of crystallizA- 700 'C (slightly above the temperature of the peak associated

tion at high temperatures favors the increase of the nucle- to the second crystallization stage as measured from DSC

tion, which results in homogeneous Iicrostructures.' In the thermograms carried out at 160 'C min -I). Since, due to thettwhi hresult rcin itymoge amorous m eltspun dissipation characteristics of the system, the T vs t curves ofpresent work, the coercivity of amorphous melt spun all the different treatments showed the same the initial heat-
PrNdFeB samples crystallized by using a high heating rate ing regime, in the following we will use I7 in addition toJ.
and short-time anneals ("flash crystallization") is experi- (or, equivalently, the current intensity 1.) to characterize our
mentally studied and correlated to the treatment parameters. flash crystallization treatments.

II. EXPERIMENTAL RESULTS AND DISCUSSION

Samples with nominal composition Nd9Pt6FeiC6B, were Low mass thermocouple

prepared by means of the single roller melt spinning tech-
nique (tangential speed of the roller, 20 m s 1). According to
x-ray diffraction (XRD) the as-quenched samples were amor- Electrice

phous. From differential scanning calorimetry (DSC) ther- - Ica
mograms carried out at 160 'C min-, two consecutive crys- S•,mpl---
tallization stages, respectively, taking place at 620 and
690 'C were observed. The crystallization product consisted Khantal ribbons + Electric current

of a majority 2:14:1 phase. pulses

The flash crystallization treatments were carried out by I(A)t T
sandwiching some flakes of the amorphous precursor in be-_LL ... [ ! ... "- t _
tween two ribbons of resistive alloy through which it was
possible to flow electric current pulses (see Fig. I). Current FIG. I. Setup used tur the tlash crystallization treatileits.
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FIG. 2. Temperature of the ,samples vs tinc otbtained with I,-= 16 A and
different pulse widths t,.

The microstructure of the crystallized samples was de-
pendent on the treatment parameters. For short-time, low in-
tensity pulses, the samples were partially crystalline (accord-
ing to the XRD) as one would expect from the increase with
increasing heating rate of -he crystallization processes.3 A

scanning electron micrograph (SEM) of a typical fresh frac-
ture surface taken in the sample crystallized by using 16 A
for 4 s is shown in Fig. 3(a). In it an inhomogeneous two-
phase microstructure churacterized by the presence of voids
and domes can be observed, In wrntrast with this, the
samples treated by means of longer pu!scs were fully crys-
tallized, a homogenous microstructure [,,imilar to that shown (b)

in Fig. 3(b)] being observed.
The study of the hysteretic properties of the samples was F-m. 3. (i) SEM micrograph Ifthe fesh fracture surface of a sample treated

carried out by means of a SQUID magnetometer. Since our for 1, =4 s with I•, = 16 A. (b) SUM micrograph of i
tl.. fresh fracture surface

samples were isotropic, some reversible demagnetization oc- (f it sample treated for t,= 12 s with I ,- 16 A.

curred along the branches of the hysteresis loops correspond-
ing to the first and second quadrants. Then, and in order to
characterize the irreversible demagnetization, we considered ield and the saturation rmagnetization of the sampls at a
the so-called critical field 'crit, defined as the deniagnetiza- given temaperature; sial, reflects the intluence on coercivity of
tion field for which the maximum susceptibility is observed, the easy axes misalignment; t , is related to the lzcal reduc-
In Fig. 4 we have plotted the dependence on 17(H) of the tion of anisotropy at the defects and N gives tli e magnitude
room-temperature critical field. From this figure it is possible the stray fields originated by the inhomogeneities in the
to observe that the critical field of the fully crystallized
samples decreases with the increase of t17TM. The deterioration
of the critical field was basically related to the a-Fe segre-
gation (which increases with TM). Slightly lower values of 2,5 .
the critical field than those achieved for the samples treated 846"C 190"C I r .
with t.7O 5W4 s were obtained for the samples crystallized by 2.0 "
means of the shortest current pulses, which were only partly ,, "10 1

crystalline. 4 The optimum magnetic hardness corresponded
to the samples treated with iv(M)=4 s, which were completely 1• .- 1200"c

crystallized awl presented a critical field of 22 kOe.
The temperature dependence of the critical field of the 1450 'IC

samples is shown in Fig. 5. We have analyzed these data in 0. 0  0,--
terms of the law proposed by Kromiiller, 5  4 812 1s

-FIG. 4. D)cpelldeICC (it' the ro(onl-tellilperatre critical tield vs t o lfr the

where 1I,(T) and M,.(T) are, respectively, the anisotropy samples with (Iptimuim Iii-igIIcic hiardeiliilg.
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granular coupling, the magnetization reversal proceeds from
those grains whose orientation with respect to the applied FIG. 7. (a) Variation of (YA. with tmXI. (1) Variation of NWrr with 171W1)

field has associated the lowest critical field. In this case ap
can be replaced by its minimum value Oqrlh which depends treatments carried out by using 16 A current originated larger
on the anisotropy constants as reported in Ref. 5. Consider- deteriorations of the local anisotropy than those correspond-
ing this, from the fits of the experimental results for Hcrit(T) ing to treatments carried out by means of 19 A pulses.
to Eq. (1) the parameters aK and Neff can be obtained. Figure Finally, Nrff increases with O7WX, which reflects the pro-

6 presents the results of these fits for the samples crystallized gressive evolution in shape of the hard phase grains 2 from
by means of I1 = 19 A. These plots were carried out by taking rounded original nucleus (predominant in the partly crystal-
into account the temperature dependence of the anisotropy lized samples) to the well developed polyhedral grains with
field and magnetization of the Nd2Fe: 4B1 and Pr 2Fe1 4B, edges and corners which can be observed2 in fully crystal-
phases reported in Refs. 5 and 6. lized samples. Also, the inhomogeneities of the microstruc-

The dependence of our results for aK and Nff on t7OW is ture arising from the precipitation, for long /7(x) values, of
shown in Figs. 7(a) and 7(b), respectively. It is interesting to a-Fe contribute to the increase of that parameter.
see how aK presents a maximum value [only slightly lower To summarize, we can say that optimum critical fields
than the ideal value of Eq. (1) in the case of the samples with (larger than those achieved in as-quenched crystalline melt
optimum properties]. Also, and according to these results, the spun samples) can be obtained by flash crystallizing amor-

phous precursors using treatment times (tU70) of the order of
a few seconds (long enough to complete the crystallization
and short enough to avoid significant a-Fe segregation).
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Magnetic phase diagrams of YCo 4 B-based components
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The Netherlands

Y. P. Ge and J. Y. Wang
Shenyang College of Architectural Engineering, Shenyang 110015, China

The magnetic properties of (YNd)Co 4B, Y(Co,Fe) 4B, and YCo,(B,C) compounds have been
investigated. The spin-reorientation temperature of YCo4B increases with substitution of Nd for Y
and Fe for Co, but decreases with the replacement of B for C. The Curie temperature of YCo4B
decreases upon substitution of Nd for Y and C for B, whereas it increases upon the introduction of
Fe, The magnetic phase diagrams are given for (YNd)Co 4B, Y(Co,Fe) 4B, and YCo4(B,C). The
results show that the temperature range of the easy-axis anisotropy in YC04B is increased by C
substitution, and decreased by Nd and Fe substitution. The saturation magnetization of YC04B
increases by the introduction of Nd and Fe. Substitution of C for B changes the magnetic moment
of Co only slightly. The magnetic anisotropy is increased by substitution of C for B.

I. INTRODUCTION -- ' - 1

YCo 4B and the corresponding pseudoternary compounds -

crystallize in the CeCo 4B-type structure, which is derived
from the CaCu5 structure by partial substitution of B for Co 2 -n

in every two Co layers.' The structure and the magnetic C
properties of both Fc- and Co-based compounds of the x-0.2
CeCo 4B type have been studied extensively in the past few
years because of their potential of being used in permanent ,o-0.3
magnets.2-8 Previous results have shown that in YCo 4B the
Co-sublattice anisotropy is complex at low temperature.1,8 In ,?
this compound, a spin-orientation occurs at about 150 K X.oý0
which has been attributed to a change of the easy-
magnetization direction of the Co sublattice from c axis at ,
high temperature to basal plane at low temperature. Another 0 100 200 300
anomaly is observed at about 60 K, the origin of which is (a) 1[ K I
still unknown. In order to understand the magnetic behavior
of the Co sublattice in this type of compound, we have per-
formed a detailed study of the magnetic phase diagrams of
(Y,Nd)Co 4B, Y(Co,Fe) 4B, and YCo 4(B,C).

II. EXPERIMENTAL PROCEDURE Yj..XNdXCoa[

The compounds Y-, NdCo4B (x=0.0,0.1,0.2,0.3), ,2,
YCo4 _xFe.,B (x=0.0,0.l,0.2,0.3,0.4), and YCo4B3..1-xC
(x=0.0,0.l,0.2,0.3), were prepared by melting in an arc fur-
nace in an argon atmosphere, followed by annealing in an
atmosphere of highly purified argon at 9(10 'C for 2 weeks. - 0
Subsequently, the materials were quenched into ice water.
X-ray-diffraction results showed that only negligible M- 0

amounts of impurity phases were present.
The temperature dependence of the a.r. susceptibility x - 0.3

was measured on bulk samples in the temperature range from _ ,,_______ ,____
4.2 to 600 K. The high-field magnetization was measured at 270 300 330 360 390
4.2 K in the high-field facility at the University of Amster- (b) T [ K I
dam oil magnetically aligned samples. These samples were
prepared by mixing fine powder of the compound with epoxy
resin and letting the mixture ,,ubsequently solidify in a field FIi. 1. "'Fcnpcraturc dependence of the ac. susccptibility of Yj ,NdCo04 3
of about 1 1. compounds between (it) 4.2 and 3()0 K, ;ind (h) 2701 and 4W) K.
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FIG. 2. Magnetic phase diag;im of Y1 .-NdCo4B compounds. FIG. 4, Magnetic phase diagram of YCO4 _..Fe.,B compounds.

III. EXPERIMENTAL RESULTS AND DISCUSSION gram of the (YNd)Co 4B system constructed on the basis of

A. Y1 -,, NdCo 4B these experimental results is shown in Fig. 2. The easy-axis

Substitution of Nd for Y markedly affects the anisotropy region is only found in the Y-rich part anrd its width decreases

of YCo4A, Figure 1 shows the temperature dependence of the strongly with increasing Nd content.

a.c. susceptibility of the Y I-NdCo4B compounds. The spin
reorientation at 150 K in YCo4B and the anomaly around 60 B. YCo 4 _XFeXB
K are both strongly influenced by the introduction of Nd.
The spin-reorientation temperature is found to increase with Substitution of Fe for Co in YCo 4B strongly influences
increasing Nd content. In the sample with x=0.3, the tran- the magnetic anisotropy of the 3d sublattice. Figure 3 shows
sition even occurs above room temperature, at 310 K. The the temperature dependence of the a.c. susceptibility of

anomaly at 60 K shifts to lower temperatures in a rather YCo4 _xFexB compounds between 4.2 and 300 K. The spin-
random way. The high-temperature parts of the a.c. suscep- reorientation temperature increases with increasing Fe con-
tibility show that the Curie temperature of YCo4B slightly tent and for x=0.2, no spin reorientation is observed up to

decreases from 375 K for YCo4B to 350 K for the Curie temperature. As YFe 4B also has easy-plane mag-
Nd0.3Y 7.TCo 4B.5 Since NdCo4B has easy-plane magnetiza- netization at room temperature, 7 this composition depen-
tion at room temperature, 6 the magnetization in the Nd- dence of the transition temperature can be taken as evidence

containing compounds can also be expected to change from that the transition is from easy axis at high temperature to

easy axis at high temperature to easy plane at low tempera- easy plane at low temperature. Substitution of Fe for Co
lure. Therefore we tentatively conclude from the composition strongly enhances the easy-plane anisotropy. With increasing
dependence of the spin-reorientation temperature in the Fe content, the Curie temperature increases strongly from

Yl.-.,NdxCo4B system that the transition at 150 K in YCo4B 375 K for YCo 4B to 490 K for YCo 3.(,Fe0,4B.7 This means
is also an axis-to-plane transition. The magnetic phase dia- that the 3d-3d exchange interaction is strongly increased

YC04-xFIIxB •YCo 4 1 1-XCX

U, c= ,C C

L L

L)

X-0. IL) L)

x-0.2 X-0.2

.-0

0 100 200 300 0 100 200 300
T [KI T K I

FIG. 3. Temperature dependence of ac susceptibility of YCo4  I,:eB corn- FIG. 5. Temperature dependence of the a.c. susceptibility of YCo.1•B3 1 ,
pounds between 4.2 and 3(X) K. compounds between 4.2 and 31)00 K.
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upon the --",roduz~tion of Fe. The :ragnctic phase diagram in
Fig. 4 sr-i,, that the easy-axis region is smAl and restricted FI.7 aLtaioOfY 4B-, cmunst42Kfrthfel

to th Co-ich art.parallel (0) and perpendicular (41) to the alignment direction.

C. YC0 4BI -- sured perpendicular to the alignment field (as for x = 0). It is
possible that this latter situation is realized in applied fields

fie mnagnetic properties of the Co sublattice for YCG4B lower 'than those considered here with an intersection point
arc also affected by sulutitution -.f C for B. Figure 5 shows between the isotherm below 1.3 T. It can be seen fromn Fig. 7
the temtperature dependenice of the a.c. susceptibility of that Lhe saturation magnetization of the compound changes

YCoNlý -.C compounds with x=0.0, 0.1, and 0.2 Both only slightly with x. This is similar to what has been ob-
lrar.s.itons in thf, compound wi~th ý• =0.0 at 60 and 150 K served in the Nd2CO14 (B,Cj system.
nmove, to lower temperaturc.i for x U,. 1 and then disappear
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.Vfrsubstitution of C and Bi enlarges the wrmperature 2 fr. T Dung, N. P'. Thuy, N. M. Hong, and T. D. Hien, Phys. Status Solidi

raneofore, ýya; ~.t,0ain wihi aoal o A 106, 201 (1988).
range ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ý ofeI-x tts~owihi aoal o p H. Id, W. E Wallace, T. Suzuki, S. F. Cheny, V. K. Sinha, and S. G.

piicati..ný ýubstiwtito,:. ul C f--.- B in YC04B causes lbe iurie Sankar, J, Appl. Phyai. 67, 4635 (1990).

telný.er;Atu' LO 1irs slightly increase for x= 0. 1 and then to 4 1i. !do, K. Korino, S. F. Cheng, W. E. Wallace, and S. G. Sankar. J. AppI.

dzcreiws, fo- ~>0. 1. The phase diagram Of tile Y'C04(B,CQ Phys. 67, 4638 (1990).
-5 Z. G. Zhao, Y.-P. Ge, J.-Y. Wang, X. K. Sun, and Y. C. Chuang, J. Magn.

systera s shown tn Fig. 6. Magn. Mater. 98, L231 (1991).
The magnetization ct.-rv-'s are shown in Pig. 7. From the 61.-y. Wang, Z.-G. 7.hao. Y.-R (je. X. K. Sun, and Y. C. Chuang, Phys.

planar diagramn shovii itt Fig. -) Gne would have e-xpected Status Soridi A 127, K61 (1991).

tha th manetc totnnt f te c~pond ithx= .1 'YR Ge. Z7 Ii Zhao, J.-Y. Waii:. X. K. Sun, and Y. C. Chuang, Phys.
Thatus Solidi A )26, K177 (19911.

when measured in low ficldý applied parallel to the align.- "Z. G3. Zhao. :. 1. Colloeott, J. 1B. Dunlop. F. R. de Boer, X. K. Sun. and Y.

m,.nt direction would heve !%ct' lower than the moment inea- C. Chuang, 3. AppI Phys. 73, 5920 (t993).

Publijshed withlout (autholr corre'ctionts

J. Apjl. Phvs., Vol. 76, No. 1, 1 j Noverri-er 1Tc 4 Zhao etal. 6845



A systematic study on stability of flux in Nd-Fe-B magnets consolidated
by direct joule heating

H. Fukunaga and H. Tomita
Faculty of Engineering, Nagasaki University, Nagasaki 852, Japan

M. Wada, F. Yamashita, and T. Toshimura
Matsushita Electric Industry, Co., Ltd., Daito, Osaka 574, Japan

Magnetic aftereffect and irreversible flux loss at elevated temperatures were studied for fully dense
isotropic and anisotropic Nd-Fe-Co-B magnets consolidated from rapidly quenched powder by
direct joule heating. The consolidation process and the subsequent alignment of c axis do not affect
the aftereffect constant S, and the prepared magnets have roughly the same S, as a bonded magnet,
independent of coercivity at room temperature (650-1200 kA/m), exposure temperature
(60-120 'C), and anisotropy of the magnets. Thus the magnitude of the aftereffect is determined
mainly by the magnitude of the irreversible susceptibility Xirr It was also clarified empirically that
the irreversible flux loss FL is proportional in magnitude to Xirr. However, the slopes of the FL vs
Xirr line for isotropic magnets are much larger than those for the anisotropic ones. Thus FL can be
reduced by decreasing Xirr and/or making magnets anisotropic.

I. INTRODUCTION irreversible flux loss FL due to the exposure was determined

Although Nd-Fe-B based magnets have superior hard by

magnetic properties, the thermal stability of their magnetic FL = (4( - (1)/ , (1)
properties is poor compared with that of S3m-Co magnets where 1o and (1) are the flux values measured at room tem-
because of their low Curie temperature.' Improvements in
because thermalstbirliy Ce bempen tudie.b hnarovmnthrs n2 perature before and after the exposure, respectively [Fig.
the thermal stability have been studied by many authors,h l(b)]. Hysteresis loops were traced with a computer-aided
and it has been clarified that rapidly quenched powder has hysteresis tracer and the demagnetizing effect was corrected
smaller temperature dependences of coercivity and by using a Ni cylinder. The coercivity 1I,.(RT) and the rema-
remanence.: Therefore utilization of rapidly quenched pow- nence Mr(RT) at room temperature are listed for the obtained_

der would be one of the methods of improving their stability. ne n T at r . temir reve r e listed tibility ob raiatd

Recently, two of the authors have developed a new method magnets in Table w. The irreversible susceptibility Xri at a

of preparing fully dense Nd-Fe-B magnets from rapidly working point was calculated by subtracting the reversible

quenched powder by direct joule heating.4 The developed susceptibility from the total susceptibility Xtota.
magnets, which consist of fine grains, exhibit smaller tern- 11 RESULTS AND DISCUSSION
perature variation of coercivity than conventional sintered
magnets. 4 5  Typical AI observed in our specimens is shown in Fig. 2

Thus, in this study, the magnetic aftereffect and the flux for an anisotropic magnet with H,.(RT)=990 kA/m. The
loss due to exposure at elevated temperatures were investi- magnetization decreases nearly linearly with the logarithm of
gated for Nd-Fe-Co-B magnets (H,.=650-1200 kA/m) pre- t,, between 0.2 and 10 h and a unique slope d(AI)/d(ln t,,)
pared by the above-mentioned method. can be defined for each T,. Figure 3 shows typical variation

of d(Al)/d(ln tI,) as a function of H,(RT) for ISO-S and
II. EXPERIMENT ANISO-S specimens. The slope of the anisotropic specimens

at each T,, is smaller at U,(RT)= 1200 kA./m than that of the
Fully dense anisotropic and isotropic magnets with a va-

riety of coercivities were consolidated from Nd 14 Fe7 3Co7B(,

rapidly quenched powder. Details of the preparation method Time

have been reported in the previous papers.4 " Cylindrical T=Ta
specimens, 5 mm diamX6.6 mm long and 5 rnr,: diamX4.1 _/
mm long, were cut out of them. in this pap, - inisotropic and e
isotropic specimens are designated as "AN! iO" and "ISO," (a) Magnetic Aftereffect
respectively, and long and -,hort specimens as "L' and "S," T=Ta
respectively. Thus "ANISO-. ,neans a lung anisotropic E T"-'

specim en. T =/T
The specimens were first premagnetized in a pulse mag- T=RT

netic field of 4 MA/m and were exposed at an elevated tem- (b) Irreversible Flux Loss
perature Ta (60-120 *C,. Then the decrease in magnetization
Al due to magnetic aftereffect was measured with a flux FIG. I. Schenalic reprcscimtation of measuring procedures of magnetic Ift-
meter as a function of the exposure time ta [Fig. i(a)]. The lereffect and irreversible flux loss.
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TABLE 1. Remanence and coercivity at room temperature of investigated [lx10-3j I I IO-
6 - 60-C o :IS"-magnets. * :ANISO-S

S00,oLc T:ISO-S
Specimens Rcmanencc (T) Coercivity (kA/m) A :ANISO-S

12 0'C 0 ISO-S
ISO No. 1 0.76 680 4 E :ANISO-S \

ISO No. 2 0.82 950 \ \
ISO No. 3 0.84 1200 " " - \ \
ANISO No. 1 1.24 650
ANISO No. 2 1.22 990 1 2 \'\
ANISO No. 3 1.20 1200 1)

600 800 1000 1200

isotropic ones. However, it increases markedly with a de- Ooercivity He(RT) [kA/m]

crease in H,,(RT) and then becomes larger at H,(RT) = 1000
kA/m than that of isotropic ones when Ta = 100 and 120 'C. FIG. 3. "lpical variation of d(AI)/d(ln t,) as a function of coercivity at

This behavior can be attributed to the fact that the working room temperature H,(RT).

point of the anisotropic specimen with low HC(RT) moves
abruptly to a steep part of demagnetization curve from its flat
part with increasing Ta. Previously Nishio and Yamamoto9 have reported that S,

It has been proposed that AI can be expressed78 for of a Nd 12.2Fe 77Co5 .4B5.4 compression bonded magnet, which
specimens with a demagnetizing factor N as has nearly the same composition as ours, is between 2.6 and

AI=SXirr(ln ta-A)I(1 +XtotalNI/1.o), (2) 3.1 kA/m in the temperature range of 20-125 *C. The lines
corresponding to these values of S, are also shown in the.

where St and A are th e aftereffect constant and the constant figure by broken lines. Our measured data roughly agree
related to the initial value of the magnetization, respectively, with the broken lines, which suggests that the consolidation
In general, St, and s depend on material, ta, and the mag- of rapidly quenched powder and the subsequent alignment of
netization state of a specimen. In order to clarify which ofSu c axis do not affect S. remarkably and that the prepared fully
and Xir, is the dominant factor in affecting the magnitude of dense magnets preserve the value of St, of rapidly quenched
Al, (lnxtotaiN/tiu)d(Ai)/d(lnct,) is plottea in Fig. 4 as a powder.
function of w irrs Figure 4 includes results obtained for isotro- The irreversible flux loss FL due to 1 h exposure at T,, is
pic as well as anisotropic specimens with various H((RT) shown in Fig. 5 as a function of Xirr" From an empirical point
(650-1200 kA/m), Ta (60-120 C), and lengths (4.1 and 6.6 of view, FL is proportional in magnitude to Xirr at each T,.
mm). As clcarly seen in the figure, Thus a decrease in Xrr reduces FL. Irreversible flux loss can
(1 +XtoptlN/ott)d(AI)/d(ln ta) has strong correlation with Xirr be attributed to magnetization reversals based on magnetic
ctand all the plotted points are near the one straight line indi- aftereffect and a reduction in H, at an elevated temperature.
cated by the solid line. Since the slope of the line corre- As the magnetization reversal due to magnetic aftereffect has

sponds to the value of St, as indicated in Eq. (2), this result st'ong correlation with Xirr, the reversal due to a reduction in
suggests that St, of our specimens is nearly constant, inde- is also expected to correlate with Xirrd

pendent of H,., T,,, the alignment of c axis, and the length of

the specimens. Thus the magnitude of magnetic aftereffect is
determined mainly by Xi,.

[x10-3 ] x Y e:ANISO-S
10- + V 0:lSO-S X

- u * *:ANISO-L

1o-C1 -0 - 8- i-- 6 o:ISO-L

V, +
L1'-, 'x.A • 6 ' 5�=•\S.3.1[kA/ml

tboo.", 4 S=2.6[kA...]

0 60°C \ x.9 •

A :100°C +
* :120°C '2 S",. 0 1 2 3
ANISO-S , 3lx10

6 1

H,=990lkA/ml Irreversible Susceptivility x,,, [H/mI

0.1 1 10
Exposure Time [h, FIG. 4. (1 + t,1.N/, 1 )d(AI)/d(ln t,,) for isotropic as well as anisotropic

specimens with various H, (RT), T_. and lengths, as a functiotn of X_,,. Solid
FIG. 2. Typical variation of magnetization A& due to magnetic aftereffect as line: best-fit line for measured data, broken lines: lines corresponding to
a function of exposure t . S, =2.6 and 3.1 kA/m. The slopes of liues correspond it) the values of S,.
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:10-I AI consolidated from rapidly quenched powder by direct joule
I:lSO-S *:ANISO-S 60°C heating. Although the magnitude of aftereffect varied with

__ 40- A:ISO-L Icoercivity, exposure temperature, anisotropy, and the shape
I :SO-$ S + of specimens, the unique aftereffect constant St, was ob-

, - 120°C ANISO-L: A served independently of these parameters. In addition, the
Sr 100°C ANISO-S: v observed S, agreed roughly with that reported previously for

X\ v ISO-L: n a bonded magnet. These results suggest that the consolida-
ISO-S: + tion process and the subsequent alignment of c axis do not

20- 00C ANISO-L: afetwadt
2ANISO-S: affect S and th:t the magnitude of the aftereffect is deter-

- /• 60 M ... mined mainly by the irreversible susceptibility Xi,.
1"120'C The irreversible flux loss FL due to exposure at an el-

S10oJC evated temperature was also proportional in magnitude to Xirr
which depends on the coercivity and the shape of specimens.

0 2 [lxl0-61 However, FL of the anisotropic specimens was much smaller
Irreversible Susceptibility X rr (H/m) than that of isotropic ones. Therefore FL is expected to be

reduced by decreasing Xirr and/or making magnets aniso-

FIG. 5. Irreversible flux loss FL due to exposure for I h at clevated tem- tropic.
peratures as a function of Xi,, Solid lines: isotropic specimens, broken lines:
anisotropic specimens.
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Studies of Mossbauer spectrum on Sm 2(Fe,Ga)17C1.5 alloy
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X-ray-diffraction patterns and M6ssbauer spectra of Sm, (Fc,(; 1) 1 C1.5 alloys have been studied. The
results of x-ray-diffraction patterns and MW"ssbauer spectra indicate that little a-Fe and carbonides
appear in Sm 2(Fe,Ga), 7C1 .5 alloys. The addition of a few Ga atoms show that the thermal stability
in Sm 2(Fe,Ga)T7 C16 alloys is getting better. Structural analyses indicate C atoms as interstitial atoms
occupying the 9d site, Ga atoms seem to substitute partially for Fe atoms and occupy preferentially
the I 8h site.

I. INTRODUCTION room temperature were collected using a constant accelera-

The binary R2Fct7 compounds are not suitable for per- tion spectrometer with a source of 7Co (in Pd). The velocity

manent magnetic materials because of their low Curie tem- scale was calibrated using an a-Fe absorber at room tem-
perature and plane-preferred magnetocrystalline anisotropy.
It has been reccntly shown that the presence of the interstitial
C atoms in R2Fep7 compounds gives rise to an increase of the III. RESULTS AND DISCUSSIONS
Curie temper'4ture by more than 100 K compared with their X-ray-diffraction patterns indicated that the main phases
counterparts without carbon.1' 2 In particular, in the case of of all the samples is the 2:17 structure. Sm 2(FeGa)T7C,..
Sm 2Fel 7Cx, a relatively high uniaxial crystal anisotropy and compounds ciystallize in the rhombohedral Th2Zhl 7-type
an anisotropy field of about 6 T were found at room tempera- structure (R3m). The substitution of Fe with Ga results in a
ture for X=1, 3 But 1he carbon concentration was well below increase in the lattice constants. The results of x-ray diffrac-
x=2 in R2Fe17Cx compounds achieved by arc melting. 4',5  tion show the unit-cell volume of Sm 2(FeGa)17C,.5 linearly
Liao et al.6 reported that high carbon-containing R 2FeT7 C, increases with increasing Ga concentration.
(x=2.5) compounds were obtained by solid-gas phase reac- For some samples in Sm 2Fe, 7Cx compounds with high
tion. Unfortunately, these carbides will decompose into the carbon concentration, the a-Fe also has to be taken into ac-
equilibrium phases RC and a-Fe on heating to 700 OC. 7 Re- count. But here, the x-ray pattern (Fig. 1) shows a slight
cently, Shen and co-workers8 have obtained R2Fe17Cx (x =0- trace of a-Fe in the Sm 2(FeGa) 17C 6.5 compound. That is to
3,0) compounds by means of the melt-spinning method. say, the addition of the few Ga atoms in Sm 2(FeGa)j 7C,..
These carbides are highly stable at least at high temperature compounds will help to enhance a single phase in the car-
up to 1100 'C. Shen's results shows that a few Ga, Si, and Al bides of Sm 2(FeGa), 7C1..-
atoms substitutions for Fe can enhance the thermal stability
in Sm2Fe,71T, alloys. In order to better understand the influ-
ence of carbon and substitution atoms on the structure in
SmFe17Cx, alloys, we performed M6ssbauer spectra study of 303
melt-spun Sm2(Fe,Ga)2Ci,. alloys.

II. EXPERIMENTAL DEIAILS

The alloy Sm 2Fe, 7 _ •GaxC1. (x = 1-6) was prepared by
melting of 99.9%-pure primary elements in argon atmo- .
sphere. The buttons were melted at least three times to
achieve homogeneity. Then the alloy buttons were annealed . .4-

at 1000-1200 'C in vacuum for 50 h. Snm2(FeGa),,Cl , alloy
buttons were melted and then made into ribbons by the melt-
spinning technique. The obtained ribbons were about I mm 1.t .t
wide and 20-30 pAm thick. X-ray-diffraction experiments 20 30 40 50 60 10 80
with Cu K,, radiation were made to determine the crystallo- 26
graphic structure. The 57Fe Mdssbauer spectra for
Smn2FejsGa 2C,.. compounds (a natural abundance Fe used) at FIG. 1. X-ray-diffraction pattern of SniFcGa,(',. compound A* o.-F).

J. Appl. Phys, 16 (10), 15 November 1994 0021-8979/94/76(10)/6849/2/$6.00 © 1994 American Institute of Physics 6849



TABLE 1. Hyperfine fields tor cach crystallographic site of the

Sm 2Fc1 ,jGa.C1 .j compound. - 8hI() 1h
6ic (T) 9d (T) I 8f I ('I) 1812 (T) I8,() 8/ (Ti

.. 27.6 23.5 20.9 16.8 18.8 14.0

above-mentioned intensity ratios to the fitting. The hyperfine
fields for each crystallographic site of thle SmFe1.9Ga2Ct.5
compound are listed in Table 1.

There is no doubt that the 6c dumbell site should have
the largest hyperfine field since it has the tmost Fe atoms, and

________________________________the fewest rare-earth neighbors. Similarly, the 1 8f site has a
-6.8 -3.0 0.0 3.8 6.8 9.8 larger hyperfine field than the 18hi site. The 9d site can be

Velocity (M/1 distinguished by its intensity from the 18f and 18/h sites.
Hence we find hyperfine fields for the different Fe sites that

FIG. 2. Mossbauer spectrum of Sin 2Fc15Ga 2C,.5 compound. decrease in the order 6c>9d> 18f> 18hi.
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Low-temperature behavior of thermopower in rare-earth iron borides
R2Fe 14B (R=Nd, Sm, Gd, Tb, Dy, Ho, Er)

R. P. Pinto, M. E. Braga, M. M. Amnado, and J. B. Sousa
Centro de Fisica da Universidade do Porto and IFIMUIP-IMAfI Praqa Gomes Tix'eira, 4000 Porto,
Portugal

K. H. J. Buschow
Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands

Recently it was shown that the electrical resistivity behaves anomalously both at low temperatures
and near the Curie point in rare-earth iron borides due to the subtle interplay between 4f and 3d
transition elements. Here a systematic experimental study on the behavior of the thermoelectric
power (S) of R2Fe1 4B compounds with heavy (R=Gd, Th, Dy, Ho, Er) and light (Nd, Sm)
rare-earth elements is presented. Data for La2Fc14B, in the temperature range 10 K<T<350 K, is
also included for comparison. The results are consistent with the spin-mixing model for electron
scattering, with an intrinsic thermopower contribution related to Fe and a spin dependent impurity
scattering term related to the rare-earth magnetic ions. From the interplay of both terms we can get
maxima in S (for R =Td, Dy, Ho, Er samples) or minima (Gd, Nd, Sm) at low temperatures. The
data indicates the ultimate dominance of impurity scattering at low temperatures, producing a linear
variation in the magnetic thermopower (S). In La2Fe14B, only the intrinsic effect is observed, and
S(T) does not follow a linear temperature dependence.

I. INTRODUCTION quantity S(T)/p(T) for each sample. As can be seen from

Studies on R-Fe-B compounds generally deal with their the phenomenological transport equations, such quantity de-

magnetic properties for applications at room temperature and pends only on the cross-transport coefficient L If, which is

above. These compounds, however, exhibit interesting ef- responsible for the appearance of any finite thermoelectric
fects in other physical properties, namely in transport phe- power:3
nomena, due to the subtle interplay between 4f and 3d tran- S(T) L Io(T)
sition elements. Recently, we have shown that the electrical p(T) T
resistivity behaves anomalously both at low temperatures
and near the Curie point.12 The results on the behavior of the As shown in Fig. 3, all the S/p high-temperature data closely
thermoelectric power of R2Fe14B compounds is here re- approaches a common curve, indicating a similar behavior
ported, for the case of heavy (R =Gd, Tb, Dy, Ho, Er) and for all the samples in this temperature range. This quantity
light (Nd, Sm) rare earths, over the temperature range 10 affords a more direct comparison with simpler theoretical
K<T<350 K. For comparison we also include the data for expressions, obtained after the discarding of several scatter-
LaFe 14 B. ing mechanisms which do not contribute to L although

they give important effects in p.

II. RESULTS AND DISCUSSION

As shown in Figs. I and 2, the thermoelectric power (5)
is negative at high temperatures, exhibiting a flat curve from !5
about 250 up to 350 K, with relatively large values, e.g., R= r:
S=_-15 LVK- 1 for R-Gd and S-•-17 /AVK--' for 10 - R2Fe 14 B

R=Sm.
Below -200 K the thermopower rises rapidly with the--

decrease of temperature, exhibiting characteristic maxima at
intermediate temperatures. For example, in Er2 Fel 4B we ob' . .
serve S 10.5 pV K at T=37.5 K. I •

In the heavy rare-earth samples with R =Tb, Dy, Ho, Er
(Fig. 2), and also in LaFeJ4B, the thermoelectric power de-
creases monotonically from such maxima, towards vanishing
values at the lowest temperatures. In contrast, in the samples
with R =Gd, Sm, Nd, a more complex behavior occurs, lead-
ing to the appearance of a negative minimum at lower tern- I 24( .0(4

peratures. For example, in GdEr, 4B we have S 2 10 TK 2

A .VK 1 at T=27 K.
We have also measured the electric resistivity in the 1l6 I. 1. Teinmu.lue depeudence of the thermoelectric power hfr R/I:c 41

same samples, which enabled us to obtain the normalized (U=-Th. l)y. fo, Eriaud Iand c1.
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5 lead to small values, S-(kle) (kTIEF;) or S-(k/,) (A/E 1 ),
since both the thermal (kT) and exchange (A) energies are
much smaller than the Fermi energy.

R2Fc14BLarge values of S at low temperatures, with sizable
maxima or minima before fading away at high temperptures,
occur frequently in ordered magnets caused by magnon scat-

5 .tering (spin-flip relaxation time 7r-1 ) in the particular cases
where impurity scattering leads to different electron collision

Nd times for spin-up or -down directions (r-1 -1).4-
.10 If the concentration of impurities is sufficiently large so

that relaxation of the electrons with respect to momentum
(causing electrical resistivity) occurs on the impurities, while

.IS only energy relaxation occurs on the magnons, it can be
Sill shown that:5'6

-28 S(,(rt -. rt)T,
0 100 200 300T(K) (r-7-) ,

FIG. 2. Temperature dependence of the thermoelectric power for R 2 Fe1 4B where the first regime (So T) holds at low temperatures
(R=Nd, Smi, Gd). where 7-1, T1 '<,r1 (when a cutoff exists for electron-magnon

scattering, an exponential decrease of S takes over at still
lower temperatures). The second regime (SocT-1) occurs

The low-temperature data shows a rapid rise of S with when the magnon scattering dominates over impurity scatter-
the increase of temperature, quickly reaching a maximum ing, r1 j<r1 , r1. The absolute value of S should then go
with relatively high values; for example, we have S=11 through a maximum at intermediate temperatures, when
AV K'-1 in Er 2Fet 4B when T-35 K. These effects are not 7"11- r'1'-'
due to the normal scattering mechanisms which invariably The "t1 t: " asymmetry, which is absolutely necessary to

produce large effects in S,5-' usually arises from the presence

0.4 of impurities causing spin-dependent s-s electron scatter-
ing, such as magnetic impurities or transition-metal

R 2Fe B impurities. 1 - 12 In addition, the intrinsically spin transitions
Er 2F14 at temperatures below the Curie point, caused by magnons as

Hu well as by phonons, can play a role similar to the magnetic
0.2 impurities.'
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Effects of field orientation on field uniformity in permanent magnet
structures

J. H. Jensen and M. G. Abele
Department of Radiology, New York University School of Medicine, New York, New York 10016

The effects of magnetic-field orientation are investigated for permanent magnet structures designed
for the generation of highly uniform fields. The structures considered are based on closed cavities
that produce exactly uniform internal fields. An open structure with an approximately uniform field
is obtained by removing part of the wall from such a cavity. This paper explores how the
magnetic-field uniformity depends on the field orientation relative to the opening. A yokeless,
cylindrical cavity that is opened at both ends is considered in detail with the field oriented both
perpendicular to and parallel to the cylinder's axis. The field uniformity is shown to be substantially
better for the perpendicular orientation. The leakage field outside the magnet is also contrasted for
the two cases.

I. INTRODUCTION The three constraints on J select, from the distributions pro-

A general approach for designing open permanent mag- ducing the specified field, the one with the greatest possible

net structures that generate highly uniform magnetic fields is figure of merit.

to begin with a closed structure that generates an exactly A perpendicular orientation, corresponding to the choiceSto eginwit a cosedstrctur tht geerats a exatly H=H 0 (sin ¢if+cos (¼/iJk for r<rl, yields the distribution i
uniform field in an internal cavity.' From the infinite variety

of such closed structures, one may be selected to meet par- 2r'r2•
ticular design criteria. To open the structure, which is neces- ,j/=. 0H0 21  (sin ll ,i- cos 1#), (1)
sary to allow access to the field, magnetic material is re-

moved from the cavity wall. This paper examines how the while the parallel orientation ll=H0,i produces
character of the resulting approximately uniform field de- z1
pends on the orientation of the field relative to the opening. J= )H r n(rr) I

A yokeless, cylindrical structure (Fig. 1) is used as a 21 Lrl7E

prototype. If the cylinder is closed at both ends, the magne- In(r 2 /r)]-/
tization can be chosen, without changing the structure's ge- + )n(?z2 /rlj. (2)
ometry, to produce a perfectly uniform magnetic field inside
the cavity oriented either perpendicular or pa-allel to the axis By truncating the cylinder at z + zo, an open structure,
of the cylinder and with no magnetic field outside the cylin- shown in Fig. 1, is obtained, having an approximately uni-
der. If the cylinder is then opened at both ends, the field will form internal field.2 This structure can also be properly con-
be approximately uniform in the center of the structure, but sidered the result of opening a finite closed cylinder, since
highly perturbed near the ends. There will also be a leakage end caps for the truncated cylinder can be designed that re-
field outside, store the perfect uniformity of the field.

The degree of uniformity in the center, the nature of the
perturbation at the end of the cylinder, and the amount of
leakage field is shown to be substantially different for the III. RESULTS
two orientations. In particular, the perpendicular orientation Since V.J=O, the magnetic charge density cr for the
gives a more uniform central field, better end behavior, and structure is nonzero only on it's surface and is readily found,
less leakage field. These advantages of the perpendicular ori- for the two orientations, from Eqs. (1) and (2) using the
entation follow from general considerations and apply also to expression (r=J.n, where n is an outward pointing unit vec-
structures of direct practical interest.

II. DESCRIPTION OF MODEL

Consider first an infinitely long cylinder of inner radius
rl and outer radius r2 . Assume magnetic material filling the
region between rI and r2 and having a magnetic polarization r
density J(r, Vi,z), where (r, O,z) are conventional cylindrical
coordinates taken relative to the cylinder's symmetry axis. Z
There is a unique choice of J that produces a uniform mag-
netic field IH of specified magnitude and orientation in the 0-z

region r<r1 and zero magnetic field for r>r2 , and that
obeys the constraints V.J=O, VXJ=O, and fI.da=0, where FIG;. 1. Yokeless, cylindrical magnetic structure et length ?z(,. Magnetic

tile integral is taken over the inner surface of the cylinder. material fills the region between r ýr, and r -r_
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FIG. 2. W/HO on the z axis vs z/rl for r 2/rl=2.0 and z0/rt=5.0. The 3-
uniformity of the central field is better for the perpendicular orientation
(solid line) than for the parallel orientation (dotted line).

tor perpendicular to the surface.' The magnetostatic scalar
potential 4) at a point x is computed from the integral -.2. __

t ,(x)-- Ix-x' da, (3 3 4 5 6

taken over the surface of the structure, and the magnetic field z/r,
is calculated from H= -V4D. FIG. 4. Equipotential lines for (a) the perpendicular orientation and (b) the

Figure 2 shows the magnetic field on the z axis, for the parallel orientation near the end of the magnet (0=r/2). The lines are la-
two orientations, with r2/rl =2.0 and zo/rl =5.0. For the per- beled with the value of 4D/Horl.

pendicular case, the perpendicular component is plotted, and
for the parallel case the parallel component i' plotted. The
central field for the perpendicular orientation is significantly dinates (pOip/, where p is the radial coordinate and 0 is the
stronger and moie uniform than for the parallel orientation . ana te z axis, the p otent ial has rdinaex an d f is 1,
Moreover, the field for the parallel case varies rapidly near angle to the z axis, the potential has the expansion, for p<r,
the end of the structure, acquiring large negative values,
while the field for the perpendicular case falls monotonically = p't atoP1 (cos 0) + • [at, cos(tn q1)
to zero. 1=0 ,,=I

In Fig. 3, the magnitude of the field at the center of the
structure is given as a function of z0 /rI for r 2/r1 =2.0, show- +bl,,, sin(mO.)]P7'(cos 0), (4)
ing that the field approaches its asymptotic value of 1,) much
more slowly for the parallel orientation. In Fig. 4, equipoten- 2 1/2
tial lines near the structure's end, in the two-dimensional and for p>(Z6+2 ,-)

cross section corresponding to /-- mr/12, are illustrated for the
two orientations. For the parallel orientation a saddle point q P p-41)' cl°P/(COS 0)+ • [C,, cos(m V,)
occurs near (riri=0.O, z/r =4.0). 1=0 I

Both inside and outside the cylinder, the potential can be
expanded in spherical harmonics. Introducing spherical coor- +dtr sin(mOi)]P'(cos 0) , (5)

1.0 - where P, and P7" are Legendre functions. Using symmetry
arguments, all the coefficients for the parallel case can be
shown to vanish except the al() and cl(, with odd I. In Ref. 1,
it is demonstrated for the perpendicular case that the only

S0.5 nonzero coefficients are the bit with odd I and the d,, with
- odd I and 1 1.

Tables I and II show expansion coefficients for I= 1, 3,
and 5 with r2/r 1=2.0 and zo/Ir1 =5.0. For an exactly uniform

0.06 5 10 field, the only nonzero coefficients would be b1 I=H(j, for
the perpendicular case, and a I()= -H(,, for the parallel case.
Deviations from these values represent perturbations caused

FIG. 3. H/HO at the center of the magnet vs z)/r, for r 2/rt=2.0. H/H,, by the opening.
approaches its asymptotic value of 1.0 more rapidly for the perpendicular Aside from the b,, and a I(), the magnitudes of corre-
orientation (solid line) than for the parallel orientation (dotted line), sponding coefficients having the same I value are much
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TABLE 1. Expansion coefficients for pezpendicular orientation (r2/r 1 =2.0. the potentia' is most rapid, as is reasonable, near tbc opening,
z0/= 5.0). th, magnitude of the field there exceeds the value at tile

center of the strdcture.
m bt r di/[H tl ISince end caps designed to close the structure and re-

1 1 0.998 0 store the perfect field uniformity would have to generate a
3 1 - 1.2X 10-4 5.0 stronger near field for the parallel orientation than for the
5 1 - .5.2X 10" 2,X 1t) perpendicular orientation, it should be expected that the far

field from such end caps also be stronger for the parallel
case. Thus the greater distortion found in the central region
for the parallel case may be regarded as a consequence of

greater for the parallel orientation than for the perpendicular orienting the field in the parallel direction.
orientation. In particular, the coefficients show that the uni- The vanishing of the dipole moment for the perpendicu-
formity in the central region is about 40X better for the lar orientation is not unique to the model considered here,
perpendicular case. In addition, since the dlt coefficient van- but occurs generally for any cylindrical, yokeless structure
ishes for the perpendicular orientation, the leakage field has where J is independent of z and perpendicular to i. Since
an octupole character and decays as p-5 , while the field for these conditions can only be met I'M a perpendicularly ori-
the parallel case is of dipole character and decays as p-3 ented field, the zero dipole moment obtained for the perpen-

dicular case can, in a sense, be attributed to the field's arien-
tation.

Field orientation effects similar to those demonstrated
IV. DISCUSSION for the truncated cylinder of this paper should also apply to

other yokeless structures of similar geometry. Examples of
The magnetic fields for the the parallel and perpendicu- practical interest include cylindrical structures generating

lar orientations are different in three basic ways. First, the perpendicular3 and parallel 4-' fields and structures of po-
field for parallel orientation changes sign near the opening lygonal cross section made from uniformly magnetized
and becomes larger in magnitude than the field at the center polyhedra.'
of the structure. In contrast, the field for the perpendicular
orientation decreases monotonically at the opening. Second, V. SUMMARY
the distortion of the central field is much greater for the The effects of magnetic-field orientation have been in-
parallel case, as indicated by the spherical harmonic expan- vestigated for a cylindrical permanent magnet structure
sion coefficients. Third, the leakage field decays as an octu- opened at both ends and designed to generate a uniform cen-
pole for the perpendicular case, but only as a dipole for the tral field. Fields oriented primarily perpendicular and parallel
parallel case. to the cylinder's axis have been compared. The distribution

The change in sign of the field for the parallel orientation of magnetic polarization for both cases is chosen to maxi-
is due to the fact that well inside the cylinder the magnitude mize the figure of merit. It is found that: (1) The main corn-
of the potential on the z axis increases with z, as required by ponent of the field decreases monotonically near the struc-
a parallel field, while outside the cylinder, the potential must ture's end for the perpendicular orientation, but changes sign
decrease in magnitude. Thus, somewhere in between, the po- for the parallel orientation; (2) the field in the center of the
tential has an extremum where its derivative, the magnetic structure is more uniform for the perpendicular orientation;
field, changes sign. Moreover, because the rate of change of 3) the leakage field for the perpendicular case is smaller due

to a vanishing of the dipole moment.

1 M. G. Abele, Structures of Permanent Magnets (Wiley, New York, 1993).

TABLE 11. Expansion coefficients for parallel orientation (r2/r =2.0, 2 A detailed discussion of the truncated cylinder with the magnetic polar-
z,./rl =5.0i). ization density of Eq. (1) is given in Rel. 1, pp. 275-286.
___'/r_ __5"O_'_ 3 K. Halbach, Nucl. Instrum, Methods 169, I W)80).

1n,,rl t - 't/H1 , c,4,W/[H.rl W.Neugebauer and E. M. Branch, Technical Report, Microwave Tube
Operations, General Electric, Schenectady, 15 March, 1972 (unpublished).

1 0 -0.923 -5.41 5.. P. Clarke and H. A. Lcupold, IEEE Trans. Magn. MAG-22, 1063
3 (1 5.1 X 10 - 3.9, 111 (1986).
5 0 2.3 X 10 4 -1,4 10' ',H. A. Lcupold and E. Polenziani 11, IEEE "r'ans. Magn. MAG-22, 1(178

(1986).
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Lightweight, distortion-free access to interiors of strong magnetic field
sources

H. A. Leupold, E. Potenziani, II, and A. S. Tilak
U. S. Army Research Laboratory, AMSRL-LP-EC-1I, Fort Monmoutha, New./erse) 0770).3 5001

A permanent magnet structure has been designed to provide held distortion-free access to large
magnetic fields in cylindrical and spherical cavities without the unacceptably large mass increases
usually incurred to provide it. For example, a spherical shell that produces a 1.2-T field in a
spherical cavity of 2-cm radius has a mass of about 2.3 kg if material of 12.2-kOe coercivity and
12.2-kG remanence is used. If the sphere is compensated for distortion-free equatorial access, its
mass must rise to 23 kg to maintain the same field in the cavity, If the geometry is altered by the new
technique to maintain field integrity under access, the mass is only 1.7 kg. Some applications are
discussed that afford, up to this time, unviable devices.

I. INTRODUCTION tively. This is a consequence of the expression for the flux

The so-called "magic" rings and spheres 1,2 are capable density in the cavity of a "magic" sphere, viz:
ofgeerati unusually high magnetic fields in their inner B=(4/3)B, ln(r,,/rj). Substituting rj=2.0 and r,,=4.25, we

of generating uobtain r',=9 cm and the resulting mass increase would be
chambers and therefore afford a considerable expansion of from 2.3 to 24 kg, a factor of more than ten.
the applicability of permanent magnets to technology. Since The magnitude of remanence of an altered "magic" ring
many of the new applications require access tunnels of di- or sphei ',aries with the polar angle as
ameter sufficient to significantly distort the internal working
fields, the authors devised a method to greatly reduce such B,= 2 Bo sin 0 polar access
distortions3 Figure 1 shows how this is done for a ring. In (2)
effect, each segment of the ring is given a magnetization Br=2BO cos 0 equatorial access,
which is the result of a uniform magnetization, which has no
effect on the generated field, and the original ring magneiti- so that maximum remanence is required only at the poles in
zation which produces that field, a spheroid designed for cquatorial access or at the equator for

The uniform component of magnetization may be in any those with polar access. This suggests that if the remanence
direction and of any magnitude so that it can be chosen to was the maximum available everywhere, it might be possible
render the required magnetization zero in any desired seg- to pare the local radius in compensation where maximum
ment, thereby making that segment dispensable and afford- remanence is in excess of that specified and to augment the
ing distortion-free access through it. Figure 1(a) shows a ring local radius only where the maximum remanence falls short
in which such access is provided at the poles and Fig. 1(b) of that required. In this way, the net addition of material to
where the access is at the equator. In the structure in Fig. spheres to make them distortion-free would be minimized.
1(a), the magnetization is radial everywhere in direction The field in the cavity of a "magic" ring or sphere arises
while in Fig. 1(b) it is transverse in direction. The same from three sources: the poles or on the inner and outer sur-
procedure may be used in "magic spheres." faces of the spheroidal or cylindrical shell and the volume

polar distribution p. The surface pole contribution is zero for

II. COMPACTION OF DISTORTION,-FREE
STRUCTURES

An often serious drawback of the described procedure is i\ "
that it requires materials of double the remanence of those •- J_-
available if the maximum available remanence is used in the _
original unaltered sphere. If the original field is to be main- (a)
tained in the distortionless configuration, its radius, and
hence its mass must be increased considerably. For example, -_ .
"a magic" sphere of 1.2-T remanence, B, and 1.2-T cavity - -"

flux density, has an outer radius of 4.25 cm if its inner cavity -) -Q -..
is 2.0 cm in radius. An altered sphere would behave as a " i
regular sphere with only 0.6-T remanence. For the altered (b)
sphere to produce the same internal field of 1.2 T, its outer
radius r', must be increased according to the relation: 2  FIG. I. Alteration of magnctizaltiot (small arrows) of "magic rings" and

"l' d B 12spheres" to provide distortion-free access at the poles (a) and at the equa-
In(rIr,) Br 1.2 tor (b). The resultant magnetizations are transverse for polar access A and
In(r,, /ri) B 0.-6 2,) radial for equatorial access IB. The large central arrows represent the internal

fields, the smaller arrows in the shell the relnanenctis and the dots the re-
where r,, and ri are the original outer and inner radii, respec- gions of zero remanencc.
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FIG. 2. Cross sections and outer surfaces of (a) oblate and (b) prolate distortion-free structures.

structures of this type and the volumic distribution of poles is of uniform remanence construction yields the pinched-
given by the divergence ,f the magnetization. For "magic" equator-prolate structure of Fig. 2(b) with a mass of 1.7 kg
spheres and cylinders, p is equal to 4M cos 6/r and which is actually less than that of the uinaltercd parent
2M sin 0/r, respectively. This is htue for both the conven- sphere. This is because the paring of radius occurs where the
tional and distortion-free structures býcause the two differ azimuthal circles are large and the radius augmentation
only by a constant uniform magnetization which has no di- where they are small. The reverse is true for the "polar
vergence and hence gives rise to no poles. dimpled," apple-shaped oblate structure of Fig. 2(a).

If in the cylinder the value of p is substituted into Cou-
lomb's Law and the integration over r is performed, we have III. APPLICATIONS
for the contribution of a segment at 0 Many electron-beam microwave sources requ're strong,

dB=4 M[lnro/r.]sin20 dO. (3) uniform magnetic fields parallel to the beam direction to fo-
cus the electrons. Often bulky, energy consuming solenoids
are used, Recently, much more compact permanent magnet

We note that if M is a function of 0 as in the distortion- seds Redeloe for thspu st teyma re m -
freecylnde (DC) ad i on wihes as e d, t kep M solenoids were developed for this purpose but they are lima-

free cylinder (DFC) and if one wishes, as we do, to keep M ited to fields of about one-half the magnetic remanence or
constant at the maximum available value, we can do so by less. 4 For higher fields, the "magic spheres" are attractive
giving rt(O) the functional form that would leave the product alternatives. Often, electron beam tubes require access ports
M(w)ln[r6(O)/r] the same as before. This is accomplished large enough to seriously distort the working fields in their

vicinities. Also, electron beams are subject to abrupt field
Mmax In ro(O)=MoFc ln(ro)oFc. (4) reversals upon transits throi.Ji tunnels in the shells of stan-

Since for the polar access dard "magic spheres." The new structures adequately solve
both problems in many applications. Figure 3 compares the

poMDFic=BDEc= 2B() sin 0 axial field profile of a standard with that of an oblate struc-
(5) ture, both of which have large (25% of cavity diameter) axial

In ro=2 sin 0 ln(r0,)DFC- access tunnels at the poles. The latter is seen to maintain its
If this procedure is applied to a sphere with polar access, field to the tunnel entrance while that of the former drops to

the resulting spheroid of revolution is that in Fig. 2(a). For about one-half of the peak field. If desired, the "bumps" near
the same field and working space specifications as the the ends of the curve for the oblate spheroid can be smoothed
spheres already discussed, the mass of the new structure is out by a judicious tailoring of the local remanence 4 or by
only 12.7 kg or about half that of the distortion-free sphere placement of axially magnetized toroidal correcting rings.5
of varied remanence. For medical MRI devices, prolate structurcs would af-

Even greater mass savings are obtainable for spheres ford similarly improved transverse field profiles for equato-
compensated for equatorial access. In that case, our spheroid rial access. Other potential applications are in Faraday rota-
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tors, mass spectrometers, free-electron lasers, and wherever solved by a simple manufacturing procedure discussed in a
else access to large, uniform fields is needed, companion article in this issue of the Journal of Applied

Physics.

1K. Halbach, Proceedings of the 8th International Works/top on Rarm Earthg
IV. SUMMARY AND CONCLUSIONS Cobalt Permantent Magnets (University of Dayton Press, Dayton, OH,

If a "magic sphere" with undistorting polar access is 211, A. Lcupold aa'. E, Potenziani 11, IEEE Trans. Magn. MAG-23, 36'28
required, considerable mass savings are realized by uniform (1987).

remanence, variable radius construction. Some configura- 3 1-1 A. Leupold and i-. 1'clenziaiii 11, J. Appl. Phys'. 70, 6021 (199 1).

tions with equatorial access inay actually have less mass than 4 H. A. Leupold, E. Poteriziani 11, and A. S. Tilak, IEEE Trants. Mapn.
MAG-28, 3045 (1992).

the unaltered spheres. It might seern that manufacture would H. A. Lcupold, E. Potcnziani 11I, D. J. IBasarab, and A. Tilak, J. App). Phys.
be unduly complex and expensive, but both problems can be 67, 46501 (1991)).
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Laminar construction of spheroidal field sources
with distortion-free access

H. A. Leupold, A. S. Tilak, and E. Potenziani, II
U.S. Army Research I ihoratmrr, AMSRILI.H-I-'-1II IFt Motno,tmhh, Nct .ler••%v 0770.-5o0)1

Certain high-field permanent magnet structures in the foums of spheroidal and cylindrical shells can
be altered so that access ports through specified areas, of the shells have minimal detrimental effect
on the field integrity in the internal working space. This can be eff'cted either paranietrically or
geometrically. Both approaches result in an increase of fabricaftional contplexin , the former becaulsc
it entails componLtts with a variety of magnetizations and tile jattet because it requires a .ariet'v to
geometric dimensiont- This article describes how simplifying approximniation to either tvpc ot
structure can be obtained by an assembly of laminar pieces cut fron t shccts, or labs ot permanent
magnet materials with their magnetization oriented parallel to their t,rincip;J tace,.

INTRODUCTION polts, niagnethation is transvcrc oi tallngttial. Mitetla, it
access• aidlt zero ,nittgne.ti/altion ac.ii'L Ito heP iat lit. Cqiiiitor. it I,

Several variants of the high-field permanent magnet radial.

sources sometimes known as "magic" rings, spheres, or cyl- Srd ch ,tructures I Figs. ((li and I (c t iils cii htlti-

inders have been designed recentlyt a to meet the demands cated front uniformly nagneti/ed ,hcct,. Il the I varieli, (i
of miscellaneous applications. Some of these are illustrated
in Fig. 1 from which it can bc sccn that each has complexi- t agnitudes of magoetization ate tiece

,,ai y. t'hc closer the apptro irnation to ati ideal Contli nIoUos
ties of shape or distribution of magnetization thal might

make its fabrication seem unduly difficult and expensive.
However, all such structures can be made from sheets or
slabs of material that are uniformly magnetized parallel to A
their faces. "

STANDARD RINGS, CYLINDERS, AND SPHERES t f
One can cut circular rings "cookie-cutter" style from a

uniformly magnetized slab and then, as shown elsewhere, 4

divide the ring into the desired number of sectional seg-
ments. Each segment is then rotated about its local radius to
form the "magic ring" as shown in Fig. 2(a). Such rings can
be stacked congruently to form dipolar cylinders"5 or beveled CB C K,, • /
to form melonlike components of a "magic sphere" and / ---

bounded together [Fig. 2(b)].
The discs cut from the centers of the ring shells car, be

used either to make smaller "magic" rings or spheres or to
be formed into cylindrical or spherical dipoles for possible 0 •V"
use for field defect compensation as in MRI systems. 5 The
cylindrical versions could even be turned into adjustable-
strength dipoles by a cutting of the center of the cylinder to
form a smaller nested cylinder in a shell of equal dipole D
strength [Fig. 2(c)]. then. by rotation of the two with respect
to each other, any dipole strength from izero ti pilusnllillu, tile
maximum is obtainable.

SPHERES AND CYLINDERS WITH DISTORTION-FREE
ACCESS -

In thlese .tructurc,,. the requitcd itagnci'/,Illotl' Inl thc

circular or splhcrical segm' en'lt- ",,I",IIit 1hgnltutils anIdi ,lk

always either rathal tor trinat ' cict" iite' tilck tllw i•.l I.•n S!
upon. x, ti IV /co .I, I .li I I /'I I it il nd ýI " 1.1kI ,1 1 '

tree ac'ccs holc call he driftlled tl h tc " It .1%. t i i , .t i N% IN, . -
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Effect of magnetization profiles on the torque of magnetic coupling
Der-Ray Huang arid Gwo-Ji Chiou
0) 1 "h-. 1l.4 P ,i ' .aic/ ~4i ini I 414u, 10. 11R11 IIini hi M). anit gmi IReitlbl iil C hula

Yeong-Der Yao

Shyti-Jier Wang

I tic llirkltic (it wagici.ntt CoulIn~~lg s .INsIt %lllitC 1h.) (111:hc 011MO IiidgllctL potles. thle tIlagtictt/ttiitil
pitltilvs. Oic fiii igictik tictit '.urciit.th uI cts and file separation dth.t1trce ttclN.ce fcilet niagnuct' ill
file tntlplting I (if dittciciit Ilittlttpolu i 1.glitutic kot iphtitg. i,%ith file i"11Cnlc lagnutlic fild. '.trcrigthl. thle

tIVL It'.cs Loge I tic i1lk olcit. alkk l il.1titacd % attics tt11t1c lotirituc Ilt miglitict. ic citiijntg tic III

Mtglitcti. otiptling LkItC1 Itccs 'lil .111 4i.'~ic hcts~kccliI .1 u1,ttt 1 lit: Iiiat:11cikt field tht 1111111it ills kti~ the ling inag.

piinuti dits%: mil Iu a ctoidat' titt'\. ci. %iA ithont 11 Iii c nuts Well. 11castIrCILI II\ p'lakinig a I tll 1)0CIiAc I tilec ,th ulrlICu
chanlical kutitt.ict I tIle\ Call ipcrttc Ill gis ofi litiuids.'1 kand ii oftilhc ulagituts I lit: oillic IxctIA tile Ilct.. Imaglict',i VAit'.

tr11%11it lotoitc through a '.cpiataloii %-Il l tic tinagncicil Lol ruaucl 1,1~ usnlllg d KO~AA ( 11-i 101,111 ior ile mct
;I)lng call akii Ive used i1" 1i1 is ciload ptiftcctttl tIlecs t. ofj to I lit 11oi111t and Iolkc lttusmcuD1 ittusc tIAo cimilta tcri-itc

Itransitlit Inlstiunictit icaittitgs trout a %at.11111i or pitsucv1t lilkiNi'. Itictit.tlions illsu NcialA a.IoIIIicN 1aUiluding tile 11IttItCIt

caicoitisru. I Iroinl 1)411t1 ftiiiaiiicittltt amid aplitid c %I iusjotitts. (it ;sil.I pliif'.. dtiiicnstttais. wp~i'itItioii dastaliuci, iu1tturiat plop-

Inagitui culit:C( illg &% ice" ire litt utlmividcrblit. 111it.i. Nt citrus. tiw rk.Iattsc all ollai offset itt tile 11.1gatct. etc. Re-
]'Ie ;Isil; tiiglagitte COUpttiig des ILCc liii111 this studs" '.sIN uts hu *d.1'.uaa 111corical *tmlts ikis tilas heCCn de-

ci intILIuctcd Iii uittg a pall (id hatifrdile ritnmg iliagnctus that %citipu i, I~ lurlatti1 tili ctimiptiitg tlik triaisinilitiu ftorce anid
were niagietli/d %with a intilttpoic coutt~gtiratoti ailoitg titic 1)toltjc otitt.1 Idual titagliutic C~tIuI)Ilig " l~ltciC.o tile Cttuc

:tXimil directioti. For) cxamlplu. Fig. I ;lisaIt I0-tk: inag (it iiitgtlcti..Iilolli prfittite kill tile ttrqiltc lit! Illaguetic k-iuillilig
itetic coupliiig devit.c. All riiiug ianeigtu' uwdcili thIII stLus ctall tic qtadid is t Ivithi cticraiiiientat iticaistiruiicit anid thuti)-
have ani outer rtadfu of' 56 mmn. itt intiut jiatikiis 40 11111. and rtcical calculatittitl
a thickness itt 1) titimi. The tllitgtiti/ittiiii prnIiitic' %\11 0,l S. .lith ttuticl *its'1.I 5'iiiltattemg

atnd 101 poles weure used ti titaly/e the sutiattlitti of iiitgiitt(1c tiettiattitn proitti te i tile malugnetic fingi are uittimfrt ttiiitgti-
tout the utlagituls. and it 1s ctarawcticrud kl a LIiliftrirm poilar-

/utttiin. thu Concept titt itimi theotretical titilSsiN k hit
rcepruseill tritl of thue Inagriette tling" it', al dist1rihutioti Ilt
uttItivalutit uititucilts. andh to eouttissel ttilfield titlehi li tile ittter

a I vr IC

I It

HC

ills]

FIG . I. W~gIiilic Coupin~tig Wiiti Il poI 54tC iitiiIiiK5 t B i. .2. 1 I tic ilu ilk u 4. 4 li citU SCIMIIui ~ Iiolii liij~liill.

6862 J. AppI. Phys. 70 (10). 15 November 1994 0021-8979/94/76(10)/15862/34$6 00. 1994 American Instituite of Physics



Fi 1b I-F

/10 M.J 4,0 0 4X M 10 5) 11 oI 0 5

Uni I~g

U 06 ]le 2gilcfed(Nrb lll l iem g o in alTE l td alt 1 1le11Inlk iddII 111ll f[l a ntIlaildila(Ilnt
of1 11111alt- tl la lct '1I XIC11g W 11 0 1AIC llll ~ , I / 1 utctl: n g e il 11C m li I.t )10 p i a n

-aie sale tra il.At rm te aia eiain I% 0 1' ligll. i stl Iiitli' iU C ,ai
til- tiuN Th1 hoeia~ rdctd tru u eial

the orqe cll h obaind bvsum ingthe ontibuion

%i copln dercse qucl 4 siceae t; nh ea

of~~~ I., -nn ,tw h oge I , lo sil( 1 . 110 ljue udnt' diI)lcl u111ipo l he11.)W ma neic4 ~ co upingsun. tl) i l) e suame mag

I i d At itheit'Ii*Xi ness ofil maregn t.h (if mah e ts sep erati ndistance (nd til l-it ir
it I Ii I i I rrprtoa tc th nu be ~ oe icaI prledi ctd t iorqu ditnu ericall

nthe tionRqu can he tinnerad iuwsu inn' the cmag iet. .is util ~ e va p nat ld utilgte nu boe tr q Lof po eq cit ath teaion canreasil e s m

outer rall u of' the sector and Nur acns Nf th e mant.lTe nu iic nof ousd i hlrne ltcam~.tl oqeo'i 0pl
oradia ofd thngrular frthe tiison.r espe ctivel y. f of the sw'etors pagire ith theou plingis g talc Ilaltil(torque- l measurments

use fo aclto.T evralsI n Iacgvsb opingure 2I lshos thell torque1 of bil ilgetorq ue I is tig .- rSif
it ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ I it+nctan t, m hl kc) (ti thc- hepolim sepa rilt, numbe inft poe,, i ove nlag ilt .thata

J.,~ App magne ,e Vith 76. No a0d 15) pcu u li9s. The (. etr ie of 8agnti



tRpefment~pok- RikO'o

20 Thceiry,pole 10

\ I t~~ig 
5
a1~ m 4.44ni/441

0(XIW

fo ie6-poic tmagnet. but it is abaul 701 G tor tle M-polc.
magnelhc Coupling. it- Nlhown~ ill Fig. 4. '1 ihis indicaites that tile
muagnetic fieid si rengt h at thle I I-po'c nmagnet is less th1an

51 1th.0 Of thle 0- paC MIcognut hcLI)MMc tile naignUIC Cl cilrai Io( )j
of tile IOI-plile mfagitut Is smalletr than that tit thi 0-poke nag.
net al suitrat ion distantce greater tharn l9 mm. Therctorc, 'thc
I orq ue ifl the 0-pt d c miiagne tic cutwplinIg is gre ateri than that of
the Ilt-paic magnetic cou~pling al separations greater than X
Mil. ( '0msidCrin~g thle thICWutiCual CillCilifitili. thle tORIrUC 0t
miagnet ic coulpling al small suparalin 41 distances miatches wChI
woithi thle experimental datali,ý as sown ill Fig. 2.->1 Theu magneti/ation prolilou, atl thle muitipaic itagnets call
affeuct thu rarque tit magnetic coupling niatkedIIN. I)itiurent

I Ig~Id~i/Mi~intatt IM usuan;llbe C(trOa1Cd 1% thle duigt at lith:
Illaneilin fiturN. igue 5shiow, diftturnt magttdictianlil

profilcs %kithi a hig squ~arc %timc. hybrid \%itsc, and ml
%\I~ .ivu ita I -palL nlragnu. Thei mma~~itiri muagnutic filud

I or a1cnigth tit thue bag sqiratc .' profile v, abouItt I W as
Ql nl Inl Ing 'Il It. andt thuC 1iliasjinin niagtwtnc theld stncungtil

~ fI JU4 Iim ,'' 4.1 A- ̀ I I. -wt tile smajlli %o~ a c prttific i% ililijiii 71Itt (1 its sliin, il inl Iig.
U.."u 5(c). The Miagnu~tIc tiuld at thue livbrid %Iwas iotih sIiM s NIiM Ill

l-ig. 5ttt ik a Combinlattuit ot thu %%avu prOtldcs tram hpg.

Iliitk. . 40.11 l~ ~W1t4 1g. () 1114. 101tiUC af maligilCitc c01cuptilg w~ith thuC big squarct
\%a;\c proftile IN grualei Iliagn that tit thic li~hbird \ d.iu prtitile,
Ainit the wirqtic 441 malgnetic coutplinig %sathi thu Iixbid s as c

phleufomucnoan Canl tv v~paiaaud hi aniils mg lit:u nIagnutic priiilc is, gluatur thiani that (d thu small s:ncprofile
filud dist ribuLtion itt t tile niagneut used if) tic ru agnict i c COi
pling. liguirt 3 shliws l1ilt: c ma icic i c 14141 litributic n i tit41 . P N.-4I4i isu I l~k -ingli .I Illik i44 Iii lit,11.ii,,,c [ona l to kxkiwlt'lI KI \tUI,

4444 .10 ct 4w, ' l. cB'I 44 .4 \%( ý,-Ik \uin Ir1,ii.1 Nkil.tI miuci
6-paic magnet and at tII-p~ilue magnet al a kivI~ilankC 01. mill) 1i 4, 1 44i )h h

over thle magnet. Thu asurage maigncta lciti] struuiglil is 17 I'1 Iac~i itt I tI44Mi~ ~I It

about I W iltr baith tile (o-polu and4 X- ml~ lagnowi4 om44- j U I I %,/L I .11h , I~ M4 A , emi~s. 44 %td4.l Lý, 1 m i5t, N,s \Ir k. I MH 4II

p1 inrgs. Ili wce ur. it wc mcua sari tice mag cuc ticIiuId ,tribi ib'a- j 11 N 1. 1111 1, \h.n.IttIti4l \.iii 17. P il I15

tionlo lit a -poiu arlid a ilpolc nmagnet mat a distaimc It nn0 ~, t It ., 51.4'21 i.

oiver thu nmagnut. thu miagnetic field ,tietigth is abouit 121)tG I PI' t ilh,, ilt t1 1 \1. at- 29 1'i' 'i

6864 J. Appi Phys . Vol 76. No 10. 15 Novomtmi 1994 'Huangq Pt a/



A magnetic coupling without parasitic force for measuring devices
Jean-Paul Yonnet and J~r6me Delamare
Laboratoire d'Electroiechnique de GrenoblIe (URA 355 au CNRSJ ENSIEG, BY 46, 38402
Saint Martin d 'Heres CedL'x, France

Original structures of permanent magnet couplings have been studied. They can transmit a torque
without creating forces or stiffnesses between thle driver and the driven part. Except for torque, the
two parts are in indifferent equilibrium. These couplings have been designed for measuring devices
in which they exert no force on the bearings but they can be used in other domains.

1. INTRODUCTION

Permanent magnet couplings WWIC arc synchronous where v is the volume of the drivcn magnet and.1, its polar-
devices which allow a torque to be transmitted through a ization.
partition wall. Two types of' PMC are commonly used, the To obtain perfect insensitivity to the radial and axial dis-
coaxial type operating with a cylindrical separation wall, and placement of one part fromn the other, a relatively long magic
the face-type coupling which has a plane airgap.1 Other types cylinder has to be used, Thle end effects produce at field dis-
of PMC exist for specitic applications. InI this -article, we tortion at a depth di which is about
shall present ,)M' configurations which are well-adapted to d()0 7 R~, R ,);
measuring devices. Thle main characteristic of' these cou-
plings is to transmit angular information without disturbing consequently. the length of' the cylinder 1. must be at least
the measuring system. twice its diameter.

InI a I'MC, magnet interaction allows torque transmis- Figure 2 presents a tour-pole version ot the magic cyl-
1ion, but it also creates forces in the axial and radial direc- inder coupling. Tlhe end effects are reduced in this configu-
tion. Trhe stitfnesses. which are the force variations. are also-(
very high. These forces hmwc to be sipplirtcd t)y thle mie-

chanical hearings, which p~roduce f'rictional torque. Special
configurations aillow aI torqueLI tos be transmitted without any
force and stiffness.2 but t hey are not1 WvClI-adaplted to large
airgiipsadol prt orcl with a high pole number.

Thle couplings p~resented in this article havec bece dc- 
tJ

signed for measuring devices. Thecy do not create anyv force
between thle two halves. evenit tiflte driver part i% %tubmiited
it) axial or radial displacemntcn. C onsequen t ly. tihs' friction on
the mechanical hear inges is redluced a nd doec% no t disturb thlefink
ace utricv antd thle se usitkh (it tile thlemcasure men t. Mores we r.
the se Couplinugs operate w.,ith a lartge airgap. and h ave a re -
duced pleI number, 2 or 4.

Ill. MAGIC CYLINDER COUPLING

A cylindrical mnagnet with ro tat ing Iiosr ibut is o f' tIile

magne tizat ison dIirect ion creates at very ho mosge nesous field ini

its central part., Ibis device is sottens called it ,.i L
cylinder." Folsr aI iws -pole sy steni, at ci susiant dIipsl Ic lie Id,

produced in thle interisor cyIinud rical cavilY v it ina.gnitudej

where J.I is thle magnet piilar i it is n inI t c-sla R, isand R i..re

the outer and the in ner rad ii sit the annular in agiie I
This magic cylinder is the driver pirt of the cosupling.

The driven part is in ade sof a %nmall in agulet in) thle IjladdIc sit

tile bole (Fig. It). Since thle Small tilagilde is Situated ins"ide an
almost perfect hr sns genlis us traill sV esa I f ield. it is ust IIhsb-

muited to ;tit\, force sir stiffness. but it can transmil t a itsroc

whose mlaximumIII value is given 1wit, ss1sdti lisist in
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FIG. 2. A four-pole magic cylinder coupling. FIG. 4. Measurement of the field intensity in the four har-shaped magnet
coupling.

ration. A prototype has given very good results: the maxi-
mum torque transmitted was relatively high (2X10- 2 Nm) (a) for the driver part;
and the absence of forces in a large domain of radial and S section of each bar,
axial displacements has been verified. 1. length of the bar,

Several other configurations have been investigated. An J, magnet polarization,
interesting one uses a driver part made with four bar-shaped R average distance between the center and each bar.
magnets. (b) for the driven part;

v magnet volume,
1l1. BAR-SHAPED MAGNET COUPLING J, magnet polarization (in tesla),

The intensity of the magnetic field (H4,,) is given byThe driven part is equipped with tour bar-shaped mag-

nets which are parallel to the rotalion axis (Fig. 3). This 2 S
system takes the place of the previous magic cylinder, and 14, I -
can be seen as an incomplete cylinder. The bar length is
equivalent to the cylinder height 1, and the end effects arc and the maximum torque is obtained by
identical. 2 Sv

In comparison with the magic cylinder system, the four (',,,,-.1 vlt4 , IV .--.l
bar-shaped magnet coupling has a lighter driver part whichl
reduces the inertia of the measuring device. The volume of
very good homogeneity of the magnetic field is smaller, es- IV. EXPERIMENTAL STUDY
pecially in the radial direction ('onsequenllv. the domain o0
null forces and stiffnesses is reduced, but it remains suffi- A prototype designed for a gas meter has been built. The
cient. following dimensions have been chosen

The maximum transmissible torque can be easily c-lcu- (a) for the driver part:
hilacd by simplified expressions since the airgap is relatively S-:-1).nami (3 mm, 3 mi),
laige. By using the Following notations: 1. - 2t) mam,

R- 10 minn,

J CA T (aniotropic ferrite magnets).
(b) for the driven part:

r.--5 mi1l,
i h-- 4 mam.
t, 314 mmi,
J_ 1,20) T 1NdI~eB magnet)1.

The domain of uniform field between the four bars has
been investigated. In the center, we have measured a field
1141, of 18 kAim.

We have studied varialions of intensity of the field I/,,, as
a function of the distance from lile center r and the direclion
0i (Fig. 4). The results are presented in Fig. 5. The homoge-
neity is very good for a radial distance lower than 2 mam.
After. the field slowly increases when moving toward at bar

F1(1 1. "l'hc tour ha r-shaldtl gn )lug. magnet cn id decreases between Iwo bars.
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H tQ1-- tt0=0 1-- tetc= I. --- tets=30 - teta=45 1 V. CONCLUSION
Ho . . Two unconventional types of permanent magnet cou-
1.2 .. plings have been studied. They can transmit a torque without

. - -creating forces or stiffnesses between the two parts of the
1.1 4 coupling. The first one uses the specific property of field

a.... . . homogeneity inside a magic cylinder. A magnet sitvated in
I this field can exert a torque, but it is not submitted to any

" . 'force. The second one is built with four bar-shaped magnets.0.9 .It is lighter and has lower inertia. For these two couplings,
0.8 ~. . .. . .the rneasureme'nts on prototypes are in good agreement with

the calculated characteristics.
0 1 2 3 4 r (mm) These couplings have been designed for measurement

devices where they can be used to transmit a torque without
creation of forces and friction on the mechanical bearings.

FIG. 5. Field variation around the centered position. In the center, 1 1=18 They can have other applications, like for example vibration
kA/m. insulators.

'j.-P. Yonnct, Proceedings of the 12th International Workshop on Rare

The forces and stiffnesses have not been measured pre- Earth Magnets and their Applications, Canberra, July 1992, p. 608-617.
2J.-P. Yonnet, IEEE Trans. Magn. MAG-17, 2991 (1991).

cisely because they are too small around the centered posi- 3 K. lHalbach, Proceedings of the Fifth International Workshop on Rare
tion, The rnagnetic interaction between the two parts creates Earth Cobalt Magnets and their Applications. Roanoke, Virginia, June

very low parasitic forces. 1981, p. 73-80.

The torque has a sinusoidal variation with the internal 4 If.-A. Leupold, E. Potenziani, Pnd J.-P. Clarke, Proceedings of the 9th
m10- 3  International Workshop on Rare Earth Magnets and their Applications,

angle. Its maximum value is 6.3X Nm (63 g cm). It Bad Soden, Germany, September 1987, pp. 109-123.
agrees correctly with the calculated value of 6.8X 10-i Nm. 5-J.-P. Yonnet, IEEE Trans. Magn. MAG-17, 1169 (1981).
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Accurate determination of permanent magnet motor parameters
by digital torque angle measurement

M. A. Rahman and Ping Zhou
Faculty of Engineering and Applied Science, Memorial University of Newj6undland, St. John %7.
Newfoundland AIB 3X5, Canada

This article presents a novel test method to determine the important load dependent reactance
parameters Xd, Xq, and magnet-excited voltage Ell of permanent magnet (PM) motors. The re," Its
bring forward a clear picture of the impact of the previous assumption of constant Ell on the value
of Xd. As improved accuracy and fast data sampling are required for online control, the traditional
method for measuring torque angle is deficient. To this end, a new microprocessor-based digital
torque angle measurement system was designed and built. At the same time. a scheme for accurately
positioning the zero torque angle is pronosed without referring to the interior structure of a motor.
The proposed techniques have been successfully employed for a 1 hp laboiatory permanent magnet
motor.

INTRODUCTION desirable to find a way which can accurately locate the zero
torque angle position for precision measurement and control

The effects of saturation for PM motor are profound. It torqueas
was recognized that saturation would cause d-axis reactance
Xd and q-axis reactance Xq to vary with load and supply MODIFIED TORQUE TEST METHOD
voltage. 1'2 What is perhaps easily overlooked is the assump-

tion that the Eo is constant for all loads. In addition, the d-q Because the parameters Xa, Xq, and E,) tend to vary
axis quantities are no longer independent due to saturation. widely with loads, their values must be quoted together with
The significance of these effects has been clearly mentioned the load and voltage conditions under which they were de-
in the previous works from the simulation point of view.3'3 termined. From the phasor diagram of a PM motor4 one can
The investigation from a testing point of view has been char- get
acterized by Miller's early work." The load test method pro.. Es sin 85=, (1)
posed by Miller is to determine Xd from the stator d-axis
voltage component and Xq from the q-axis voltage compo- E n cos S5-=E0+ 1 I cos flX,j. (2)
nent, respectively, under the assumption of constant E0 . The It is noted that once the data of applied voltage V, current I I,
failure to consider the variation of E0 with load is due to the input power P I, and torque angle 6 are known from the load
fact that effects of the permanent magnet excitation voltage test, other quantities in Eqs. (1) and (2) can be easily ob-
E0 and the d-axis armature reaction are inherently linked tained as
together by the stator d-axis voltage component, and usually
cannot be separated. In this article, a modified load test Pl3
method is proposed to determine these load-dependent pa- 3r , V'
rameters, Xd, Xq, and Ell more accurately for practical use.

It is necessary to properly measure the torque angle 5 at +r(J3- •- + (5-,p, (4)
any load condition for performance prediction. In addition, 2
torque angle is also an important control parameter for vari-
able frequency inverter driven PM motors. It is necessary Ej= (V sin 54- 1 r1 cns f3)2 (V cos 5-11 r1 sin 5)
that the measurement is conducted within an interval of time
that should be very small compared to the mechanical time and
constant of the machine. With increasing emphasis on online V sin 8+±1 r cos /
digital control, it has also become necessary to obtain the 85= arctan V cos i-rlil sin 6' (6)
quantities of torque angle in digital form, and the conven-
tional stroboscopic method is no longer suitable for such From Eq. (1), the X,, can be easily obtained. However, from
applications. To this end, a fast-response microprocessor- Eq. (2), it is inadequate to evaluate the two unknown quan-
based torque angle measurement system has been designed tities E0 and X,t. To this end, a small change of the load is
and built. exerted to obtain another set of test data and get the follow-

Due to the characteristics of PM motor, the precision of ing equation as
measured torque angle is highly related to the accuracy of the .. . . .
positioning of zero torque angle =(=0. However, for a PM /, eos ,•!=1l,+I[ cos . (7)

motor under normal voltage supply, the no-load operation is The solution of the simultaneous algebraic Eqs. (2) and (7)
at 8= ) and therefore cannot be used to position the zero would give the saturated values E0 and X,1 for any operating
torque angle, Usually, some approximate methods'5 are em- point. In practice, the procedure is simply to produce three
ployed to determine the position of 8=0. Therefore, it is curves El(/B), (5i(,8), and I1([3) by curve titting from re-
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100 60 -,the magnet excitation voltage in the same phase winding to
terminate the pulse are used, the resulting pulse width willso sE-o'

so i then represent th. instantaneous torque angle. For generating

/4 imode, the reverse will happen.
-60 The signal representing the excitation voltage is derived

w30 -mXuigcntn c rmarpeetn olnta edis
40 ,Xd, using constant Ec from a transducer consisting of a rotor shaft-mounted disc

X 20 , with an equispaced hole drilled on the circumference for
Xd, using varying Eo each pole pair and a stator frame-fixed photocoupler. This

20 10 - photocoupler can produce a pulse whenever any one of the

"0 1 holes cuts across the photocoupler governed by the rotation
20 _4 _0, 8'0 t 120 of the shaft. This arrangement can always provide one pulse

torque anglo, dog per cycle of the terminal voltage when the shaft rotates at
synchronous speed. The produced chain of low voltage

FIG. 1. Test results of X,d, A,,, and E, with torrqttc angle (5. pulse- are then amplified to ITFL level using voltage com-

parator as shown in the block diagram of Fig. 2.
The reference phase voltage signal is derived through a

corded data which cover the entire range of different loads, step-down transformer. Before the reduced sinusoidal volt-
Then, the required information for both Eqs. (2) and (7) can age is converted into a 5-V rectangular pulse by a zero-
be obtained from these curves. crossing detector, a phase-lag shifter with a range of 0°- 180'

Figure I shows the values Of Xd, Xq I and Et for a I hp, is employed to provide an approximate means for position-
4-pole interior-type PM synchronous motor by using the ing the zero torque angle. It is intended to ensure that the
above-proposed modified load test method. The effect of as- photopulse at point a in Fig. 2 will align with the terminal
suming constant E0 , as made in the original load test voltage pulse at point b at no-load operation by adjusting the
method, t 5'- on the value of X,, can be clearly seen from the variable resistor of the phase shifter. A compensator is then

dashed-line curve in Fig. 1 Over a load range around c5=47' vused to make the phase shifter work in both phase lead and

where the armature reaction in d axis is changing from mag- phase lag.

netizing to demagnetizing mode, the value of Xd becomes p tase to di
extrmel ireguar.Thi phnomeon as lsoobsrve in It is noted that for the motoring niode, tihe pulses at point

extremely irregular. This phenomenon was also observed in b in Fig. 2 have to be taken as reference: while for generating

references."5 ' This irregularity is mainly due to the assump- b in Fig. 2 have to he taken as reference;

tion of constant E0 which, in fact, is dependent on the satu- mode, the pulses at point a have to be taken as reference.

ration level, particularly in the region of ferromagnetic Therefore, a multiplexer circuit is employed to enable this

bridges. It is evident from Fig. I that E0 is load dependent. measurement device to be applicable to both the motoring
and generating modes.

If the output gate pulse of the phase detector at d is
MICROPROCESSOR-BASED LOAD ANGLE combined with tile I-Mliz clock pulses at J, a chain of the

clock pulses at g are produced through an AND gate, and the

The torque angle of a synchronous machine is defined as number of these clock pulses is a measure of the torque

the angular displacement between the excitation voltage E0 angle, However, when these clock pulses are used to drive a

and the terminal voltage V. For motoring operation, when the 16-bit BCD counter, occasionally, false counting may occur.

zero crossing of any one of the three phase terminal voltages The reason is that in the case of high machine specd and
as the reference to initiate a pulse and thie zero crossing of heave load, the next output gate pulse at d may start before

pht ule ~ lprt utir~tplexer c detector d inhibitore

FI.2. flalck diagratm for torque tingle nrcalsLtr' rcn ent.
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the final settled number of the counting is latched to the (3) Run the motor first in one direction and get tile
buffer and counter is cleared. To avoid this undesirable op- torque angie reading, then do the same at the reverse direc-
eration, a pulse inhibitor is employed to ensure that no fur- tion by interchanging the phase B and phase C power supply.
ther gate pulses would pass to the AND gate until the reset Assuming that the photocoupler was just positioned at the
signal is issued, which comes from the reset switch or inter- axis of phase A winding of the stator, then both the torque
rupt acknowledgment signal (INTA) from the microproces- angle readings should be the same if the holes on the disc
sor as indicated in Fig. 2. were aligned with the d axis of the rotor, This suggests that

Since 1-MI-lz clock frequency is employed, for a 60-Hz the disc has to be moved towards the rotating direction
power supply system, there are 8333 pulses corresponding to which has given the larger torque angle reading if both read-
1800 electrical, which is the maximum torque angle to be ings are not the same. This adjustment is repeated until the
measured. Thus, a resolution of 0.02 electrical degree per two readings corresponding to forward and backward rotat-
pulse is obtained. To obtain a stable reading, the buffer is ing directions are reasonably close.
enabled after the counting is over and hold the information (4) In the step 3, it is assumed that the arbitrary posi-
until the arrival of next count. The output of the buffer is tioning of the photocoupler was aligned with the axis of
further fed into a microprocessor using 8255 programmable phase A winding. Generally speaking, it is not true. Hence,
parallel port as the interface. At the same time, the buffered an adjustment is needed to relocate the position of the axis of
data are also decoded by display driver into 7-segment LED phase A winding. It can be done by applying a low dc volt-
display. The clock signal for latching the buffer and the in- age between phase A and the shorted point of phases B and C
terrupt signal can be derived from the output of the pulse of 3-phase Y-connected stator windings. What happens is
inhibitor through a delay element to account for the propa- that the disc will rotate in such a way that the holes on the
gation delay of the 16-bit cascade counter. The interrupt sig- disc, which represents the d axis of the rotor, should move to
nal is produced using a JK flip-flop whose output goes high the axis of phase A winding. As a result, one can easily
once the delay is over. relocate the photocoupler to the position as indicated by the

The above-mentioned torque angle measurement system holes.
was designed, built and tested on the 1 hp, 4-pole PM motor Due to the adjustment of photocoupler position in step 4,
which is coupled to a conventional synchronous generator. the holes on the disc have to be positioned again by repeating
The measurement system functioned properly as desired and step 3. This iteration process is continued until no further
was also found to be very stable over the entire range of adjustment is made in step 4. Practical application shows that
operating conditions. only few iterations are required for both the holes on the disc

and the photocoupler to converge to its desired position.
DETERMINATION OF ZERO TORQUE ANGLE By using the proposed scheme, the initial torque angle
POSITION for the 1 hp laboratory est PM motor was 29.60; while using

From the above discussion, it is noted that the signal the approximate method, the initial torque angle was 22.2*. It

representing the excitation voltage can be errorless only if can be seen that the error caused by the approximate method

the holes on the disc are aligned with the d axis of the rotor is quite significant.

and the photocoupler is positioned at the axis of that stator
phase winding whose applied voltage is taken as the refer- CONCLUSION
ence signal. However, unless special marks were made on
the rotor during assembly, there is no obvious reference to In this article, a novel load test method is proposed to
determine the position of the d axis. In order to overcome determine the saturated parameters X,1 , Xq, and E0. This
this difficulty, a scheme is introduced to find out the posi- method not only takes into account the variation of E, with
tions of the d axis of the rotor and the axis of the reference load and the interaction between d-q axis quantities, but is
stator phase winding without the need to concern the interior also convenient to use for practical applications. The devel-
structure of the motor. The procedure is described as follows: oped microprocessor-based torque angle measurement sys-

(1) Mount the disc with an equispaced hole for each tem can provide fast transient response with adequate reso-
pole pair on the rotor shaft and fix the photocoupler to the lution for measuring and control purposes. A prototype
stator frame, both at any position. Then, take any one of system was successfully built and tested in a I hp laboratory
three phase voltages, e.g., phase A to provide the referenced PM synchronous motor.
phase voltage signal for the primary of the step-down trans-.
former.

(2) Turn on the three-phase power supply and run the V B. Blomsinger. II.EEI"'rans. Power Appar. Syst. PAS-tI0, 867 (1982).

PM motor at no-load. By reversing the leads of the phase A 13. J. (hatmers, S. A. Itamed. and G. 1). Baines, Proc. 1l1' 132B, 117
(19X85).

power supply to the primary of the transformer and inter- 'M. A. Ratiman and R. Zhou, IFEE Trans. Magn. MA;-27. 3147 ( Itl).
changing the three phase power supply leads A, B, and C to R. Zhou, M. A. Ratlman. and M. A. Jabbar. IEEE Tr-urs. Magn. NIAG-28.
the three phase stator windings, find out the connection 1350)(1994).

which would lead to a minimum torque angle reading. Under •'T. J1. E. Miller. tFi Id. AppI. Soc. Ann. (onf. Rec. C111678-2, 494

this connection, the stator winding connected to the phase A ('K. Miyashita, S. Yamashita, S. Tanabe. T. Shimnozu, and tI. Scnto, IEH:

power supply is then the phase A stator winding. Trans. Power Appar. Syst. PAS-99, 2175 (t980).
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A three-material passive di/dt limiter
S. J. Young, F. P. Dawson, and A. Konrad
D-'partrent of Electrical and Computer Engineering, University of Toronto, Torontr, 45S- !A 4, Canada

This article introduces and examines a composite magnetic device (callcd a dl/dt limiter) which
functions as a bilevel inductor. For dc currents below a designed threshold level, the inductance and
resistance of the device is quite low. However, the inductance of the device increases dramatically
for all currents greater than the threshold level. In this article a set of performance equations are
derived which describe the inductance of the d!/dt limiter as a function of current. The data
obtained from these performance equations are compared to the results of a -ct of finite element
simulations.

I. INTRODUCTION current) of the device is low. For all negative currents, and
In our earlier work, 1,2 we have examined a composite positive currents smaller than the designed threshold level,

magnetic device which could function as a protective unit in the core remains in saturation, and the incremental induc-
voltage source fed circuits. 7This device. called a cylindrical tance of the dildt limiter is low. Still larger coil currentsvoltge oure fd crcuis. hisdevcecalld acylndrcal reduce the flux density in the core regioii below the satura-
dl/dt limiter, functions as a bilevel inductor. It has a low lion level a ndito th e hh re region In thi stat

indutane vaue or ll crrets elowa dsiged tresold tion level and into the high permeability region. In this stateSinductance value for all currents below a designed threshold terlcac ftefu ahi owihcue h n

ievel, and a dramatically increased inductance when the cur- the reluctance of the flux path is low, which causes the in-

rent in the device increases beyond the threshold level. This cremental inductance of the device to be greatly increased. It

dI/d, limiter would limit the rate of current change in volt- is this large device inductance which reduces the rate of cur-

age source circuits during overcurrent fault conditions, while rent change in voltage-source-fed circuits.

having only a modest effect on the circuits normal operation.
During a fault it may also be possible to maintain the current III. DERIVATION
in the dI/dt limiter, and hence in the series connected exter- The flux density versus magnetic field intensity (B vs H)

inal circuit, at a nondestructive level long enough for the relationships of the core and permanent magnet materials are
nature of the fault to be determined. Once determined, the approximated by linear equations. The permanent magnet
appropriate actions would be taken to correct the source of material is described by
the fault without the need for shutting down the circuit as a
tripped fuse or breaker would. Bniagý _Bm + .L)A,,,Hnuag. (1)

This article examines a three-material square geometry This may be either the natural recoil line of the magnetic
dIldt limiter which uses corner blocks of a high permeabil- material, or the result of stabilization. The linear approxima-
ity material to bend the magnetic flux around the corners of tion to the core's B versus H curve is given by
the device. The result is that the flux density within the core
and magnet materials is made more uniform, and the radial In saturation B ,,= -B, +-I0-tgat;,/orc , (2)
dependence of flux density is eliniinated. Thus, not only is Out of saturation Becr PluosatHcore. (3)
the transitior. region largely eliminated, but many of the
other limitations associated with the cylindrical geometry are The analysis begin.; with Ampere's circuital law
addressed as well.

II. THREE-MATERIAL d/ldt LIMITER

Stripped to its essential components, the three-material
dlldt limiter is shown in Fig. 1. This device consists of four
coils with cores composed of alternating slices of a soft-core
material, and a permanent magnet material. These solenoids
are joined at the corners of the device by blocks of an her
type of soft-core material which has both a high permeability
and a saturation flux density which is significantly higher
than that of the sandwiched core material.

With zero coil current flowing, the permanent magnet
slices cause a magnetic flux to flow through the permanent
magnet and core materials with sufficient intensity to satu-
rate the sandwiched core material. The corner pieces provide
a low reluctance path for the magnetic flux, and so the flux
exists in a closed path confined mainly to the device. Since FIG. 1. A three niaierial dl/dt limiter: permanent magnet material (black);

high permeability high saturation flux density material (dark gray): high
the sandwiched core material is saturateu, the incremental permeability low saturation flux den.ity latcrial (light gray). The four coils
inductance (rate of change of flux linkage with respect to (white) each surround a core.
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C TABLE 1. Physical dimensions o! six dl/dt limiters.
H , dl = Ielclused . (4)

It will be assumed that the mmf drop within the corner pieces + t 10 20

is negligible in comparison with the other mmf drops around
the magnetic circuit. Thus, within the core and magnet ma- N= 1(0 Square edge 1, (m) 0.018275 0.182terials Solenoid length Ib(m) 0.0275 (1.(155(1trasResistance R, (11) 0.057 0-0153

±11gmag+ Hco1cole-. V. (5) N= 150 Square edge D, (Im) 0.1491 0.149,

In Eq. (5), Imag and 'core are the total magnetic path Solenoid length 1, (m) 0.0412 (.11825

lengths through the magnet and core materials, respectively. Resistance R, (0) 0.071 0.000

While the core material is saturated, the flux density N=250 Square edge D, (m) 0.1155 0.1155

within the core material is approximately described by Solenoid length 1, (m) 0.0687 (0.1374
Resistance R, (fl) 0.095 0.087

B core -Brlnsatlmag- PmlcoreB c+ /0•IAmnsatNI (6)
Jo-sat/rmag+ P'in'ore(

The flux linkage (A) within the dlldt limiter is Since the magnet volume is fixed by Eq. (11), for a given
Asat=NBcorcAcore, and while the core is in saturation, the Lunsat and Iknee, the ratio Lurisat/Lsat is increased at the ex-
inductance of the dl/dt limiter is pense of an increase in the volume and mass of the core

dAsat N 2A cor,,.LO.mIsat material. Increasing A m9g reduces 'mag. for a given volume of

L - = (7) magnet. This results in a decreased flux path reluctance; thusdl /.satlmug+ m1cote fewer winding turns are required in order ' achieve the nec-

When the core is operating in the high permeability re- essary Lunat. With fewer turns, the resistance of the dlldi
gion, the flux density within the core material is limiter is reduced and the mass of the copper windings is

lessened. However, increasing Ama. also increases the vol--- B ml mag Lnst+]O//,m/-Lunsat!V/

B Bme - mag.ruisat+ -Amluor (8) ume of the four corner blocks (which are proportional to
crnag/krlsat+ Meore A312 ); achieving the desired balance between device resis-.-Mag,'

the flux linkage is given by AunsajtNBeorecore and the in- tance and mass will determine the area A rnag

ductance of the dlldt limiter is Table I summarizes a set of dl/dt limiter designs in
which Lunsat=40 mH and lknec= 5 0 A; Table 11 provides a

dAunsal N2AcoreA.CA/.m/.,unsat breakdown of the mass of each of the Table I designs. It is
L unsat dl Imagi, Unsoat+ jLf,,leote (9) assumed that the core and magnet cross sections are square,

the length of each side being D.,.= (A core .Tesmo i
Let the intersection between Eqs. (2) and (3) be labeled )11 2. The symbol 1, is

B.,, then let the coil current required to achieve a flux density simply the length of each core from one corner block to the
of B, within the core material be called 1knee' next. The material constants for the core and magnet materi-

als are B,=0. 4 T, As=.0, ,t nsat=1000, B,= 1.0 T, and

-Bc(Imaglumnsatr4.mleore)+Bmlmag(P-unsat-.Lsat) Am= 1.05. The density cf the permanent magnet material is
fknee NIt.Ltrm( PunsatALsat) 7.4 103 kg/rm3, and the density of both the sandwiched core

(10) material, and the corner block material is 4.91X 03 kg/m3 .

/knee is the demarcation point between the low inductance
region I<lkfnee, and the high inductance region />lkneec TABLE I1. Mass of various dl/dt limiter components.

It can be shown that the volume of permanent magnet

material required for a given Ik,,,, and Lunsat is2 + in5
/jet ,nsL unsat/knee Imeg 10 2(;

Magnet volume=A mag'ag= / A 2" (11) N= l01) Magnet mass (kg) 2.713 2.713

Bm - c- B,'-Core mass 16.17 34,13
Amnag/ Corner mass 228.1 228.1

Coil mass 16.82 15.97
IV. DESIGN OF A THREE-MATERIAL dl/dt LIMITER Total mass 263.8 280.9

The design process usually begins with a specification of N= 150 Magnet mass 2.713 2.713

the required fault inductance Lunsat and the threshold current Core mass 16.17 34.13
Corner mass 124.1 124.1

levei /kn•,,. For the device pictured in Fig. 1, A e=An1 rgCoil mass 21.08 19.97
and so the volume of permanent magnet material is detei- Total mass 164.1 180.7

mined by Eq. (11). N=25(1 Magnet mass 2.713 23713For most practical core and magnet materials ,sa.a, Core mass 16.17 34.13
rearranging Eqs. (7) and (9) yields Corner mass 57.71 57.71

L ulsat core volume Coil mass 28.18 26)04
a= 1 c+ o(12) Total mass 104.8 12(1.6

Lsat magnet volume(
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device uses eight coils llI 'ai l (it lof fou,,11CF I t helpe r o tArict'h |it to ao Sel cc III

Ihe flux linkage versus, current graph for the Nl 250

As Table II shows, at low values of N. the mass of the T f k vhrwn in g. ao h the Nesultin

corner pieces dominates the total device mass. and spoil lcor,,,el,,, device is shown in Fig. 3. along with the resulting

what would otherwise he a promising design. A niodification curve from a finite element simulation. The slope of these

to the three-material dil/dt limiter which addresses this prob- curves is the incremental nductance of the dud: limiter.

lem is shown in Fig. 2. In this modification, truncated cones V. CONCLUSIONS
of the high permeability, high saturation tlux density material
used for the corner pieces are employed to focus the flux This article examined a device which has the potential to
from a large diameter magnet through a smaller diameter function as a selective rate of current change (dl/dt) limiter.

core material. Although a lack of space does not allow a For currents below a designed threshold level, it was shown

complete analysis of this device, Table Ill shows that consid- that the inductance of this device could be designed to be

erable savings in material mass and device dimensions can quite small; above this threshold level, the inductance of the

be achieved by using this modified design. device increases dramatically to another much larger de-
signed value. A simple firit-order analysis of the duldt lim-
iter was favorably compared to a set of finite elemcnt sirou-

TABLE Ill. Three modified dl/dt limiter designs: A ,,g=4A c,,,, N = 1l0 lations
Lu,s, =40 mH, and 1 k,,,,= 5 0 A. A modification to the basic dl/dt limiter was shown in

which the flux from a large area permanent magnit was fu-

1+ 4LAigc... cused through a smaller diameter core material. The effect of
t10 20 1(X) this was to significantly reduce the total mass of the duldt

Core diameter (m) 0.0841 0.0841 0.0841 limiting device.

Magnet diameter 0.1682 0.1682 0.1682 ACKNOWLEDGMENT
Solenoid length 1, (0.0899 0.0942 0.1291
Resistance (fl) 0.053 0.035 0.021 The authors would like to acknowledge the gcnerosity of

Magnet mass (kg) 1.21 1.21 1.21 Infolytica Corp. of Montreal, Canada for the use of their
Core mass 0.428 0.903 4.70 finite element software package MagNet.
Corner mnss 15.52 15.52 15.52

Coil mass 18.16 11.85 7.26 'S. J. Young, F. P. Dawson, and A. Kunrad, IEEE Trans. Magn. 28, 3051
Cone mass 21.36 21.36 21.36 (1992).
Total mass 56.68 50.85 501.06 2S. J. Young, F. P. Dawson, and A. Konrad, lEE Jpn. Ind. Appl. Soc. E

1991, 1(1)5.
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An extended magnet in a passive dldf limiter
S J Young F P Dawson arto A Krnuio

,,UrIi 1II" " .4II lt 4 44l/ il l '. h 4. ,14*' t'I Ii . , q 4t l I, fi . -Y,•.ltl At 1 ,I * ,

1%n h -. 1,, dlh I I i1|ll I( I I , k I 'k 1 ,' kil illr fit I h . iflW tn 1 -l ll, k 1h l. 0 -1 o 3 I l~I \, J k , olf, -i'li ll.'I A i-11I•? Il

sUgfI %ld 2 d. nilk., 1101 tilt I t'tL1 l. I .4 ' .t " .f \ ., i.IT . t11.iiif I " 4,I '% k" \ tt ' 1fki ',-' i l. , , tilt, I t 'tl

Ica.kagc fill\ ,.u114mmhn•ig ilh( JII ,11 h11ih

I. INTRODUCTION Ill. MODEL OF THE CYLINDRICAL dl dt UMITER

Ill all but tile w o",I Ili, .1 1 h l c k) tlutll tilt ulls ", ,. llic |4)[111 \ I\%t I I(II II t IllI I I { )i t 1 1 th' wieI(IIIlhk, '1 dt hit I k', I , CI s us d •I+,,

M1l ov'rcLIrrlnt prll.ectllln lU I ll" lil )%. ld'd A\hhII1 gh 4'44.1 4 [\ o - tilet ,i for w. In c4.%.:'%'ice. it eglcicts AIhe eid clfct,,
current proltectio•. hIl'. Irailioiniiall * Ic•4.n prto% idci I)\ ht,,l, due' h11 Ilh fiIlI'i length ot flhe dl ,ii It lllt4ll . and it is'.unic
ers and •uses, h. tlwr , arile numet ti s applit ,iionii.• M.h. 144 lll. tha 111, h lilt' 11.4gili tl h' , fll44'4 Il l t ulil pýlht .ll tlr, llgl tihe
additional miethod I,, necded lin o4d4 k r I14 g•Ihlh 4.c' 4•'ll tl .tltlild d'\ Il.T'
COlmponent sccurtil. Tilt%. iS cipeci'ii ll Ii tit 14 ccthi ll s.cll I lie tIl\ dcnIi t\ \ c t'.a'. tt.bigicl4 i ficld iIlcn itv I11 vs lI)
conductor d.evices. which h vc a1 ,, c a i'l V livl44 L'IilC 14 4 4.1c re 4. I I( li t , ( it I lhi c ire' a nd p1w . IIlIII ll gilllil nlalmte rials a re
current, due to the very 4 Io lhcrllmal C'apitl,( tI l 4 1 1114.' h i ll pr l i•e1nah.'d 4 h n 114'ca l equatioins oi thie I lc shown below,
semiconductor wafers trol 44 Io i h lhc,,these 4cc,, 4c i nlldc.

This article examinics a device. called ;I c\ lindhical di dt (i.t,: I?., p',.,,,. I)
limiter,'-2 which could lhe placed Iit series with dic luwc. and This 111ay 4ia cilht 14l.e natural recoil line of the i,'ignlcic
which for normal circuit operation would appear io htil cir- material or the Ic rsult tit stbilization. The linear approxi ma-

cuit as a low impedalIlCC conductor, but whicth would trans- 1lio1l to thie coe'-, 11 vs 1I curvc is shown in Fig. 2:
form itself into a large inductanc when thet circuitlL currenlts In sat urat ion B 1t. , 1 'p.yI Mdll/c.l,, (2)
exceeded some designed threshold level.

()ul t" saturation Boll,- 4 1A 1144/1l Cole. (3)

II. CYLINDRICAL dl/dt LIMITER IV. DERIVATION OF FLUX LINKAGES AND

Stripped to its essential components. the cylindrical INCREMENTAL INDUCTANCE
dlldt limiter is shown in Fig. I(0. In essence, it is a hollow.( ' Applying Ampere's circuital law
cylinder made up of alternating slices of 'a soft saturable core
material (dark gray) and a permanent magnet material .(4)
(black). This cylinder is then surrounded by a coil having in l
general N turns. t, tile two-dimensionadl (dldit limiter model shown in Fig. 7,

The dl/dt limiter functions as follows: With zero coil yields a set of' equations which describe the static or low
current, the wedges of a permanent magnet cause I magnetic frequency flux linkages (,) within the dildt limiter. By low
flux to flow in a near-circular path through the magnet and frequency, it is meant that the effects of eddy currents are no.i:
core materials with sufficient intensity to saturate the core. lit taken into account.
this state, the incremental inductance (rate of change of flux The operation of the dl/dt limiter is divided into three
linkage with respect to current) is low. modes of operation determined by the state of the core. The

A positive coil current creates a magnetomotive force state of the corc is determined by the coil current. The total
(mmf) which opposes the mmf of the permanent magnets. As
long as the current does not exceed the designed threshold
level, the mmf of the permanent magnets is sufficient to
maintain the core material in saturation, and the incremental
inductance of the device remains low. Larger positive coil
currents reduce the flux density in the core region below the
saturation level and into the high permeability region. In this
state, the incremental inductance of the device is high. It is
this increased device irnductance which reduces the rate of
current change in voltage-source-fed 6ilcuits.

The mmf due to negative cutrents supports the mmf of
the magnets; the core is; forved deeper into saturation, and the F I1. I. ' th c indrical dll/di iillcr tlrt-hiand side) and the extedtetd iag-
incremental inductance of the dl/dt limiter remains low. net version (right-liand sidcl.
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0 1 iag V Y . V

lI 1 tic t'i dlllmLn tlonhal nodcl (i t the dldt linitcr.

limiter hlas a colstant value ,. ISrr in the fault region. and a
lower constant value I. SAT in the normal operating region. It

flux linkage has three comlponels: %,,, i% due to the inner is only in the transition region that the incremental induc-
conductor, A,,,,, iF due to the outer conductor. and the remain- lance is a function ol current. In the following equations, the
ing comnponett is due to the flux in the core. symbol "-Length" is the axial length of the three-dimensional
Region I: NI< RB/3: The core is completely saturated. device.

AsIr=AI,,+A.,+A,,,, (5) lN 2ILcngth R!-3R2 R41 In(R,/R 1 ) (

Region 2: R~ •NI -<R /3 ", The core is partially saturated. A "- 2 4(R -R ) + R_ ) ) (

This is a transiti,'n r:gion. g0NlLcngth R]-3R4 Rit'ln(R4 /R3 )

A [r~ANs-Ai,+Am,,,.+Aou,. (6) Au, 2I [4(RI-R2) (R2-R2 )

Region 3: NI>RR3#, The core is completely out of satura- (10)
tion. A,,= NNLength

A UNSATI Ain + Au,,sat + Aout (7) r - B rn 0 agIsat- B (2 "T- 0r Ig)/z.,#= gAula -p- ( R., - R2
a~~agP t ) t - B,.( ( 27r - Am,i~,, +i± niag~ultsilt)a~at+(27 - (R1 -RA2)

(8) + + (2o.LnI-s0tN In R- 2  (11)
The incremental inductance (L = dAIdl) of the basic di/dt Oniag,.,at±(21T r-,g) \ 2, /

A t,n,,-- NLength - Bon 0,ag ul... (R., - R, ) + A unstNI In ( 1
O'a(gR.R.ut+ (2 7r+- "ag),mgPun + (27- 0mnag)Am R,B thtnads( r- mg o'Aatl

-B,,O,+B(2 r- IVig)I ,, IengthtNI n( In (12)+ N~cngth Oagl.sat+ (27tr-Oniagdt.kni (RO ., +0ag•at +. ( 2 ir - Onag) !R,,

R,=NI/f,. (13) I-,Lun..= 1000, B,.=0.4 T, /,t,,= 1.05, and B,,,= 1 0 T. The
Rtcore region coil is made of square No. 4 wire (Awire=39 842.5 mil2),

R(, is the dividing radius between the unsaturated core region which has a dc resistance of 0.6861l/1000 mil at 25 'C and a
(inside this radius) and the saturated core region (outside the maso0235kin

radius).mass of 0.2335 kg/m.
radius). In Fig. 4, the flux linkage versus current graph for the

Aunsat-.= NLength 0mag= 2rr/20 device of Table I is shown along with the results
from a set of finite element simulations. The only difference

X O Baglns+(,r O m ag),t (R,--R2 ) between the 16 and 64 segment devices is the number of
permanent magnet wedges that the magnetic angle n,,,g is

goAMAIluSat(iR) R3 ] divided into. Many thin wedges tend to reduce the amount of
Omag/.L unsatNI nIn - . (14) leakage flux outside the device, i.e., more of the flux is con-

-magunsat + (2,rOnag).dn. \fl2  fined to the core. Hence, the transition from the low to high

Table I summarizes the physical dimensions of three ex- inductance state is sharpened as the number of wedges in-
ample dI/dt limiters. Each device has a low inductance re- creases. However, large numbers of core and magnet wedges
gion extending up to 'kne,= 5 0 A, and each has a fault iuduc- may bc undesirable from a cost and construction perspective.
tance LUNsA-r- 4 5 mH. In these examples, the material In Fig. l(b), a modified device is depicted in which the
constants for the core and magnet material are: ý sat=1.0, permanent magnet wedges are extended to the outer edge of

J. Appl. Phys.. Vol. 76, No. 10, 15 November 1994 Young, Dawson, and Konrad 6875



TABLE I. Physical characteristics of three di/dt limiters. II) I) Segm endcc ,

2n~1 lbx~ Segficrih device1 2) 6,4 Segmenlt tkvlc¢ 4/

21Tr 2 r 2tr A1) 16 Sej estended itignei / 4

0•.q•1 2(0 h( I nkagc 0n rI ~
0.2998 0.3964 0.6900 -I /R5)

0.3241 0.4083 (0.6983 .5

R 0.3565 0.4491 0.7681

R 4  0.3771 0.4596 0.7702 0 50 0(x)

Length 0.06482 0.08160 0.1397 Current (A)

N 1852 1167 399

Magnct mass (kg) 3.33 3.33 3.33

Core mass 19.8 41.8 217.9 FIG. 4. Flux linkage vs current graphs for the 1)*• 2 rr/20 device of T1ahle

Coil mass 122.9 78.95 39.86 1. The "theoretical prediction" line was obtained from the performance

Total mass 146.0 124.1 201.1 equations. The remaining curves are from a set of finite element sinmulations.

Resistance (11) 0.36 0.23 O,.12
LsAT (mti) 6.22 2.51 (0.43
L UNSAT (r,.H) 46.0 44.01 40.3 For currents below a designed thresh, Id level, it was shown

UNSA7.5 93.1 that the inductance of this device could be designed to be
LSAI. quite small- above this threshold level, the inductance of the

device increases dramatically to another much larger de-
signed value.

A modification to the basic duldt limiter was shown in
the conductors. Extending the magnets helps to maintain a which the permanent magnet wedges were extended to the
more uniform flux density in the core material. Thus, fewer outer edge of the current conductors. The effect of this was
magnetic wedges are required to achieve a sharp transition to reduce the number of wcdges required to achieve accept-

from the low to high inductance state of the device, able device performance.
It can be shown, that for the cylindrical duldt limiter, the It was also seen that at larger values of thheshold current

combined volume of the core and permanent magnets is and drvice inductance that the volume and mass of the di -
T m2 vice could be considerable, thus the cylindrical dl/dt limiter

Volume>- 2 tmg(B LUNSA_ ) (15) would likely only be practical for applications in which
Volume ag(B -B,.)2  

.IneJcUNSA,\ is small.

This is an unavoidable characteristic of the cylindrical duldt
limiter which tends to result in a fairly heavy device for large
values of iln and LuNsaT, or small values of 0.,,. For ACKNOWLEDGMENT
instance, the mass of the 2r,/20 device is 124.1 kg, of which
3.33 kg is due to the permanent magnets, 41.8 kg is due to The authors would like to acknowledge the generosity of
the ferrite core, and 78.95 kg is due to the copper conductors. Infolytica Corp. of Montreal, Canada for the use of their
For smaller values of LUNSAr and t kncc, the weight of the finite element software package MagNet.
device is more reasonable, and the simplicity of the cylindri-
cal device makes it attractive.

V. CONCLUSIONS 1S. J. Young, F. P. l)awson, and A. Konrad. IEN; Trans. Magn. 28. 30151

(1992).
This article examined a device which has the potential to 's. J. Young. F. P. Dawson, and A. Konrad. lIEEt Jp. Ind. Appl. Soc. E 105

function as a selective rate of current change (dl/dt) limiter. (1991).
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Effects of additives on magnetic properties of sheet Sr-Ba ferrite magnets
Young Jel Oh, In Bo Shim, and Hyung Jin Jung
M1)1 (J I iif COW/Fnni %. K icaInVIII IM111 0/ S(i 10'ni 111d I iin~ihii 4 . Sv 'old I00) -050A .

Jae Yun Park
Depairtmntis, of, .tagi'rtaI %i S icic't ' rl [1,u l tis, el ' 'I-ng,' 1 n '111 (*1 N i% / c,I( III( /i,)j .11)2 7- 7.), bs'inia

Seung lel Park, Young Rang Urn, Young Jong Lee, Seung Wha Lee, and Chul Sung Kim
IDeipartmntn tof I 'i'An %. Kikook,:, U11'oi ', .VI. ScoruI I/30 702. Korie a

Sr,,1 ý1 -,; 0 Jýe I -,' hexagonal ferrite hMs a~ttracted much attenition dLIc to its larg~e v~ ~\ aluecs
and workability, . We have pre pa red sheet magnceis hv tile D)r. MIade inc hi d. To cx al in i ticl e cl'fcct s
of' addit ives, such as Si() . Tio, . Al ,(). and ( r. ) 0t. ott magnetic properties of' sheet magnlets. we
used VSM niagttetometer. X-raV' diffract ion, and Mossbaucr spectromeiter. The crystal structure is
found touti a mlagnlcl1(1)0in hit c of t ypicaI Al -ty pe hl'i' agonlk ferrite. but the ik-Ic *Oi phasc dcvclops
with increasing additives concentrationi. U sing ou:~ -i'dd compipter progiain. %kc have attal V/ed the

spectra in tlw le rniperat tire range fromi 1 3 io SOOI K~. TIhc M isshatuc r spectra intdica te that
the line intensity for the 124- site is reduced] wvih increasing Si() concentration, which is diffIerenlt
fronm the reports oft Ic-substituted Hai ferrite. This suggests that thle developing (r-F I' 01 phase is
related to I 2k sites.lihe isonmer shi ift s sho w thle charge states of I~c ionits is fe rric. Whn fil te additives
conicenttrat ions incerase. thle C urie tcttlperatutrcs. T, go down, One sextet for ii-Fc(), phase still
pecrsist% above 1', , SO it su~ggests that the high-F Values, do tot result froml 11-I~c A While Al,), and
('ri 1 additives inrerase coercive force I!, . the otther additives reduce it.

1. INTRODUCTION

The hexagonal ferrite oft the At -type (I a.SrI Pc I A)
have alttracted mtucht attenitt ion as pe rmanientt inutgt ets. pe rpc 0-

dicular magnetic recording media. atnd microwave device M
ntateri~als.' ' Th'ley are widely used because of their high co-'
cerivity and low cost. Blesides, they arc vcr ' vstable aind hav'e .*~
electuical resistivity." tin optimizing hard ter-rites for perttii-
flL'tll tmagtnet applicatiotns. a compromiise is usually struck
betweent ob~itaining a Itigh re inanentce ValIue or aIt higlcite reiv -
ity. whIich is depentdenit otin microst ruct ural teatuttres.

The remancitec Br is at strong futtction itfdetilsitV. chIc1tt- .

istry. and otrietntationt, while thle coercive force. if, i's related
to grain i size. T he problenin is to aichiteve finle grait Sizste 'itt d
high dentsi ty simnulIt aneousl y. It htas [)ell reported that sonic
additives such as SiO,.TiO,. BaO 1 , 0,rA 1, and 6ia.0, are
active ingredients that definitely itifluettee tilte
microstructure.s 7

Additives play a role as an activator and inhibitor. The
method of addition and amounts are also very iinportaitt
techniques. KooWs has foutnd that SiO, iii tlte correct propor- ý
tion inhibited grain growth by forminig at second phase at thle
grain boundaries. Okumuram has found Bi,O1 improves the
reaction rate and incerases the density (of barium, strontium,
and lead ferrites. Seok" noticed that All) reduces the size of'
unit cell (if barium ferrite, raises thle coercive force, loiwers

and rate of growth of the crystallites. Ott the other hand,

Wolski 7 has investigated the inifluenice )If the adinixtures
(AI203, Ga2O3, B10 3) upo.. the magnetic properties (if thle 12.1 0 1 8

strontium-barium ferrite Sr11 -7_Ba1, -,5Fe 12019.VV1.0CI'Y
In this work, ti-e effects (if trivalent base oxides (Al1203.

Cr2.O1) and tetravalent base oxides ('i10, SiO,) onl niagtietic FI.I M~shate eiao's-1 ertswil .-- aitiie; mn
properties of the Sr-Ba ferrite arc discussed. There has itot idniperiiturc.
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FIG. 2. MWisshauer s~pectrat ot Sr 13u ferrittc with I I) wt % dditvsa K. FIG. 3. MU%%hauer spetao Stla f swith udn d with A1,0 1 and
S10 at room tenmpeau. The dashed lineiniae the (rF

been an exploration of the effects of substituting part of Fe 3 f

with the cations of additives by MWssbauer spectroscopy, hexagonal cell is almost unchanged, while the c axis seems
to decrease slightly. a-Fe203 phase appear above 2.0) wt 01 of
SiC-, additives. The effect of substituting part of the Fe-"

11. EXPERIMENT with oxides was not noticed in powder diffraction patterns.

Strontium-barium ferrite Sr0. 75Ba112.Fe1 20 , was pre-
pared by the citric sol-gel method. The starting materials
were Sr(N0 2)2, Ba(NO)2, Fe(NO,) .9l'120 Of 99% purity. Af-GO
ter grinding and drying citrate gel, the ferrite powder was
reacted by calcining it at 850 *C for 2 h. The green sheets of
Sr0 7.jBa0.25Fe1 2O1.1 to which additives oxides were intro-
duced were made by Dr. Blade. Sintering was done at 5WX *C40
for I h and for the second time at 12WK *C for 2 h.

Mbssbauer spectra were recorded using a conventional 4
MWssbauer spectrometer of the electromechanical-type111

with a 57 osource in a rhodium matrix. a

* :k

Ill. RESULTS AND DISCUSSION

The x-ray diffraction patterns of the samples showed that 00 0 1)) 81

the crystal structure was a typical magnetoplumbite of the0 2060

M-type hexagonal. The lattice conistants of (K
Sr0.75Ba0.25Fe12O19 were found to be a =5.675 A, c=23.03
A. Adding oxides has no appreciable effect on the dimen- FIG. 4. Temperature dependence lof magnetic hypcrtinc tields (of Sr-3a fer-
sions of unit cell. In the case of SiC 2, the a axis of the rite with i.n-wt % 'rio, additives.
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*'4 0 0 /,0
g .J I ;I I ", "

0 0

7 ' 0 I .%1I," "-,

I I)-w

1.FIG; 0. Saturation magneltizaltioln AIý of Sr-Ba ferrites with and Witlhout

FIG. 5. 1)kpcn11de1n e ult ('Utl i¢ ,lLP tllIratt 1,s "1 i~itl ith' Conl l rt'C i0 Ill) of :Ladmixtures.
additives AI,0, and SiO,.

It is noted in Fig. 6 that additives increase the saturation

magnetization. Of all the additives AI,03 has the greatest
M()ssbauer spectra of Sr-Ba ferrite with l.O-Wt V(' Si2 effect on M, in the range of 1.0 wt %. However, an increase

TiO 2 , A120' , and Cr 20 3 are shown in Figs. I and 2. Each in additives reduces the saturation magnetization. The coer-
sites contributes a magnetic hyperfine sextet, in proportion to cive force, H,. is increased with the addition of the admixture
site population times the recoil-free fraction, to the total A1203 and Cr,0 3, but is decreased with the other additives.
Missbauer spectrum. With the assignments shown in Figs. I In general, i,. and M, partly depend upon density and
and 2, peaks of five sites may be identified visually. They are

grain size, and it has been shown that the coercive force, I/,
depends on the anisotropy field which is related to five Fc34

mer shifts at room temperature are in the range of 0.18-0.27 sites, but any effects due to the replacement of trivalent by
mm/s relative to Fe metal,i 2 which means that the ionic state tetravalent ecations in Missbauer spectra was not observed.

of iron ions with respect to five sites is ferric. The effects of In conclusion, it may he said that when the concentration

Fedi substitution with trivalent an p tetravalent cation of ad- of additives is less than 5 wt % the magnetic properties such
ditive is not found in the M~ssbauer spectraa as H-,, M.,, and Mr depend more on microstructure character-

The quadrupole splittings of suhlattice as a function of istics than on the additives. Additives can also play a role as
temperature show no abrupt change near 8(1 K. Krebera3 had inhibitor or activator when the cation concentration is less
proposed a model in which Fe' occupies randomly one of than 5 wt %.
the two equivalent sites of 4e instead of 2b at low tempera-
ture. Figure 3 show Mdssbauer spectra of Sr-Ba ferrites with ACKNOWLEDGMENT
changing weight percent of the additives A120 3 and SiO2 .

When the portion of additives is increased, the Mess- The present studies were supported by the Nondirected
bauer spectra of the Sr-Ba ferrite with A1203 admixture is Research Fund, Korea Research Foundation, 1994.
almost unchanged, whike that of Si0 2 is obviously changed.
The line intensity of the 12k site is reduced with the addition 111. Kojinia, I-ermmagnetic Materials, ediled by E. P. Wolfarth (North-

of SiO 2 , which indicates that Fe3+ substitutes for Si4*I. As Holland, Amsterdam, 1982), Vol. 3,1p. 205.

shown in Fig. 4, the variation of magnetic hyperfine fields of G, K, Thompson and B. J, Evans. J. Appt. Phys. 73, 6295 (1993).
Sfi e% a'G. F. Dimnne and J. F. Fitzgerald, J. Appl. Phys. 70, 6140 (1991).

Sr-Ba ferrite with the use of I-wt TiO 2 additives is simi- altti. R. Roberti. and G. ('aironi, J. de Phys. CI. Suppl. 4. c1-333

lar to that of the typical Sr ferrite. (1977).

The variation of Curie temperatures with the weight per- 'F. Kools, Adv. (cram. 15, 177 (1985).

cent of additives are shown in Fig. 5. When the weight per- "A. Yazaki, D. Endo, T. Uchida, Y. Nagata, and K. Ohta, I'rtc. I('F 6, 385
(1992).

cent of additives of samples increase, the Curie temperatures 'W. Wolski and I, Kowalewska, Jpn. J. Appl. Phys. 9, 711 {1970).

T, decreascs, but remain high, and one sextet for a-Fe20 3  "T. Okumura, H. Kojima, anid S. Watanabe, Sci. Rep. RITU A 7, 411

still persists about T,. It suggests that this high value of the (1955).

Curie temperature T due to additive oxides may be x- 'J. H. Scok. I H. Kim, and S. 1H. Cho, Proc. ICF 6, 1126 (1992).
Cu e '"C. S. Kim, 1). Y. Kim, H. M. Ko, J. K. Kini, and J. Y. Park, J. Appl. Phys.

plained as the small substitution of Fe3 + on 2b or 12k sites 73, 9%o U(1993).

by the trivalent or tetravalent cation, which effects changes "X. Z, Zhou, A, H, Morrish, Z. W. Li. and Y. K. Hong, IEEE Trans. Magn.

in the distance or the angle between Fe-O-Fe involved in MAG-27, 4654 (1991).

superexchange interaction, however changes of M6ssbauer 12C. S. Kim, H. M. Ku, W. Ht. Lee, and C. S. Lxe, J. AppI. Phys. 73, 6298
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Spin Waves
and Other Excitations C. A. Alexander and M. Pechan, Chairmen

Criticas scattering of electromagnetic waves on spin fluctuations
in nonsaturated magnetic films under acoustic pump

I. E. Dikshtein, R. G. Kryshtal, and A, V. Medved
Institute of Radioengineering & -lectronic. o]" Russian Acadeynv of Sciences, Alokho/avu, Moscow GS'-3.,
Russia 103907

The theoretical and experimental investigation of the microwave (MW) combination scattering on
spin fluctuations (SF) in the yttrium iron garnet film under acoustic pump were pursued. MW
frequency J'=-3.5-4.1 GlIz was well above spin wave spectrum at a preassigned ma1gnetic field. At
the external magnetic field range I!I1--5-4(} Oe one (or more) intensity peaks of MW scattering
were observed. The positions of these peaks do not depend on MW and surface acoustic wave
(SAW) amplitudes and frequencies and depend heavily on the magnetic field directions in a film
plane. Because these phenomena were closely associated with the domain walls (DW) reorientation
or at the domain structure transformations, e.g.. at the fiexural instability ot 1DW, one may speculate
that critical scattering of MW on SAW and SF was observed, ('ross section for such scattering was
calculated. In nonsaturated magnetic films the phenomena of MW scattering on SAW and spin
fluctuations at high amplitudes of the MW and SAW were investigated as well. In the area of
external magnetic fields Ho-250 Oe • stepped dependence of intensity of scattering MW was
observed. There is no appropriate explanation of this effect now.

Experimental investigations of nonelastic scattering of samples used for studying of the SMSW scattering by SAW
magnetostatic waves (MSW) by a surface acoustic wave phenomenon as well in our latest experiments. For excitation
(SAW) in yttrium iron garnet (YIG) films were shown to he and reception of SMSW use was made of ordinary transduc-
rather useful methods for measuring MSW propagation ers, i.e., planar conductor antennas deposited on the surf',,::
parametcrs, -3 as well as for studying MSW nonlinear of Y-Z LiNbO1 plates and YIG film was placed on the top of
peculiarity.4 The experimental procedure in this case consists these antennas, a very thin layer of vacuum oil being be-
mainly of measuring the output microwave (MW) signal tween the surface of LiNbO 3 plates and that of YIG film,
level of frequency f+ F (or f- F) as a function of the input providing rather good acoustic contact. SAW was excited by
microwave signal frequency f at fixed SAW frequency F and interdigital transducers (IDT). Tlhe insertion loss of such a
external magnetic field I/(. Usually under nonelastic scatter- SAW device was no higher than 20 dB at 15-40 MHz SAW
ing of MSW by a SAW the maximum level of the output frequencies in 50-1-measurement circuit. The dimensions of
signal takes place at a certain input MW signal frequency ]'. the antennas were 5X×.025XO.002 mm'.
when the phase synchronism conditions of nonelastic scatter- We used 3-30 A thick YIG films fabricated on (I1ll
ing are satisfied. (GG substrates by the liquid phase epitaxy method. Tile

Recently, when investigating nonlinear MSW scattering structures under investigation were installed between the
by a SAW in YIG films we observed that the output signal of poles of an electromagnet as shown in Fig. I.
the f± F frequency may have, under a certain condition, At a certain input MW signal frequency fJ' at which the
rather essential level in relatively wide input signal fre-
quency range which is far away from the phase synchronism SAW level control

frequency f, and even outside the MSW frequency spectrum.
Furthermore, such a signal appears also in nonsaturated YIG ui -
films at low external magnetic fields and its behavior as a : ;G2-YI(; filI

function of input microwave signal power shows a steplike LiNbO 3

dependence.
We have no reliable explanation of these experimental

results now, and we would like to present here some of these
results and discuss one of the possible hypotheses which may F
probably serve as an approach for explaining these results.

The experimental setup is similar to that used by us for f'rtr " + F
surface MSW (SMSW) nonelastic scattering by SAW inves- -

tigations. irlicrowave input to selective receiver

Figure 1 shows the experimental setup and the configu- FIG, 1. Schemnatic of the experimental setup and the configuration• of YtG
ration of a gadolinium gallium garnet (GGG)-YIG film tilun-(ci(i samples under invCstigation.
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FIG. 2. The output signal level A of frequency (f+ F) as a function of the YI0 film sample, H1-230 Oc. SAW pulse power 5(0 mW. --30 dB in hori-

external magnetic field at three values of the input cw microwave powers. zontal axis corresponds t) 0 dBm.

SAW-in pulse regime, pulse duration 1(0 ,as. repetition rate 2(X) kltz. YIG
film thickness .5 u rhnar dimensions of the samples 4X 10 Im) .

tal results were in good agreement with the th'!ory.l 3 5 At
higher MW powers we observed the output signal of if_+ I")

phase synchronism conditions for the scattering are satisfied frequency at low external magnetic fields when the input
and at sufficient SAW power a substantial decreasing in the signal frequencies f did not correspond to the scattering
output MW signal level (transmitting SMSW level) is ob- phase synchronism conditions and even were out,.ide the
served in the sample. This decreasing is proportional to the MSW spectra for a given value of the external magnetic
SAW power in a relatively wide range of SAW power varia- field. The measured output signal level of (f+ F) frequency
tion. In this case a reflected (scattered) SMSW also can be as a fnction of external magnetic field H at three different
observed. The reflected SMSW frequency in the case of the vahL.s (f the input signal powers is presented in Fig. 2 for
SMSW and SAW propagating in the same direction is less 5-,u-thick YIG film (magnetic field was parallel to tle anten-
and in the counter-propagation case is higher than the fre- nas). One can see two relatively narrow peaks at low mag-
quency of the incident SMSW by the SAW frequency, F. The netic fields (one at 5-15 Oe and the second at 25-40 Oe). It
signal corresponding to the reflected SMSW may be taken should be noted that the power level of these peaks is di-
from the input antenna with the help of a circulator as is rectly proportional to the input MW signal power, tl'cugh the
shown in Fig. 1 and measured by a selective receiver tuned output signal level at higher magnetic fields is essentially
to (fo'±F) frequency. It should be noted that such a tech- nonlinear function of the input power. The experimental re-
nique is rather sensitive, because no problems connected suits presented in Fig. 2 were obtained at 4044 MHz, Our
with interference between the output signal of frequency (f investigations have shown that qualitatively similar dep.n-
± F) and the input MW signal of frequency f arise. dences, including these two peaks, take place also at other

When investigating SMSW scattering by SAW the input frequencies in the range from 3500 MHz up to 41(X) MIz.
MW power usually did not exceed -220 dBm and experimen- In relatively thick YIG films (thicker than 20 A) a series

of two or more peaks at the 5-15 Oe position was observed,
while only one peak was at 25-40 Oc as in the thin film

0 case.
.30 :tou •Figure 3 represents the angular dependence of the output

S-signal level measured for 5-ýu YIG sample at 37-Oc magnetic
field (the second peak in Fig. 2) at 0.dBrm input power when

noo , " o the sample was turned around its vertical axes between the
magnet poles. Zero degrees corresponds to a sample position

2 ,cld aOd1J when the direction of magnetic field is parallel to the anten-

270' nas (see Fig. 1). The thick line in Fig. 3 represents the mea-
- ° ) surement result when a sample was rotated clockwise fitui

100 to 3600; the thin line represents the result when the sample
2400 was rotated in the opposite direction from 360'° to 0'. Curves

- ,:o0 of the angular dependences of the output signal level mea-
sured at higher magnetic fields differed from these in Fig. 3

0 ....... o5) and were strctched along the 90' and 180' directions, when
antennas were perpendicular to the magnetic field vector.

FIG. 3. The output signal level of (f+ F) frequency as a function of the Me as ure perp u lar teve a gnetic f " vec t

angle between the external magnetic field vector and the direction of SAW Measured output signal level as a function (f the input

propagation. f =4044 MHz, F=22 MHz, input microwave power 5 dlim, microwave power for a 5-A YIG film sample at 230-Oc mag-
SAW power 20 dBm (pulse regime, I(1-ps pulse duration), H1=37 Oe. netic field value is presented in Fig. 4. This measurement
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was produced at magnetic field directed parallel to the anten- where a correlator of order parameter fluctuations is
nas. SAW power was 50 mW. A steplike dependence and a 1 Q 2, 2 f12] -- (4)
hysteresis are clear seen in this picture. 2) yTQ[(2o +4 (4)

It should be noted that a stripe domain structure (DS) a frequency of the DW flexural vibration; is
with 1200 blocks was observed in all our YIG film samples (Q)- +sa velocity of the DW flexural
under investigation without external magnetic field. This DS vibrations, y is the DW flexural vibrations damping,
was reconstructing under the action of external magnetic f=w'-w-wA, Q=k-k'-kA . The following relations for
field. frequencies and wave vectors: (W o' >>WLA>l

We are coming now to the theoretical investigation of k-k'<kA-Q take place.
the MW combination scattering by spin fluctuations (SF) un- Generally, the magnitude of dU is negligibly small. Situ-
der acoustic pump in nonsaturated magnetic films at the first- ation reverses in the vicinity of the second-order PT point /l,.
and second-order phase transitions (PT) accompanied by the when DS loses stability with respect to the DW reorientation
stripe DS transformations. The equilibrium orientation of do- or with respect to the sinusoidal disturbance of a DW profile.
main walls (DW) depends on a DW type, the magnetic an- Then the projection of the velocity of the DW flexural vibra-
isotropy and a direction of a magnetization field H0 in a film tions on the DW direction (for definiteness sake we denote
plane. At the specific values H0 the first- and second-order this projection S.) tends to zero (S.,.I1H0-tt.1"2). In that
PT of DW reorientation type takes place in a film. On the case, when the conditions l=o,(Q). Q=k'-k-kA are ful-
other hand, as a magnetization field changes a DS with fixed filled, the MW scattering intensity increases abruptly and the
period d can become unstable with respect to a sinusoidal (or scattering effect can be accessible to observation. MW scat-
zigzag) disturbance of a DW profile .6 A long-order parameter tering intensity depends heavily on the direction of MW and
of such PT is a displacement field amplitude u(r,t) of DW SAW propagation in a film plane. It has a maximum
points about their positions in a regular DS. Soft modes cor- dUo (ywo) -_'xIH0-H,. 1/2 for k i1 kAlIx.
responding to the order parameter are DW flexural vibra- At the first-order PT point a discontinuous jump of the
tions. DW direction or DW profile disturbance of finite amplitude

The intensity of the MW scattering V' =an be represented takes place. In that case a correlator ((Iu(Q'W)I2 ý) has &-
in the following form shaped peculiarity. In real crystals even a weak dispersion of

magnetic parameters of a film leads to blurring of such a
U =(o 4/32 f

4 C2)( e3)2 V Re dk'((Ae,,6(k'-k,w peculiarity and decreasing of MW scattering intensity peak.
f So the intensity peak has a finite width and can be accessible

-w') Ae,,(k' - k, w - w'))),(1) to observation.
Thus we suppose a hypothesis for explaining the forma-

where V is a scattering volume, o (co') and k (k') are a tion of intensity peaks of the MW scattering in the weak
frequency and a wave vector of falling (scattering) MW, re- magnetic fields, In line with it we observed the MW combi-
spectively; wave vector k (k') is determined in a film plane nation scattering by SF under acoustic pump in nonsaturated
(x,y); e is an intensity of the electric field of falling MW; magnetic films at the first- and second-order PT accompanied
valueof)is a difference between the local and equilibrium by DS transformations. This hypothesis gives the reasonable
value of dielectric permeability of ferromagnet; c is a MW qualitative explanation of the following experimental results:
speed; ((..ov) denotes the average over the statistical ensemble (1) the linear dependence of the MW scattering intensity on
and over film thickness. MW and SAW power; (2) a weak dependence of the posi-We will be further interested in the microwave scattering tions of' peaks of the MW scattering intensity on MW and

on the order parameter fluctuations. Therefore, it will be con- S i es of the MW scattering
SAW frequencies; (3) abrupt increase of thi." MW scattering

sidered the corrections to the tensor of the dielectric perme- power dUrxi!.-H,I [ -112 in the vicinity the PT field
ability in the form Ho=H,. ; (4) the strong dependence of the MW scattering

A 6 0 I',/3y P, frikUyWv (,72M,,/-Xi'Xk, (2) power on the direction of a magnetization field in a film

where If is a magneto-optoelastic tensor, U,3 is the elastic plane.

deformation tensor induced by SAW; U = U0 There is no appropriate explanation of effects of high
deb U/ MW scattering far away from the phase synchronism fre

Xexp ('(kArL - (UAt; kA and WA are a frequency and a wave
veco of SAW, respectively; a tensore U core spncyands to the quency range. For the calculation of these effects it is ncces-vector of SA W , respectively; a tensor U corresponds to the s r o t k n o a c u t t e h g r e r c s e n o v nsary to take into account the high order processes involving
Love waves. MW, SAW, and SF. Jumps of MW scattering intensity can be

Substituting Eq. (2) into Eq. (1) we find the intensity of associated with the DS transformation in the high MW fields.
the scattering microwave on the frequency interval dw' and
on the solid angle interval dO in the form R. G. Kryshtal and A. V. Medvcd, Soy. J. Tech. Phys, 57, 1930 (1987).

dU = (V/I 6 7r) 2R. G. Kryshtal et al., Soy. J. Tech. Phys. 58. 2315 (1998).
3

R. G. Kryshtal and A. V. Medved, Soy. J. Tech. Phy%. 59. 82 (l99)_.
X((I)/2/C2 d 2 )Wo4 (FyrikQiQkUy,6MMP eo)) 1 4 R. (G. Kryshtal and A. V. Medved, Sov. Phys. Solid. State 34, 335 (1992).

5A. F. Popkov, Radiolckh. Elcktron. 27, 1306 (1982).
X((fu(Q, o)1 ))dw' dO, (3) 6l. E. Dikshicin et al., Sov. Phys. JETP 73, 114 (199 I).
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Light scattering from spin waves in MnF 2

M. G. Cottam
Physics Department, University of Western Ontario, London, Ontario, Canada N6A 3K7

V. P. Gnezdilov,a) H. J. Labb6, and D. J. Lockwood
National Research Council, Ottawa, Ontario, Canada KIA OR6

Measurements of the weak one-magnon light scattering in the antiferromagnet MnF 2 , including
Stokes and anti-Stokes scattering, as a function of temperature are reported. From the theoretical
analysis of the temperature and polarization dependences of the integrated Raman intensities, values
are deduced for the ratio of quadratic and linear magneto-optical coupling coefficients.

The observation of one-magnon light scattering in the The Raman peak positions for the temperature depen-
tetragonal, insulating antiferromagnet MnF 2(TN=68 K, dence of the magnon frequency are shown in Fig. 2, combin-
S-=5/2) was reported earlier.' However, experimental diffi- ing results from Stokes and anti-Stokes scattering in several
culties due to the low frequency of the spin waves and their polarizations. The peak frequencies were measured to within
weak light scattering intensity precluded an accurate study of ±-0.05 cm- 1 for the stronger lines. Comparisons are made
their temperature dependence. The advent of a high- with two types of theory, as described before.' The broken
resolution spectrometer with high stray-light rejection has and solid lines refer, respectively, to predictions of a linear
now enabled a detailed study of the Stokes and, for the first spin-wave theory and a perturbation theory. The latter in-
time, tne anti-Stokes scattering as a function of temperature. cludes effects of magnon-magnon interactions and is valid
The magnon frequency in zero-applied magnetic field renor- over a limited range of temperature (up to -0. 6 TN in this
malized from 8.7 cm-1 at low temperature [consistent with case). We assumed J=2.49 cm-1 for the dominant exchange
antiferromagnetic resonance results (Ref. 2)] to 4.8 cm-1 at interaction (neglecting the small effect of the other exchange
57 K, while the linewidth increased slightly from about 0.6 interactions for the zone-center magnons excited by Raman
to 0.8 cm-1 over the same temperature range. The magnon scattering) and gtyHA=0.7 5 cm-1 for the uniaxial anisot-
Raman integrated intensity exhibited a pronounced polariza- ropy at low temperatures, consistent with neutron scattering
tion dependence in both Stokes and anti-Stokes scattering, data.6 The temperature dependence of the anisotropy is con-
The measured temperature and polarization dependences of ventionally introduced by writing HA (Szln, where (S5) is
the Stokes and anti-Stokes intensities has enabled a theoreti- the sublattice spin average and n is a positive index1 with a
cal study to be carried out for the magneto-optical coupling value depending on the physical origin of the anisotropy. If
in MnF2. the neighboring spins are considered as being either com-

The MnF 2 crystal used in this study has been described pletely uncorrelated (implying (SiS)=(Sit(S)) for sites ikj
elsewhere.' The sample was mounted in a Janis DT cryostat as in mean-field theory) or strongly correlated, then this
for the low-temperature measurements and the sample tem- would lead to n = 1 and n =2, respectively, as limiting values.
perature was controlled and measured to within ±0.1 K. The In Figure 2 we show the theory curves for n = I and it =2. On
magnon Raman spectrum was excited with 800 mW of argon
laser light at 476.5 nm, which resulted in little laser heating
of the sample' (the temperatures quoted have been corrected a M 1

for a 1.0-K laser heating). The light scattered at 90' was
analyzed with a SOPRA DMDP2000 double minochro-
mator, which has the high-resolution capability (better than
0.03 cm-1) and high stray-light rejection needed for this L
experiment,3 and detected with a cooled Hammamatsu 2

R928P photomultiplier. In the analysis of the scattered light
polarization, the X,Y,Z labels refer to the a,b,c crystallo-
graphic axes, respectively. A typical anti-Stokes-Stokes Ra-
man spectrum is shown in Fig. 1.

The relevant theories for the temperature dependence of Z
the magnon frequencies and the one-magnon Raman intensi- I-z
ties are already well established for antiferromagnets with H x(5X1o-8)
the rutile crystal structure of MnF 2 (see, e.g., Refs. 1, 4, and
5). Here, we test the theories by comparing with the experi-
mental data and, from the analysis, we deduce results for the 0- 1
nature of the magneto-optical coupling in MnF 2 . -i -5 0 5 io

FREQUENCY SHIFT (cm-1)

"Pernianent address: Institute for LAow Temperature Physics and Engineer- FIG. 1. One-magnon (M) Raman spectrum of Mnl:, at 41 K in X(ZX)Y
ing, Ukrainian Acadermy of Sciences, 310)164 Kharkov, Ukraine. polarization with a spectral resolution of 0.53 cr .
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FIG. 3. Experiment and theory for the temperature dependence of the inte-
FIG. 2. Comparison of experiment and theory for the temperature depen- grated intensity for Stokes scattering in several polarizations. The experti-
dence of the magnon frequency. The data points refer to O, Stokes scattering mental points refer to 0, (XZ) polarization; E], (YZ) polarization; A, (ZX)
in (XZ) polarization; 0, Stokes scattering in (YZ) polarization; A, anti- polarization. The theory curves are for Ge/K, =0 (broken line) .rnd
Stokes scattering in (ZX) polarization; V, anti-Stokes scattering in (ZY) G+/K+0.08 (solid lines).
polarization. The broken and solid lines refer to linear and interacting spin-
wave theories, respectively (see text).

Following Ref. 1, these are denoted by K, and G, for the
comparing with the experimental data, which are more de- linear and quadratic magneto-optical coupling for in-phase
tailed and extend to higher temperatures than in Ref. 1, we scattering, while K_ and G_ are the corresponding coeffi-
see that taking n = I provides a clearly better fit in the case of cients for out-of-phase scattering.
the linear theory and a marginally better fit also in the case The expression for the anti-Stokes intensity IAs is sit-i-
where spin-wave interactions are included, lar to Eq. (1) provided the factor (n M+ 1) is replaced by nM.

We next discuss the results for the ligitt-scattering inten- Also F 1,, and Fm,, are replaced by Fill and F .espectively,
sities. Data have been obtained for both Stokes and anti- obtained by making the substitutions4 K÷-+-K 4  and
Stokes scattering in X(ZX)Y and Z(YZ)Y polarizations, for K---K_ in the definitions of Fil and Fout In general,
Stokes scattering in Z(XZ)Y polarization, and for anti- Fin-*Fin and Foat ,*Feat, (except in the limits of linear
Stokes scattering in Y(ZY)Z polarization. Some results for magneto-optical coupling only or quadratic magneto-optical
the temperature dependences of the Stokes and anti-Stokes
integrated intensities, Is and ]AS, are shown in Figs. 3 and 4,
respectively, and will be discussed later. The units are arbi-
trary, but are consistent between the two figures. According 120........ -- t ....---........
to theory, Is for Stokes scattering takes the general formt14-

is=A(S')(nM+ I )(Fill+F 0 ut)/wM , (1) 00o

where the overall factor A is independent of the temperature
T and the scattering geometry, wi is the magnon frequency, 8o
and nM=[exp(hwM/kBT)-l]1 is the corresponding Bose 3:1

factor. The quantities Fin and Fout refer to the in-phase and 60O
out-of-phase contributions, respectively, to the scattering I
from the two sublattices of the antiferromagnet. Their ex-
plicit expressions are given in Ref. 1 and include the effects 40

of a magneto-optic coupling that is quadratic in *he spin
operators as well as the usual linear magneto-optical 20
coupling.t ' 4 The quadratic magneto-optical coupling is /
known to be important in another rutile-structure /
antiferromagnet 4'5 FeF2 , and it is of interest to determine its 0 0- Z 1 . _ .. . , ......
effect in MnF 2 . The possibility of an out-of-phase term in Is I (K)
arises because the two sublattices in FeF 2 are not equivalent
(due to the coordination of the F- ions). Hence, the theoreti- FIG. 4. Experiment and theory for the temperature dependence of thc intk-

grated intensity for anti-Stokes scattering. The experimental points (A) reter
cal model involves four magneto-optical coefficients that are to (zX) polarization. The theory curves are for G ,/K, =0 (broken line) and
independent of temperature and light scattering geometry. G÷IK+=11.08 (solid linet.
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coupling only), and consequently the intensity ratio 'As"1 temperature dependence. In Fig. 4 it can be seen that the
differs from the usual thermal factor nMt/(n-A-+ 1) when both variation of IAS(ZX) is much better described by the solid
types of magneto-optical couplings apply. Also the individual theory curve for G ./K, =0.08 than by the broken curve for
temperature dependences of I, and 'AS are modified and de- G, 1K, =0. Further evidence that G ,/K ýI: is provided by
pend on the polarization, e.g., as confirmed experimentally the intensity ratio IAS1S in (ZX) polarization, where we have
for FeF2 (see Ref. 5). measurements at three different temperatures. Overall, from

In making preliminary comparisons of theory with ex- the 7 dependences of I1, and 1,S and from the behavior of
periment for the Raman integrated intensities in MnF,, we IAS/IS, we deduce that G+1K, lies approximately in the
have assumed for simplicity that in-phase scattering is domi- range 0.05 to 0. 1.
nant. This would be expected because the deviation from In conclusion, we have presented new experimental data
tetragonal symmetry at a Mn2 f site is relatively small. For for the Stokes and anti-Stokes light scattering in MnF 2 . From
the Stokes data in Fig. 3, the theory predicts that a preliminary analysis for the dependence of the intctgrated
Is(XZ)=Is(YZ) at any given temperature, whatever the val- intensities on temperature and polarization, we obtain good
ues are for K, and G, , whereas I(ZX) will ne different agreement between theory and experiment. The results indi-
(unless G K , =0). It is seen that the intensity data points cate that, while the linear magneto-optical coupling coeffi-
(allowing for an experimental uncertainty of 10% io 20% cient K , for in-phase scattering is dominant, there is an im-
typically) broadly confirm this prediction and allow us to portant contribution due to the quadratic in-phase coefficient
make a rough estimate for the ratio G ,/K , . First, we note G, . A more detailed comparison between theory and experi-
that in the absence of any quadratic coupling (G .1K, =0), ment will be undertaken to determine if out-of-phase scatter-
the intensities for all three polarizations would be described ing is signiticant.
by the broken curve in Fig. 3, which provides an inadequate
fit to the data. A much better fit is provided if G 1K, is
small and pos7.ve, as illustrated by the solid lines for D . : oawood ad M. G. Cottam, Phys. Rev. B35, 1973 (1987),
G +/IK =0.08 in Fig. 3, where the upper line refers to (XZ) 2 1. M. Jothnsoun and A. H. Nethcrcot, Phys. Rcv. 114, 705 (1959).
and (YZ) polarizations and the lower line to (ZX) polarizat- 3)D. J. Ltckwood, Surf. Sci. 267, 438 (1992).

tion. *M. G. Cottam, J. Phys. C 8, 1933 (1975).

Similarly, for the anti-Stokes data, tl.'e rolc of quadratic -M. G. Cotnm and t). J1 lAckwood. light Sca'tering in Magnetic Solids
(Wiley, New York, 1986).

coupling is to enhance the intensities in certain polarizations 'A. Ok,'ki. K. C. Turberfield, and R. W. H. Stevenson, Phys. Lett. 8, 9

(making it easier to ,tudy experimentally) and to modify the (1964).
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Controlling high frequency chaos in circular YIG films
D. W. Peterman, M. Ye, and P E. Wigen
Department of Physics, Tihe Ohio State University, Columbus, 0/ho 43210

High power ferromagnetic resonance experiments involving thin circular YIG films produce chaotic
oscillations with broad band frequency spectra in the 0.5-25 Ml-z range. To eliminate chaotic
oscillations, a delayed feedback of the ac component of the ferromagnetic resonance signal was used
to modulate one of the system parameters, the applied static magnetic field. The chaotic oscillations
were converted to oscillations of reduced periodicity, and ultimately the quiescent state, as the gain
in the feedback loop was increased. Similar results have been obtained in numerical simulations.

I. INTRODUCTION GHz which was produced by a slotline structure and oriented

The ability to control chaos has generated much experi- perpendicular to the static field.13 Radio frequency absorp-

mental and theoretical interest.' -' Chaos in nonlinear dy- tion of the sample was detected by a diode. Under high rf

namic systems can be controlled by applying small perturba- pumping power, the absorption signals of the sample were

tions to an accessible system parameter to stabilize an observed to show periodic or chaotic oscillations with typical

unstable periodic orbit of the system's chaotic attractor. Us- frequencies of a few MHz. The emergence of the oscillations

ing the method proposed by Ott, Grebogi, and Yorke is a function of the frequency and power of the rf pumping
(OGY),' the discrete perturbations to the chaotic system are field, and the magnitude of the static bias field.7'8
calculated from the dynamic properties of the chaotic system In the experiments, the static field and rf power were
near the unstable fixed point on the Poin~zare map corre- chosen to produce a chaotic absorption signal from the
sponding to the periodic orbit onto which the system is going sample. The ac component of the oscillating signal at the
to be stabilized. This method of controlling chaos has been diode was fed into a delay line and then to a voltage to
used successfully in a number of different experimental current converter amplifier. The current from the amplifier
systems. 2- 4  was used to drive a 20 turn coil 5 mm in diameter, approxi-

In high power ferromagnetic resonance (FMR) experi- mately 1 mm above the YIG sample. The coil plane was
ments involving thin films, interactions between magneto- adjusted to be parallel to the sample plane. The magnetic
static modes give rise to the observed nonlinear effects.7,8  field produced by the coil perturbed the static magnetic field,
Above some threshold of the rf pumping power, instability The delay time and the gain of the feedback loop could be
oscillations in the absorption signal are observed. With in- adjusted to achieve the control of chaos. Only the ac compo-
creasing pumping power, the oscillations bifurcate from pe- nent in the output current from the amplifier was used for the
riodic to chaotic oscillations through period doubling.9 (n The perturbations. This was done to prevent a dc component that
fundamental frequencies of chaotic oscillations in the ab- could bias the system out of the chaotic state by the applica-
sorption signals are typically in the range of 0.5-4.0 MHz. tion of a constant term to the bias field. This also allowed the
The high frequency dynamics in the FMR experiments hnake perturbation to the system to approach zero as the oscillation
it difficult to control the chaos using discrete pei'turbations amplitude in the rf absorption signal was reduced due to the
such as the OGY method. Consequently, for controlling effect of the perturbations.
chaos at high frequencies, a time delayed feedback method Figure 1 shows an experimental result of controlling
has been developed, in which the chaotic signal detected chaos. In this case the chaotic absorption signal of the
from the sample was time delayed and amplified before it sample was time delayed by 47(1 ns. As the feedback gain
was used to perturb a system parameter. the bias magnetic was increased, the absorption signal from the sample was
field of the sample. An advantage of this analog continuous converted to a period-4 oscillation by the perturbation fields
feedback method is that no detailed calculation is necessary, of the coil. Further increase of the feedback gain resulted in
allowing unstable orbits with submicrosecond periods to be a period-2, period-l, and finally the quiescent state, where
controlled. In addition to stabilizing unstable periodic orbits only dc absorption was present in the FMR signal even
of the attractor, the total suppression of auto-oscillations, the though the pumping field was sufficient to maintain a chaotic
quiescent state, can be obtained by using this method as well. state without the control. Delay coordinate plots of the data
Suppression of chaos, resulting in periodic oscillations in presented in Fig. I were used to construct attractors for the
experimental FMR using external sinusoidal modulation of controlled and uncontrolled signals. From visual inspection
the applied field has been previously reported. ''2  of these attractors in delay coordinate space, it is apparent
11. EXPERIMENT that the stabilized period-4 and period-2 orbits are unstable

orbits of the Unperturbed chaotic attractor. In the quiescent
The experiments were performed on circular disks of state, the amplitudes of the frequency components in the

yttrium iron garnet (YIG) film roughly 2 mm in diameter and Fourier spectrum were found to be 20-30 dB less than those
about I Aum thick. A static magnetic field of about 2000 Oc of the chaotic spectrum. A chaotic signal reemerged from the
was applied perpendicular to the film plane. The sample was quiescent state when the gain was increased even further.
excited into resonance by an rf pumping field of around 1.2 Other samples show similar behavior.
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-25 FIG. 2. Experimental results for controlling chaos in FMR using tit- dc-
--- I_---_------__ _ •layed derivative feedback m ethod. (a) Chaotic oscillation of FM R signal

25 without perturbation. (b) Controlled period-2 oscillation (gain=2.4 4.u.), (c)
(W) Controlled period-1 oscillation (gain=4.2 a.u.).

-25 111. SIMULATION
0 2 4 5 8 0o In the numerical simulations for controlling chaos in

Ti ... (,U3) FMR using the time-delayed feedback method, the theoreti-
cal model developed by McMichael and Wigen was used.8

FIG. 1. Experimental results for controlling chaos in FMR using the time The normal modes in thin circular YIG films are the magne-
delayed feedback method. (a) Chaotic oscillation of FMR signal without tostatic modes, which have the form of Bessel funcLions. By
perturbation. (b) Contro,led period-4 oscillation (gain=0.45 arbitrary units). integrating the equations of motion for the complex ampli-
(c) Controlled period-2 oscillation (gain=0.80 a.u.). (d) Controlled period.-I
oscillation (gain=5.50 a.u.). (e) The quiescent state (gain=6.50 a.u.), in tude of these modes, the dynamic behavior of the systcm
which all oscillations were extinguished. could be simulated. The FMR signal in the model, S(t) was

proportional to the sum of the imaginary parts of the moue
amplitudes. This corresponded to the absorption signals mea-

The amplitudes of the perturbation field required to sured in experiments. To simulate the time delay feedback,
maintain the periodic oscillations were in the range of 0.01- the static magnetic field H0 in the equations of motion was
0.1 Oc. In preserving the quiesceit state, the coil produced modulated by the ac component of the FMR signal
fields of less than 0.01 Oe. Thus, the ratio of perturbation
field to the static magnetic field was about 10- 4 for control- Htotai(t) =Ho +K[S(t - S) -S(t - 8)].
ling periodic oscillations. The ratio was less than 10-5 for Here 6 is the delay time and K is proportional to the gain of
maintaining the quiescent state. Removal of the perturbation the feedback loop in the experiment. The dc component of
field caused the system to revert back to the chaotic state. It the FMR signal S(t- 8) is subtracted so that only the ac
was possible to stabilize periodic orbits for several values of component in S(t) is used for perturbation. The debifurca-
the feedback gain, but quiescence was only achievable with a tion route caused by increasing the feedback gain observed
delay time of around 470 ns. in the experiments is predicted in the simulations for both

Figure 2 shows another example of controlling chaos direct and derivative time delayed feedback. Also, the values
using time delayed feedback. However, in this example, the and sensitivity of the delay times used in the model are simi-
oerivative of the sample absorption signal was time delayed lar to those observed in the experiment.
before it was used to perturb the static field. Although the

quiescent state has not yet been achieved, this example also IV. CONCLUSION
shows a debifurcation route with increasing feedback gain,
as seen in Fig. 1. With increasing rf power, the sample dis- In conclusion, through use of time delayed feedback,
played a period doubling rcute to chaos. Applying time de- very high frequency chaotic absorption signals of FMR have
layed feedback led to the stabilization of period-2 and been controlled by perturbing the static magnetic field con-
peilod-1 orbits as the feedback gain was increased. In this tinuously. In using this time delayed feedback method for
example, the perturbation fields ranged from 0.1 to 0.5 Oe controlling chaos, no detailed analysis of the system's attrac-
and the delay time used was 390 ns. In addition, the system tor needs to be made. It is suitable for controlling the chaos
attractors of both the controlled and uncontrolled signals in a in complicated systems which show high frequency oscilla-
delayed coordinate plot indicate that the controlled orbits tions. All that is required is the alteration of some system
were unstable orbits of the unperturbed chaotic attractor. paramicter by a time delayed signal of the system's output.
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Study of spin wave resonance in a superconductor with paramagnetic
impurities

I. A. Garifullin, Yu. V. Goryunov, and G. G. Khaliullin
Kazan Physical-Technical Institute, Kazan 420029, Russia

The spin dynamics of paramagnetic impurities in a superconductor in the presence of external
magnetic field has been studied both theoretically and experimentally. Long-wave excitations
(q•-', where e is the coherence length) are shown to have coherent spin-wave nature even in a
paramagnetic phase. This effect is caused by the long-range (R-6) indirect exchange interaction
between localized spins in a superconductor. The spin-wave effects in EPR of Er3 1 ions in the
superconducting (SC) Lai __,Er, thin films have been observed. An additional absorption at the high
field side of the main resonance line which leads to its distortion has been found. Satisfactory
description of all features of observed spectra was obtained by simulating the spectra with account
for the microwave absorption by spin-wave excitations. The spin stiffness coefficient and the
temperature dependence of the spin susceptibility of the SC lanthanum has been determined.

I. INTRODUCTION II. THEORY

Previous study of EPR of Er3+ ions in the We calculated the dynamic susceptibility X,,,q of local
superconductor' revealed anomalous behavior of the EPR moments using the method of nonequilibrium statistical
linewidth AH which contrasted strongly with the expected operator.4 We obtained the following spin excitation spec-
change in AH. Instead of increasing due to the coherence trum at q•<f-l
effects the EPR linewidth narrowed sharply at the transition e + .
to the SC state. This effect was attributed to a new long- Wq= Eq-i( r1 + Yd (4)
range exchange coupling of local moments in the SC phase Here the split excitation energy e,, and its damping due
due to correlations in Cooper condensate. This idea on addi- to the exchange fluctuations (y") and dipole-dipole coupling
tional indirect interaction was previously proposed by Ander- ,(y{'I) can be written as

son and Suhl 2 when they discussed the magnetic ordering in c2 b re

the SC phase. ECq=gfgH-D"q2, D"x(S$S3 Jg2, (5)

The exchange-coupling integral in a superconductor 3 can exD Iq 2, D',x /3(xs 1I2joa2/4 (6)
be represented approximately as a sum of two parts Y -

J,,(R)+J,(R), the first 'one, acting at short distances, d_= 3(2,) 2 x(SrSX)l/ 2 (g 2f32_(2d,,(R) -(./Iv(, /4 7rR 3)cos(2k,,R), (1 ' •( "r5 / Jo V o ()

being the conventional RKKY interaction, and the second one (Sx) in Eq. (5) is the local moment polari:aiion induced by
- (2 magnetic field It,, g being g value. Note that the
-(e -R/), (2) q-dependent part of Eq. (5) is mainly contributed by the SC

being the SC correction. In Eqs. (1) and (2) v(, is the volume correction (2). It is precisely the long-range potential (2)
per lattice site, and k1 .. is the Fermi momentum. The quantity which produces the tranverse stiffness and real dispersion of

(3) spin excitations. Comparing. the the energy (5) and the damp-
_(T) (X,-X..)/X 1(3) ing (6) we find that the condition for the existence of coher-

characterizes the decrease in the spin susceptibility X., of ent spin motion
conduction electrons in the singlet BCS state as compared D (r\ g f3H) 1
with the Pauli susceptibility X1,. The constant -I> 1 (8)
J0=JAfp(eI.)v(/2 is determined by the s-f coupling con- D ra, k1jT

stant J,f and the electron density of states p(E1 .). is easily satisfied in superconductors with the large coher-
The additional interaction (2) is of an antiferromagnetic ence length ý (compared with the average distance between

character. Its contribution to the total molecular field is of the impurities r,,) in magnetic fields of the order of several ki-
same order of magnitude as the normal RKKY contribution logauss and at liquid-helium temperatures. For q>ý 1 spin
(1). Furthermore, even when the concentration x of magnetic excitations are incoherent. The negative sign in the disper-
impurities is low, the number of spins N xIv3 1  in the in- sion relation (5) reflects the antiferromagnetic nature of the
teraction region is anomalously high, since ý is much larger potential (2); as the temperature decreases, the spectrum e,,
than the lattice constant a. This introduces a new feature into softens and magnetic order appears at nonzero wave % ectors
spin dynamics: the long-wave excitations in an external niag- q- l', as predicted by Anderson and Suhl.2 For small q the
netic field exhibit spin-wave behavior, damping is determined by the dipole contribution y'. A

This report is devoted to the investigations of the spin- "window" for spin-wave excitations exists if

wave excitations of paramagnetic impurities in a supercon- x )
ductor in an external field. x(S.d.l y() > (,
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This condition can also be satisfied, since exchange coupling

in metals is usually stronger than the dipole-dipole interac- 6.5 K

tion. Thus when the conditions (8) and (9) are satisfied, the
long-wave spin dynamics has a magnon character. Of course, 395K

the contribution of these excitations to the thermodynamic -----.-"--
parameters is negligible; the main fraction of the spectral
density of spin fluctuations is incoherent and is determined - b

by the short-range RKKY potential. Spin waves can only 1.6K

appear in the long-wave magnetic response of a supercon- 0

ductor.
We present below the experimental evidence for spin- -C

wave effects in a superconductor with magnetic impurities, a_
obtained in EPR studies performed in Lal -.xEr- thin films. 1.. .

Ill. EXPERIMENT d

Films of Lal Er. with x=0.008-0.02 and thickness 600 1000 1400

L =2500-5000 A were prepared by separate thermal evapo- H , Oe
ration of the components from tantalum crucibles. The pre-
pared film was coated immediately by a protective silicon FIG. 1. EPR spectra for the sample with L=4800( A, x=0.014 and critical

monooxide layer of 3000 A thickness. temperature 7',.=5.0 K at different temperatures: in a normal state with

X-ray structural analysis showed that all prepared films magnetic field oriented parallel and perpendicular to the plane of the film (a)
and in the SC state with magnetic field oriented parallel (b) and (c) and

have mainly an face-centered-cubic structure. Measurements perpendicular (d) to the plane of the tilm. The dashed lines are the computed
of the electrical resistivity, of the SC critical parameters, and spectra. The relative intensities and arrangement of the spitt-wave reso,,ance

of the magnetization in the SC state have been performed in lines in the computed spectra are indicated below each spectrum.

addition to the EPR measurements. These data will be used
in the discussion of our EPR results,

EPR experiments were carried out at 9.4 GHz in a rect- by the nonuniform spin-wave excitations discussed above.
angular TE102 cavity in the temperature range from 1.5 to 20 The resonance field H,1 for excitation of a magnon with mo-
K. The out-of-plane angular dependencies of the spectra mentum q,, can be approximately written as
were observed with the microwave field lying in the film XJo(x(T) S(S+ I) (ýq,)Z
plane. H"t=H+H kT 3 1 + (q,10)

In the normal state we observed EPR line of Er ions
which was just similar to that previously observed in bulk The intensity of the spin-wave satellites is determined by the
samples.' A change in the angle between the plane of the boundary conditions at the surface of the film and the degree
sample and the direction of the dc magnetic field had no of nonuniformity of the microwave field Ht(z), In the case
effect on the position and shape of the EPR line [Fig. 1 (a)]. of symmetric excitation
Upon transition to the SC state in perpendicular orientation
of the film to the direction of dc magnetic field the line shape
did not change [Fig. l(d)]. In a longitudinal magnetic field,
however, the shape of the signal became drastically distorted
as the temperature was lowered [see Figs. l(b) and 1 (c)]. The
degree of distortion of the high field wing of absorption sig- ..- ....

nal was dependent on thickness of film and erbium conzen- .2

tration in the sample (Fig. 2). These effects are illustrated by
the EPR spectra shown in Figs. 1 and 2.

IV. ANALYSIS OF RESULTS 3~..
O

,v~

It is unlikely that the unusual behavior of the EPR spec-
trum in the studied films could be attributed to a magnetic 4

field distribution in a vortex lattice which differs from that
found in a bulk sample. The amplitude of the magnetic field
variation and the value of the London penetration depth \, 600 1L0o 1400

which we estimated from our measurements of the critical H , Oe
field and the SC moment of the films, turned out to be on the
order of 50 Oe and 600 A, respectively. These values are FIG. 2. EPR spectra for the samples No. I (L.=25(t) A. x=0.0)14, an'.

es ythe same as those obtained for the bulk s' T5.0 K)-W, No. 2 (L= 3390/tA x=().(12, and T,.4.8 K)-2, No. (1. =40301
essenttially thsmeat asamples.' A. x t 0.()09, and T,.=5.2 K)-3, No. 4 (L ý4800 A, x=0.01t4, and T.=5.0t

We believe that the shape of the signal is distorted be- K)-4 at a temperature OfI 1.6 K with the magnetic tield oriented parallel to

cause of the additional absorption of the microwave energy the surface of the film. The dashed lines were computed.
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ch(koz) 2  4 7r4w
H(z)= ch(k 0L/2)=' k i 7 (o), (11) 40

where HI, is the amplitude of the incident wave and o(wo) is A A

the complex conductivity at the resonance frequency. It is "

well known that in type-Il superconductors with a vortex . 20 0

lattice the conductivity is anisotropic and depends strongly < 0-No.,
• -No.2

on the relative orientation of the dc magnetic field H and of Ao *-No.3

the electric component Et of the microwave field in the U -No.4

sample.5 It can be shown that the penetration depth of the 0 1 X1,0!_,___ ,_,__ ,__
microwave field is much smaller for parallel orientation of 0.0 0.2 0.4 0.6 0.8 1.0

the film. Therefore, the distribution of microwave field in the T/1,
SC state is most inhomogeneous in this geometry and in this
case the best demonstration of spin-wave effects would be FIG. 3. The parameter A as a function of the reduced temperature for tile
expected. To calculate the spectra it is necessary to know the samples No, 1-4. The solid line corresponds to 8,(T) af a BCS supercon-
parameters of the studied samples: the coherence length 6 ductor.
and the inverse penetration depth k0 of the microwave field.
These values were estimated from our measurements of the x =0,01. Thus we have shown experimentally that in a super-
critical field H,.2, of the diamagnetic susceptibility, and of the conductor in an external magnetic field weakly damped spin
integral intensity of the EPR signal. The obtained values of waves exist. These excitations resulted from the nonlocal
ý(0)=200 A and MO)=600 A give the possibility to fit all nature of spin susceptibility of the superconductor. Their ob-
spectra as it is shown in Figs. 1 and 2. Some discrepancy servation is the direct evidence of the existence of a long-
between the calculated and experimental spectra at low field range exchange interaction between impurities. Previously.
wing is caused by nonresonant absorption of microwave spin waves in paramagnetic spin systems have been observed
power by superconductor which has been observed earlier in two particular cases: first the spin waves in the Fermi
for bulk samples.' The only fitting parameter was liquid 6 and second the nuclear spin waves in magnetics.7

A =JoS(S4-1)SX/3 , (12) 'N. E. Alckseevskii, I. A. Garifullin, B. I. Kochclaev, and E. G.
Kharakhash'yan, Soy. P1hys. JEITP 45, 799 (1977),

which entered in expression (10) and was fitted for each 2 p. W. Andcrs(,, and H. Suhl, Phys. Rev. 116, 898 (1959).
w1 B. 1. Kochelacv, L. F.. Tagirov, and M. G. Khusainov, Soy. Phys. JETP 49,

spectrum independently. The obtained temperature depen- 291 (1979).
dence of A value is shown in Fig. 3. This figure actually 4'D. N. Zuharev, Nonequilibrium Statistical Thermiodynamics ,in Russian)
reflects the temperature behavior of 6,(T). The solid curve (Nauka, Moscow, 1971).

corresponds to the temperature dependence of in a BCS C, Caroli and K. Mki, Phys. Rev. 159, 306 (1967),
"S. Schultz and G. Dunifer, Phys. Rev. Lett. 18, 283 (1967).

superconductor. By knowing A it is possible to determine the 7 P. G. de Gennes, P. A. Pincus, E. Hurtman-Boutron, and M. Vinter, Phys.

spin stiffness coefficient D"=0.04 em2/s at T=1.6 K and Rev. 129, 1105 (1963).
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Two-magnon absorption in Nd 2 CuO4
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Donetsk Physicotechnical Institute, Academy of Sciences of Ukraine, Donetsk, 340114 Ukraine

H. L. Huang
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The two-magnon absorption of the electromagnetic waves in the exchange noncollinear magnetic
phase of four-sublattice antiferromagnet Nd 2CuO 4 has been considered, The spin-wave density of
states and the frequency dependencies of the absorption coefficient have been calculated. It is shown
that the intensity of the two-magnon absorption by exchange magnons in exchange-noncollinear
magnets is substantially larger than in magnets collinear in the exchange approximation.

I. INTRODUCTION cific crystal and magnetic symmetry. As to the exchange E

The two-magnon absorption (TMA) phenomenon con- mode, it has a very weak dispersion and its dispersion rela-

sists in the decay of a quantum of the electromagnetic radia- tion has also a quasi-two-dimensional character.

tion into two magnons. The intensity of the TMA propor- t In the case when k has components in the plane parallel

tional to the density of magnon states. Thus, it will be higher UO2 layers (the crystal planes normal to [001]) the mag-

for those regions of the spectrum which correspond to the non dispersion relations are typical for the three-dimensional

flattened portions of the dispersion curves. In the case of the magnet. As in all parent compounds of the high-temperature

three-dimensional magnets the flattening of the dispersion superconductors the intralayer exchange interaction is much

curves takes place only for the exchange magnons due to the greater than the others,

changes of the spectrum under the action of a constant ex- The parameters describing the copper magnetic sub-

ternal magnetic field.' The TMA has been investigated in system of Nd 2CuO 4 may be roughly estimated on the basis of
two-sublattice quasi-two-dimensional antiferromagnets. 4  the results of Refs. 8-10 (see also Ref. 6). The frequencies

The TMA by the exchange magnons was studied for the first of the homogeneous vibrations are as 67 WA .
time in the three-dimensional antiferromagnet in Ref. 1 and = 16S 4§iTTh WA; 3 = 16S Jja 2-a 41 and WE = 16S j'D,
then in the quasi-two-dimensional one in Ref. 5, The mag- where J is approximately equal to intralayer exchange; a1

nets collinear in the exchange approximation have been con- (i=2, 4, 6, 8) are the anisotropy constants (see Ref. 7 for
sidered. In these magnets the TMA is due to the interaction details). The value of J-870 cm-I was obtained in Ref. 8
of the magnetic component of the electromagnetic wave with and it is supposedly the largest of the exchange parameters.
the crystal. The TMA in exchange-noncollinear magnets has Using experimental results9,11 one can get Ia21=2.87× 10-'

not been considered, cm-I and ja2 -a 41-3.32X 1I(y cm- 1 . The other anisotropy
The exchange-noncollinear four-sublattice antiferromag- constants have to be of the same order of magnitude.€"7 The

net Nd 2CuO 4 is unique from the point of view of the experi- values of the four-site D and of the intcrlayer I exchange
ment: First, because its magnon spectrum has quasi-two- interactions are unknown at present. The results of the esti-
dimensional character for some particular directions of the mations allow us to suppose that J>>D->A, where A is the
wave vector;6 second, due to the special magnetic and crystal combinations of the anisotropy constants.
symmetry of this compound the TMA is electro-dipole active Numerical calculations will be done for the I and D
in the exchange approximation. values related to the known value of J with I= 10 -J, and

0=10"J. The corresponding magnon spectrum can be
II. SPIN-WAVE SPECTRUM OF Nd2CuO 4  found in Ref. 6.

The detailed information about the crystal and magnetic 1. TMA OF ELECTROMAGNETIC WAVES
symmetry and possible magnetic phases of Nd 2CuO 4 car. be
found in Ref. 7. The magnon spectrum in noncollinear phase The interaction Hamiltonian with a uniform external
has four branches, three of which are acoustic, while the electromagnetic field is
fourth is the exchange spin wave.h In the case kil[001] (the
fourfold axis of the tetragonal crystal) the energies of the 1 ill[= ý -N[-gijt11 1iF(O) +-ejPj(O)i, (1)
acoustic modes AI and A2 are degenerate and do not depend where hi and ei are the componcots of the magnetic and
on k. This particular case of the pure two-dimensional be- electric vectors of the electromagnetic wave, i, j =x,y,z, the
havior of the A I a Ad A2 branches is connected with the spe- x, y and z axes, are oriented along the [100], [010], and

[001] crystal axes, respectively; g,, is the g-factor tensor;
')On leave from: Institute for Single Crystals, Acadenly of Scicnces of F(t0) and Pi(O) are the zero Fourier components of the mag-

Ukraine, Kharkov, 31I001, Ukraine. netization vector F=-,- IS,, (see Ref. 7 for details) and the
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electric dipole moment associated with the pair of spins,II (S V 1 )2)
respectively. Magnetic symmetry allows the existence of the K(('A (w)-C +-•.I [o 2 +wo sign(a 4 )
electric dipole moment, associated with the pair of spins, A 3 1 6t0W 2 4(,)

having an exchange nature +2o.(l _t)12 t( i-t 2 ) -/2 dr. (5)

The limiting value to(w) in Eqs. (4) and (5) is determined by
a (k)S,(-k)S/(k). (2) the relations

(1 2 _ CO0 2+W2o s ign (a 4) + 2 o0a) WA 2,
Th. tenor k 2+

The tensors ir •3(0O) are nonzero for those pairs of the Cu2 { N W) W

ions that cannot be permuted by the inversion operation and t°(t) at w<oWt
also for the ions whose group of positional symmetry does 0 at wlt t,
not contain an inversion. That is why for the crystal symme- in which Woo = WA3 + teA, and w I = WAtI + WE' Theco-
try under consideration the tensor 7r',O(O) is equal to zero in fl
case the lattice structural distortions are absent (see Ref. 7 efficients of the magneto-dipole and electro-dipole absorp-

for details). The other mechanisms that contribute to P are tionb
not considered here. pressions

The part of the expression (1), which is quadratic with (gl/) 2  fl(w) [wo2 sign(a6) + WE( I +t)]2

respect to the magnon creation and annihilatioyi operators, K (") I,. 2 ( w 0I - di

may be obtained with the help of quantization of the spin- ex

system Hamiltonian described in Ref. 6. We have (6)

and

H-m•')= _. [r 5(,. k).,),,, 3 4- (SWr 2)2L 't k A IA 3 \ I kA I - kA , K.( ',)

kA1(w))X 2 2
+q(m`(kh) 6 ! 4- kh .c 3 6

+ A2 E( )+ (3) 2, 2+ sign(a,) + w2( I + t)]2 ,

where the amplitudes ( 1 ") are calculated in the nearest- V Iit

neighbor approximation; the superscripts m and e denote the (7)
magneto-dipole and electro-dipole channels of the TMA, re-
spectively. Expression (3) corresponds to the case of h, com- rscil I thes formulas
ponent of the magnetic vector or e, component of the elec- (t 2 _t_ -2._WwA 2)to2i at wo w weI
tric vector of electromagnetic wave. In the case of hy or ey to(w) 1 at Wt oW,
one has to change A2 -A I in (3). For the orientation of the and
magnetic component of the electromagnetic wave along the z
axis the TMA will not take place in the approximation con- W o0W A 2 + WE +W ign(a2-a 2 ),
sidered, The exchange magnon taking part in the absorption
process is always accompanied by the acoustic spin wave. In t) I WA2 + V2 WE + w(6 2 sign(a -- a 2).

contrast to the three-dimensional magnets 1 collinear in the Following from Eq. (4),(5), and (6),(7), K(,'•,(w) increase
exchange approximation the amplitudes 1 )•") do not con- with increasing frequency whereas the frequency dependence
tain any small parameter. The TMA leading to the generation of K(1')(,,) is nonmonotonic. Such a behavior is connected
of the magnons corresponding to the same branches of spec- with specific featuics of the spin-wave spectrum and the
trum is absent. structure of ,), ..(k). '1 hL; quasi-two-dimensionality of the

The separation of the electro-dipole and magneto-dipole spin-wave spectrum leads to different behavior in the ampli-

channels of the TMA may be carried out by the proper tudes of magnon normal modes in two regions of the wave
choice of the orientation of the polarizations of the vector k space. These amplitudes of magnon normal modes
electromagnetic-field components and the propagation direc- enter the expressions for 1)("'e)(k). In the first region
tion of the incident radiation. For example, in the case when (kao) < V(D+A)J- (ao is the lattice parameter in the
kljoy and ellOz only magneto-dipole absorption by the A I,A3  basal plane) these amplitudes do not depend or depend
and E,A 2 magnons takes place. For the magneto-dipole ab- weakly on the k/ component of the wave vector which varies
sorption by the A, and A 3 branches in the frequency region from 0 to 7r/co. So, in this region of the wave vectors they
wj<,e=8SJ, one can obtain are approximately equal to their values at k=0. The second

,n2 2 2 region is determined by (D+A)J ' << (ka,) -< 1. In tiis
(,9 _) I_ [w", sign(a_4)++_ (l-t) ] d region V.)("'k) is proportional to the inverse square of the

K(' 4A3 t0 •.2 2=I dt. frequency. The frequency dependencies of the coefficients
4(4) KAhV).A(w) and K5•.A 1 (" ) are presented in Fig. 1. The

curves are obtained by the numerical integrations of the cor-
where (and henceforth) the notations wi 1 6S jIFaI and respondent expressions using the values of the parameters of
o•j = 16S JIaT-ajl (i=2, 4, 6, 8) are used. The electro- the copper subsystem given in the previous section. The de-
dipole contribution to the TMA is as follows: pendencies of the coefficients K("').( w) and K().) are
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FIG. 1. Tihe frequency dependencies af the absorptionl caefticintitt FIG. 2. The frequency dependencies of the absorption Cotfittitients

given in Fig. 2. The dependence of the coefficient of During the experimental investigations of the TMA with
magneto-dipole absorption does not follow the frequency de- the scheme of the experimental setup using the fixed fre-
pendence of the density of magnon states in the low- quency of the generator the absorption channels A ,A. and
frequency region. This discrepancy in the frequency depen- A 2 ,A 3 will be undistinguishable with respect to the energy.
dencies of the absorption coefficient and the spin-wave states Thus, for the case kII0z and arbitrary polarization
density is caused by the structure of the 0i4("k) amplitude h,.=h cos ýp, h,=Ih sin ýp the combined absorption coeffi-
discussed above. cient observed in the experiments does not depend on ýp. Tile

The TMA by the exchange mode has the main peculiari- combined absorption coefficient
ties similar to that of the absorption by the acoustic magnons. K(o) = K (hI ( &)) + K (e )
They are the nonmonotonic behavior of K(11),(wo) in the re- Kw., .A1 A,(W)
gion of the frequencies near the activation energy of the ex- contains the contributions which are determined by formulas
change and acoustic magnon and monotonic behavior of (5) and (6). The same phenomenon takes place for the case
KA(a2 , -(W in the same region. It is important to note that the of the absorption by the exchange mode E because relations

peak height of the magneto-dipole absorption by the ex- (8) and (9) are valid at the interchange A3=E.
change mode is of the same order of magnitude as the peak

. height of the magneto-dipole absorption by the acoustic
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Surface precession solitons (surface "Magnetic drops") in uniaxial
magnetics (abstract)

Yurij Bespyatykh, Igor Dikshtein, and Sergey Nikitov
Institute of Radioengineering & Electronics o" the Russian Acadenly of Sciences, Moscow Russia 103907

Surface spin waves, localizing near the surface of magnets as a consequence of nonlinear properties
of material, have been studied in Ref. 1. According to the Lighthill criterion this wave is
modulationally unstable. This can lead to the creation of nonunidimensional surface states. In this
work, a new class of nonlinear exitations in a pure exchange-coupled uniaxial ferro- and
antiferromagnets is considered. These exitations are 3D surface precession solitons or "magnetic
drops" localized near the surface of a crystal. Such solitons are the space localized solutions of the
Landau-Lifshits equation of motion for magnetization field with appropriate boundary conditions
for the spins on the surface of magnetics. They keep their dynamic structure during the motion in
space. The conditions of their stability are found. The problem of soliton motion is considered. It is
shown that energy and precession frequency for surface 3D solitons is less than for volume 3D
solitons. which was studied in Ref. 2. The possibility of experimental registration of such solitons
is discussed.

Yu. 1. Bespyatykh and 1. E. Dikshtein, Sov. Phys, Solid Slate 35, 1175
(1993).

2A. M. Kosevich, B. A. Ivawov. and A S. I.wvalev, Phys, Rep. 194, 117
(1990).

Nonlinear self-localized surface spin waves in ferromagnets (abstract)
Alan Boardman
Salford University Salford M54WI, United Kingdom

Yurij Bespyatykh, Igor Dikshtein, and Sergey Nikitov
Institute of Radio Engineering and Electronics of the Russian Academy of Sciences, Moscow 103907,

Russia

It is well known that in linear theory, surface spin waves (SW) do not exist in a pure
exchange-coupled ferromagnet for the case of free spins at the surface. However. in these
approximations of the linear theory the plane volume spin waves (VW), propagating along the
surface of a ferromagnet, satisfies not only the Landau-Lifshitz equation for the magnetization
motion, but the boundary conditions for the free surface spins. Such VW can be unstable and can
be transformed into SW under small changes of a magnetic medium, e.g., if the surface spins are
partly pinned. In the present work a new type of self-localized SW in the ferromagnet has been
considered. The existence o' such waves is conditioned entirely by the nonlinear properties of a
ferromagnet. The penetration length of such SW is proportional to I/A, where A is a maximum of
the magnetization amplitude on the surface of the crystal. The dispersion equations have been
obtained for pure exchange and dipole..exchange nonlinear SW. In the latter case the influence of the
second harmonic generation on the wave propagation at the fundamental frequency was !"udicd. The
conditions when the SW excites the VW, carrying the energy into the volume of the crystal, are
derived. The nonlinear Sehr6dinger equation for the SW envelope amplitude was derived and its
solitonic solutions are obtained. The estimations of threshold values for the wave numbers of the
propagating waves are provided.
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Spin wave dispersion in ferromagnetic nickel (abstract)
J. M. Rejcek, J. L. Fry, and N. G. Fazleeva)
Department of 'lhysic,• University of Texas at Arlington, Arlington, Texas 76019-0059

The spin wave dispersion in ferromagnetic nickel has been computed in random phase
approximation using the wave vector and frequency dependent magnetic susceptibility including
many body enhancement effects. The latter were included using an orbital basis to invert the
susceptibility matrices that are encountered in a local density, first principles veisio,, of a Stoner-like
theory of many body enhancements. The complicated computer codes employed in the calculation
were tested by computing numerically the wave vector and frequency dependent spin and orbital
magnetic susceptibility of the uniform electron gas and comparing with known analytic expressions.
Numerical work was done using the analytic tetrahedron method. For nickel the theory was
simplified by introducing a single adjustable parameter in lieu of calculation of complicated
integrals involving the band structure. The parameter was adjusted to yield agreement with a long
wavelength spin wave neutron scattering measurement. With the fit parameter, good agreement with
the experimental dispersion of spin waves in nickel was obtained for other wavelengths as well.

Research supporied by the National Research Council, tie Robert A. Welch
Foundation, and •exas Advanced Research Program.
"'Perniatient address: Kazan University, Kazan 42M008, Russia.
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Ferromagnetic resonance and Brillouin light scattering from epitaxial
FexSil-x films on Si(111) (abstract)

M. Mendik,a) Z. Fraitb) H. von Kanel, and N. Onda
Laboratoriurn fur Festkojrperp~hysik, ETH, 8093 Ziarich, Switzerland

The magnetic properties of epitaxial FeSiI,. films on Si( 11) have been determined by means of
ferromagnetic resonance (FMR) and Brillouin light scattering (BLS). The investigated films are
(111) oriented, with thicknesses Ih = 150 A, 250 A, 710 A, and Fe concentrations x =0.75, 0.79, and
0.75, respectively.' All experiments have been carried out at room temperature. For BLS, the
frequencies of both surface and bulk magnons have been measured as a function of the external in
plane field H and the in plane direction of magnon propagation versus the main crystallographic
axis. Moreover, the wave vector dependence has been used to identify the surface and bulk magnons
present in the thicker films. FMR has been used in the parallel configuration (PC) and normal
configuration (NC), where the external applied field lies in the sample plane and normal to the
sample, respectively. Several waveguide setups were used to cover the frequency range from 18 to
92 GHz. For the numerical analysis we used the resonance conditions for a thin single crystalline
film grown in the (111) plane. From our fits we obtained for the Land6 g value 2.1, for the saturation
induction 4"7rM,=8.8 kG, 10.7 kG, 13.7 kG for h = 150 A, 710 A, and 250 A, respectively. The
magnetic parameters have been found to depend strongly on the Fe concentrations and FeSiI -.,-Si
substrate interface interdiffusion. The magnetic parameters of epitaxial FeSit_-, films are in
agreement with the data obtained from single crystals by Hines et al.2 The Landau--Lifshitz FMR
relaxation constant is very small, ranging from 5 to 8X 107 rad/s.

"•Present address: Department of Physics, Colorado State University, Fort
Collins, CO 80523.

t')Institute of Physics, Na Slovance 2, Praha 8, 18(1401, Czech Republic.

'N. Onda, H. Sirringhaus, S. Gtmcalves-Conto, C. Schwarz, S. Zehnder,

and H. von Kiinel, Appl, Surt. Sci. 73, 124 (1993).
2 W. A. Hines, A. H. Menotti, and J. 1. Budnick. J. Magn. Mater. 39. 223

(1983).
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Hyperfine Field, M6ssbauer Effect, and NMR N. Koon, Chairman

Nuclear secondary echo in ferromagnets caused by quadrupole
and SuhI-Nakamura interactions

V. I. Tsifrinovich
Physics Department, Polytechnic University, Six Metrotech Center, Brooklyn, New York 11201 and Bramson
ORT Technical Institute, 321 Avenue N, Brooklyn, New York 11230

The formation of the secondary nuclear spin echo signals in ferromagnets has been investigated
taking into consideration the quadrupole and Suhl-Nakamura interactions, It is assumed that the
inhomogeneous distribution of the quadrupole frequency wo) + 6wQ is independent of the
distribution of nuclear magnetic resonance frequency 0),,+ 1Swo,,, and a characteristic size of these
inhomogeneities is small in comparison to the correlation radius of the exchange interaction in the
electron ferromagnetic system. It is shown that the quadrupole interaction causes the formation of
the secondary echo signals at t=(2k + I )r, 1 --k<-l- 1/2, where I is the nuclear spin, the time t
is measured from the second rf pulse, and T is the time interval between the rf pulses. The spectrum
of the spin echo signal with maximum at t=tt contains (21+ !-tt.Ir) frequencies. The Suhl-
Nakamura interaction causes the additional echo signals with maximum at even values t/-.

INTRODUCTION
It is well known that in ferromagnets after the action of (3)

two pulses with the nuclear magnetic resonance (NMR) fre- f

quency one can observe not only the usual Hahn's nuclear
spin echo but also the secondary echo signals.' This article is where g( 5w,,, o5w) is a distribution function.
dealing with the investigation of these signals. The secondary echo formation depends on vnlues

First of all we note that the secondary echoes may be (I w,, I) and 16w I T where r is the time interval between
caused by two "external" circumstances. (1) High frequency the rf pulses, (I 6wI) ai;d (I 8o-6w) arc characteristic inhomo-
of the pulse pairs repetition in the real experiments. If the geneities of NMR and quadrupole frequencies. The situation
period of repetition is small in comparison with the time of &o,=0 that is typical for nonmagnetic substances was first
longitudinal relaxation, then the secondary echoes may be considered by Solomon.2 The opposite situation (5w.) = 0 was
caused by the influence of previous pairs. (2) If the connec- considered by Abe et al.'
tion between the magnetic system of a sample and a measur- We have considered another realistic situation
ing circuit is strong enough, the currents in the circuit, that
are induced by the first echo signal, act on a sample and I. (4)

cause the additional echo signal, etc. Furthermore, we will In this case the nuclear spin system acquires an inhomoge-
suggest that these situations are eliminated, so we will con- neous phase caused by the inhomogeneity in both ow,, and
sider internal mechanisms of a secondary echo formation. 6wc. For the signal formation this inhomogenucuis phase

must be canceled after the second rf pulse. For analytical

QUADRUPOLE INTERACTION calculations we used the Symbolic Formulis method.: The
resolts of calculations depend sufficiently on correlation be-

The Hamiltonian of a nuclear system with the quadru- tween inhomogencities of 8w,, and bwQ. We have consid-
pole interaction is ered the situation when inhomogencities of (5w,, and b•Q

H= -h I{(o,,+ 6w,) + ( 1/2)(coc + 62)12+(1/2) were independent. According to our calculations the echo
signals appear at

X[q1 (1) q2(t)][f,.exp(iwot) + C.C.] }, (1)

where I is the nuclear spin, co,,+ ,±o,, is the inhomogeneous
NMR frequency, w,, +~,"wQ is the inhomogeneous quadru- where t is measured from the end of the second pulse. (The

pole frequency, and q,,(t) is the envelope of the pth rf pulse. usual Hahn's signal corresponds to the value k=t0).
The evolution of nuclear spins is described by the equation If wo>(16w 01), i.e., the NMR spectrum is a quadrupole

of motion for the density matrix p split one, then the spectra of echo signals are essentially
different. The spectrum of the spin echo with maximum at
t = tP. contains (21 + I - 11t1 r) frequencies. The echo spec-

To describe the echo signals we calculated the average trans- trum at t= r has 21 frequencies that coincide willh the quad-
verse component of a nuclear spin rupole split NMR spectrum, the echo spectrum at t = 3 r has
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(21-2) frequencies and so on. For half-integer spin I the small one in comparison with the correlation radius of the
spectrum of the echo at 1 = tE consists of frequencies co exchange interaction in the electron spin system.

a)= w,,± q ), 0q-I - t./2 r. (6) tialPutting H + HSN into (2) we receive the integrodifferen-
tial equations for the nuclear density matrix that include

For integer spin I we have received p(5w, ,5w(,) and ffpgd(Sw,,),d(SoQ). Integral terms de-

a)=ow,.+_ oQ(q+ 1/2), OqlI- 1/2-0/2r. (7) scribe the Suhl-Nakamura interaction which is "turned on"
only at those time intervals when the average trans:verse

In particular for 1 = 3/2 the spectrum of the echo at i = r nuclear spin (I ) has a sufficiently large value. This effect is
contains frequencies w= w,,w ±.. , and the spectrum of caused by a small characteristic size of nuclear inhomogene-
the echo at t = 3 •r has only one frequency w = w,. This result ity: the electron spins interact with the average nuclear spin
is in agreement with experiments of Abelyashev et all.4 (i).

The mechanism of formation of secondary echo signals In the linear approximation to the Suhl-Nakamura inter-
and their frequencies may be explained with the symbolic action we have received the additional echo signals that have
formulas.3 For example, the latest echo signal for half- maximum at
integer spin I is d.&scribed by symbolic formulas

I_ tk==2+ 2 pr, l<•p<N, (12)
(1 jj'-- 2 4ik i=21+ 1, k =i/2. (8)

1j . where N= 21 for he half-integer spin, and N= 21- I for the
This means that under the action of the first pulse the initial integer spin. For examplc, the mechanism of formation of the
matrix elements pj are transformed into the off-diagonal el- echo signal with maximum at t=2T is described by sym-
ement Pli that oscillates with the frequency bolic formulas
w I,= - 2 1(w,+ 8w,). In a time interval r between the rf i+.I
pulses the quantity pil acquires an inhomogeneous phase (lji2 i -Enn). (13)
-21(&),+ 5w,,)r. The second pulse transforms pli into Here the first pulse transforms the diagonal matrix elements

Pk + l.k, that oscillates with the frequency Wk + l,k ,- (1) + 8ow,,. into p , 1. In a time interval r between the pulses the quan-
So, the advance of the inhomogeneous phase (1 continues, tity Pi.i+I acquires an inhomogeneous phase Wi.+17r. The
and we obtain second pulse again transforms pij+ , to diagonal elements

= - 21( + Sw,) r+±(w,,+ &,,) t. (9) p,,, that do not change a phase between the second pulse and
the first echo signal. When the first echo signal is formed, the

Consequently, at time t=21r the inhomogeneous phase (D average transverse nuclear spin (1+) has the maximum
has the same value for all the spins, and the spin echo signal value. Consequently, the Suhl-Nakamura interaction is
appears with a carrier frequency o,, . 'turned on," and it transforms p,,,,, into pi , .ii. The inhomo-

I geneous phase advance (F is

SUHL-NAKAMURA INTERACTION

To take into consideration the SuhI-Nakamura interac-

tion we used the half-classical theory of motion for nuclear and the spin echo appears at t = 2 T.

spins in ferromagnetsfs The half-classical Hamiltonian of the In conclusion we note that for WQ = 0 all secondary sig-

SuhI-Nakamura interaction may be written as nals except the signal at ti= 2 7 disappear. It meaus that other
signals at even values t/r are caused by both the Suhl-

HsN= -(l/2)h c,,sl_ +C.C., (It) Nakamura and the quadrupole interactions.

where o, is the parameter of the interaction which coincides 111. Ahe, 1. Yasuoka. and A. Ilini, J. Ihys. Soc. lap. 21, 77 (1966).

with the firquency pulling for homogeneous nuclear 21. Solomon, Phys. Rcv. 110,61 (1958).

system,6 3V. 1. Tsifrinovich, Sov. Phys. JETP 68. 1413 (1988).
(I_ 4G. N. Abelyashev, V. N. Bcrzhanskij, and N. A. Scrgecv, Phys. Let. A

-s= (l)/(l), (11) 133, 263 (1988).
5 V. I. Tsifrinovich, Sov. Phvs. JEIll 65. 783 (1987).

(1n) is the equilibrium value of (/,). We regard a character- "p. (. De Gennes, P. A. Pineus, F. Harimano-Ioutron, and d. M. Winter,

istic size of the inhomogeneity in the nuclear system as a Phys. Rev. 129, 1105 (1963),
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A Mossbauer effect s , nn the acicular cobalt ferrite particles
J. G. Na
Korea Institute of Science and Technolog.,y, Sungbuk, Seoul 136-791, Korea

D. H. Han, J. G. Zhao, ana H. I.. Luo
State Key Laboratory of Magnetism, Institute of Physics, CAS, Beijing 100080, Peoples Republic of China

The causes of the coercivity enhancement and the coercivity instability of acicular cobalt ferrite
particles containing 0-9.2 wt % Fe21 ions under the influence of magnetic field and temperature
were investigated by means of transverse magnetic field annealing. torque, and M6ssbauer
experiments. The coercivity enhancement and the instability of Co modified iron oxide particles are
closely related to the uniaxial magnetic anisotropy. A Fe2+-CO 24 pair model was proposed to
explain the uniaxial magnetic anisotropy of Co modified iron particles. To verify the nature of the
Fe2+-Co2+ pair, the probability of one or more Co ions appearing in the neighborhood of a B site
Fe2 4 ion was calculated using the chemical composition, the M6ssbaucr parameters, Pi(Fe:•) and
Pi(Fe+3) and discussed conditions for forming the pair between the nearest-neighbor Co2 ÷ and Fe2 -

ion.

I. INTRODUCTION Table I represents the composition of samples A I-A 6

Cobalt modified iron oxide particles are the predominant and B analyzed by an inductive coupled plasma method.

materials for use in video tapes and disks for high density
digital recording density, but there are still some problems to B. Magnetic measurement
be addressed. For cobalt body doped iron oxide particles, the Magnetic properties of samples were measured using a
coercivity decreases irreversibly with temperature and time vibrating sample magnetometer (Princeton model 155).
in a magnetic field. On the other hand, the coercivities of The coercivity instability of the sheets was measured
cobalt surface doped or adsorbed iron oxide particles cannot using the method proposed by Eiling.2 The oriented particu-
increase significantly, usually from 600 to 800 Oe, compared late magnetic sheets were put in a magnetic field of 3 kOe
to 2000 Oe for cobalt body doped ones.1. 2 Therefore, it is perpendicular to the sheet plane and annealed at 85 °C for 12
important to investigate the mechanism of the coercivity en- h (denoted A, - A , and B'). The coercivities measured par-
hancement and the coercivity instability of cobalt modified allel to the orientation direction of the samples before and
iron oxide particles. after the transverse magnetic annealing (TMA) were denoted

In this article, a Co2 -Fe2 + model was proposed to ex- as Hii and H,.,,l and that perpendicular to the plane of the
plain the results of the transverse magnetic field annealing samples as H,. and H,.,,, respectively. The results are listed
and the torque experiments of cobalt modified iron oxide in Table II.
particles. Also calculated was the probability of one or more The torque curves of the sheets were measured using a
Co2+ ions appearing in the neighborhood of a B site Fe2 + ion TOEI torque magnetometer. TL.: detailed procedure to mea-
using M6ssbauer parameters, Pi(Fe+) and Pi(Fe+3) to verify sure the uniaxial magnetic anisotropy constant, K, and the
the nature of the Co2+-Fe 2+ pair. crystalline magnetic anisotropy constant, K, of the acicular

cobalt ferrite particles is presented elsewhere.4 Table Ill rep-
II. EXPERIMENTAL PROCEDURE AND RESULTS resents the K,, and K, before and after TMA.
A. Preparation of samples C. Mossbauer spectrum measurement

Cobalt body doped iron oxide particles were prepared by
coating acicular y-Fe 20 3 particles (an average length of 0.5 The M6ssbauer equipment used is an electromagneti-

A.m, an aspect ratio of 10) with about 3.5 wt % Co24 and cally driven, constant acceleration M6ssbauer spectrometer.

different Fe 2 contents by the usual chemical coprecipitation The radioactive source is Co(Rh) of 20 mCi. The y-ray

method and then heated at 390 'C in N2 atmosphere for 2 h propagation direction was perpendicular to the plane of the

for diffusing Co2 + and Fe2+ ions into the core of y-Fe 2V2 3  samples. "1 he M6ssbauer curves of the samples before and

particles. The powders were mixed with the organic re2sin ink after TMA were taken at room temperature. The M6ssbauer

and coated on a plastic film in the presence of external mag- parameters were deduced from the M(3ssbauer spectra by the

netic field at room temperature (denoted A 1 -A 6). A magnetic
field of 2 kOe applied an in-plane direction of the sheets and
the direction was fixed during magnetic drying. For compari- TAilE 1. The content Fe and Co ions ofcohali moditied iron par-

ticles.
son to the body doped particles, surface epitaxial iron par-
ticles were also prepared. Detailed procedures for preparing Sample A, A2  A, A,, A5 A, B

these particles were described elsewhere. 3 Magnetic tapes Co' (wt) 3.o 3.5 3.4 3.3 3.3 3.2 3.1

using these particles were made by the same process above &, iwi ,) I 1 2.8 5.0 6,4 8.5 9.2 9.1

except the heating (denoted B).
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TABLE II. The coercivity changes of magnetic sheets before (A) and after , No 1

(A') TMA. 1.0. No.?

Sample (Oe) (O) Sample (O) (Ge) V(
0 09819

A1  969 604 A 703 608 -
A 2  845 611 A 719 642

A. 939 637 A' 717 712 -6

A4  1001 630 A. 749 781
A 5  1130 671 A• 744 875
A1, 1164 653 A,, 750 889
B 648 548 B' 514 625

0.94__2_-8 -4 0 4 8 12
Velocity (mm/s)

usual least-squares fitting techniques, using a computer. The
________ No I

spectra were fitted assuming two magnetic components: Fe+a 1.00 ,1NNo.'

on the A sites, Fe+ 2 and Fe+3 on the B sites. Bk . . .

The Mbssbauer spectra of sample A4 , and B were taken
because the Fe 2+ ion content of these samples is significantly -
different. Figure 1 shows the M6ssbauer spectra of sample
A 4 , and B and Table IV represents the M6ssbauer parameters -

deduced from these spectra. The M6ssbauer spectra of
samples before TMA are presented in Fig. 1 because there
were no significant differences between the spectra of
samples before and after TMA.

According to the theory of the hyperfine field of transi- . ''ii

tion metal ions5 '6 and the M6ssbauer parameters given in
Table IV the value of (Nd),xp, Pi(Fe+2) and Pi(Fe+3) can be
calculated from the following equations FIG. 1. MWssbauer spectra for sample A 4 (a) and B A (h). No. I and No. 2

(N,) = (Nd)F0 (H'),P IHk(Fe 3 ), (1) represent A and B sites, respectively.

where (Nda)xp is the local average number of the d electron
with unpaired spins, (Nd)FL.3+ unpaired d-electron number of of these samples decreased, as seen in Table III. These re-
Fe3+ ions, which is 5, Hf(Fe3+) the hyperfine field of Fe3+ suits are in good agreement with that of Wang et al.7 They

ions, which is equal to 517 kOe.6 reported that the H, of cobalt body doped particles increased
with increasing Fe2+ content, which was attributed to the

(HF) =P(FeC2 )HF(Fe2 +) +P(Fe3 +)HF(Fe3 +), (2) increase of Ku.

where Pi(Fe÷ 2) and Pi(Fe -3) are normalized probabilities for From the changes of the coercivities and the magnetic

the admixture of Fe2 4 and Fe3+ ions. anisotropies of the before (A) and after (A') TMA, given in

The calculated (Nd) and Pi are also given in Table IV. Tables II and III, one can see that the H.lj of samples de-
creases significantly with increasing Fe2 4- content, while the

Ill. DISCUSSION tHL increases slightly with TMA, and this is mainly attrib-
uted to the decrease of K, with TMA. From the above ex-

From Tables I and II, it may be seen that the coercivity periments, one may understand that the coercivity and the

of cobalt body doped iron particles (Ai) increased linearly coercivity instability of cobalt modified iron particles are

with increasing Fe2+ content, although the Co content of strongly dependent on the uniaxial anisotropy at'wl are closely

these samples was the same at about 3.5 wt %. The K, of related to the Fe2- ions as well as the Co24 ions. These

samples Ai increased with increasing Fe2+ content, while K, results cannot be explained by the model proposed by
Kishimoto8 and Sharrock.9 They reported that the uniaxial

TABLE Ill. The changes of magnetic anisotropy constant of magnetic
sheets before(A) and after(A') TMA. TABLE IV. MWssbauer parameters (N,,),,, anti P, of magnetic sheet A4 and

B before TMA.
K, (X 10' K1(x 10' K,, (X10' K, (Xl() -

Sample erg/cc) erg/cc) Sample erg/cc) erg/cc) Area

MAAssbaucr IS H,.. ratio
A. 7.6 12.6 A ' 7.6 12.6 subspectrum (mm/s) (kOe) (%) (N,t)c•, P(Fie2 ' ) P(Fe

3 )

A 2  11.0 11.4 A• 8.9 10,1

A, 13.9 7.6 A' 10.1 8.3 A 4 (A) 0.34 502 92.3 4.9 0.9 1

A4  14.9 7.0 A,' 1(1.9 8.5 A,,(B) 0.43 444 7.7 4.3 0.4 01.6

16.0 6.6 A 11.2 8.1 B(A) 1.36 501 91.3 4.9 11.8 1t.1

A1, 19.2 4.6 A,, 11.1 5.4 B(B) 0.60 441 8.7 4.3 0.4 01.6

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Na et al. 6901



anisotropy of cobalt ferrite powders was closely related to It is thought that these Co 24-Fe2+ arrangements may
the coercivity instability but induced by the migration of form the Co 2+-Fe2+ pairs, but the appearance of Co ions in
Co2' ions in a spinel lattice, and Fc2 + ions facilitated the the neighborhood of the B site Fe2÷ is only a requisite con-
migration of cobalt ions only. dition for forming the Co2 +-Fe2+ pair because more than a

On the basis of these results, we suggest that the uniaxial Co ion can appear in the neighborhood of a B site Fe 2
+ ion

magnetic anisotropy of cobalt modified iron particles would and more than a Fe ion can also appear in the neighbor-
be originated from the arrangement of Fe2 + ions with Co2÷ hood of a Co 24 ion. Therefore, there may be another condi-
ions, i.e., Fe2+ -Co2+ pair. tion for forming the Co2 +-Fe 2

- pair between the nearest-
The M6ssbauer parameters of magnetic sheets A4 and B neighbor Co2+ and Fe2÷ ion. These may include the ion-

before TMA, given in Table IV, are comparable to those of configuration around a Co2
+ ion as well as that of a Fe 2

+ ion,
other's works.9 There is no significant change in the Ndexp, and that distance between the nearest-neighbor Co2+ and
Pi(Fe+2) and Pi(Fe+3) between samples A4 and B except the Fe2÷ because that is not the same due to the crystalline
values of Pi(Fe+2) and Pi(Fe+3) in the A site. The difference field. 1" Additional study on these points is suggested.
of these values may be attributed to the different Fe2+ con-
tent of samples A 4 and B. From the values of Pi(Fe+ 2) and IV. CONCLUSIONS
Pi(Fe+3) of subspectra, it may be deduced that the subspectra
(A) of samples are mainly attributed to Fe3 ÷ ions and the (1) The coercivity enhancement and instability of Co
subspectra (B) to Fe2+ and Fe3+ ions. The higher the value modified iron oxide particles containing 0-9.2 wt % Fe2+

of IS and area ratio in the B subspectrum of sample B than ions are closely related to the uniaxial magnetic anisotropy
those of A 4 , is attributed to the higher the Fe2+ content of from the transverse magnetic annealing and torque experi-
sample B tl, a that of A4. ments.

The probability of n-Fe ions appearing in the neighbor- (2) The Fe2 ÷-Co2 + pair model was proposed to explain
hood of a B site Fe ion may be calculated from the following the uniaxial magnetic anisotropy of the magnetic particles.
equationl0 (3) To verify the nature of the Fe2+-Co 2+ pair, the prob-

ability of one or more Co ions appearing in the neighborhood
P(n) = 6 C,,C"(1 -C) 6 -, (3) of a B site Fe2+ ion was calculated using the chemical com-

where C is the concentration of Fe ions on B sites in the position, the M6ssbauer parameters, Pi(Fe+2) and F i(Fe+3 ).
spinel lattice.

Substituting C=0.91 in Eq. (5), the concentration of Fe 1 M. P. Sharrock, IEEE Trans. Magn. MAG-25, 4375 (1989).
in sample A 4 , P(n) for N=6, 5, 4, and 3 were obtained. 2 A. Eiling, IEEE Trans. Magn. MAG-23, 16 (1987).
P(n) was calculated as 0.57, 0.34, 0.08, and 0.01 for i =6, 5, 3 K. Sun, J. H. Xu, M. X. Lin, G, M. Chen, and 1H. L. Lu°, J. Magn. Magn.
4, and 3, respectively. The probability of one o more Co24- 4Mater. 87, 261) (1990).4oM. Kishimoto, M. Amemiya, and E ltlayama, J. Appl. Phys. 55, 2272

ions appearing in the neighborhood of a B site Fe ion is 0.43 (1984).
and that of a B site Fe2+ ion is about 0.25, calculated using -A. J. Freeman and R. E. Watson, Phys. Rev. Lett. 5, 498 (1960).

o 2 ad 3) il. Franke and M. Rosenberg, J. Magn. Magn, Mater. 4, 186 (1977).the values of Pi(Fe+2) and Pi(Fe) in the B subspectrum of 7G. H. Wang, X. P. Zhong, H. C. Yang, H. 1. Luo, and R. Y. Proceed-sample A,4 . We did not calculate the probability for sample B ings of the 6th International Conference on Ferrites, 1992, p. 1434.

because sample B was prepared using Co surface epitaxial KM. Kishimnoto, IEEE Trans. Magn. MAG-IS, 906 (1979).
particles. However, the probability of this sample might be "M. P. Sharrock, P. J. Picone, and A. Fl. Morrish, IEEE Trans. Magn.

higher than that of sample A4, because of the higher Fe2 4  MAG19, 1446 (1983).
2ge thn t f)G. A. Sawatzky, F. Der Woude, and A. If. Morrish, Phys. Rev. 187, 747

content and confinement of Co2 + and Fe2 + ions to surface (1969).

epitaxial layer of iron particles of sample B. "1J. C, Slonczewski, Phys. Rev. 110, 1343 (1958).
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X-ray photoelectron spectroscopy and M6ssbauer study of Ho(Fel-xMnx)2
compounds

Y. J. Tang, Y. B. Feng, and H. L. Luo
Institute of Physics, Academia Sinica, Beijing, People : Republic of ('hima

S. M. Pan
General Research Institute for Non-Ierrous Metals, CNNC, Beijing, People' :s Republic of China

Cubic Laves compounds Ho(Fe ..,.Mn.,)2 (x=O, 0.1, 0.2, 03) were investigated by XPS and
MWssbauer measurements. It was found that the binding energy (BE) of compounds obtained by
XPS remains almost the same for all the compounds and no chemical shift (6) of the core-electron
binding energy was found, which implies that no charge transfer takes place from Mn atoms to Fe
atoms due to Mn substitution. M6ssbauer study has shown that the average hyperfine fields and the
deduced Fe moment decrease with increasing Mn content. It is considered thal the variation of
isomer shift (IS) due to Mn substitution obtained by Miissbauer measurement is mainly due to the
size effect since the isomer shift (6) for the compounds are almost linearly dependent on the volume;
electron transfers seem to be of minor importance.

I. INTRODUCTION was substituted with other elements, which is due to the ex-
istence of a range of hyperfine fields in the material ock;a-

In recent years much research has been carried out on sioned by the random distribution of Fe and T atoms over the
the magnetic and magnetostrictive properties of R(Fel .T.) transition metal sublattice.
(R=rare earth elements, T=Mn, Al, B, Ga, Si...) pseudobi- In the present study the chemical shift (6) obtained by
nary cubic Laves compounds in order to examine the substi- XPS and isomer shift (IS) measured by 57Fe Mo-sbauer for
tution effect. 1- 3 It was found from Miissbauer study that the Ho(Fe1 .,Mn.,)2 (x=t0-0.3) compounds were e,:amined in
isomer shift (IS) in Dy(Fe1 -Td) 2 (T=AI, B) compounds order to reveal the substitution effect.
increases with increasing x value, which was ascribed to the
2p or 3p electrons of B or Al atoms are transferred into the
3d band of Fe atoms.3 However since it was also found that II. EXPERIMENT
the isomer shift (IS) in R(FeNil_.-)2 (R=Dy, Ho) com-
pounds are linearly dependent on the volume of the variation Ho(Fe, .Mn,) 2 (x=O, 0.1, 0.2, 0.3) compounds were

of the isomer shift (IS) and was suggested to be mainly due arc melted in an arc furnace under high pure argon atmo-

to the size effect and is not related to the increase of the sphere, and annealed at 900 'C for a week under a purified

electron concentration of the system. 4 A better knowledge of argon atmosphere. The x-ray analysis showed that all

these phenomena can lead to a better understanding of the samples were a single phase of cubic Laves structure (C 15),

substitution effect for transition metals on magnetic anid and the lattice constant were calculated by using the (440)

magnetostrictive properties in RFe2 compounds. X-ray and peak of x-ray spectra for the compounds. The M6ssbauer
spectra were recorded at room tenmperature with a conven-

photoelectron spectroscopy (XPS) analysis can provide use- tional cowrstant acceleration spectromater with a 7Co Source
ful information about the energy shift of the core-electron ina constat acleration spectrometerwit about soin a Pd matrix. The record time for each sample is about two
binding energies. These energy shifts are related to the po- days and the velocity was calibrated with an a-Fe foil of
tential at the nucleus, which is approximately a function of 25-Am thickness. The x-ray photoelectron spectra (XIS)
the valence electron population and the potential due to the were tained b y photo el Ct spectr ometerwere obtained by an ESCALAB5 ESCA spectrometer
atoms of the environment, so detailed study on R(Fe1 .,T.k)2 equipped with an Al radiation source E(Ka)= 1486.6 eV
compounds by XPS can provide direct information about the and with a resolution of 0.5 eV. The samples were supported
charge transfer due to substitution. By Missbauer study, tl', in the appropriate sample holders and mounted on high
charge density p(t) at the nucleus is measured through the wncthe appropriate samplerholderstand mone on high
isomer shift (IS). MWssbauer studies on 57Fe for RFe, comn- vacuum feedthroughs. then argon sputtered for 15 min to

-ensure clean surface for examination.pounds have shown that even though these compounds have
an identical crystallographic structure, they present several
types of spectra.- With the direction of easy magnetization III. RESULTS AND DISCUSSION
(in) along the [100] axis all iron atoms are equivalent and a
simple six-line spectrum is obtained, as was observed for The lattice constants of I-lo(FeI .Mn.•., (x= (0, 0.1. 0.2,
HoFe2 and DyFe2. If n is along the [Ill] or [ 110] direction, 0.3) compounds are obtained by the x-ray method and listed
there are two magnetically inequivalent iron sites, giving rise in Table I. They increase with increasing Mn content. The
to a spectrum superposed by two six-linc patterns with popu- binding energy (BE) calculated from the XIPS spectra are
lation ratios 1:3 or 2:2, as observed for YFc,, TbFe., ErFe, also listed in Table 1. For metals, the binding energy is the
and TmFe, or SmFe, at low temperature. For R(FcI J...) minimum energy required to excite a core electron to an
compounds the spectrum becorc more conmplex when Fe availablc unoccupied state above the Fermi level and is in-
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TABLE 1. Lattice constant, binding energy, hyperfine parameters, and magnetic moment ,:L., in Ho(Fek ,Mn,) 2
(x=0, 0.1, 0.2, (0.3) compounds at room temperature.

Binding energy (cV) Is SQ

X (A) Fe2p 1 /2  Fe2p312  Mn2p.1/ 2  (kOc) (mrm/s) (mm/s) (Al/Fc)

0 7.333 706.8 719.8 ... 195.4 -0.121 0.D38 1.43
0.1 7.343 706.6 719.4 639.2 179.6 -0.135 0.063 1.31
0.2 7.361 706.7 719.5 639.1 138.1 -0.084 0.072 1.01
0.3 7.381 706.6 719.6 639.3 130.3 -0.022 0.058 0.96

fluenced by the chemical environment. According to charge splitting, and isomer shift were fitted in order to reproduce
potential model,6 the ionization energy of a core subshell the broadening of the spectra with increasing Mn content.
(iA) is approximated by The half-width of all the six-line patterns was kept constant.

The spectrum of HoFe 2 was fitted as one six-line pattern,
I(iA)=I•qa+eVA, (1) indicating that the magnetic moment is directed along the

where qA is the partial charge on the atom A, kA, is an ad- [100] axis.5 It is obvious that Mn substitution has a great
justable parameter, and VA is the potential of atom A due to influence on the hyperfine interaction, as can be seen from
the other atoms B in the system. With a simple point-charge Fig. 1. The M6ssbauer absorption spectra for x>0 com-
approximation pounds indicate the existence of the wide hyperfine field dis-

tribution because of the random distribution of Mn atoms inVA=~ E t
V A 4

qrRAB (2) transition metal sublattice. The broadening of spectra was
k ABalso found in other R(Fel -. T.) 2 compounds due to sibstitu.*

where the RAn are internuclear distances. From analyzing the tion and was LAplained, for R(Fe _,Alx)2 compounds, 2 on

binding energy of Fe 2p 1/2,3/2 and of Mn 2P3/2 listed in the basis of the local environment effect which supposes that

Table I we found that the binding energy (BE) of compounds the hyperfine fields distribution for a given iron atoin has a

remains almost the same value for all the compounds and no proportionality relation with the number of Fe nearest- and

chemical shift of the core-electron binding energy was next-nearest-neighbors calculated from the binomial for-

found. This implies that no charge transfer takes place from mula. However, no reasonable results can he obtained in the

Mn atoms to Fe atoms due to Mn substitution. present study when the same procedure, as used for

The M6ssbauer spectra present in Fig. 1 were analyzed R(Fe I Al,) 2 compounds, was employed to fit the spectra of

using a standard computer procedure. Depending on the Ho(FeI_,Mn,) 2 compounds, which means that no definite
one to five independent six-line pat- conclusion can be drawn about the existence of the localshape of the spectrum inentie inepelds, sux- le environment effect in Ho(Fel -Mnx) 2 compounds. Through

terns with t.irestricted intensities, hyperfine fields, quadruple fitting the spectra, the average hyperfine field HII, isomer

shift (IS), and quadruple splitting (QS) are obtained and
listed in Table 1. It is clearly seen from Table I that the
average hyperfine field decreases with increasing Mn con-
tent. It has been shown 7 from combined NMR and Moss-

.. .. ,, bauer investigation that the average iron hyperfine field and
"X=0 average iron moment are proportional to each other

C:Hfa Are.. (3)

x=O.1The proportionality constant a equals 145 kOeI/.tg for Y-Fe

compounds7 and 125 kOei//B was used for Dy(Fe,-B) 2
compounds.3 Here we consider a=137 kOe/l11 for
Ho(Fe I MnA.)2 compounds, which was deduced from the

. V hyperfine field and iron moment for HoFe 2 in the present
study. The Fe moments calculated from Eq. (3) were listed in

... 'X=0.3 Table I. The decrease of y,, with increasing Mn content is
x-O"3 evident which means that Fe moment is strongly influenced

by Mn atoms.
S , ,From Table I it can also be seen that the average isomer

-7 -5 -3 -1 1 3 5 7 shift (IS) shows a weak concentration dependence, which is

Velocity (mi/s) the characteristic of these compounds. We note that the IS for
the compounds are almost linearly dependent on the volume,

FIG. 1. Mbssbauer spectra of -I(FcIo -M1)2 compounds (x=0, 0.1, 0.2, as can be seen from Fig. 2. Taking the XPS results for the
0.3) at room temperature, compounds into account we suggest that the variation of IS
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-0.15 (1) From the XPS measurement it was found that the
binding energy (BE) of compounds remains almost the same.

-0.20 0 value for all the compounds and no chemical shift (6) of the
-025core-electron binding energy was found, which implies thatS-0.25

no charge transfer takes place from Mn atoms to Fe atoms
0.sdue to Mn substitution.

cn-0.30
W (2) From the M6ssbauer study it was found that the av-
E erage hyperfine fields and the deduced Fe moment decrease

with increasing Mn content. The variation of the IS due to
-0.40 Mn substitution is mainly due to size effects; electron trans-

394 395 396 397 398 399 400 401 402 40f3

Volume (A3) frs seem to be of minor importance.

FIG. 2. Volume dependence of the isomer shift in Ho(Fc-,Mn,)2
compounds. 'T. Funayama, T. Kobayashi, I. Sakai, and M. Sahashi, Apr-I. Phys. Lett.

61, 114 (1992).
2 W. Steiner, M. Reissner, W. Schifer, and G. Will, Physica B 130, 426

due to Mn substitution is mainly due to size effects; electron (1985),
diW. D. Zhong, J. Lan, Z. X. Liu, F. S. Li, D. S. Xue, R. J. Zhou, S. H. Ge,

transfers seems to be minor importance. and Y. D. Zhang, J. Magn. Magn. Mater. 79, 202 (1989).
4E. Burzo, Phys. Rev. B 17, 1414 (1978).
0. J. Bowden, D, ST. P. Bunbury, A. P. Guimaries, and R. E. Snyder, J.

CONCLUSION Phys. C 1, 1376 (1968).
IV. C'A. F. Orchard, Handbook of X-ray and Ultraviolet Photoelectron Spec-

troscopy, edited by D. Briggs (Hoyden, London, 1977), p. 1.
In conclusion, we would like to point out that for 'A. S. Schaafsma, M. J. Besnus, 1. Vincze, and R van der Woude, J. Magn.

Ho(Fe1.. ,.Mnx)2 (x=0, 0.1, 0.2, 0.3) compounds: Magn. Mater. 15-18,1149 (1980).
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Hyperfine fields of mercury in single-crystalline cobalt
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CFNUL, Alt. Prof Galla Pinto 2, 1699 Lisboa Codex, Portugal

E. Alves and M. F. da Silva
Physics Department, ICEN/INETI, E.N. 10, 2685 Sacav'em, Portugal and ISOLDE Collahoration, CERN,
C11-1211 Geneva, Switzerland

The combined hyperfine interaction of mercury in a hexagonal close-packed cobalt single crystal
was measured using the e-- y perturbed angular correlation technique with the 1

17-ig and ""'Fig
probes, without applied magnetic field. The magnetic and quadrupole coupling constants of the 5/2
levels in both 1

97
7Hg and '('Fl-lg were measured with extremely high precision, o1 ( "'FHg)=951(9)

Mrad/s, to, (l'VHg)=1039(10) Mrad/s, vQ ("'HIg)=3.7(5) MHz and v(, (t'Hg)=32(2) MHz.
Using the well-known g factors and quadrupole moments of the respective levels, the magnetic
hyperfine field, UH,/(HgCo)l=581(12) kG, and the electric field gradient, V.(I-IgCo_)I
=2.0(3)X 1017 V/cm 2, were derived. The importance of using these hyperfine probes for studying
the microscopic structure of cobalt-based multilayers is introduced and discussed.

I. INTRODUCTION The PAC experiments were performed using the 165-
134 keV cascade from the decay of the 23.8-h isomeric state

The potential applications of the giant magnetoresistance of 11 T7lHg, and the 374-158 keV cascade from the decay of
effect in recent years led to a considerable interest of mag- the 43-mrin isomeric state of 1'991lg. Tihe first transitions in
netic multilayers consisting of a magnetic material, usually these cascades are strongly converted, c, (165 keV,
cobalt, separated by a thin nonmagnetic spacer. The optimni- 1 9-1g)=173 and a:(374 keV, '"Hg)=35, which makes
zation of the effect depends on the thickness, structure, and th7I- ide al for eeasuremen ts . 5 weic h ma es,
interface properties of the spacer and Co layers, Using the them ideal for e - 0, measurements. re calculated anisotro-
111Cd nucleus from the decay of "Iln as a probe implanted in ies are b2A. 2('97 1g)=0.213 and h2A 2 2,lHg)=0.235. 4

Co/Re and Co/Cu multilayers, ' 2 the perturbed angular cor- The experimental setup consists of two magnetic 8

relation (PAC) technique proved to be sensitive for the mi- spectrometers of the Siegbahn type,5 for detection of conver-

croscopic characterization of structural and point defects, sion electrons and two BaF2 scintillators for y detection,

phases, and interfaces in magnetic multilayers. The applica- arranged in a plane. Each lens makes 900 with one ydetector
tion of this technique is, however, limited to suitable probes, and 1800 with the other. The time resolution (FWHM)
In the present work, it is shown that the 197llHg and t')'`"-lg of the setup for the I'1 "'lHg and "))'•'"lg cascades was 1.0 us.
isotopes are appropriate for these studies: the hyperfine fields Four coincidence spectra were recorded, corresponding
are higher and the substitutional fraction of Hg implanted in to the combinations of each magnritic lens with a y
Co is a factor of three higher than in the Cd case, with no detector. From these spectra the usual time differential
need to perform annealing treatments after the implantation. anisotropy R(t) =2 [N(1 80', t)-N(90°,t)I/[N(18I)°,t)

The magnetic hyperfine interaction of Hg in Co has been + 2 N(9g) 0 ,t)] was calculated.
previously studied by Krien and co-workers.3 Their measure- The theoretical R(t) function was calculated numerically
ment could not, however, explain if the Hg atoms are at taking into account the full liamiltonian for a combined hy-
different sites in the Co lattice or if a combined hyperfine perfine interaction, as described by Ba'radas and
interaction is responsible for the observed modulation, since co-workers.' In the calculation, independent fractions fi oK
a quadrupole interaction is expected for the Co hexagonal probe nuclei were considered, each experiencing a Larmoi
close-packed (hcp) phase. To clarify this problem, new re- frequency, l= -g9uNHh/ 1/h and a quadrupole freu | ency,
sult, are reported here, using the e--y PAC technique with vo= ,.QV,1/h. H1 h is the magnetic hyperfine field and V, is
the 197 FIg and ""'•"'Hg isotopes, in a Co single crystal. The the main component of the electric field gradient (EFG) ten-
lattice site location of the Hg atoms has also been studied by sot at the nucleus. Q and g are, respectively, the quadrupole
a high precision channeling experiment performed after the moment and g factor of the I V5/2 intermediate state of the
radioactive decay on the same sample. cascade. For "171-lg and '"')-Hg these parameters arc well

known, Q5/2 (197Hlg)=0,057(7) b, Q(5/2 (""'Hg)=0).674(77
b,7,8 g5/2 ("'"7 11g)=0.342(6), and Uj, 2 ('"'t l-lg)=0.352(I3).•

II. EXPERIMENTAL DETAILS Lattice imperfections, impurities, or defects cause a damping
of the R(t) function, described by a Lorentzian distribution

The ''`7mHg and "')"'Hg isotopes were implanted into a with relative width 5, centered at a given (,a.
Co single crystal at 60 keV, using the ISOLDE facility at No external magnetic field was necessary to orient the
CERN, to doses of 5X 1013 and 5X 10-2 at./cm2, respectively, magnetic domains, since below 525 K the spins of the hcp
The mean-I Ig range profile value is II nm. Co lattice are aligned along the c axis. This is also the direc-

tion of the main component of' the EFG tensor. For each
"'Current addreas: I". Divisiol, ('RN, (11-1211 Geneva, Switzerland. isotope, experiments were performned oil two complementary
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FIG, I, Anisotropy ratios obtained with t'nHg for (a) singke crystal with c FIG. 2. Anisotropy ratios obtained with I'•Hg for (a) single crystul with c
axis on the detectors' plane at 450; (b) with c axis perpendicular to thc axis on the detectors' plane at 450; (h) with c axis perpendicular to the
detectors' plane. detectors' plane.

geometries. In geometry GI the c axis of the Co-single crys-

tal lies on the detectors' plane at an angle of 45' with the assuming well-defined magnetic and electric frequencies. Pa-
detectors, and in geometry G2 it is perpendicular to that rameter f2 corresponds to Hg atoms characterized by the
plane, For a collinear interaction, only the wl ± 2w0 and same values for the frequencies, but with a small Lorentzian
2 &oL±wo frequencies (wo=37r.vQ/1O) have observable ampli- distribution on the magnetic frequency. The remaining Hg
tudes in geometries G1 and G2, respectively, atoms are described by a strongly damped frequency distri-

Complementary RBS/channeling experiments were car- bution, characterized by a large value of 8.
ried out after the 197mHg decay in the channeling line of the Figures 2(a) and 2(b) show the corresponding anisotropy

2.5-MeV Van de Graaff of INETI, Sacav~m, using a 1.6- ratios, R(t), obtained with the t99mHg implanted sample.
MeV He+ beam. The backscattered particles were detected at Again, it was necessary to consider three fractions of Hg
angles of 140' and 1800 using two silicon surface barrier atoms in the Co lattice, The results are shown in Table 11,
detectors with resolutions of 13 and 18 keV, respectively. Figure 3 shows the angular scans obtained for the (0001)

plane (c plane) and for the (1120) and (lO(0) axes along that
Ill. RESULTS plane. From the minimum yields of the Hg and Co signals, a

Figures 1(a) and 1(b) show the anisotropy ratios R(t) fraction of 70% of Hg atoms in regular positions in the Co

obtained with the 197mHg implanted sample in geometries G 1 single crystal is obtained. The slight narrowing of the Hg

and G2, respectively. The measurements have been per- signal, clearly seen in the (0001) plane and in the (1010)

formed at room temperature. Assuming the FIg ions are sub- axis, indicates a fraction of Hg ions deviated from the sub-

stitutional in the Co lattice they would experience only one stitutional positions, The continuous line in Fig. 3 is a Monte

combined interaction, described by a theoretically predicted Carlo simulation of these scans, using a modified version of

modulation. However, to obtain a satisfactory least-squares the FLUX program,'( assuming a 50% substitutional frac-

fit to both geometries, it was necessary to consider that the tion, a 20% slightly deviated fraction, and a 30% random

Hg atoms are located in three nonequivalent Co lattice sites. fraction, The errors in the determination of these fractions

The results are shown in Table I. Parameter f1 gives the are of the order of 10%.

percentage of Hg atoms described by a theoretical function

TABLE i. ' 7Hg~o fit parameters. TABLE I1. '"tlgCo fit parameters.

Fraction Oa Fraction (0t. UQ
(%) (Mrad/s) 4 UQ(MHZ) (%) (Mrad/s) 35 (MHz)

fl 33(3) 951(9) 0I 3.7(5) f, 53(3) 1039(10} 0 32(2)
f2 38(3) 951(9) 0.12(2) 3.7(5) f 2  29(3) 1039(10) 0.15(2) 32(2)
f. 29(3) 300(30) 0,5(0) 0 fI 18(3) 510(40) 0.6(1)
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*.:, An important result of this work is the derivation of a
I Wt- ool•) 101•o , Hu more precise value for the magnetic hyperfine coupling con-

,,, stant measured by the Larmor frequency woL(,97Hg

-*iI. C...o)=951(9) Mrad/s. Due to the high statistics obtained in

0- 5 . . these measurements, the errors in the magnetic frequencies
...... , are limited only by the 1% uncertainty of the time calibra-

• - " .• tion. Using the known g factor, g5/2-( 19 7Hg)=0.342(6), 9 the
-,2 derived magnetic hyperfine field is IHhf(HgCo)J=581(12)

kG, which fits very well in the systematic of hyperfine fields
M" 1),,i •in Co.12

.I ) ,' .• 1""In conclusion, the 1971g and '99Hg are very attractive
probes for the study of Co-based structures using the 11AC

•' "technique, due to the high substitutionality in Co achieved
" ,after implantation at room temperature. Additionally, the

S ... availability of two isotopes with quadrupole moments differ-
0.. 0 ing by one order of magnitude allows q great flexibility for

\1lui, (,g.) the study of EFGs. Since the EFGs at the Hg site in the
interfaces, or at the Co site with trapped defects or impuri-
ties, are normally much higher than the EFG of Hg in Co, a

FIG. 3. Channeling scans for the (0001) plane and tie (1120) and (1060) large range of values can be measured selecting the appro-
axes along that plane. The continuous line is a Monte Carlo simulation, priate probe, 197Hg or '99Hg, for the high or low range of

EFGs. These advantages are currently being explored at
ISOLDE/CERN due to the high yields for the production of

IV. DISCUSSION AND CONCLUSIONS these isotopes.
The PAC experiments show the surprising result that ACKNOWLEDGMENTS

about 75 % of the implanted probe atoms (fractions f 1 and f2)abou 75 ofthe mplnte prbe aoms(frctios!,andfl) This work has been partially funded by JNICT (Portu-
stop at regular sites, and the channeling experiment proves

that the Hg atoms are substitutionally located in the Co ma- gal) under CERN Project 982/92. J.G.M. acknowledges a

trix. The observed frequency distribution of fraction f2 is grant from JNICT under "Fundo CERN".
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Simulation of nuclear magnetic resonance spin echoes using the Bloch
equation: Influence of magnetic field inhomogeneities

J. A, Nyenhuis and 0. P. 'e
School o' I Elefctrical ELaginte-ing, Putdue Uniwrsrs'it West Lafaye'tte, Itndiana 47907

There are a number of low cost nuclear magnetic resonance (NMR) applications that arc based on
measurements of spin-spin (T2) and spin-lattice (TI) relaxation times. Pulsed rf magnetic fields are
typically used to flip the nuclear spins in these measurements. The ability to perform these
measurements in relatively nonunifort, mn;gnetic fields is a factor in minimizing costs. In this work,
we explore the limitations of field inhomogeneity on spin echo techniques for measuring relaxation
times. Using a computer model that was developed for this study, we numerically integrate the
Bloch equation to simulate spin echo peaks for CPMG and other pulse sequences. We quantify how
higher intensity rf pulses result in increased amplitudes of spin echo peaks in an inhomogeneous
static magnetic field. An rf amplitude which is live times the maximum inhomogeneity in the static
field results in less than 0.5% attenuation between even numbered peaks in a CPMG sequence.

I. INTRODUCTION must be large enough, however, to obtain a good sampling of
applications of nuclear resonance the dephased spins in an inhomogeneous magnetic field.

NumeousmagnticAn rr field of carrier frequency cu0 with only x and y

(N M R) have been developed; for exam ple, it has been pro- components fica rr =f h c , th on ly x an -

posed that NMR be used to sort fruits and vegetables,' t components is assumed: hri(llt 'lm. The static field is as-
measure the percentage of saturated fats in vegetable oils,2 sumed to lie in the z direction and has an amplitude

and for the early detection of osteoporosis in humans.3 !t?)+ Ani, where HI- o,/y with y being the nuclear gyro-

NMR techniques have several advantages over other magnetic constant. !1o is thus the field for which the reso-
nance frequency is equal to the rf frequency and AII ac-

methods of experimental analysis; they are neither destruc- count fre n oen iy i n the s t f ie ld.

tive nor invasive to the sample under study. Ultimately, how- The tiolutin of e ac regi p

ever, it is cost and not these advantages, which will deter- The tic adfmgtic field s is gv b espons to
minewheherN.MRcancomete ithexprimetalmetods the static and rf magnetic fields is given by tile Bloch equa-

mine whether NMR can compete with experimental methods

already in place. A major factor affecting the cost of a NMR hon

system is the magnet. Magnets that produce highly uniform dMi M
magnetic fields are difficult to miinufacture and, correspond- d tMi×[(llu+A ll rf]} - "
ingly, are expensive,

This paper investigates the effects of nonuniform mag- M -

netic fields on spin echo techniques for measuring relaxation "l'
times. We seek to answer the question: how uniform must the
fields be in order to achieve good measurements? where Mo.i is the saturation magnetization in the presence of

the static field.
In Eq. (1), the subscript i indicates that the Bloch cqua-

II. SIMULATION MODEL tuon is applied separately to each region in the sample.
ARThe normalized magnetization in a region is expressedA computer model, written in FORTRAI•.^N, o~f NMP, phe- =M/~ 1  hr stestrto antzto

nomena was deveioped for this study. The assumptions made
in that region. Magnetic fields are normalized to the value ofin th~is model are (1) a one-dimensional model is used, (2) i il a hc h ula pn aersnnete

the sample is magnetically homogeneous, (3) the applied rf s uatc y f el g., w ich ,t- e Tic e is hvr esonance f

fields are uniform across the sample, and (4) diffusion effects quency (fe, e.g., hrrhri= /Hi lime is normulized to cycles oft

are ignored. These assumptions aic made in order to isolate tle rf field, e.g., (1 i= a or). 4
the effects of nonuniform magnetic fields and arc not limita- Transforming Eq. (I) into i coordinate frame4 that ro-

tions of the computer model. tates at the rf field frequency 0 u• and letting il~trd
=------ li/l 1

(, the normaalized Bloch equtation in component
In the simulation model the sample is divided into re- form for each region is

gions of magnetization M,= (M. ,MW,. ,M), which represent

the vector sum of all magnetic moments il the region. d11,i t•i
The number of regions used in the simulations was 2499, 2 7r( ltd i - j,..) -

although a choice as low as 99 regions would yield comlpa- dIt T2,i
rable results. For a sufficiently large number of regions, the
solutions are basically independent of the number of regions, din ,,12)
because the magnetization in each region is independent of c2 )-

that in another region; however, if diffusion is included in the
model, magnetization in one region is coupled to adjoining i.- I
regions, and the accuracy of solutions improves by increas- 2 •rt h ,n.--h i
ing the number of regions. The number of regions chosen d(I "I,,
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90 the spins after the 1800 pulse. The 900 rf pulse is taken to be
in the x direction in the rotating frame. For a
Carr-PurcelI-Meiboom-Gill' (CPMG) pulse sequence, the

180 180 180 180 180' pulses are in the y direction, while they are in the x
direction for a Carr-Purcell 7 (CP) pulse sequence. With the

180' pulses depicted, spin echoes occur near times 2r, 47,

6T, and 87. Amplitude hf and durations T, and T1 8o of the

hff T180 rectangular rf pulses were varied for different simulations.
From Eq. (2), it can be shown that for a 900 flip T",= I/4h;a
and Tjg0 =2Tg0.

A linear inhomogeneity was assumed for the simulation
results presented here:

AHi=AH aj I/L - L--- x <-_L . (4)

For the results presented here, the normalized inhomogeneity
Aumax AHaiaxIHo was 5X 10-, i.e., 500 ppm, This inho-

t r 5't 7"t
"I (cycles of RF field) a

FIG. 1. rf pulse sequence used in the spin echo simulations.

S/0.5

The Bloch equation is now in the form of three first-order
differential equations that are solved numerically for each
region in the sample. The simulations implement the fourth-
order Runge-Kutta method with a step time of five cycles of ZO
the rf field. This step time was chosen because it was a large
enough step that excessive computing time was not required
and at the same time the solutions would converge to five 01 .
decimal places. 0 12500 250W0

For the case when the rf signal is turned off, simple (a) " (cycles of RF field)
closed form expressions' for the magnetization components
exist, which reduces the computational time of the simula-
tions.

After each time step in the simulation, the transversemagnetization components, m,,i and my', , are summed vee- =

torially over all the regions in the sample. The receiver coils
in a NMR system will detect signals proportional to the 5

transverse magnetization of the sample. The receiver flux, .)
normalized to the maximum possible value when all the , 0.5
spins are in phase, is then

Normalized receiver response

X Mo.inx,i) + Mo~iyn, 2. (3) 0 125(X) 25W(X)

(b) t (cycles of RF field)

III. SIMULATION RESULTS AND DISCUSSION
FI1G. 2. Effect of rf amplitude on spin echo amplitudes, A CPMG ;i pulse

The rf pulse sequence used in the simulations is shown sequence was used for a linear inhoniogeneity with Al.,,()50(1 ppm and

in Fig. 1. A 900 rf pulse cants the nuclear magnetization from 1-=2500 cycles, T 1 T=",= 1 cycles of rf field in the model. (a)0
I: ,[2.5X I 1( 3 and T ,, -~2T,ai-2-(1(1 cycles. Respouse peaks arc 0.9933.

the z direction into the transverse plane. 180' pulses are used 0.9873, (.9985, 0.9873, and 0.9946. (b)it,,- Iý) 1 and "1' I,"= 50(1 cycles of
to generate the spin echoes, which result from refocusing of rf field, llcsponsc peaks are 0.90(10, 0.9260. 0.9590, 0.9087, land 0.9236.
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Fig, 2(a), results in 7'2,1'f of 6.2X10(' cycles. For 7-7O0)0
cycles, t•"ff= 8 .5X 106 and for r=9000 cycles,, T,2Cff
= 10.6X 0.

An intuitive argument can be made to explain why
shorter (i.e., higher intensity) rf pulses result in higher echo
peaks in a CPMG sequence. With inhomogeneity in the static
field, nuclear spins will have precession frequencies different

'• 0.5 from the frequency of the rotating rf field. Assume that the
H direction of the rf field is fixed in the rotating frame. The
N azimuthal angle of the nuclear magnetization will rotate at

frequency A w= yAHji with respect to the direction of the rf
field. Let A018() represent the change in angle during the
1800 pulse between the rf field and the transverse component

W of nuclear magnetization:

AQ0.bj 8 l]= AwT,8fl yAHruaxTj8()
0 12500 25000) 2 AliT- raH/h. (5)

(cycles of RF field) = 2rnax 81= rAxr.

If there is significant change in angle between the rf field and
FIG. 3. Effect of using CP rf pulsc sequence on spit ,zho simulations, rf the nuclear spins during a rf pulse, the flip angle will not
pulse amplitude hg2.5X 1o U (Tq,)= 100 cycle, of rf field) and a linear have the desired value. For spin echo peaks with maximal
inhomogeneity with AH,,=50() ppm was used. r-2500 cycles and value, we thus expect A0 18(s<4. For Itrf= 2 .5X 10_- in Fig.
T1=Tj=1 0t2 cyclesofrf field. Response peaks are 0.9933,0(.9864,'0.9514, 2(a), Abl80=0.63 and for hr fl0t-1 in Fig. 2(b),
0.8905, and 0.8195. A0 180)= 1.57.

Figure 3 shows a spin echo sequence using the same
conditions as in Fig. 2(a), except that both the 90' and 180'

mogeneity is of the order of magnitude that is experienced in pulses are in the x direction. For this CP sequence, the echo
low cost NMR applications. However, spectrometers and peaks progressively decrease in amplitude, with the fourth
medical imagers use magnets with much better homogeneity. peak having an amplitude of 0.8195. Comparison of Figs,
The normalized relaxation times T1 and t 2 were arbitrarily 2(a) and 3 clearly shows the advantage of the CPMG over
set to a large value of 1012 cycles. With the effects of nuclear the CP sequence in an inhomogeneous field. In the CMPG
relaxation essentially removed from the calculations, we sequence, deviations from the ideal flip between successive
could focus on the effects of inhomogeneity in the static field 180' pulses are partially compensated, whereas errors in flip
on the spin echo response. angle accumulate in the CP sequence.8

In Fig. 2, we evaluate the effect of rf amplitude on the The CPMG sequence is forgiving of imperfections in rf
echo peaks for a CPMG sequence. In Fig, 2(a) a rf field with pulse duration. The parameters of Fig. 2(a) were maintained,
amplitude hrf=2.5X 10-3 is used, which results in a normal- but T90 and Tlgo were independently made 10% too long.
ized duration Tl,,1 =200 cycles. As is expected for the The amplitudes of the fourth echo peaks were then respec-
CPMG pulse sequence, even echo peaks have '.,e greatest tively 0.9829 and 0,9840, only slightly less than those shown
height, and the fourth peak in the sequence has normalized in Fig. 2(a).
amplitude 0.9946. In Fig. 2(b), the rf field amplitude has
been reduced to l,f= 10-3, and the 180' pulse has a duration ACKNOWLEDGMENTS
of 500 cycles. Compared to the case for frf=2.5Xl- 3 , the We thank the U.S. Department of Energy, the Southeast-
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2.6X 106 cycles, whereas in Fig. 2(b) T,,rf is 0.27X10 ' ,lemic, New York. 1971). p. 9.
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Correlation of magneto-volume effects and local properties
of the Fe 2Ti-laves phase (abstract)

J, Pelloth, R. A. Brand, and W. Keune
Laboratorium fit- Angewandte Physik, Universitiit Dui shurg, D-4 7048 Duishurg, Germany

Magneto-volume effects have been calculated t and shown to exist2'3 in FeTi alloys. Sincc
Miissbauer spectroscopy provides insight into local magnetic properties we hv,, performed such
measurements in the temperature range 4.2 K<T<800 in B,,at=O and /-() on Fe, , TiI , powder
samples with x= - 0.05 to +0.1. The spectra of FeTi at 4.2 K show two subspectra, one belonging
to the antiferromagnetically coupled 6h sites, and the other one to the paramagnetic 2a sites, in
agreement with Ref. 4. A detailed analysis shows that the electric field gradient of the 6/1 sites
changes in sign and value when going from the antiferromagnetic to the paramagnetic state at 3 10
K. Moreover, the isomer shift values of the two sites are found to be different at 4.2 K, while they
are equal above 3 10 K. Both changes suggest a change in the local electronic hand structure between
the paramagnetic and antiferromagnetic states. An increase of the linewidth is observable in the
temperature region of 200 K< T< 3 10 K that could be caused by a distribution of hyperfine fields
on the 6h sites or by spin fluctuations during the lifetime of the excited state of the Missbauer
nucleus. For x>0 and 4.2 K. an additional magnetically split subspectrurn appears that is associated
with 6h sites and neighboring Fe antisitc aioms. For x< 0 the spectra are similar to those ol" Fe,Ti.

This work was supported by the D)eutsche Fuirschungsgenicinschaft (SF13
166).
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Giant magnetoresistance (GMR) effects are observed in several classes of bulk magnetic materials.
The resistance changes at metamagnetic transitions connected with reorientation of 4f moments are
only moderate due to the relatively weak coupling of the 4f and conduction electrons. Much larger
G(MR effects can be achieved by mechanisms involving the d states (RhFe, RCo 2), though the most
spectacular resistance variations are connected with metamagnetic transitions in U-intermetallic
antiferromagnets. This phenomenon can be interpreted as due to Fermi surface gapping (due to
magnetic svperzones) and/or due to spin-dependent scattering in analogy with magnetic multilayers.

I. INTRODUCTION metry, and is usually accompanied by a noticeable change of
the electrical resistivity.

During the dramatic development in the research of Another type of metamagnetic transition, which is also
magnetic multilayers, the magnetoresistance has become one reflected in the electrical resistivity, can be found in Itinerant
of the frequently reported quantities. This originated by the electron materials, which are close to a magnetic inxstability.
discovery a large ("giant") magnetoresistance (GMR) in This class of materials can be well represented by the RCo 2
Fe/Cr multilayers.1 Since then, further multilayer systems ex- compounds (R=rare-earth metal). Here a sufficiently large
hibiting GMR have been reported. One of the most impres- magnetic field can induce magnetic moment on Co sites4' 5

sive effects has been observed in Co/Cu multilayers, in and, simultaneously, the system undergoes a transition from
which the electrical resistivity at low temperatures is reduced the paramagnetic to a magnetically ordered state.
in magnetic field to half of its zero-field value. 2 The strong Note that the magnetoresistance is usually defined by the
interest in GMR effects is closely connected with promising expression
industrial applications in magnetoresistive reading heads and Ap/p=[p(T,t1) -p(T,O)]/p(T,O), (1)
similar elements.

Magnetic multilayers are artificial superlattices in which where p(T,H) and p(T,0) are the resistivities at a given
the layers of atoms carrying magnetic moments are separated temperature in the actual and zero magnetic field, respec-
by nonmagnetic layers. The nonmagnetic layers mediate ex- tively. For the transition from the antiferromagnetic to the
change interactions between the magnetic ones. In systems ferromagnetically aligned state with the resistivities p.,,. and
exhibiting GMR, these exchange inter'actions are, as a rule, pF, respectively:
antiferromagnetic. As a result we obtain antiparallel inter-
layer coupling. These exchange interactions are relatively Ap/P=(PAF-PF)/PaF" (2)
weak and can be easily overcome by magnetic field and a In the multilayer research it is customary to use a modified
ferromagnetic alignment of spins can be achicved in a rela- expression:
tively low field. A pronounced reduction of the electrical Ap/p={PaF_PF}/pF' (3)
resistivity can be observed due to this transition, because the
resistance in the ferromagnetic aligned is much smaller than which provides naturally much more spectacular values. Un-
in the antiferromagnetic case. The occurrence of GMR ef- less especially mentioned, we will use the representations (I)
fect5 in multilayer systems is usually ascribed to the spin- and (2).
dependent scattering. 3  Here, we review the magnetoresistance effects in differ-

Magnetic-field-induced transitions in antiferromagnets et classcs of bulk magnetic materials with a special empha-
have been studied in bulk materials for decades. These tran- sis on single-crystal data available only very recently for
sitions are called metamagnetic in analogy to the metastable lower symmetry materials. We want to demonstrate that the
(metamagnetic) state which sets in above the criticai field. GMR effects are frequently observed especially in 5f elec-
They take placc. in a magnetic field sufficient to overcome tron intermetallics and discuss !he origin of these phenoin-
the antiferromagnetic interactions and to modify the mag- cna. Wc will discuss also required model parameters of an
netic structure. The modification of the magnetic structure is intermetallic system to achieve GMR effects at conditions
frequently connected with a change of the translational svm- desirable for practical applications.
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II. RESISTANCE IN METALLIC SYSTEMS (a)

For simplicity, the resistance in metallic systems can be .. 1.5 NdF 2 K
discussed as due to independent scattering mechanism (i.e., r 2KB b
supposing the validity of the Mathiessen's rule): "- 0"•1.0

P=Po+Pe-p+Pspd (4)

Both the temperature independent term Po due to crystal r4 0.5

structure imperfections and the electron-phonon scattering
term pe.-p are present in all materials. In magnetic materials 0.0
the scattering of conduction electrons on magnetic moments 0 B..'. B -b
should be taken into account. This is reflected in the spin- 0 * ""
disorder resistivity term Pspd. In the paramagnetic range, ..

where thc magnetic correlations are absent, electrons are _ : .
scattered on entirely disordered magnetic moments. The
spin-disorder resistivity originates in the exchange interac- Ca.
tions acting on the conduction-electron spin and scales there- -

fore with the De Gennes factor (g- 1)2J(J + 1) and with the -10b

square of the coupling parameter .,6 For a system with
stable megnetic moments, PRyd is constant above the mag- 0 1 2 3 4 5

netic ordering temperature. In ferromagnets below Tc, P.,pd B (T)
decreases with temperature in a way characteristic for the
type of magnetic excitation in a particular system. Finally, it FIG. 1. (a) Magnetization and (b) transversal magnetoresistance vs magnetic

should vanish in the low temperature limit. For low tempera- field applied along the b axis measured on NdCu2 single crystal at 2 K (data

tures, a quadratic temperature dependence of Pxpd cpn be taken from Ref i1).

derived 7,8 and is frequently observed experimentally.
The situation is less clear in antiferromagnets, in which likely in actinide and transition metal intermetallic com-

the magnetic periodicity can be different from the crystallo- pounds, as will be demonstrated on several examples.
graphic one. This leads to creation of new Brillouin zone
boundaries (superzone boundaries) and, consequently, gaps III. EXAMPLES OF GMR IN BULK MATERIALS
can appear on the Fermi surface. In this case, the effective As an example of one of the largest magnetoresistance
number of charge carriers is reduced leading to initial in- effects in regular-rare-earth intermetallic compounds, we
crease of the resistivity with decreasing temperature below show in Fig. u the magnetoresistance of NdCu2 which is
the N6el temperature TN .9 Such effect can be found both in swntFier g. tet magbe toresistaw12 of apply i ch is

itinerant antiferromagnetst ° and in rare-earth local-moment netic field along the b axis two metamagnetic transitions can

systems.9 The resistivity can be described as be induced leading to a step-wise increase of the magnetiza-

po+ Pe-P+pPspd tion in ---0.6 and ý-2.8 T. Both transitions are associated with

1 -gmn(T) (5) pronounced changes of the resistance leading to Ap/p
- 10% in 3 T. The increase of Ap/p with the approaching

where m(T) is a normalized sublattice (staggered) magneti- critical field can be attributed to the enhanced scattering due
zation. The truncation parameter g characterizes the effective to intersite fluctuations.1 3,14

reduction of the number of conduction electrons as a conse- The large magnetoresistance changes in NdCu 2 are con-
quence of the Fermi level gapping. It is evident that this fined to very low temperatures because of the low value of
factor enhances the resistivity even in the low temperature TN. Therefore, SmMn 2Ge 2 , which i.s antiferromagnetic be-
limit. The difference between PF (resistance in the ferromag- tween =100 and 150 K and ferromagnetic outside this
netic state) and PAF (resistance in the antiferromagnetic range,15 ,t 6 might be more attractive for applications. The
state) depends on the width of the gap in the electron energy transition from the antiferromagnetic state to a low-
spectrum, which scales with the exchange coupling paran.- resistance ferro-state can be induced by moderate fields (be-
eter '. Therefore, the magnetoressistance effect connected low I T), but the reduction of the resistivity does not exceed
with the metamagnetic transition (between the antiferromag- 10%.
netic state and the state with "ferromagnetically" aligned A similar situation can be found in Ce(Fe, -_ CCo,)2, with
magnetic moments) should scale approximately with P.qd, -10% cobalt substitution. This material first becomes ferro-
which is gov,-rned by similar parameters. magnetic below - 180 K. and with further lowering tempera-

In compounds based on regular rare-earth metals, the ture a transition to the low-temperature antiferromagnetic
P~pd values are, however, rather modest despite large ionic state appears at m80 K.- 7'' This transition manifests in a
magnetic moments. The reason is apparently a weak cou- dramatic increase of the electrical resistivity. it The ferro-
pling of the conduction electron spin and the ionic spin too- magnetic (and presumably the low-resistance) ý;tate can be
ment S. Much larger Pt,d values can be expected in materials then recovered by application of a sufficient magnetic field.'9

where a strong coupling can be expected. This situation is Similar loss of ferromagnetism at low temperatures can also
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FIG. 2, Temperature dependence of the electrical resistivity in HoCo2 in

several magnetic fields (see Ref. 4).
FIG. 3. Temperature dependence of the electrical resistivity in the UNiGa
single crystal for illc and iec. For ijc also results measured in 2 and 14 T

be observed for small substitutions of Fe (in CeFe 2) by Al,20  (BIlc) are displayed.
Si,2 1 Ru, Ir, and Os, 22 which could also lead to large magne-
toresistance.

Significantly larger effects can be observed in materials, AF--F transition similar to the onset of the Co magnetic
where the external magretic field assists in the stabilization moment at the ordering temperature in some RCo2 corn-
of magnetic moments. This situation can be followed, e.g., in pounds. Then both the spin-flip transition of Fe magnetic
RCo2 compounds. For some rare earths, the Co moments are moments and the onset of Rh magnetism can be accounted
formed from the highly susceptible matrix of the 3d states by for by the large magnetoresistance change in FeRh. Large
the concerted action of ordered rare earth moments at the magnetoresistarice changes accompanying the magnetic-
Curie temperature Tc , which thus becomes a first order tran- phase transitions in the transition metal sublattice have also
sition. Above Tc, the large resistivity is affected not only by been observed in the La(Fe.A.t -x)i3 system.2 6
disordered rare-earth moments, but the strong spin- Much larger MR effects occur in systems with uranium,
fluctuations in the Co 3d-electron subsystem contribute, as a most thoroughly studied light actinide. We will review
well. The electron-spin fluctuation scattering is removed in some experimental data on UTX compounds, which are
the transition by a sudden drop of a considerable absolute formed in several types of crystal structures. The compounds
value (e.g., =-80 pil cm in DyCo, "', " )C02).

4'5' 23 The ef- crystallizing in the hexagonal ZrNiAI structure have been
fect of exchange fields of the 4 , on the 3d one studied most thoroughly. This structure consists of U-T and
can be naturally assisted by magnetic field, T-X basal-plane layers alternating along the c axis. The
which shifts the transition to, .,ds er temperatures. stronger U-U coupling within the plane leads to a very strong
Thus, for a particular ter r,.ure , .,aited range above magnetic anisotropy confining the U moments in the c direc-
Tc, the resistivity can b,. .cd d. -,'ly. A typical ex- tion. The magnetic interactions along c are much weaker and
ample of HoCo 2 can be seer in Fig 2 )ualitatively similar in some cases antiferromagnetic with various propagation
behavior also occurs in DyCo2 , LrCo 2, .nd TmCo 2.45'23 Al- vectors. The electrical resistivity in antiferromagnetic corn-
though present in compounds containirng rare earths, the ef- pounds shows qualitatively different behavior for the current
fect is clearly due to the onset of 3d magnetism in this case. along the basal plane and along the c axis (see Fig, 3). A

There are also purely d systems with a large magnetore- typical example is UNiGa, 27 which orders antiferromagneti-
sistance. One case known for many years is the equiatomic cally below 40 K. The ground state can be characterized by
ordered FeRh compound.2 4 It is antiferromagnedc below 340 the sequence of (+- + - + - -) orientation of equal U mag-
K, where it undergoes a transition to the ferroniagnetic state. netic moments of 1.4Ajt . The ferromagnetic configuration is
At lower temperatures, the ferro-state can be achieved in the reached in -0.8-1 T (at 4.2 K). As shown in Fig. 4, the
magnetic field, which increases from 0 T at 340 K to about first-order metamagnetic transition is accompanied by a dras-
30 T at 4.2 K (the critical field is 4 T at room temperature). tic decrease of the resistivity of about 120 gAi, cm
As the resistivity increases strongly at 340 K due to the (Ap/p=86%).2 8 IKowing the complex magnetic phase dia-
F---AF transition, the suppression of antiferromagnetism in gram of UNiGa, one can gain some insight into the magne-
the field leads to a dramatic reduction of the resistivity. As toresistance effect by inspection of the p(T) dependencies in
the residual resistivity in the ferromagnetic state can be various magnetic fields (Fig. 3). In high magnetic fields suf-
rather small, the relative drop of its value is largest-by the ficient to suppress the antiferrotnagnetic correlations, p("')
factor of 20-in the low temperature limit (Ap2)20 ptl cm). behaves as in a ferromagnet, with a resistance drop below the
Recent calculations 25 yield the electron structure in both ordering temperature. Th .s the anomalies in p(T) found be-
phases. The Fe atoms display 1o, I moments of --3L.1 , tween 35 and 40 K, which are connected with several differ-
while the Rh local moments arc zero in the antiferromagnetic ent antiferromagnetic phases existing in zero field, totally
configuration and 1,.Lt for the ferromagnetic configuration. disappear in the field of 2 T. The slower increase of the
This means that the Rh magnetic moment is induced by the resistivity in the ferromagnetic phase means that the largest
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FIG. 4. (a) Magnetization and (b) relative electrical resistivity for ille vs points indicate the value to which the resistance of the whisker drops in

magnetic field applied along the c axis measured on UNiGa single crystal at applied fields above the two rnctamnagnctic transitions seen in Fig. 7.

4.2 K,

lure, a gradual saturation to pU• 80 An cm is observed. For
drop Ap-200 /An cm is found at 25 K. Around this tempera- current perpendicular to the c axis, a more regular behavior
ture a two-step metamagnetic process is observed (see Fig. with a low temperature decrease of the resistivity appears. In
5). For current perpendicular to the c axis, which is sensing a field of 4 T1' along the c axis, the magnetic structure trans-
essentially the ferromagnetic ordering of U moments within forms into the (+ + -) stacking, and the full parallel align-
the basal-plane sheets, the p(T) dependence resembles that ment of moments is achieved in 16 T. Both metamagnetic
of a ferromagnet already in the zero-field phase, but the field transitions (Fig. 8) are accompanied by a drop in thl. resis-
applied along c still reduces the residual resistivity from -30 tivity. The major part of the magnetoresistance effect (total
to -10 Pn cm. drop of 60 p4l cm) is concentrated into the latter transition.

The secon'd compound of this type of structure is UPdln, From these two examples with Appo, it is evident that the
where the layers of the U moments of 1.5,.5t arp stacked magnitude of ApIp at low temperatures is strongly dependent
along c in the sequence (+ + - + -), which gives a net on the residual resistivity Pa in a "ferromagnetic" state,
ground-state magnetization of 1/5Au. As can be seen in Fig. which is essentially related to crystal imperfections. Inspect-
6, an increase of the resistivity is found at low temperatures ing the temperature dependence of ApIp, we note that this
for current along the c axis. 29 Below the inflection point in parameter should decrease at high T even in cases where
p(T) at 20 K, which coincides with the ordering tempera- electron-phonon scattering is not of primary importance, The

reason is the increase of the resistivity due to magneu.: ex-
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x o. j / (a) j
0.3 Ao

0.0
1.0 0 -.----- _" -,--l---------t---1.0 x% ... , (b)
0.8 0.8

0.6 (b) So.0 B l

0.4 T 28 K
S0.4 0.4

0.2 UNiGa 0.2

0.0 L,.0 10 20 3'
0.0 0.4 0. 1.2 1.8 0 1 20 30 40

E (T') D (T)

FIG. 5. (a) Magnetization and (b) relative electrical resistivity for ilic vs FIG. 7. (at Magnetization and (b) relative electrical resistiv'ty for ilke vs
magnetic field applied along the c axis measured on UNiOa single crystal at magnetic field applied along thie c axis mncasured on U11dln single crystal at
25 and 28 K, respectively. 4.2 K.
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magnetic lield applied along the three principal crystallographic axes ica-
sured on UNiGe single crystal at 4.2 K.

other. This contribution does not vanish in the low-
temperature limit, and at low temperatures it can contribute a

citations, which affects p(T) progressively with raising term- substantial part of the total resistivity.
perature up to the ordering temperature. Concerning possible mechanisms by which the antifer-

UNiGc3
0 crystallizes in the orthorhombic TiNiSi struc- romagnetic ordering influences the electrical resistivity, one

ture type. Below 41.5 K, this compound orders antiferromag- should also consider the spin-dependent scattering, which
netically with a propagation vector (0,1/2,1/2). Applying the can play an important role besides the Fermi-surface gap-
magnetic field along the c axis, one first induces (in approxi- ping, and which is often considered in the context of multi-
nmately 4 T) another magnetic structure with the propagation layers. In this concept the electrons with different .spin ori-
vector (0,1/3,1/3) and a net magnetic moment corresponding entation are supposed to experience different potentials and
to the stacking (+ +-). Tihe parallel alignment of t1 rmo- have a different k-space distribution. The origin of the spin-
ments is achieved above 10 T. In the longitudinal geometry dependent scattering can be understood if we consider the
(illc,BhIc), we find that p is reduced by a similarly large different scattering amplitude for electrons with spin parallel
relative value as in the compounds mentioned above (Fig. 8). or antiparallel to ionic magnetic moments in a local Ftnoment
The absolute value of the resistivity decrease is about 80 case. In band magnetism, the asymmetry of the scattering is
,1 cm. However, in contrast to the previous cases, p(B) given due to significantly different partial densities of states
first increases by the transition from the ground-state phase at Elj for each subband (spin-up or spin-down). In both
(+ -) to the one with the (4- + -) stacking. cases, the increment of the resistivity in the AF state is dv-

UPdGe31 is formed within the same structure type. Un- pendent on a concentration of 4-- interfaces. It is worthlike UNiGe, it is ferromagnetic below T(_=28 K. The anti- systematic experimental effort to check whether it is really
ferromagnetic ordering (long wavelength modulated struc- the case, i.e., whether the larger resistivity in the A F state is
ture) existing between 28 and 50 K, can be suppressed by a due to an additional scattering mechanism, or if the explicit
moderate magnetic field applied along the c axis (see Fig. 9). parameter is the modification of the effective conduction-
The transition field can be tuned by temperature variations, electron concentration. In a case such as this there should be
and the maximum size of the drop of p can reach about 150) a proportionality between PAl and p,. irrespectively of', e.g.,
Ail cm. the , value. The unique proportionality constant given by

the truncation factor mentioned above should be observed at
least in the low-T, limit, where different excitations in anti-

IV. DISCUSSION AND CONCLUSIONS ferromagnetic and "ferromagnetic" states can be neglected.
The size of the magnetoresistance effect should scale more

The examples presented above show unambiguously an with the size of' the A / unit cell in this case.
additional contribution to the electrical resistivity due to the Keeping in mind an applicability potential, .'uture effort
antiferromagnetic coupling of magnetic moments, which can should focus orl materials with exchange i',ecractions strong
be removed by forcing the moments to orient parallel to each enough to guaranrce ordering in the room temperature range.
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A systematic comparison of magnetoresistance, Hall effect, thermal conductivity, and thermoelectric
power has been made on systems exhibiting giant magnetoresistance (GMR), Co/Cu/Ni(Fe)
multilayers, and AgCo granular alloys, for examples. Each property exhibits field dependence
characteristic of the GMR and justifies its own merit in characterizing the conduction-clectron
scattering responsible for the GMR. The comparison was extended to intermetallic compounds such
as REGa2 and RECo, (RE: rare earth element) which also show a large magnetoresistance.

I. INTRODUCTION II, EXPERIMENT
The maltilayer samples are Cr(30 A)/[Co(2(, A)/Cu(40

The GMR in magnetic multilayersl is one of the most A)/Ni(Fe)(20 A)/Cu(4() A)•50 (sample ML-I) and Cr(3OO A)/
attractive subjects. Most of experimental works focus mainly [Co(20 A)/Cu(40 A)/Co(1 A)/Ni(Fe)(20 A)/Co( I A)/Cu(40
on the magnetoresistance (MR).2 To characterize the conduc- A)]5 0 (sample ML-2). AgCo granular samples containing two
tion electron scattering responsible for the GMR, it is best to different Co concentrations of 27.2 at. % (GL-1) and 42
study the Hall effect, thermoelectric power, and thermal con- at. % (GL-2) have a total thickness of 5000 A. Both systems
ductivity simultaneously on the same sample and under the were evaporated in ultrahigh vacuum on glass substrates at
same experimental geometry.' From thermal conductivity room temperature. Samples for the Hall effect and the MR
measurements, it can be judged whether the scattering re- were made with a mask suitable for transport measurements.
sponsible for the GMR is large angle in nature or not. Such Samples for thermal measurements were evaporated on ioin
works on magnetic multilayers and granular alloys are still glass substrates (-80 ( im) in order to reduce the ihermal
scarce. 4 , Thermoelectric power measurements give informa- shunt effect. REGa, (RE:Nd, Pr, and Sm) single crystals

tion on the density of electron states at E,.. Thermoelectric were grown in a triarc furnace by the Czochralski pulling

power measurements on magnetic multilavers amethod. Polycrystalline RECo, (RE: Ho and Dy) were
power measurevents co on maingnietchultiofcoand granular melted in an arc furnace from elements with a purity of atalloysr'-s reveal common main mechanism of conduction- least 99.9)%, and were annealed 10)0 hi at 900 °C,

electron scattering. The extraordinary part of the Hall iesis-

tivity contains information about the left-right asymmetry of
conduction-electron scattering." Several reports0- 13 correlate Ill. RESULTS AND DISCUSSION

the anomalous behavior of the extraordinary Hall resistivity A. Magnetic multilayers and granular alloys
correlated with the GMR. The larger MR ratio is desirable for investigating the

The large resistance change in UNiGa (Ref. 14) an' influence of the GMR effect on other transport propertics.
SntMn2Ge2 ," at their metamagnetic transition has a close The MR ratios at 4.2 K for ML-I and GL-I (annealed at
similarity to mnultilayers. First of all, they have geometrical 240 °C) are 51% and 84% for the field in-plane, respectively.
similarity, i.e., the neighboring magnetic layers are coupled The MR ratio is defined as MRR.=(p(•1 -f•)/p.• (p111 x and pV•
antiferromagnetically at zero field, and are aligned ferromag- are a maximum vdule of the electrical resistivity p and p at

netically under magnetic fields, maximum applied field, respectively).
We describe here the systematic comparison of the trans- The result of the field dependence of the thermoelectric

port properties correlated with the GMR in both metallic power (S) for ML-2 is shown in Fig. I along with the cor-
responding MR curves. The resemblance of the field depen-

suprlattices and in niagnetic granular films. For the dence to that of MR is clear, including the anisotropy, which
mtiaye, iweichoshe large rtypialncue otateisattaine, Cut ! suggests that the conduction-elcctron scattering responsible
Ni(Fe), in which the large resistance state is attained utilizing for GMR plays a major role also in the S(tf) dependence. In
the large difference of the coercive field of the two ferromag- the spin-split density of' states (DOS) model given by Shi
netic components. AgCo was selected as an example of' et al.."' S is a linear function of p(t)/p(tl), which was re-
granular alloys with the largest MR ratio. We further extend ported to hold well for Co/C'u multilayers ad for Ag('o
the comparison to the with REGa, and R.'Vo,. granular alloys. •'.17 The corresponding plot for ML-2 is
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H (kOe) the negative minimuat. ah sign change might not bde intrin-

sIG.1.Thowsic in AgCo granular samples since it has not been found pn
sistivty (p) in ML-2 for the fields parallel antd perpendicutlar to the film., ihrtQpeetw r ri R f .Tl nstoyo sre

in the MR is also clearly reflected in the S(lt) dependeqce as
i shown in Fig. 3. The figure shows that the scattering respon-

shown in Fig. 2. The data points are also on it line regardless sible for GMR dominates also in the S(H) dependence in

of the field direction. Recently, Tsui et al. reported a more AgCo granular alloys although there is a slight discrepancy

restricted scaling relation of S, i.e., the plots of S(H)/T' vs for thae rptd/plan h curve due to the thermal delay effect.

p(O)/p(H) for T=78, 113, and 161 K in Co/Cu superlattices We have reported the field dependent thermal conductiv-
ity correlated with GMIR for the first time on Co/Cu/

are all on a single line. For the present multilayers, however, Ni(Fe)/Cu multilayers. 4 Piraux etal. reported the extensive
the data plotted in the same procedure at 79 and at 296 K are
on different lines, which indicates that the scaling relation- investigation of thernal conductivity on Co 20 winl% (27,2
ship by Tsui et al. is not a universal one for GMR systems. at. %) AgCo granular alloys.d lit order to measure thfe abso-

Thermoelectric power measurements on AgCo granular lute value of thermal conductivity, their method of using very
alloys were reported by Piraux et at.5 and Shi et al.t16 The thick and substrate free films has a considerable advantage,

dependence S(T) in the two works is roughly similar; how- However, we can obtain data as reliable as them even ott ai

ever, two different characteristics have been found at lower thinner sample with a substrate for the field dependent part
temperatures. Shi el al.1 reported that S changes sign from of thermal conductivity A(Il) as4
negative at high temperatures to positive below about 25 K. AK(H) K~r(I/S)DT(It)/As, (1)
In Ref. 5, on the other hand, the sign is always negative and
a small negative peak near 70 K was found. We also inea- where K1,5 is the total thermal conductance of a sample in-

sured S vs T on an as-g, own sample and on one annealed at eluding the substrate at saturation field, I the sample length,
and S the sample cross section; DT(H)/ATs is the ratio of
the field dependent change of thle temperature gradient to that
at saturation field. Figure 4 shows typical examples of the

0 .. I -- ,- ------ field dependent part of thermal conductivity AK(H) for

ML-I and GL-l along with the calculated K(H) from the
4 L-2 field dependence of p(lt) measured on the same samples

based on the Wiedemann-Franz law (W-F-L),
g K(H) =- L•I'Ip(H), (2)

S-8
S" T=296K H//plane assuming the Lorenz number of 1 1)=2.45 10 s W 11/K 2.U) T=296K l H .1 plane

-12 -T=79K H //plane Present experiments show that the W-F-1L is well obeyed at
\ T , H IL plane least for the field dependent part of thermal conductivity both

for the inultilayer and for the granular samples within a 5%
-16 __ __-. accuracy. It agrees with the result of Piraux el (.,I where the

008 0.10 0.12 0.14 0.16 absolute value of thermal conductivity on the grtnulai AgCo
p-1 (1 08 &2-Im ) samples fulfills the W-F-L within a 10% accuracy. These

FIG, 2. S(H) vs ll/Ill) plots for ML-2 obtained from the data in Fig. 1. results suggest that tile colnduction-electron scatlet ing re-
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FIG. 4. The field dependence of the thermal conductivity. 'rhe calculated FIG. 5. The 1q(11) dependence for GL-1.

curves from p(H) based on the W-F-L arc also given for comparison,

line, which means that the parameters a and b are indepen-
dent of magnetic field strength. In other words, the scattering

sponsible for GMR in AgCo gratmlar alloys is large angle in responsible for the GMR has the same characteristics as that
nature as well as in the magnetic Anultilayers. of the residual scattering at saturation fields from the view-

The Hall effect in magnetic rmiltilayers and granular al- point of left-right asymmetry.
loys is still controversial.'-1 3 The key issue is the field de- We cannot properly explain the Hall effect on large
pendence of Rs, which has not been taken into account by GMR samples without taking into account the field depen-
most researchers."'13 The Hall resistivity Pxy is described as dent decrease of conduction-electron scattering. Granular
the sum of the two terms, the normal part proportional to systems cannot be a exception. For AgCo granular samples
magnetic field H and the extraordinary one p•y proportional at 4.2 K, Xiong et al. 1 reported an experimental correlation
to magnetization M as Pry P 37 conflicting with the existing theory given by Eq. (3)

without taking into account the field dependence of p. In
p,•=RoH±4•rRsM, (3) order to clarify the origin of the discrepancy, we carefully

where R0 and RV are the normal and the extraordinary Hall measured the field dependence of Pxy simultaneously with
coefficient,9 respectively. In most experiments on ordinary MR. M was also measured in the same geometry, i.e., the
ferromagnetic films and on multilayer samples 9,2 with a HL1 film plane. Figure 5 shows the py(H) dependence on an
small MR ratio, p.,(H) has been described fairly well by Eq. as-grown sample (denoted as AG) and a sample annealed at
(3), assuming a field indepenident Rs. In this case pxy(H) is 240 °C (TA =240 C) for 15 mini, where RO was already sub-
a simple superposition of a linear normal part and an anoma- tracted using the linear slope at higher fields. It is negative at
lous term that mimics the M(H) dependence. During recent 4,2 K and the overall behavior is basically the same as that of
experiments on magnetic multilayers exhibiting the GMR, Xiong et al.' The field dependence for the as-grown sample

2 AlFe/Cr, 0,"' and Co/Cu (Ref. 18) multilayers, an anomalous resembles that of M in Ref. 11, including the hysteresis. Pxy
peak in the field dependence of p.oy(H) has been found. It shifts to a positive direction with increasing temperature, and
can never be explained by a field independent Rs since M the sign is always positive at 273 K.
increases monotonously with increasing field. This suggests The most salient feature is the peak below 10 kOe for
that Rs , representing the magnitude of asymmetric scattering TA =240 'C. The dependence is close to that reported for
of conduction electrons, is no longer a field-independent con- Fe/Cr (Ref. 12) and Co/Cu (Ref, 18) multilayers exhibiting
stant in GMR systems. Rs is known to originate from two the large GMR, Xiong et al, 1 asserted the independence of
different asymmetric scattering mechanisms, i.e., the skew Rs on H based on the fact that the field dependence of PxM
scattering and the side-jump mechanisms. resembles that of M. However, the resemblance exists only

Rs ap+ bp2, (4) on heat treated samples at low temperatures. Even for these
Rs bsamples, the resemblance is only approximate (see Fig. 6).

where a and b represent the magnitudes of the skew- For the samples annealed at higher temperatures in the both
scattering and the side-jump components, respectively. Tak- experiments, however, p•^ shows a peak or more complex
ing into account the p(H) dependence, Eq. (3) has been suc- structures below I T. If Fig. I in Ref. 11, TA= 3 3 0 'C, for
cessfully applied to reproduce the anomalous pxy(H) example, is re-examined carefully, one can clearly identify a
dependence. For both Fe/Cr (Ref. 12) and Co/Cu (Ref. 18) peak of similar magnitude to our data, i.e., the magnitude of
multilayers, the experimental data Rs/p vs p are nearly on a the peak is about 150% of the saturation value of pA if the
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FIG. 6. The R Y FIG. 7. The field dependence of the normalized Hall resistivity, M, and MR
measured in the same geometry, for ML-2 in the same geometry.

normal part were properly subtracted. It must be pointed out field dependence of Rs since the largest difference in the MR
that one must determine the extraordinary part of Hall resis- ratio is near 7 kOe as is also shown in Fig. 7. It must also be
tivity (not the total Hall resistivity) within the required pre- noted that the arrows given to the hysteresis curves for P•,
cision in order to discuss the influence of the GMR effect on and M are directed inversely. The present flall effect inca-
the left-right asymmetry of conduction-electron scattering, surement proves that the reduction of conduction-electron

Starting from Eq. (3), the peak in p•, indicates that Rs scattering associated with the GMR undoubtedly affects the
decreases with increasing H since M increases monoto- field dependence of the extraordinary Hall resistivity both in
nously. Due to the competition between the increasing M the magnetic niultilayers and in granular alloys. Furthermore,
and the decreasing Rs, a peak may appear in the field de- it gives a clue that some change in the scattering character
pendence of pM, It seems very natural since the magnitudes with field strength (the field dependence of a and b) is larger
of the two terms in Eq. (4) decrease with increasing H for in granular alloys compared to ordinary multilayers such as
constants a and b. Of course, there is no guarantee that a and Fe/Cr (Ref. 12) and Co/Cu.' 8

b are constant since the character of conduction-electron
scattering might change with field and temperature. In
order to see the field dependence more clearly,
Rs(H)=p',(H)/[47rM(H)] is plotted against H in Fig. 6. In rare earth intermetallic compounds, the large MR ef-
The dependence of Rs on H is far beyond the experimental feet associated with metamagnetic transitions is not excep-
error. The field dependence at 273 K is relatively simple tional, We first list the characteristics to compare to the mag-
since the predominant side-jump component with positive netic multilayers and granular alloys.
sign decreases monotonously with increasing U in the same (1) Thle ettect has a magnetic origin.
manner as the MR. The dependence is not simple at lower (2) The MR ratio is larger than 10% with negative sign.
temperatures since both the negative skew-scattering and the (3) The dimensionality of magnetic layers plays an ira-
positive side-jump one compete, At low fields, Rs initially portant role.
decreases with H since the decrease of the positive side-jump (4) Different conduction electron mean free paths of two
component with p2 dependence overcomes the increase of spin-split bands play an essential role.
the negative skew-scattering component with p dependence. (5) The magnitude of each magnetic moment does not
Rs has a peak at a field where the change of the two com- change under the magnetic field.
ponents becomes equal. Additional details of the AgCo sys- Of these, (1) and (2) are taken as necessary conditions as
tern will be published elsewheret'N the starting point. Both the UNiGa (Ref. 14) and SmMn2 Ge 2In the noncoupled multilayers, p• looks different, as (Ref. 15) have the characteristic (3), which is not a necessary

shown in Fig. 7, No peak can be seen against H; however, it condition for granular alloys hut is for the multilayer
does not mean that Rs is independent on p. If Rs is constant, samples. Characteristics (4) and t(.) seem to be key issues to
the field dependence of &"f and M must be exactly alike, the usual GMR effect.
However, Pxy becomes nearly constant above 10 kOc while Recently many RE- or U-intermetallic compounds have
M is still increasing. Above 10 kOe, the increasing contribu- been investigated and few compounds have hecn lound to
tion to the second term in Eq. (3) from M is canceled out by possess the above characteristics except for char;,,ct,'ri:ti,. (4).
the decreasing Rs correlated to the negative MR in Fig. 7. An example is NdGa,, although the definite magnetic struc-
The hysteresis is also largely different between and M: ture is not clear yet.2() For most RE, REGa, hais an antiftrro-
i.e., we find the largest difference between the increasing and magnetic ground state and shows several step motamagnetic
the decreasing field curves near zero field for M while it is transition. PrGa2 shows two peaks in the MR ncar the spin.
near 7 kOc for Ppt,, That can be also understood as due to the flip transition as was already reported for ErL(a2 (Ref. 21),
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while SmGa2 shows a steplike increase of MR at each meta- --_......_._,___4

magnetic transition. 22 The field dependence of the MR for 0
NdGa2, which resembles that of UNiGa, is shown in Fig. 8 F

along with M and . at 4.2 K. Clear resistivity drops can be c -20
seen associated with metanlagnetic transitions. NdGa,, we : -40.
do not discuss in depth here, but it can be stressed that a
large negative MR over 40% is obtainable on a compound 3 -. ...-......

without the characteristics of (4). Z 2
YCo 2 exhibits a typical itinerant metamagnetism at high T2"" a23,24 , T=4 ,2K

magnetic fields.2 3'24 When Y is replaced by magnetic RE 1 H/1 [10`1
ions, the exchange field from the ions splits the d band and a 0 .
ferrimagnetic state is stabilized below T.. The transition is 0 10 20 30 40 50
of the first order for Er, Ho, and Dy with a large and sudden H (kOe)

change of resistivity.25 Recently l-oCo2 and ErCo2 have been
reported to show a drastic resistivity decrease under mag- FIG. 8. The field dcpendcnc of the MR ritio. v'•[., and At tor NdGit,.

netic fields above T,. 26 The decrease may be caused by the
suppression of spin-fluctualion scattering due to the field- sippression is made by the averaging the conduction elc-
induced transition. suppre an fe path iy the tworagin th e suct i ve

This system has no characteristic (3) but has (4), on the tron mean tree path in the two spin bands over successive
same level as magnetic multilayers and granular alloys. The magnetic layers with the reverse magnetic momeaf t, while for
temperature dependence of the Hall coefficient, the resistiv- the paramagnetic state in RECo 2, the mean tree paths in the

both spin bands are suppressed by the s-d Mott mechanism
ity, and the magnetic susceptibility are shown in Fig. for which disappears for the majority band in the lield-induced
l-loCo2 and DyCo2 , Overall, /•TI) is close to those reported friagtisaeIohrwrdhe-dcteinav-

by Gratz et al.2 5 R,1 is always positive for HoCo 2 while for ferriaagnetic state. In other words, to e s-d scattering aver-

DyCo2 it changes sign depending on T, which suggests that aged over more than two ilayersgis laes in antiferro-

the two components in Eq. (4) have a different sign in magnetically aligned multialyers is, in effect, simirlr to that
Dy~o2.in tile paramagnetic state with li high d-clectron density of

DyC0 2. states at EF, Of course, for the RECo2 system, band splitting
Figure It) shows the tield dependence of MR, px). ,ald apparently reduces the spin-fluctuation scattering which may

M in tile same geometry. The magnitude of the transverse be the main mechanism of the resistance drop in this system,
MR in polycrystalline HoC02 is nearly the same ts was re- H-lowever, we cannot ignore the possible contribution of the
ported for the longitudinal MR in the single crystal. For s-d mechanism to the MR at this stage.
DyCo2, a MR ratio over 25% has been observed at 138 K, For both compounds, the field dependence of p1) re-
despite the fact that the large spin-fluctuation scattering al-
ready exists below Tc and the sample quality is not satisfac- deuces clar l d ent from tha ferromagne

tory Th man sorceof he rsisanc dro ma bethe donee is clearly different front that in ordinary ferroniagnetictory, The main source of the resistance drop may he the films. P.ie shows a lclar decrease ait higher fields, especially

suppression of spin-fluctuation scattering due to field- at 90 K for l ear d at h iKhf r field, erealli

induced hand splitting.2  at 9l K for I r oCo and at 13a K for ld yCos, whereas cA is

From tile band structure calculation on YCo,, 23.2' on the still increasing in the same fields. The decrease cannot he

other hand, we naturally expect that the s-d scattering con-
tribution similar to the usual GMR effect in the magnetic
multilayer also plays a role. In a paramagnetic state, the va- 200 ....... .......... 0.

lence band structure of lloCo, and l)yCo, is similar to YCo-,. -H . a
Under that condition, the s-d Mott mechanismn may reduce 110i E• .C..
the mean free path of s-like conduction electrons since the R ii lokoi 6

C1 100
Fermi level is just at the dropping part of the d band where 4Q

the density of thle d-likc states is still high, close to the 50 X-/ iii 5000 ~ 2E
Stoner criterion.2 ..24  In a field induced ferrimagnetic state, 2 .

the majority d band is put under the Fermi level, as was 0.. 0. .
previously determined for a ferromagnetic YCo,. 21 The "" * .me ae to X fit 5000ov

mean free path of s electrons becomes longer compared to 1 0

that of a paramagnetic state due to the disappearance of tile 1 ----- D 1•o 0

s-d scattering in the majority band. As a result, the totall0, 5"
resistivity decreases at the field-induced transition to the fer- Co ..
rimagnetic state. This mechanism resembles that responsible C 1, X I lkE
for the GMR effect in magnetic multilayers." Starting from 50 ,
thle low resistivity ferronmagnetic (ferrimagnctic) state, the 0 . I,
difference between the two systems is how the mean free 0 50 100 150 200 2 300

path of conduction electrons is suppressed in tile low tiled T(K)

high resistive state. For the state in n magnetic multilayers the FIG .. Th tcnperthire rt dcpcnile lie uf p, R . ild fitit I' Io( ., ai Fy( 'i.,.
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To summarize: (1) The effects correlated to the GMiR,S0 Tl=77KJ~i2,.m,,,tm,• .,. .tmoo,
5 ,, r appeared in all the transport properties and for all the mate-

•-20 T=0K HoCo rials investigated. (2) Simultaneous measurements of thlo dif-
- 440 o,T2 ............ •o.,+,m•m ferent transport properties revealed both a difference anid it

16 - similarity in the character of conduction electron scattering.
12 - (3) The existence of neither itinerant magnetic electrons ,.,r

E --UOOOO °(j O~l°'A5 h° •(5 °°O55Q (O°OOOO55 ° C ° O O5,o 55O

8 - two dimensional ferrotiagnetic layers is a necessary condi-
I- T-77K tion for the GMR effect in intcrmctallic compounds.g, 4 11",'" .o T. 82K

Q, 01 :;V . T1g0K 6
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Intrinsic giant magnetoresistance of mixed valence La-A-Mn oxide
(A=Ca,Sr, Ba) (invited)
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A large intrinsic magnetoresistance has been found near the ferromagnetic transition of metallic
manganese oxides with perovskite-type crystal structure. The magnetic and transport properties
were measured on bulk and thin-film La1 _•A,MnO 3.,6 with A=Ca,Sr,Ba. Assuming the
double-exchange model proposed by Zener [Phys. Rev. 81, 440 (1951), 82, 403 (195 1)], the strong,
dependence of the transport properties on the magnetic field and also on the chemical composition
is attributed to the mixed Mn3 /Mn 4- valence.

I. INTRODUCTION feet of spin disorder on the transport properties is discussed.
Ii Sec. IV also some results on "doped" bulk samples arc

Much interest has been focused on giant mnagnetotesis- reviewed, where chemical impurities have been introduced
tance (GMR) since the first observation of it in metallic mul- by partially substituting ('u for Mn.8 The effect of an extcr-
tilayers consisting of ferromagnetic layers which are sepa- nal field oil the resistance is then reported in Sec. V for
rated by nonmagnetic spacer layers.' Meanwhile, resistance various thin-film samples, and wc will finally conclhdc with
changes &R/R(H=0) of up to 60% at 10 K,2 or 40% at a short summary.
room temperature, 3 have been reported. Beside multilayers,
the effect has also been found in heterogeneous alloys with II. EXPERIMENTS
superparamagnetic precipitates embedded in a nonmagnetic
metallic matrix. Spin-dependent scattering near the interface The hulk samiples wcre prepared or standard cehramic
between the ferromagnetic and the nonmagnetic phase is the techniques frod oxides, carbolates, or acetates either from
physical origin of the magnetoresistance in these systems, an acid solution as described i airlicrh or f jusl hyi repeated _

whereas the "conventional" anisotropic magnetoresistance grinding and annealing in air, which finally r0su'lthe in black.
(MR) of ferromagnets and also the isotropic MR which is compact sintertd pellets. Using sante of these s saptle s 100 asd
attributed to magnetic impurity scattering arc intrinsic prop- laser targets, thin filns with thicknesses between 1(1 and
erties of the material. 500 nni were grown on Srii()I k lox 10 mni' substrates in

Although today's interest in GMR mainly focuses on the (100) and (110) orientation 1) laser deposition as described

heterogeneous systems with ferromagnetic/nonmagnetic in- elsewhere," The substrate templerature had to have ai h -..-

terfaces, one has to keep in mind the very high intrinsic MR perature range around T,' -tt) 'C to obtain epitaxial growlh.

of sonic materials, which is possible if tile electronic trans- The sample quality was controlled by x-ra% diffraction ;l!1(d

port is strongly related to the spin order, especially in those also by reflection high-citergy clect ropl-diffr;1ctl r (I,•Fl-I-l))

cases of coincidence of a magnetic and a metal- measurements. A higher substrate lenipertalule resulted in

semiconductor transition. Such an intrinsic GMR has, e.g., polycrystalline films, which did lot dilfcr in their electric
been reported for some ferromagnetic Eu-chalcogenide al- properties from the epitaxial ones. KSiice we did nl carry out

loys (To=6 K). In the ferromagnetic region, the resistance chemical analysis, the exact oxvwn coitti of our 'iples

could be lowered by more than four orders of magnitude by is uncertain and thus we assunc an oxygen excess ,

applying a magnetic field of less than 1 T.4 It has been shown
by several authors (e.g., Refs. 5-7), that the intrinsic GMR is III. MAGNETIC Mn-OXIDES WITH PERVOSKITE
not restricted to low temperatures if a system with a suitable STRUCTURE
high transition temperature is chosen. One example is the Early investigations on magnetic ,,xidvs with distorted
mixed-valence perovskite-type La2/3Bal/3MnO 3 1 6, for which perovskite-type structure'1 showed that antiflrromagnetic,
we found a lowering of the resistance of AR/R(tI=O)>60% insulating LaMnO3 can be driven into flit metallic State by
at room temperature.7 Leaving out for a moment the very replacing a certain amount of the trivalent I.a 11v divlent (Ca,
high magnetic field of 7 T which is necessary, these numbers Sr, or Ba, At the same time as electric Iransport becomeSs
are still higher than those reported for rnuitilayer systems. possible, the antiferromagnetic spin order changes via a

In this article we first review magnetic properties of Mn- canted spin structure or an antiferrornagnletic spii., aig- I .e

oxides with distorted perovskite-type structure. Then the ef- ment into a ferromagnetic state. The crystal ,Yvmwctry
changes from tetragonal, nionoclinic, or rhombothedral to-

•)Also with: Institute of Physics, University of Augsturg, 86159 Augsburg, ward cubic symmetry. The electric and magnetic opcricspri

Germany. are also very sensitive on the preparation parameters, which
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FIG. -2. Schematic diagrmi of thie band structure of' it, Sr,W0n, ,5 ýRer.
I Q). 'The in it ial bandgap of about 1.3 CV i.S redULCd by [ihe hole StatCS 0 (a)ile

FIG. 1.- Schemati,- phase d iagrim of' La, Ba, MtiO, . Anditerrornalgaetic to Sr doping atnd Ol(filde to excess oxygen. (c) Statecs at cp tirz pr-boshly
(AFM I. semicnieduct ing ( S( li aM nO3 becomecs ferromaignctic (FMV) anid Iintroduteed by kand broadening in [lie ferromatgnetic region for h ighi Sr con-

nietallic (M if trivaleniLt Iý a UbStituted by divalent Bat. similar filttise tent X >01.15 (Ref. 20t).
diagrnans catii be drawn fot Sr ;iitd (0a mbstitution (Ref. I I).

isminyth nnaig epeaur.1,11 Asheaic7g of' them is involved inl thu conduction process."' This pecu-
ts mainl thae dniagr info tepLatue BaMn3 As schemntin Fifg.- liarity of the conduction band was recently confirmed in a

nTile hasierdaronam foL coupliMng ibe shown Ml"ions Fig.n spectroscopic investigation by Chainani, Mathew, and

The un tpdpaeroancti cOIoupdL~ng 3 b stwelinvMn ton in Sarmia:19 Their x-raty photoelectron spectroscopy (XPIS) and

transfedrred bysParentchmpntl via t Oe isnbelimedit toxygen ultraviolet photoctiission spectroscopy (UPS) spectra of sin-

tradnsferred laysperexhping viaucthre witntereiateroxygnen. tered La1 ~SrM"03 Showed only a1 negligible intensity 'j

leadling bto ee adacn layered spin stutr ihatferromagneticre the Fermi level even in the mnetallic region x>0,2, atnd thus

coupling btwle en jc layer.'Wek(r panditc ferroniagnetic orde thle authors conclude that the energy gap) (or a pseudogap

witherv led leye rs.n Weak (or parasitic)n fnrr imagntepeti ed i with a low detnsity of states) of the "'pure" semi'conducting

obsea nrve vitsin theuropedt so ompsltfoun and ixes interrete compound LaMnO 3, survives even if chemical holes are

as an inrisi prIct rt rsl r m a e cs fo y doped hy introducing Sr. Figure 2 shows the schematic band

gene wa S.is o eeo h ehaim(fdul structure as suggested by these atithors. A theoretical study

excang 1 111drstnd heoccrrnceof eromaritisll of' Lal ._,SrMn03, which extends thle double-exchange

together with mectallic Lotiductivity, if a portion (of thle La is mdlb nldn adsrcueefcs rdcsahn

substituted by at divalent metal."' A corresponding number of broadening at the ferrotnagnetic transition, which reduces the
gap or even closes it, thus leading to increased or metallic

formerly triply charged Mn must then become quadruply conductivity in thle ferromagnetic region2t t and activated con-
charged, and the displaconient of these holes increases the ductivity above T,. . This might explain the activated behav-
conductivity anld at dile. Fame time provides at mechanism for ior we: observed above 7',, also in the metallic terrotnagnets
terroinagttetic inter *.:don. The double-exchange model pro- (is n )

ceed frw aresoanc vaenc-bon decritionof ileMil As a consequence of' this interplay between spitn order
3d electrons and 0 2p electrons. While no electron transfer and thle small number of mobile charge carriers, the conduc-
ts possible fi-c.211 a Mni3 f to atnother Mn-" ion, this changese
by intrloducinig 'Sotme Mnl'4' ions, and in this case thle botnd
betweett Mn io'ns of different oxidation state canl be de-
scribed ats it resonitance hybrid between the two states, iat 1-- -- - - 0'i

"All M113 1 02 Mn14I , Ill,: Min4 0 2 Mn,1'. 6D 100~-...

A fl uctuatiotn of' the electron is etiergetically favored and, as
it ha,, hbcn shown for such a simplified physical model, 17.18 40) ta,,,., t, M60

thle tranisfer integral for otie electron becomes -4
I~ i o()O /2), j 2)

wit soe cnstnt ijwhe Oi isthe atngle between the

two ionic spins. This dependence of the carrier energy onl Oi M" V~
is, together with the competing atntiferromagnetic superex- E 0

change interaction, the reason for either a canted spin ar- 31) r 1011

rangement with two suhlattices in the terromiagitetic region, 201 --

or a spiral arrangement, which is stable: in a certain range of t0 0 '
thle dopant concentratio~n X. ~] L ~ ~.

IV. MAGNETIC AND CHEMICAL DISORDER
1:10. 3. ?vMiadictiztiln (i ndler ;in ippl icd licidtt ift~,,// OAT.)) and resistance

While all of tile Zeller carriers part ici pate in dotub le cx- vs temtperaitm e it sint~ered Iup: a, 1t, Ma ic(gure (;ill anid
change, at least at low concentrations x, only a snmallI tractiont Ii,, Jkta, Mil ) lowui tigili t (fi01. 0 :iili (:iIý 11"1 Ref. 8.
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8000 1 1 1 1 In order to explain the very strong dependence of the
La0.6Sr0AMnO 3  resistance on spin order in a material with such a low dcnsity

6000 60 of states in the conduction band, some authors suggested a
magnetic polaron model5 222 i.e., t~'e spin of a condc.cting

B5 T. oelectron induces a local distortion of 'he spin lattice and
...... B=C 20 moves on surrounded by this spin polarization. The transport

"�-properties at low temperature should then be dominated by a
0 0 hopping process. Indeed we find that the resistivity data' of

lao.7Sro.3MnO3 2 Fig. 3(b) and also those obtained on spin-glass samples fol-
80 z5• low a In p-T-11 4 law at temperatures TTc, 8,12 th. sug-
60 , % gesting variable-range hopping of spin polarons in a disor-

o,/ t50 dered spin lattice.21 24.•40 o•
40 The conception of spin polarons is supported by infrared

20 * 5 measurements, which were obtained on sintered samples of
.. 0 2 Lai_,AzCuj_,Mn3+, (A=Sr, Ba).t2 25 A broad peak In

106 
-LaoSr0AMnO 3  60 Or optical conductivity at around 2000 cm is observed, which

is attributed to polaron transport effects. This peak becomes
more pronounced as spin disorder is increased by doping of

to Cu, thus indicating the increased effect of spin polarization
- .2 on the mobility. Experimental evidence for magnetic po-

"0 4larons above Tc was found by spin-polarized neutron scat-
.... tering for the very similar compound Nd0..sPd 0.,MnO3 .

100 150 200 250 300
temnperature[K]

"V. MAGNETORESISTANCE IN THE FERROMAGNETIC
FIG. 4. Temperature dependence of the resistivity at zero field (solid line, REGION
left-hand-side axis) and under an applied field of /i.ol = 5 T (dashed) for thin
films of La.OqSro.jMnO 3÷b La0.Sro.3Mno÷ 1 , and Lao.6SroAMnO.7,& The The dependence of the conductivity on the spin order
dotted curves (right-hand-side axis) represent the relative MR effect MR and thus on the magnetization implies a high magnitoresis-
=[R(OT)-R(5T)]/R(OT). tance in the ferromagnetic region. The highest values should

be expected near Tc, because here we find the highest
change of saturation magnetization under an applied mag-

tivity is strongly affected by perturbations of the spin lattice. netic field.
This leads in some cases even to an Anderson type of local- Figure 4 shows the temperature dependence of the resis-
ization and, therefore, semiconducting behavior.2t Figure tance and magnetoresistance of La _.,SrMnO 3 +,3 thin films
3(a) shows the temperature dependence of the magnetic mo- for three compositions x=0.4, 0.3, and 0.1. Again we find a
ment and the resistance of the metallic ferromagnet cusp in the zero-field resistance (solid line in Fig. 4) at a
La0.67Ba0.33MnO 3. At low temperature TTc, metallic be- temperature neat Tc, with metallic behavior below and ac-
havior is observed, i.e., a positive temperature coefficient of tivated behavior above this temperature. The application of
resistivity, p-1 dpldT>0, down to the lowest temperature of an external magnetic field of p. =5 T decreases the rests-
4.2 K. Near TC, a very prominent spin-disorder scattering tance (dashed line), and the difference to the zero field values
leads to a strong increase of resistivity. The resistance is shown by the MR curve (dotted line), which is normalized
reaches a maximum at T1I 355 K, and then decreases, i.e., to the zero-field resistance. The highest MR value is found
activated behavior is observed above the ferromagnetic tran- near to the cusp in resistivity, and the cusp itself becomes
sition. smaller and shifts towards higher temperature as the field is

If 20% of the Mn is replaced by Cu, we obtain the increased. Magnetoresistance curves of La(,,)Sr.).4MnO 3 .,5
curves of Fig. 3(b). Beside the lowered Tc., the saturation films at various temperatures are shown in Fig. 5. The MR is
magnetization differs significantly from the calculated spin- normalized to the zero-field values again since no ,-aturation
only values of the 3d elements, thus indicating a global or was achieved, but one should notice that, if normalized to the
local canting of spins. The resistivity is increased by several resistance at high field, as is usually done for GMR ,nulti-
orders of magnitude, compared to Fig. 3(a), and exhibits ac- layers, the MR at 230 K exceeds 400% in the 7 T field tringe.

tN ated behavior also in the ferromagnetic region. The tran- Films prepared from a LaO., 7Cao.33MnO1 target even
sition to metallic conduction takes place at a much lower show an intrinsic GMR of more than 2 orders of magnitude
temperature T2 -20 K. The high resistance in the region of (i.e., 104 %) at T= f20 K. The R(T) curve of this sample,
activated conduction has been explained by a reduced mobil- measured at zero field, shows a very high peak near this
ity or even localization due to "frozen-in" magnetic temperature, which can be completely suppressed by apply-
disorder.8 Further Cu doping breaks the long-range magnetic ing a magnetic field of 5 T. At lower temperature ( 1<100
order, and spin-glass behavior occurs. The resistivity of the K), we observe spin-glass-like behavior in the magnetization
spin-glass samples shows activated behavior in the whole and also in the magnetoresistance. Details about this will be
examined temperature range. published elsewhere.
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Colossal magnetoresistance in La-Ca-Mn-O ferromagnetic thin films
(invited)

S. Jmn, M. McCormack, and TI H. Tiefel
AT& T Bell Laboratories, Murra~y H1ill, New h'rse)y 07974

R. Ramesh
Belilcore, Redhank, Neiv IersL'y- 07701

A colossal magnetoresistance cffiect with more than a thousandfold change in resistivity
(ARIR 11 = 127 000% at 77 K, H =6 T) has been obtained in epitaxially grown L-a-Ca-Mn-O thin
films. The effect is negative and isotropic with respect to the field orientations. The
magnetoresistance is strongly temperature dependent, and exhibits a sharp peak that can be shiftcd
to near room temperature by adjusting processing parameters. Near- room -temperat ure ARIRII
values of -1300% at 260 K and --400% at 280 K have been observed. The presence of grain
boundaries appears to be detrimental to achieving very large miagnetoresistance in the lanthanum
manganite films. The orders of magnitude change in electrical resistivity could he useful for various
magnetic and electric device applications.

1. INTRODUCTION (MR ratio of -I110% at 220 K and near zero at room tern-

Pervsktelik oxde of antanm mngvit perature). The MR ratio is defined here as AR/R, 1

PL~ O)exovikitsik boxid stongfeloanethatnu nandme~tali = (I?, 1-RR,,1R where R1, is the zero-field resistancti and Rt,

coandutiit wenhbt Lot stongQ faeroance) r atis llandumetallic the resistivity in the applied magnetic field, e.g., H =6 T.

conuctivity whvaencLa ions (3+h valece Car, partibally subt These oxide films exhibited large mnagnetoresistanece compa-

Thite sut w ith 2± n3-1/ 14 ie valence ionse suhasCBarreP, a tnd gd rabl e to the higher end of the values for the so-called "giant-
Thi reuls i aMn3 /M 4  mxedvaenc satecratig agnetoresistance(GMR) --type materials of metallic

mobile charge carriers and canting of Mil spins.'-") The unit multilayer or heterogeneous films 13 -2 0 with the MR values
cell of a perovskite ABO3 is shown iii Fig. 1, where A at the
corners represents a large ion such as La 34 , N d3 -1, Ca 24 , typically in the range of 5-150%.

Sr2-1 B 2.', b21', B ttecne-ftecb tands for a In this article we report the electrical, magnetic, and
smalla io Puh as Mnt th Mente r' of", tile 4 cube s magnetoresistance behavior in epitaxial La-Ca-Mn-0 films

thecener f te fce reresnts0 ,'. heionc rdiiof he with extraordinary MR values in excess of 1(1(1000%, about
tele cents eriofth tofac es repres n its 02 arTe litdioni r adi bolte h.ree orders of magnitude greater than were previously re-

element pertinents tor ether smanpnies arelisted in mbxedI ported for the GMR-type or La-manganite films. Somec po-

These ) elements fom ei3the iple Aer 3-t ype fl o rin mixed- tential applications of thle material are also discussed.

schimidt's perovskite stability criterion onl ionic radii, i.e., the 11. EXPERIMENTAL PROCEDURE
ratio (rA+?rO)/ (P*131+ 0) g2 should be approxim ately unity.' Thin films of' La-Mn-Ca-0, -- 100(0 A thick, were depos-
("A, ru, r0o represent tlte radii of ions A, B, and 0, respec- ited onl (1l00) LaAIO 3 substrates by pulsed laser deposition

Thin films of La-mnanganite thin films have recently becl oyen (PLD tal pubsturae temerture anbrwas matintainC e ad ati
prepared and their miagnetoresistance (MR) behavior has oxygen0 l~rinolressure noina thtcamber waspmaintaione wat
been reported for La-Ba-Mvn-0 (Ret'. 11) (with the MR ratio I((-0)m rrTh noialtreempiio ws
of --150% at room temperature) aind La-Ca-Mn-C) (Ref. 12) L~ao.6 7Ca0.j33Mn0,.. The chemical Composition ot thle depos-

TAA 1.L I. onic radii ot eleinents involvcd ini Ierovskitchike mnaganliis.

foil1 RI4dius (A)

1.22

Pr' 1.10
Nd' 1.15

Isill" 1.13

/ (a- 1.016

Sr, 1.27
13,12,1.43

0A (La". Cal,, - - -t(F1.113
* B (Mn3', Mn"'. - .- ) 1,1)2' 1.32
0 (02-) Mu1' 01.701

Mu,4  
0.52

o- 1.32
116. 1. Unit -cc II structu re tit pe rovsk itt'.
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La-Ca-Mn-O Film Ro 1.35Mi 125000 La-Cn-Mn-O Film
(p1 a 11.6 Q - cm)
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1 m in) 6 1 3010 (AR/R, - 127000%/°, -1 100000

, 9"
AR/Ro0 - 99.9%) I --
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FIG. 2. M Ignetoresistance behavior of the epilaxial La-Ca-M1n-O filn s

(9000 C/30' mrin heat treated). zero-field resistivity of the film, p-- 11.6 Q cm (R = 1.35 MMP

for the sample size -1000 A thickX2 mm widex4 iin

ited film was found to be similar to that of the bulk target long), decreased in the presence of applied field H =0 T to

used for the deposition, as indicated by scanning electron -9.1 tril cm (R-= 1.06 Kf,). The 77 K data indicate that the

microanalysis and Rutherford backscattering analysis. X-ray- most significant portion of the resistivity drop occurs at If K2
diffraction and rocking angle analysis indicate that the films T. The 127 000% MR Value in this film is cWlossal whenhave the parovskite-type cubic structure with a lattice param- compared to the 5%-150% nmagnetoresistance in the GMReter of a =3.89 ,A (or a =7.78 A from the crystallographic muhilayer films, As this particular film has been heat treatedpoint of view) and grow epitaxially on the LaAcOr substrate so as to exhibit the peak MR value near the liquid-nitrogeni
(a=3.79 ia). temperature (77 K), other measurement temperatures gave

The electrical resistance and magnetoresistance of the lower MR ratios, e.g., 14 40t% at a higher temperature of
films were measured as a function of temperatur- and mag- in Fig. 2a
netic field by the tour-point technique (using a constant cur- in iig 2t
rent) in a superconducting magnet with the maximum ap- Shown in Fig. 3 are the temperature dependence charac-
plied field of H=6 T. For most of the films the field direction terisvics of tl AR/R, and M of the La-Ca-Mn-uv film. As is
was parallel to the current direction. Some of the measure- evident in the figure, the p vs T curve exhihits a relatively
ments were carried out with the field applied perpendicular sharp cusp at -95 K with the lm showing smica,,ductor
to the current direction in the film (using either in-plane field behavior (i.e., a negative dp/dT) ahove and metallic behav-or perpendicular field). The MR behavior in the La-Ca-Mn-( ior (a positive dp/dT) below this temperature. The tempera-

filns is almost always negative and essentially isotropic with turl at which the magnetoresistanb e (AR/lIa ) of the film is
respect to the field direction if the demagnetizing factor is maxivmm is almost invariably hlocated in the setall ic-
taken into conside ation. The M-H loops were obtained by behavior region on the left-hand (low-temperature) side of
using a vibrating ,iample magnetometer with the maximum the resistivity peak. It is interesting to note that the miagne-

field of H=I 1. The transmission electron microscopy toresistance peak occurs at the temperature where the resis-

(TEM) was carried out by using JEOL 4000 microscope op- tivity is roughly one-half of the peak resistivity or near (Ile

crated at 400 kV. The samples were thinned by ion milling. inflection point of the curve.
Also showtn in Fig. 3 is the magnetization M (at I 1 T)

Ill. RESULTS AND DISCUSSION versus temperature curve for the La-('a-Mn-O film. It i,, cvi-
dent that the film is strongly ferromagnetic with M --- 2(11

The La-Ca-Mn-O films in the as-deposited condition ex- enlu/cm3 at 5(1 K and M - 10() eniu/cmr3 at 150 K. The A!-I1
hibit low MR ratios of typically less than -500% over a loops measured at various temperatures arc giver, in Fig. 4.
broad temperature range of 50-300 K (low MR only in a The loops exhibit magnetic hysteresis with coercivity 11, of
relative sense as this is still quite impressive). It has been about 301-5) Oc.
found that a post-heat treatment of the deposited films is The mechanisnm(s) responsible for the very large inagne-
essential in order to maximize the MR behavior.'1 The high- toresistanee observed in the La-('a-Mn-O Iilms appear(s) to
est MR ratio so far ha, been obtained by heat treatment at be rceated to the semiconductor-to-nictal transition, however,
900 'C/30 minm. in an oxygen atmosphe e (3 atm oxygen). As the exact nmechanism(s) are not clearly uiidCrstood at the moo-.
shown by the R vs H curves in Fig. 2 the La-Ca-Mn-( film ment. Previous reports suggested t(le possibility of spil-
exhibits a very large magnetoresistance value of 127 (0()()% at disorder scatteling, magnetic polaron hopping, or critical
77 K (more than a thousandfold decrease in resistivity). The magnetic scattering for the relatively snmall MR effect lIrescit
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FIG., 4. Magintizaitioii loops for the La-C a-Mii-O film. 19

in their L-a-manganite films. 11,12 H-owever, tile fact that thle 13%/0
peak in magnectoresistance in the present La-Ca-Mn-O flilm -2 1 0

occurs, not necar the magnetic transition temperature where H (TeslI)
Ml is near zero, but lin the temperature region where Al! is still
sub)stanitial (Fig. 3), indicates that spin-disorder scattering is FiGi,5. R vs It curves for the 1,a-('u-Si-Mn-() l1111.
not likely to be the major contributing factor, X-ray-
diffraction analysis of thle La-Ca-Mn-O filmn of Fig. 3 at vari-
ous temperatures shows that there is no change in the cubic away tronm the sensor, the magnetoresistive. serisor (or anl
crystal structure (no phase transition) in the range of' I10-300) array of sensors) coni be used ats a position sensing device,
K. Thle resistivity behavior near the temperature of peak MR The substantially higher electrical resistivity inl the La-
suggests that the very large miagnetoresistanees observed are Ca-Mni-O films, typically 2-4 orders of' magnitude higher
related to the semiconductor-to-mectal transition. Further than thle metallic magrietoresistive materials such :,.-% thle
study is required to elucidate the underlying mechanisms tor 80Ni-2t)Fe lermialloy, could be anl advantage for field s4ons-
the colossal magnectoresistance in thle present L-a-Ca-Mn-O ing as thle sensor voltage output (A V/All or AR/All) is that
film,. much larger. The R vs 11 curve for this L-a-Ca-Sr-M'vn-() film

If the as-deposited film is hecat treated for a longer timei, at room temperature is approximately linear for a relatively
e.g., 900 'C/3 h/13 atm 02, the temperature of' peak fuagne- wide range of applied field ,2 a hw in FIg. 5. Tihus, the
toresistance is shifted to a higher temperature of -100f K MR ratio of 4,6% at Hl---1000 Oc is equivalent to about
with a somewhat diminished MR Value of ARIR,,1- II 1l000% 0,046% MR for aI lower field of -~ 10 Oe (this is obout the
at 11=6 T. At 77 K and at a lower field, e.g., 1--1000 (tOQe, level of field strength of interest for magnetic recording read
the AIR ratio is -28%. A crude experiment to estimate thle head). Hlowever, as thle electrical resistance of, this oxide filml
local-field-sensing capability of'th11s fil hih as been earriedl out is about two ordlers of' imagn itude Ihigh er ;hanl that of' thle
at thle liquid-nitrogen te mipcrat tire as tolIlows. A mnagneti peni Pc rm 111oy (with the MR ratio onl t he order of' 3% fo; I/= I1)
(aI small Nd-Fe-B magnet attached at thle end) wats brought to OC), thle he~ld-senIsing Output Voltages turn out to be comlpa-
within ablout I inm vertically of' the Lua-Ca-Mtl-0 filmn (2 ruble for the two materials at thle same level of siýrlsor cur-
mmn x 3 mmll I 1000 /A thick). Thle magnetic field from the pen rent. For' ellumstaimt current of' 1-1f mA, the A V voltage
at this dlistance was - 100(0 Oc; however, because (if' tile signal tront this Vnoplt imlied film for H- 10 OC would be
near-perpendicular orientation of the field and the associated 0. 13-f 1.3 mV, comparable to titheý. V value from tile Pernial-
demagnetizing tactor, the actual effective field onl the( film is boy film11 wiht thle samle dimension,
estimated to be much lower than 100)0 Oe. Thle film has the '[hle ntagnictoresistive Impr(erties of thle L,-mainginite
resistance R=15.9 kt2 (or p= 106 nillcmn) at 77 K. Thew films can be used for aI number of' other applic;1tions. Ani
change in voltage output inl the filml by tile approaching field example is at magnietoresistive microphone design '3 sucht us
was measured by the tour-point technique usintg aI constant schematically illustr ited in Fig. 0I. A small, L-a-C a-Sr--Mit-0-
current of I m1A. Thle zero-field voltage of 15.9 V wa'. altered type MvR sensor, abouk 2X4 mmn1 in size, was mounted on at
to 14.6 V when the magnetic pen camte nlear the filmi with the plastic diaphragm. As sound waves with varying intncrsity ftit
significant sensor voltage signal AV of 1.3 V (or --8% tlte diaphragm and make it vibratc, the MR sensor is moved
change). At r-oom temperature a measurement with aI simii- in relation to the mlagnet that Supplies a gradi -mt field. " h ý
larly sized filmi with slightly modified composition (of' resulting change in the magnetic-helid intensity onl Oie sensor
L-aO11 jCa11 2.SrO1115Nln0, (p-- 1.4 rill cm, R?- 280 11) gave at causes at change in resistivity, which in turn changes tue. out-
selisOr Voltage output A V (of -~ 13 nlV (or ---4.6%-; change), a put voltage A V. Shtown iii Fig. 7 is at schematic diagram
suffic ienit signal for many senisor applfeat ions. As t he A V Hil st -at i ig at Circuit en ii igo rat niii for tlte mi c rophone deLvice.

signal inl the sensor is expected to decrease with the distance The sensor signal, mlanly 11V even1 in thle onlanlipl ifie-d conidi-
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tion, Fig. 8, decreases with the distance from the sound Distance From Sound Source (inches)

source as is expected.
The MR behavior of the La-Ca-Mn-O film depends not FIG. 8. Sensor signal ,' proximity to the sound source for the microphone

only on the specifics of post-heat treatment but also on a device of Fig. 6,

number of other composition and processing details includ-
ing various film deposition conditions. For example, a higher
oxygen partial pressure Po0 during deposition tends to pro- crystalline) films deposited on substrates with a greater lat-
duce films with higher temperature of peak resistance. The tice mismatch [such as Si, (I()0)MgO] or on polycrystalline
magnetization especially near room temperature also in- substrates (such as yttria-stabilized zirconia) also yield low
creases noticeably with Pou. A film deposited at po,- 30 0 MR values of less than-- 200%. The data previously reported
mTorr gives near-room-temperature inagnetoresistance val- on La-inanganite films'1,12 all fall in the similarly low MR
ues of A.R/R, 1  1300% at 260 K and -470% at 28(0 K as value regime. It is also noteworthy that no major difference
shown in Fig. 9. (Because of the cryostat operation in the in MR values was observed between the film and bulk, poly-
superconducting magnet used, the MR measurement at 300 crystalline La-Ba-Mn-O, both exhibiting low MR values."1

K was difficult.) The film is strongly magnetic at these tern- These observations strongly suggest that single crystallinity
peratures with 4-rrM in excess of 2000 G. The exact nature of (a high degree of epitaxy and the absence of grahi bound-
this change in MR behavior with the oxygen partial pressure aries), such as shown by TEM analysis over large area and
is not clearly understood. Further investigations are under- x-ray analysis for the La-Ca-Mn-O film, is a necessary con-
way to find out if it is caused by the change in chemistry dition for obtaining the very large magnetoresistance suctli as
(e.g., oxygen or cation stoichiometry) or structure (eg., de- reported in this work, The single-crystalline nature of the
gree of epitaxy, lattice parameter, nature and density of de- film as well as the near-perfect epitaxy across the
fects, etc.). LaAIO3/La-Ca-Mn-O interface is evident from Fig. 10,

It is not clearly understood why our La-Ca-Mn-O films The possible effect of grain boundaries on MR behavior
exhibit the magnetoresistance effect as much as three orders is a very interesting subject for further investigation. In the
of magnitude larger than was reported previously on similar La manganites, high electrical resistivity is a prerequisite to
La-manganite films, 11,12 It may be attributable to a number of the occurrence of large inagnetoresistance. The bulk, poly-
differences in composition and processing details. The pres- crystalline La-Ca-Mn-O material is too conductive (p<5d
ence of grain boundaries appears to be very detrimental to till cm at 4.2--200) K) to exhibit very large magnetoresis-
achieving high MR values, based on the following observa- tance, Whether the grain boundaries in the La mang[Inites
tions: (i) Polycrystalline bulk La-Ca-Mn-O samples of simi-
lar composition exhibit low MR values of -100% or less
between 4.2 and 300 K; (ii) nonepitaxial (nonsingle- 12

2 kil i (Input Current) /'
Resistor 8

VC

SMR Sensor 4

= 2.2 A i (Output
MR Sensor Sensor) 0 . ..... " . ..... .

(Ro = 3.86 kl) -8 -4 0 4 8

H (Tosla)

FIG. 7, Schematic diagram illustrating it circuit contiguration tfor the micro-
phone device. Fl(i. t). p vs I1 curve (li.s-( a-Mt- 28 K,

6932 J. Appl. Phys., Vol. 76, No. 10, 15 Novembei 1994 Jn II eal.



manganite films. The magnetoresistance behavior appea,'s to
be related to the semiconductor-to-metal transition. The fact
that the electrical resistivity of the material can be manipu-
lated by applied field to a value orders of magnitude different
could be exploited for various technical applications.
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Giant magnetoresistance in f-electron systems (invited) (abstract)
Tadao Kasuya and Takashi Suzuki
Physics Department, Tohoku University, Sendai 980, Japan

Various kinds of giant magnctoresistance have been observed. In the present report, we concentrate
on the f-electron systems, particularly on rare earth compounds, and summarize the results by
classifying according to mechanisms. One important category is concerning the magnetic impurity
state in a doped magnetic semiconductor with a fairly wide band gap. A typical classical example
is EuO with 0 vacancies, in which two conduction electrons with opposite spin directions are
trapped at each vacancy. The applied field aligns the spin direction, induces magnetic polaron,
expands the extension of the impurity state, and causes a large decrease in resistivity. Another
typical example is Gd 3.xS4 , with x near i namely, near Gd 2S3, in which only a small amount of
conduction electrons exists below or around the mobility edge. This system is characteristic in the
sense that a strong band tail exists nearly independently on the number of doped carrier. A strong
tendency to form magnetic polaron exists and various anomalous properties including giant
magnetoresistance is observed. Recently, we performed an extensive study on this material to reveal
the fundamental mechanism. Some details will be reviewed. Another category is the intrinsic
character, even though it is modified substantially by defects in the real materials. A typical
prototype is EuB,, a typical narrow gap magnetic semiconductor. Applied field causes a
ferromagnetic alignment of 4f spins, which causes overlapping between the up spin conduction
band and the up spin valence band through the d-f exchange and p-f mixing interaction causing the
system into a semimetallic state. This further accelerates the 4f spin alignment. To see the real
intrinsic mechanism, the sample should be very pure and the most suitable samples for this purpose
are Ce and Yb monopnictides. Recently, we performed an extensive investigation oni a series of the
above materials and found various novel characteiistic properties, including both giant positive and
negative magnetroresistances. A detailed summary is planned.
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Superconductivity I Z. Fisk, Chairman

Theory of spin dynamics in the metallic cuprates (invited)
Qlmiao Si
Department of Phyvsics. Univ'ersitv of Illinois, /110 West G(reen, Sirvel, Urlba na. Illinois 61,•/

Yuyao Zha and K. Levin
lames Franck Institute, University of Chicago, 5640 South Ellis Avenue, Chico go, Illinois 00037

The spin dynamics in the metallic cuprates are studied theoretically. In the normal state, it is
demonstrated that tile interplay of correlation effects and tiermitology lead to a natural understanding
of the contrasting wave vector dependences in tile neutron scattering cross sections of the two best
characterized cuprates: LaSrCuO and YBaCuO, as well as the anomalous frequency and
temperature dependences in the neutron scattering cross sections and ill the NMR relaxation rates
I/T1 and 1/7"2(;. In the superconducting state, the compatibility of the (/-wave pairing state with
magnetic data is explored.

I. INTRODUCTION linear behavior." Such an anomalous temperature dependence
is also reflected in the Gaussian component of the transverse

In order to address the origin of high temperatuie super- relaxation rate.I /2(;.7 (b) At the same time, the oxygen-site
conductivity, it is essential to understand the nature of the spiii-lattice relaxationi rate, (l/T1 )o, is almost linear in tern-
low lying excitations in the metallic cuprates. In this article, perature, and has I nominal Korringa ratio of order 1Ls The
we focus on the spin excitations. In conventional metals, the neutron scattering data arc also puzzling: (c) The momentum
spin dynamics are described by an itinerant picture based oti dependences in the two best-characterized cuprates,
the particle-hole excitation spectrum and the dynamical spill YBaCuO and LaSrCuO, arc quite different. Ii YBaCuO, an-
susceptibility is given by the Lindhard function. Such a tiferromagnetic spin fluctuations are commensurate. The
simple picture does not apply in the copper oxides. commensurate peaks are broad, with essentially temperature-

We start the discussion with the stoichiometric corn- independent widths.'"'1 In LaSrCuO, spin fluctuations are
pounds such as La-CuO 4 and YBaCu3"0,. They arc insula- sharply peaked at incommensurate wave vectors Q*;l 12 (d)
tors with a charge gap of the order of 2 eV. The insulating Within the lightly doped nonsuperconducting LaSrCuO
behavior is unexpected from the one-electron picture since system 13 the cross sections are found to scale with wI/'. Sys-
the outermost copper band is half filled. Furthermore, it is tematic studies of the temperature and frequency depen-
unusual compared to band insulators in that spin excitations dences of the cross sections for systems closer to optimal
are not gapped. In fact, an antiferromagnetic ordering is de- doping have, however, revealed low energy scales in
veloped at low temperatures.' I, the paramagnetic phase, the YI3aC'uO.'1 '11 ('omparable experiments are still under way tot,
spin dynamics have been studied using both low energy and the normal state of superconducting LaSrCuO.
high energy inelastic neutron scattering, nuclear quadrupole Given that the conduction electrons in tile cuprates arc
resonance (NOR), and Raman scattering experiments. I 4 strongly interacting with each other, it is perhaps not surpris-
These data have been successfully analyzed in terms of Ii- ing that the magnetic data appear to be anomalous ccampared
teracting spin waves in the two-dimensional Heisenberg to conventional metals. Ilowever, the exact nature of the spin
model on a square lattice,5 In this picture, spins are localized excitations in a doped Mott-Hubbard system is not known.
at the copper sites within each CuO, layer, and are coupled lin particular, it is not clear a priori whether doped holes
with each other through essentially a ncarest-neighbor leave the localized spins of the half filled cupratcs intact
Heisenberg coupling. These features are characteristic of a leading to a frustrated spill system, or they manage to con.
Mott (charge-transfer) insulator and explicitly establish the vert the localized spins into renormalized quasiparticles.
existence of a strong on-site Coulomb repulsion among the Therefore, an analysis of the spin dlyamical data of the me-
copper d electrons. tallic cuprates call help clarify the nature of' these spill exci-

As the systemn is doped away from hallf filling, the nmag- tations and the residual magnetic couplin ug. It also allows us
netic order quickly vanishes, and an insulator to metal (su- to discuss their implications of magnetic data tor the nature
perconductor) transition sets in. In the metallic cuprates, all- and the origin of' supcrconductivity. This brief review sum-
tiferromagnetic fluctuations have also been observed, mainly marizes our own work"'4 "' in this area anld is not intended to
through NMR/NQR and inelastic neutron scattering be comprehensive.
experiments.,' 1 In the context of a conventional theory of'
spin fluctuations in simple metals, the NMIV,/NOR data ap- 1I. DYNAMICAL SPIN SUSCEPTIBILITY
pear to be highly anomalous: (a) The coppcr-sitc spin-lattice
relaxation rate, ( 1/)., is strongly enhanced in nlagnitUlde. The inelastic neutlrol scattering cross sectioin is directly
Its temperature dependence deviates strongly froni the usual related to tihe SIpil S1;rt tue-1 Iactotr S(j,0t),
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d2 0/dflq dw-S(q,w). (1) per site occupied by a spin, and each oxygen site fully occu-
pied by electrons, or equivalently, empty of holes. The ex-1/T1 is the rate at which the nuclear magnetization relaxes cag neato mn h oprsiscmsfo h

towads quilbrim an isgive bychange interaction among the copper spins comes froin the
towards equilibrium and is given by superexchangc mechanism. Among the excited states that

) can be virtually occupied, the lowest ones correspond to
A (q)S(q, o ), (2) holes occupying the oxygen orbitals. Since there is only

q nearest-neighbor hybridization between copper and oxygen

where "oN represents the nuclear resonance frequency which orbitals, the dominant contribution to the exchange interac-
is essentially zero compared to typical electronic energies, tion among the copper spins comes from the nearest neigh-

and At(q) is the hyperfine coupling constant for nuclei r bor term. Therefore
(copper or oxygen). Through the fluctuation-dissipation theo-
rem, S(q,w)=A/(q,o)!(l-e- Wit), where '(q,%w) is the J(q)='lo[cos(qx)+coS(y) (5)
imaginary part of the dynamical spin susceptibility. Finally, This result is quite insensitive to the oxygen dispersion, so
the Gaussian component of the Cu-site spin-echo decay rate, long as the (bare) oxygen levels are well separated forn the
1/T2(1, is determined by the coupling between the copper copper level. Such a nearest-neighbor form for J(q) is sup-
nuclear spins. Through the usual Ruderman-Kittel-Kasuya- ported by high energy spin wave measurements on the insu-
Yosida (RKKY) mechanism, the indirect contribution can be lating state. 2

related to the static spin susceptibility x(q) and is given ap- In the metallic cuprates, one of the key experimental
proximately by' results is the observation of a large Fermi surface with a

.1 \211/2 volume satisfying Luttinger's theorem.2u This implies that,
1 Y,2 F(q)4X(q)2- F(q)X(q) (3) when a sufficient number of holes are doped into the insula-

T2 ý q q ,tor to make a metallic phase, these holes convert the local-

where F(q) is the out of plane component of A cu(q). ized copper spins into itinerant quasiparticles at low ener-

In conventional metals, "(q,%w) has the Lindhard form, gies. Such a picture is also supported by various numerical

X"(q,%) - I[f((Ekq) - f(Ek)j](E,. - Ek+q - o). This calculations of the single-particle spectral functions in

implies that (a) the q dependence in the neutron scattering Hubbard-like models. This picture can be formally imnple-

cross section at low energies reflects the geometry of the mented in terms of the widely used large N approach to the

Fermi surface, Physically, only single-particle states close to extended Hubbard Hamiltonian equation (4) (here N is the

the Fermi level can contribute to the low energy spin fluc- spin degeneracy). Within the mean field theory, the constraint

tuations; (b) the energy scale for the temperature and fre- that there be no double occupancy of a copper site, as a

quency dependences is determined by the Fermi energy consequence of strong Coulomb interactions, is manifested

which is of the order of eV or 10 000 K; (c) I/T, is linear in in the renormalization of the hybridization matrix element,

temperature, and satisfies the Korringa law, I/TtTX2 = 1 VJ(- V,,, as well as of that of the copper level, d'-,

where X is the static uniform magnetic susceptibility. (Here, The quasiparticles of the system are described by the renor-

for simplicity, dimensionless units are used,) Physically, the malized band, Compared to the noninteracting case, the

number of electrons available to flip the nuclear spin is pro- renormalized band has an enhanced mass, and the density of

portional to TN(EF), and each electron contributes a relax- states of the antibonding band has a large asymnmetry with

ation rate proportional to N(EF..), where N(Et,.) is the density respect to the Fermi level.

of states at the Fermi level which is also proportional to . We have chosen the bare band parameters so that (a) the

To derive the appropriate form of the dynamical suscep- plasma frequencies of the renormalized band fit those experi-

tibility for the metallic cuprates,14 we consider the extended mentally derived from the Drude-fitted optical

Hubbard model defined in a CuO 2 layer conductivity.21 This constraint assures that the band widths
are reasonable; and (b) the correct Fermi surfaces are ob-

H=j c,dj,,,+2 UlndJtfldL+1 Vp,,(dýrPi,r+h.c.) tained for both LaSrCuO and YBaCuO. The Fermi surface in
-i,,d i ... . YBaCuO is rotated by 450 relative to the diamond shape

expected in a nearest-neighbor tight binding, one band
model.2"' 22 The Fermi surface in LaSrCuO retains a

c(4) diamond-like shape, though it is somewhat distorted so thatIt 12,r the nearly flat regions are closer to the I' point.22 Whi),e tile
The copper d electrons have an energy level E,• and an on- origins of these differences are not well understood, we are
site interaction U. The oxygen p electrons have a dispersion able to arrive at the correct Fermi surfaces through effec-
determined by the hopping matrix elements tPP (nearest tively modeling the oxygen dispersion appropriately. Such a
neighbor) and t'p (next nearest neighbor). The two bands are modeling of the oxygen dispersion is expected to be reason-
coupled through the hybridization matrix element VId (near- able for the discussion of the spin dynamics in the large U
est neighbor). limit, since the spin degrees of freedom are mainly associ-

At half filling, this model has a Mott (charge-transfer) ated with the copper states. Finally, our renormalized band
insulating solution when both the Coulomb repulsion U structure shows logarithmically divergent van Hove -iingu-
(taken as infinity here) and the level separation E1,- E, are larities in the single-particle density of states at (±+-,0) and
large. The low energy configurations correspond to each cop- (0,±7T). The separation of the energy at these wave vectors
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from the Fermi energy introduces a van Hove menrgy, aivi.
Due to the different shapes of the Fermi surfaces, wovi is
found to be larger in YBaCuO, of the order ol 25 meV, than
that in LaSrCuO, which is less than 5 meV.

At a formal level, the superexchange interaction of the
metallic phase can be established through analyzing the cor-
rections to tile mean field theory, beyond the leading order in
I/N expansion.' 4 We found that, while the quasiparticle dis-
persion is determined by the renormalized copper level,

andtherenormalized hybridization, V' 1, the relevant.s

quantities for the calculation of the dominant superexchange
interaction are the corresponding bare parameters, 'E and
Vpd This is not surprising since the superexchange interac- N

tion arises from the virtual occupancy of the high-lying ex-
cited states. A separation of energy scales, therefore, remains
and the dominant antiferromagnetic interaction is insensitive
to the oxygen dispersion and continues to have the nearest-
neighbor form of Eq. (5) for both YBaCuO and LaSrCuO A,, (a)
systems, despite their very different Fermi surface shapes.

The dynamical spin susceptibility is found to have tile
generalized random-phase approximation (RPA) form

xu(q,) (6)x(q'°w) I +J(q)x'(q,w) '

where Xt(q,w) is the Lindhard function associated with the
renormalized quasiparticle energy dispersion E(k). It should
be noted that, this form of the dynamical susceptibility de-
scribes the contribution to the spin susceptibility due to the
coherent (quasiparticle) part of tile single-particle excitation
spectra. The incoherent contribution becomes increasingly V3

important at high energies where local-moment behavior is 0,,

evidenced.

III. SPIN DYNAMICS IN THE NORMAL STATE

A. Wave vector dependence of the Inelastic neutron (b)
scattering cross sections

In two-dimensional systems, the (dynamical) Kohn
anonmaly leads to peaks in tile imaginary part of the Lindhard FI0. 1. Calcutated S(q,,o) vs (q, ,q,) (a) for YI11('4uO, 7 with JIJ, =0.7
functionl at wave vectors q~=2k/...15'2 25 In LaSrCuO, such a 1and (b) for L.ai R2 Sr,.lHCUO.I wilhi.I/I,.O.U The inselts give tile correspond-
functhon anomal, walongv iththe nestrq=k. ing nancm t, ls ito ing results with Ji1=0. Here the temperature and frequency are I and 10
Kohn anornaly, along with tie resting enhancement, leads to inLv, respectively.
incommensurate peaks at Q*=T(I---,I), "r(1,l+±( (Ref.
26) away from, but close to, QAF=(1Tr,7r), as is illustrated in
the inset to Fig. l(a). Since -J(q) is peaked at QAF, it en- We now study the spin dynamics in the YBaCuO family.
hances ,V'(q,(o) and hence S(q,(o) around an extended region The q structure of the Lindhard susceptibility corresponding
in the Brillouin zone near QAt:. For moderate values of J,1/J,. to the appropriate renormalized band structure with a rotated
(where Jc. is the strength of the interaction which gives rise Fermi surface is shown in the inset to Fig. 1(b). Because of
to an actual magnetic instability in the system), the four peak the Fermi surface rotation, the Kohn anomaly induced-and
structure is enhanced with overall shape unchanged, as is nesting enhanced--peaks are far away from the antiferro-
clearly seen in Fig. 1(a). When projected along two of the magnetic wave vector QAF=(-t,m). Therefore, the dynamical
four peaks, our results can be favorably compared to the susceptibility is essentially featureless near QAI:. The antifer-
experimental results of Refs. II and 12. We have also carried romagnetic interaction enhances the amplitude of S(q,w) or
out a detailed analysis of the behavior of the incommensura- '(q,wo) in the region surrounding QAF, leading to an essen-
bility as a function of the doping concentration. The large tially commensurate peak shown in Fig. l(b). When pro-
value, together with the strong doping dependence. of the jected along the diagonal direction, our results can be com-
incommensurability observed experimentally'I can be under- pared favorably to the experimental results of Refs. 9 and 10.
stood only when strong Coulomb interactions as well as a Experimentally, in tile fully oxygenated system, the half
finite nearest-neighbor oxygen-oxygen hopping matrix ele- widths correspond to magnetic correlation lengths of around
ment tin, are included. one lattice spacing27  and in the deoxygenated case
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FIG. 2, Nornializod l'(qwo) as a functioll of W17' for l.ii.1 8 Sr11.HC1'i0 4 at the 2.0 I
peak wave vector. The solid line represents the scaling curve.

S- /T 2

(YBa2CuIOI,.7) the corresponding length is around two lattice 1.5. -- - I/{T+IISK

spacings. ( t, Furthermore, the q-irtegrated structure factor is
found to have essentially the same temperature dependence
as that of the structure factor at QAF. 9 In our theory, the fact
that J is not particularly close to a magnetic instability yields 1.0
a relatively broad peak whose width is essentially indepen-
dent of temperature. This is in contrast with other theories in
which longer and strongly temperature-dependent correlation 0.5 12, ,9 0 200 40O0 600
lengths are assumed.?, (b) T(K)

The contrasting q dependences of the dynamical suscep-
tibilities in LaSrCuO and YBaCuO, therefore, provide direct 12
evidence that the particle-hole continuum associated with the
renormalized quasiparticles gives the dominant contribution
to the spin dynamics at low energies.

S-
B. Temperature and frequency dependences of the
dynamical spin susceptibility

The frequency and temperature dependences of the dy- 4
namical susceptibility in the present theory are discussed ex-
tensively in Ref. 17. The lowest energy scale is manifested as
a weak peak in the frequency dependence of ti'w neutron
structure factor, and is found to correspond to the van I-love 0 200 -#00 600
singularity energy •vwv. Magnetic interactions of moderate (M) T(K)
strength lower the position of this peak, and considerably FIG. 3. Calculated tenmperature dependence of NMR relaxation rates in
enhance the low energy spin fluctuation spectra. These low Yl3112Cu3O6, 7: (a) I/i'17I (b) 1/. ,); and (c) 7'Tlfii 7'. The vertical axes are

energy scales can also be illustrated in a scaling plot of the in arbitrary units.
susceptibility in terms of wIT, In Fig. 2, such a scaling plot is
shown for susceptibilities calculated for LaSrCuO at the in-
commensurate peak position. Since wvjj is small in LaSr-
CuO, we find that the dynamical susceptibility scales with downturn at low temperatures reflects the van rove energy
wIT until very low temperature and frequency. In YBaCuO scale ,lvte, (By contrast, this downturn is not present rn te
system, ovt is considerably larger, o~vl---25 meV. A devia- normal state of LaSrCuO since and is much smaller.) At
tion from scaling is predicted"' for YBaCuO, when the fre- high temperatures dIT1 starts to saturate and IT,' exhibits aquency is smaller than owV and the temperature smaller than Curie-Weiss temperature dependence. This temperature de-
quc Rer thnt V e mndtal resultsro e smlee pendence is in reasonable agreement with experimentai data,bev .consis ent withethisperimeditan fresulthcse fomRef u. 9seeas is thr- enhanced magnitude. We emphasize that, within ouranalysis, the strong Coulomb correlations lead to two effects.
C. NMR/NQR relaxation rates They renormalize the quasiparticle energy spectrum, and in-

duce residual exchange interactions hetween the quasiparti-
We now turn to the analysis of the NMR/NQR data. cles. Because of this Coulomb-induced renormalization, we

Shown in Fig. 3(a) is the calculated temperature dependence find that there is sufficient spin fluctuation spectral weight to
of I/TIT at the copper site in deoxygenated YBaCuO. The explain the enhanced magnitude in 1/I1, without making the
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assumption of proximity to a magnetic instability. In this dynamical susceptibilities associated with these different
way, we are able to explain both the neutron scattering and contributions are expected to have different forms.
the Cu-site NMR results. In LaSrCuO system, this is consis- The situation for the oxygen site NMR relaxation rate is
tent with the recent results of Walstcdt and co-workers. 3

0 more complex. Because the peaks in the dynamical spin sus-
These authors have demonstrated that (I/TI)(,, measured in ceptibility are strongly incomntensurate in LaSrCuO, and
the NMR experiments are in quantitative agreement with have a broad half-width in YBaCuO, a perfect oxygen form-
their counterparts calculated from the incommensurate peaks factor cancellation, based on the transfer-coupling
derived from the neutron scattering experiments.i" As shown Hamiltonian,3- is not expected in either system. In the
earlier, the incommensurate peaks arise from the the quasi- present calculations, within the transfer-hyperfine coupling
particle contributions; this quantitative agreement, therefore, model, (lITI)o shows considerable deviation from a linear
reinforces the conclusion that low energy spin dynamics are temperature dependence. In the context of the LaSrCuO sys-
dominated by quasiparticle contributions, tern, similar conclusions have also been reached.3t At

We have also calculated I/T,2 ;. As is seen in Fig. 3(b), a present, it is not clear whether this means that our under-

high temperature Curie-Weiss dependence is also reflected standing about the hyperfine coupling associated with the

in 1/7',(;, consistent with experimental results.7 The Curie- oxygen nucleus is not complete or an important piece of

Weiss behavior for both I/TI'T and I/T2"; also implies that physics is still missing.
the ratio T2 ;/I'17' is weakly temperature dependent at high To summarize, the contrasting spin dynamics in LaSr-

temperatures, as is seen in Fig. 3(c). The qualitative behavior CuO and YBaCuO, and the consistency of the spin fluctua-

is quite similar to the corresponding experimental plot of tion spectral weights inferred from the neutron scattering

Takigawa. 7 In our calculations, the high temperature Curie- cross sections and (Cu-site) NMR relaxation rates, lead us to

Weiss behavior for 1/7'',T and l/7'2G results from the Curie- conclude that, at low temperatures and frequencie.; the domi-

Weiss behavior for both x'(q,wc-O) and lim,ni,,_, '(q,wo)/ow nant spin fluctuations are described in terms of a particle-

over an extended region in the Brillouin zone around hole excitation spectrum associated with renormalized qua-

QAV:•-(7r,77-). The temperature scale is set by the fraction of siparticles, which interact with each other through ino

the Fermi energy further lowered by the exchange enhance- antiferromagnetic interaction of moderate strength. At higher

ment factor. In this way, it reflects the proximity to Mott temperatures and frequencies, the relative contributions of

localization [which is incorporated in xu(q,w)] combined the quasiparticle (coherent) part and the local-moment (inco-

witi moderate magnetic interaction effects. By contrast, herent) part remain to be determined.

weak coupling calculations 29 assutme that the system is very
close to a magnetic instability; this soft spin fluctuation fre- IV. SPIN DYNAMICS IN THE SUPERCONWUCTING

quency then leads to these very low energy scales, as well as STATE
large magnitudes in I/T,. Our result is also in contrast with The application of Eq. (6) below TI is straightforward.

the essentially temperature independent 1/1!,(; calculated by We have found that'8 the anomalous temperature depen-
Littlewood et al. 3 within a marginal Fermi liquid frame- dences at low frequencies observed in neutron
work, in which the magnetic interaction between the quasi- measurements 11,12•9 of S(q,w) may be compatille with a
particles is assumed to be zero. d,•.....2 pairing state in both LaSrCuO and YBaCuO. How-

In the strong coupling limit, the renormalized quasipar- ever there are problems with the wave vector dependences of
title description is in essence a low temperature expansion. S(q,o). Of the two cases, the effects are more striking in
At sufficiently high temperatures, this description should YBaCuO. At the lowest temperatures all that tontributws to
break down; instead, the single particle excitations become the cross section are processes in which the Lindhard tfnc-
incoherent, and the spin dynamics should cross over to a tion is not fully "gapped out." These correspond to node-to-
local-monuentlike behavior. In this way a temperature- node scattering and because the nodal positions are unrelatd
independent I/7', is expected at high temperatures. This to the Fermi surface nesting, these low 7' peaks will not be in
physical picture is consistent with recent measurements of the same position as their counterparts in the normal state. In
1/7', in iLaSrCuO.: The situation is very similar to the spin this way the peaks in the structure factor move with ,,ecreas-
dynamics in heavy fermion metals. 31'32 The precise local- ing T, from their high 7' positions to incommensurate posi-
moment dynamics for the cuprates are not known. Recently, tions along the zone diagonal. Similar observations wer,
based on the phase diagram for the 21) quantum nonlinear made first in Ref. 36. The failure of current experiments t 1.'2,

sigma model, 5 suggestions have been made that the high to observe this shift in the peak position is thus not conlsistent
temperature local-moment dynamics in the metallic cuprates with a (clean) d-wave picture.
may show a universal behavior controlled by a zero tempera- Recently, similar calculations37 were performed ini the
ture critical point."'34 In particular, a temperature- context of a weak-coupling Hubbard Hamiltonian with0 only
independent I',(;/1T7'j has previously been shown to arise first nearest-neighbor hopping integrals. In this case. the real
within this scheme. 4 In general, it is important to determine, part of xo(q, to) and, hence, the exchange enhancement, arc
in ai given temperature regime, how much of the spin fluc- strongly peaked at Q* both for T> T,. and for T< T,.. There-
tuations can be attributed to the quasiparticle-quasihole con- fore, the peak shifts will not occur; rather, the four peaks in
tinuum contribution, and how much to the local-moment the normal state arc expected to become sharper. This is
contributions. Neutron scattering results at higher frequen- illustrated in Fig. 4(a). Such a sharpening of the peaks, how-
cies and temperatures should help clarify this issue, as the ever, is not seen experimentally.' Furthermore, wc have
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Hydrostatic pressure on HgBa 2CaCu 206+, and HgBa 2Ca 2Cu 30 8 +

F. Chen, L. Gao, R. L. Meng, Y. Y. Xue, and C. W. Chu
Department of Physics and rexas Center for Superconductivit~y Universitv of tloiston,
Houston, Texas 77204-5932

The superconducting transition temperature 7, and its pressure dependence dT,.IdP of
I-igBa 2CaCu206.,, (Hg-1212) and HgBa2Ca 2Cu 3O5±5 (Hlg-1223) were measured up to 17 kbar. T,.
increases witn pressure approximately linearly for both compounds before oxidation. However, the
nonlinearity in the T,.-P correlation shows up after oxidation in both compounds. For Hg-12 12, the
average dTIdP decreases as oxygen doping increases, while it increases in Hg-1223. These
observations are in conflict with the modified pressure-induced charge-transfer model, but might be
attributed to the possible existence of fine electronic structure. These observations suggest that a T,.
much higher than 140 K might be achievable in l-lg-122 3 by means of higher physical or chemical
pressure.

I. INTP,'DUC-TION pressure was measured by a quantum design superconduct-

Previous pressure studies on high T, cuprates at various ing quantum interference device (SQUID) magnetometer. A

oxidation states show that the T, changes linearly at pres- standard inductance bridge, operated at 16 Hz in an ac field

sures between (0 and 20 Kbar.' This can usually be explained of -50e peak to peak, was employed to determine the ac

by pressure-induced charge-transfer, 2 i.e., dT/Id1P decreases magnetic susceptibility (X,) under pressures, The standard

with the carrier concentration n, which increases with oxida- four-lead measurement was applied to measure resistivity.

tiol.. Soon after the discovery of the .wuperconducting ho- Hydrostatic pressure up to 18 kbar was generated at room

mologous series HgBa2Ca,_ ICu,0 21 ,1+ 2 ,+ [Hg-12(n- 1 )11 3 temperature inside a Teflon cup housed in a Be-Cu high pres-

band-structure calculations showed that the electronic struc- sure clamp," using 3M Fluorinert as the pressure medium.
STile pressure was determined by a llb-manometer placed

ture of these compounds was strongly affected by the van The pressure was detrmied by ac
flove singularity and evolved with doping rather next to the sample. The temperature was measured by an
abnormally,4 suggesting that their pressure effect dT,./dP alumel-chromel thermocouple above 30 K and a Cc ther-
I•might be unusual. Aft.," samples of these compounds with mometer below 30 K.
different oxygen stoichionietry becamv. available, we system-

S,'icaliy studied their pressur" dependence. IIl. RESULTS AND DISCUSSION
A positive dT,./dP was observed in all

HgBa2CaCu20 6+,i (Hg-1212) and HgBaCa2 Cu308, , (Hg- Four samples oC Fig-I 212 were characterized. Samples A

1223) samples. For the as-prepared Hg-1212 samples with and C were as synthesized with T,- 112 K. Samples B and [)

S Tc-112 K, T, i.icreased linearly with pressure at a rate were annealed in I atm 02 at 300 'C for 30 Ih with 7T,.-- 119

"d"dfIdP=0.22±0.02 Klkbar throughout our pr:•ssurc range. K and were determined to be overdoped, The xV of samples

For oxvgci: 'ed Hg-1212 samples with T,.-- 119 V, 1', in- A. B, and D are shown in Fig. 1. The transition is quite sharp

creases with pressure at a similar mate below -4 kbar, but the a,'d the superconducting volume fraction is large (espec-iolly÷ ,,for saml D)he orstand m~idpoint of7 ('1,(T,, and T,, 1 '
rate of increase decreases to 0.11 2)0.02 K/kbar thereafter. ample D). T onset a d,7
Although the nonlinear T,.-F correlation is rather unusual, determined b5 ac-susceptibility neasurem':nts at various
the smaller average dT./dP afterm oxygenation is consistent pressures ar:e shown in Fig. 2. The T7,.,'s of samphl A and C

with the charge-trar.fer model, 2 which suggests that the av- have the same trend a:; the T,.,,,'s although they are !lot shown

erage dT,'dP decreascs with the carrier concentration n. in the figure. The 7,.,, of sample D is not w1ll defined due to

The dJ,./dP of severa! ;.g-1223 samples was also measured. poor grain coupling and thus not shown. T,. increases lin-

• The dT,:/dP of vacium-anneale, and as-svnthcsized early with P at a rate of 0.22_m0.012 K/kbar for samples A mnd

samples was in.,ependent of P. However, the T, vý; ' of C. For samples B and D. T,. increases at a rate of - 0.23

oxygenated Hg-1223 shows positive curvature above 12 K/kbar below 4 kbar. The rate fell to 0.11 ±_0.0t3 Kikbar

-bar. Unlike that for Hg-1212, tVe overall dT,./dlP for 1-Ig- above 4 kbar. As proposed by the modified charge-tran.ifer

1223 increases with oxidation, whicl is in direct conflict model,2 the overall dT,.1,/1 decreases as oxidation increases.
---with the modified chargeansfe model. 2  Five samphls from :,vo differenm batches of 1tg-1223

were also examined. Sample V was as synthesized with
II. EXPERIMENT T,. -- 117 K. Sample W, with T,. -7-) K, was obtained by highH. E Wvacuum annealing at 450 `(' for I day. Sample!.. X, 'Y. and Z

High quality samples were prepared using the controlled were annealed in flowing oxygen at 31)11 'C for I day, with
vapor,':,olid iaction (CVSR) technique.5 The s;,mples are T,--- 135 K. Figure 3 shows "T,. versus pressure for ilg-I .. 3.
-9190% pure with -- 10% Cal-gO2 and f1a(u3()5, inmpurm- The T,>'s for samples V. X. Y, and Z were mneasurcd resis-
""s. Structu: characterization was carried out by x-ray dif- tively. Although we only plotted 1.,,, for thcsc ,ain'p.es, the
fý,'ction ..Aing a Rigaku D-MAX/Bll powder diffractometer. behavior of T, , and T, (zero point of the transitiom ) is :s-ini-
"The dc "magnetic susceptibility (X,,,) of' sumjples at ni bihcut lar. A long tail in the su iercon ductiie., transition was i• -
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FIG. 3. T_, vs 1' for Hg- 1223 samples V, W, X, Y, and Z.

0.0

D served for the sample W, which might be due to damage
caused to the grain boundaries (luring annealing. Therefore,

H i 3232 the T,. of this sample was measured magnetically and TI,.,,
was obtained from the peak of dXC/dT. We can see clearly

c:2, .20 that the average dT,./dP increases with oxidation. From ther-
( moelectric measurements, we extracted the carrier concentra-

tion it by an empirical law. 7 Figure 4 shows the average
dTIdP vs it for Hg-1212 and Hg-1223.

Recently, a study2 of combined effects of pressure and
4.0• doping on (YCa)(Ba,Ca)2 Cu 30 7 , compounds shows that

0 50 100 150 pressure-induced charge-transfer alone cannot explain the

(b) T K observed results and an "intrinsic" pressure effect on 7', is
included. This term, dT,,nax/dP, is assumed to be indepen-FIG. 1. (a) x, vs 7for lg-t212 sample Aandl13.(b) Xd, Vs 7for Hg-1212 dent of P and n. Thus, the empirical modified pressure-

sample D. Filled symbol: field cooling; open symbol: zero-field cooling. ded charge-transfer mode b ien as
induced charge-transfer model can be written as

T,(n,)P) = T,5,.i 5( ti ptiin;d 0) + ( dT(. ...111 /dP) >" P

+A X [(/I - lo1ptia) + ( dn/dP) X 1] 2
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FIG. 2. T, vs P for Hg- 1212. A: T,, for sample B: 0: I', for sample 1);
Li: T., for sample W3 7: T_, for ,sample A; 0: T_ for sample C. FillLd
symbol obtained on pressure reduioo. FIG. 4. OT,!dII vs n for lig-1212 and Ilg-1223.
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The magnetoconductivity of polycrystalline BiSr2 Ca1 ,YCu,_O ,0 x =0, 0.05 and 0.20 samples in
the magnetic field of 4 T was measured. The excess conductivity has been analyzed in the light of
Aronov-Hikami-Larkin and Bieri-Maki formalisms together with Thomnpson's correction of the
Zeeman term of both theories. The later theory was found within the clean limit to describe the data
_adequately and yielded the estimate for the phase braking time Trb, I X() 13 s. The
Maki-Thompson-Zccman contribution (A'rM.rz) in these samples is found to be negligiblc.

The short coherence length coupled with the hiigh tran- data onl single crystals of YBCO, They found Tj,,5x 104s

sition temperature provide an excellent opportunity to study which is the shortest time reported so far. Sugawara et al.7

the rounding of the transition in the oxide superconductors. have analyzed their Acr(H) data measured on chemical vapor
The fluctuation enhanced conductivity, i.e., excess conduc- deposition (CVD) films of YBCO in BM the,.ory with
tivity (Acr) in zero field is representable by the Aslamazov- Thompson's correction,' (I3MT), and find the Arr,1-rz term to

Larkin (AL) and Maki-Thompson (MT) terms. The mag- be essential in both the Au(II) vs f [= (T- 7',)lf )/'f',is
netic field affects the excess conductivity through the orbital the mean field transition temperature] as well as Ar( i) vsi 1H
angular momentum giving rise to AL-orbital (AWrA.o) and data. In polycrystalline YBCO Matsuda et al." ,lst) found
MT-orbital (AuMi-ro) terms and through the spin angular mo- vanishing values of A(rM-I-z using uncorrected AlIt. exprCs-
mentum yielding AL-Zeeman (AUrAI.Z) and MT-Zeeman sions. And our recent analysis on similar samples in the light
(Acrm'rp) terms. Aronov, Hikarni, and Larkin2 (AlIL) have of corrected AIiL/BM expressions support these results. 10

derived the expressions for these terms from the standard We have measured the magnetoconductivity (f polycrys-
theor, in the dirty limit. However this theory is not appli- talline Bi 2SrCaj ,YCuOX ,5 samples with x=0, 0.05, and
cable to high T,. superconducting (HTSC) materials as they 0.20 and find the A'rMIz contribution to be nlegligible.
fall within the clean limit with the mean free path l•,,i,(() The samples were prepared by the matrix precursor
[1= 100 A and 6,,h((0) 15 A for YBa2Cu30 7 (YBCO)]. Later method by reacting B1i20 3 with a Sr,(aCu2 50 precursor in'
Bieri and MakiO (BM) proposed another theory of Ao"(H) the presence of 02 at 900-950 'C. All the samples were
which was valid for the clean limit but it gave results iden- confirmed to be of single phase by x-ray diffraction (XRD).
tical to the AHL theory. Both AL contributions arc not sell- dc conductivity was measured by the four probe method on
sitive to the mean free path of the electrons. Therefore, their bar shaped samples.' The current density used was typically
values remain essentially unchanged in both dirty and clean 0. 1 A/cm2 . Samples were so oriented tIhat the measuring cur-
limits. However the MT contribution depends sensitively on rent was perpendicular to the applied field. The sample tem-
I since the vertex renormalization is essentially controlled by penature was measured with a Si diodc/CGR thermometer
I in the clean limit. The expressions obtained by Bieri and placed iii contact with the sample in a copper holdcr, and was
Maki 3 in this limit for all the four terms are identical to the raised at the rate 4i 2 K/h. The data were taken at the interval
AHL expressions with the difference that the terms ArAz of 2(0 mK within the transition region.
and Aersi.rz had (J,/4irkT) instead of (wJ/4frkT,.) as their At high temperatures (T/!2T,.) the zero field and the
prefactors and b was defined by S=I.203[/I/,,I,( 0 )liSlA., field data coincide for all the samples implying negligible
where 8AIhl. is given by (Ref. 2) 8AIIL= ! 62( ))kI -,j/rdl7-h. magnetorcsistance to be present in the normal state and be-
Later it was pointed out by Thompson' that both these theo- low I '" the transition broadelns in the field. A field of 4 T
ries were wrong in treating the Zeeman splitting energy, co(r- was used because for the higher fields the oi bital terms show
rection to this leaves the three terms, viz., ATrA., A,,AfI dcviiations from the tl1 behavior predicted by the al(ove
and Ara-mz unchanged but modifies the fourth Au-Mrz . theories.2 In zero feld, a single sharp peak in dp/dT is

Experimentally almost all the attention appears to have svnimltrical abotut the temperaturc TM... of its maximnn,
been focused on YBCO only and to the best of our knowl- whercas in (hle field this curve spreads towards lower teni-
edge no attempt has been made to study the peraturcs. This spreiad is around 35 K for x -0-t and iacrcases
BiSrCaCu,05 ,,, (BSCCO) system in this light. Earlier further with the Y concentration.
Matsuda et al.5 analyzed the magnetoconductivity of YBCO We have analvzcd the total fluctu.%tion conduilivity
thin films in terms of AitL forrmalism without Thompson A(rT(tI)- r(tt.1)-- (,,(l1,T)1 where ,( II.!)
correction. All four contributions were required giving the I /p,(II.T) is tihe backgrounld conductivity. Air,(J!) coln-
value of the phase breaking time r,/,,l( 10 sat 100 K. I low- tains tht tero field conductivity (ReC. Ill) .ar(t)) and the
ever Semnba et al." found no evidence for the AoM rZ in their moldificaiitons l)r)tleeCd in it by the magnetic fiCld. The _sti-
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TABLE 1. Various filted physiceal paramecters for BSCCO samrples in the Bl Sr C~
clean and dirty limit. r, r, and I are calculated at 100 K. In BM, 4,M) and 2 2 CaCu2 8+
4

0b() are constants, whereas in BMT-didirty1 mandI3MT-c(clean) these are
temperature dependent.

4(tT 1~O T 10000 A 61

X=0 ALO A L
Al-L 1.9 10.0 1.0) 1.0
B M 2.3 9.1 1.3 5.3 E iooo-
BMT-d 1.8 9.9 0.81 0.13 9.8
BMT-c 1.8 8.9 0.11 5.3 5 2.5 'ALZ

x = 005
AHL 2.5 11.4 4.1) 1.1 too - MTO
BM 2.6 (10.2 1.7 :.3I
BMT-d 1.8 9.9 0.86 10.16 11.0)
BMT-c 1.8 8.6 0. 12 5.3 58.6

MTZ
x =-0.20 10
AHL 3.2 12.8 0.1) 1.3
BM 3.1 11.8 2.0) 5.3
BMT-d 1.9 10.4 0.86 01.18 11.5 -(a)
BMT-c 1.9 10.4 0.12 5. 3 61.2 1 ___

0.01 0.1 0.3

e ps

mation of background conductivity o-J4H,T) have been dis-
cussed in detail in Ref. 1. B2S2C o)

The experimental data of Aoaf(H, T) of x =0 was first 82S 2 C 0 0 . 05 Cu2 0, 6
fitted to thc combined cxprc,.,sions- of zero field AL and MT
terms and field dependent AlIAL expressions of AL and MT 0terms with Thompson's correction by taking 4,O, a(0), 1 l000~
and r,6 as the adjustable parameters. ro was assumed to vary
as id,= rVT where T4A1 is a constant. The values of fitted MT
parameters are shown in Table 1. Good agreement can be .AL

obtained with ý, (0) = 1.9 A, 4_,(0))= 10.0 A, and 7 1000 - ALO
ro=1 X 1()- 13 s. The value of ý,(0) agreed with that obtained E
from the zero field data.' The agreement further improved -

when BM equations with Thompson's correction were used i= MT
and the mean free path Iwas allowed to vary with tempera- -~100

ture as I=I/()/T where 1( is a constant. Here in the clean limit I.ALZ
6,(0)b 4a,0), and 1(r,)were taken as tlie free parameters.
6,(0) slightly increased to 2.3 A and ýa),(O~) decreased to 9.1 \0

A.We obtained ior0)6.8X10_8 As. To get an estimate of 6,
To from this product, we note that 1= TVF= r0VF1.T (i.e., 10 - T

10 = T0L') where r is the transpert relaxation time and V F the
Fermi velocity of the carriers. The later is estimated as (b)
(0. 6 -1.6) X1 cm/ from the relation CJb0)=f1VF1/7TA
with the in-plane energy gap parameter given 12  by 01. ~ ' 1 01 I0 11 0 12
2A/kT,=3.5-8. Now assuming 7-0=T this product yields 7,A eps
(100 K)ý 1.3Xl10- 3 s for the lowest estimate Of VF, i-e.,
VF=O.flXI10 cm/s. This compares well with the, value ob-

aL 2FIG. 1 . Fluctuation urid nlagricoconducti,'ity of IIS( CO x = ( and W6.0 IIItamned by Sugawara et t. Batdogg,' from the resistivity (a) and (b). Ir. (a) 4,(0) antd 4ý,,(0) are temperature d](pendent while in (b)
data, has obtained -r=h/! .35kT=5.4)< 10- "T,/ With they are constants. Note the chiange in relative order o4f AI.Z and MT1X
Vp.=10 7 cm/s, this yields ro(100 K)ý5x (0-14 S from our contributions in (at) and (b). All the four contributionis to AoQJTj), i.e.,
estimates of lno( and the T,/7~ comnes out to be ý2.3. ALO, MTO, AI.Z, aind MTZ and the excess rnagnetoconductivity AqO, dis-

BMT84 have further also assumed ýJ(0) and 4,,1(0) to be played here, are negative it magnitude.

temperature dependent along with 1, for both dirty and clean
limits. Assuming these temperature variations, values of the tively, at 100 K. These values agree with those obtained by
parameters obtained are listed in Table 1. Both the limits give BMT on single crystals of YBCO. Our analysis yields
identical values of C,,(0) as 1.8 A whereas 6,10 works out to T41IT=O.2 and V,.=7x 10(1 cm/s for the clean litmit using the
be ý9 A and ý10 A for the dirty and cleatn limits, respec- Batlogg's 11 value of T. This is the clean limit -r mid therefore
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cannot be used in the dirty limit as has been used conven- samples behaves identically. The plot for.x=(0.l)5 is sholin in
tionally. To estimate r- in the dirty limit we assumed Fig. 1(b). A(rM-lr here is also negligible zind the negluct of
v ..= lx107 cm/s. We get "r l l1)13 and r in this this term does not alter the tits in any of these sampies.
limit= r,= 1.3 XI) 15 s. Thus 'r4Ir(,62. This ratio is too Though thc AIIL theory gives reasonable estimatcs of -r,,, it
large. r2, appears to be too small, its reasonable value should underestimates r thus yielding a very large value for the ratio
be a smaller fraction of r. If Vo: is reduced further the ratio r,,/r. This ratio is similarly overestimated in the BMT dirty
r7,/•- also gets reduced but it still remains too high. In the case limit and underestimated in its clean limni. Only when .,.(()
of AHIL. 7 is also very small. As this theory is valid for the and •,,(0) are taken as temperature independent does this
dirty case, I will be - With Vt 107 cm/s this yields theory yield reasonable estimates of i;,Yr. The values are
,r,lX - 14 s and rdrj% ý10. listed in Table I. All the parameters, viz,, .b,.( () and

Twvo points are to be noted about this analysis. The data 4.,,b((), etc., increase systematically with Y concentration. r,;,
has been fitted over the range 0.01 --E-0.2 and the nonlocal shows a slight increase with Y doping but still Amr,. 1.z rc-
effects have ,not been included. These effects apparently be- mains negligible. However this increase in rm, incruases the
come visible at E0.25 as shown by BMT. magnitude of tile Ar5 .1 ) relative to those of the othler two.

The magnetoconductivity obtained by subtracting Instead of being tile smallest term as in the Y-free sample, it
AeAL,(O) and ArMTl,(0) from Aorf(H,T) is displayed in Fig. over takes ArAIY.z and becomes the second largest term.
l(a) along with the calculated values of the four field depen- In summary our analysis of the magnetoconductivity of
dent contributions. AOrM.I.Z has the smallest value over the Y-doped polycrystalline BSCCO suggests the absence of'
entire E range, being less than 1% of the total Ao7/(H,T). AorMi.z contributions for the tields up to 4 1'. The other three
The fit does not deteriorate when the term A(M.rTz is dropped terms A(rAo, AcrM1..0, and Axrt,\1 z all contribute significantly.
altogether. However the rms deviation jumps when the next Due to the absence of A~rm-r, the validity of the "l'honp•.,;on
larger term ALrAt.z is dropped. This result is in conformity correction could not be verified. Though BMT theory ap-
with our previous conclusionl" on polycrystalline YBCO pears to agree with experiments, for a better estimate (;f "r,1,
(measured at 4 T) and with Semba et al." and Matsuda et al.') prior knowledge of some of the parameters, ý,.(0), .,,,()), or
who also found AorM.lZ to be negligible in their magnetocon- vy,, will be useful. Data further appear to favor the tempera-
ductivity of single crystal and polycrystalline YBCO, respec- ture independent value of 4,.(0) and 4,1,,(0) and discard their
tively, measured at 1 T. However Sugawara el al.7 found this functional forms given by the BMT equations.
term to be present as a substantial fraction of the total mag-
netoconductivity at 13 T. Since the BMT equations predict
each of the four contributions to be proportional to -HI2, tile S. Iq. Bthatia and C R. l)hard, Pihys. Rev. B 49, 12200 (1 t994).
relative magnitude of AcMT.IZ, i.e., the ratio 2A. G. Aronov, S. ilika•li. mid A. I. Larkin, Plhvs. Rcv. leto, 62, 965

A(rm..(Z/(A~t.(o+A(rm.ro+AtrALz±+A(rM.rz) will not increase (t989); 62, 2336(E) (198't).
3J. B. Bieri and K. Maki, P1hv-,. Rev. 13 42, 4854 (1990)).with 11 and will be a function of e and 7,b, only. In actual "R. . Thompsot, Phys. Rcv. Ic.0. 66, 2"281)()')1)).

practice since A(TAL() and A'M.m-o show some saturation at 5Y. Matsuda. T. Hirai, S. K,,nrn;tv;, TI. Terashiima, Y. IBando. K. lijitna. K.
high fields near T,.(at o--0.015) the ratio may increase at Yamamoto, and K. hltrala, l'hvs. ,cv. 1 40, 5170 (1989).

"Ki Semba. T. Ishii, and A. Matsudo. t'hvs. Rev. lett. 67, 709 (1991).such fields, For tihe present data the equations predict the 7j. Sugawa1ra, It. Iwasaki. N. Koa;Iva,,li. 11. IYi.tane. and T. Ilirai. Phym.
ratio to be less than 1% over the entire f range of the data, Rev. B 46, 14 818 (1992).
i.e., for 0.05-_ E•(l.2, and to remain at negligible levels even J. 13. Bieri, K. Maki. and R. S. Thmp,•im. I'livs. Rev. BI 44, 470)90 (99).

when -",b is increased to _ 10 13 s. The anisotropy ratio A. Matsuda and K. Sernha. l'Phvica ( 185-189, 797 (1 99l).
works N. Biatia and C. P. l )h'•ard. i c:•' (t o pubI) shd -.

S. Ilikairn and A. 1. larkin, MOLd. Phlvs. Lett. iB 2. o03 ( 198 ).
out to be 5.6 at e= 0.05 and AcrMTZ forms 40% of this ratio. B. Batlogg. in hilgh kim-raturc Siq, r',,mhduorv, edited by K. S., Bedell

The nagnetoconductivity of the x:=(0.05 and 0.20 ,t al. (Addison-Wcslcy, Redwood City. 199))), p. 37.
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Straightened voltage effect in high-Tc superconductors
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A new effect called "ac-current straightening" has been observed in ceramic (Bi,Pb)-2223 slabs
carrying ac current dlc+l,,Ic cos(aot). The current-voltage (I-V) characteristics of the ceramic were
measured at 77 K at frequencies ranging from 50 to 20 t)000 1z, A spectrum analyzer showed a series
of high harmonies in the voltage signal as well as a constant voltage drop. The full set of
experimental data has been explained theoretically using the Bean-Kim critical state model with a
magnetic field dependent critical current j].(H) =j,.(0)1( + ± l/Ile). A low transport ac current gives
a voltage linearly proportional to the frequency and quadratically proportional to the ac-current
amplitude l/,. It consists of odd harmonics only. If a bias dc current is switched on, then even
harmonics and a dc-voltage drop appear. Their amplitudes are proportional to the small parameter
I,,1cI1t and depend on the 1d,14, ratio.

One of the main features of high-7', superconductors is shape of the voltage signal wave form changes to a more
the very wide interval of magnetic field and temperature in triangular shape due to the odd harmonics in the voltage
the H-7 diagram between the two critical fields H,.I(T) and signal. If a dc offset current 1,i, is added, then asymmetry can
H,.2(T) conditioned by extremely small coherence length. bc observed in the V(t) curve as evidence of even harmonic
Due to this fact and the great anisotropy of the samples, frequencies (Fig. 1, harmonics above and below I,). Another
magnetic vortices cause the strong nonlinearity of magnetic effect is a dc offset, so that the curve progressively shifts
and transport properties in the mixed state for high-T, super- away from the zero axis (on the oscilloscope) as the current
conductors even at very low magnetic fields and current den- is increased further, The dc voltage observed on a multimeter
sities. Strong magnetic field dependence of susceptibility and for a dc offset current, is seen to primarily depend on a shift
aharmonic diamagnetic response manifest this behavior (see, of the voltage curve from the zero axis, since the deforma-
for example, Ref. 1). In the present article we report experi- tion of the wave form is not as large (Fig. 2). The transition

mental observations and a theoretical explanation for a new for ac plus dc current testing occurs at approximately the
effect in current transport properties. Pinning of vortices re- same total current as for dc alone, when using the rmis ac
suits in odd harmonics in the voltage response for sinusoidal current and if Tdhis.. This would indicate a common

ac currents. Field dependence of the critical current causes mechanism generating the voltage signals. To examine for

even harmonics and a dc-voltage drop if a bias dc-transport frequency dependence in the effect, the frequency of Ithe ac
current or a dc--magnctic field violate the symmetry 1-1t current was varied in the audio frequency range of 50-

Bulk samples of (Pb,Bi)-2223 were prepared by sinter- 2(L (10 lIz by the use of an audio power amplifier. Visihlk

ing a commercial 22124+-oxides precursor powder, regrinding changes in the I-V characteristics were not observed. /'i
and pressing it into nominally It) mnm wide bars. dc-testing VOM was used to measure the critical current at the transi-

lead to the conclusion that the critical current is limited by tion for a triangle, sine, and square wave input. The resistive

the magnitude of the magnetic self-field at the surface of the transition occurred first for the triangle wave, then the sine,

bar.2 A dc-voltage signal was detected when testing using and last for the square wave. The VOM uses a fixed resistor

ac+dc currents.' The frequency dependence of the effect and a constant to give the expected current, rather than mcia-

was examined by using an audio amplifier to increase the suring the voltage and current and the phase angle as in an ac

current from a frequency generator. Necking and a reduction watt meter. Therefore, the ratio of the peak voltage to power

in the size of the specimens were done in some cases to is lower for the same current for a ;quare wave input than for

reduce the transport current required to reach the critical a triangular wave form, and the transition sequence follows a

magnitude. A four point probe test circuitry was used with a decreasing ratio.

lIp 3478A microvilt multimeter to detect the do voltage We use the critical state mode!4 to calculate the distribu-

across the ccnter contacts. Additional details of the nature of' tions of local magnetic field It and current in an infinite su-

the- voltage signals were observed after amplification with it perconducting slab (Fig. 3) carrying a transport current

high gain operational amplifier and a storage oscilloscope ltr(t)' 1dc-'ac Cos(ot) (ithe magnetic susceptibility for

and the harmonics were found using a Ilip 3580A spectrum samples carrying dc+ ac transport current has been experi-

analyzer. mentally studied in Rcf. 5). Kim's expression

,A pure sinusoidal ac current gives a sinusoida l voltage j,(o)
signal from the voltage contacts until the transport current (,.(h)=/--/ - - I)
exceeds the dc critical current magnitude I,-. Far above I,. the
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"time FIG. 3. Experimental setup showing the superconducting slab. The current
is driven in the z direction.
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(b)
125 / is used to define the field dependence of the critical current.

Here the parameter H11 characterizes the reduction of the
critical current by magnetic field, and j,,(O) is a function of

C- -temperature. Maxwell's equation

Az 4 7rS--w = -±-- M/0h (2)

'-125
is solved with a standard boundary condition

-250 I I hx(d/2) = - (2rr/c)Itr(t). (3)
0 100 200 300 Signs t in Eq. (2) depend on the time-dependent phase

frequency of the transport current, and d is the slab thickness. Here and

FIG. 1. V(i) for 50 Hz ac-transport currents as a function of time (mis) and later on we use the linear density of transport current
the associated harmonic frequencies preswnt (plotted as log I vs frequency I=J/L.,, normalized to the unit of slab width L.,.
wt). The lower curve in (a) is for 1=2.85 A rms and shows mostly odd The quasistatic solutions of Eq. (2) may be classified for
harmonics in the superconducting state, Increaning the current to 1=3.51 A three different cases. The first is a critical state realized for
rmis, middle curve in (a), distorts the wave form due to flux penetration but
symmetry is maintained. A dc-bias current of 0.6 A dc to the middle curves low transport currents
case gives an asymmetric wave form and increases the even harmonics I - 1 (4)
upper curve. In (b) the associated harmonic frequencies to the curves in (a) tr< (c~t 1 /2 if)[ Vl + [4 rdj,(O)/cHt] 1
are shown. In this case magnetic field and supercurrents exist near

the slab surface only. If the inequality (4) transforms to strict
equality, then the magnetic field reaches the center of the
slab. Higher transport currents give

200 - (cHO/2tr)[ V1 +[47rdj.(O)/cH1o] - I l_-I j,.(O)d (5)

for the intermediate state. In this case the supercurrent den-
100 sity is not enough to support the total transport current in the

slab. The slab interior is occupied by supercurrent, as before,
but near the slab surface the normal state occurs with a uni-

C) form normal current density higher than j,(h). If the trans-
port current continues to increase, then the boundary be-
tween critical and normal states reaches the center of a

•-olto sample and

I,-- j, (o)d1, (6)

-200) _ which is the normnal state in the entire slab.
0220 time 40 60 We present here the final results in the limiting case

using the critical state (4), and a low bias dc component in
the transport current

FI6. 2. V(t) wave form for increasing 50 liz ac currents, while holding t h a cu

nearly conswnt at 0).9 A. Sinusoidal wave farm symmetry is gradually lost as kdc 'ac
/;,, is increased in steps 4.04 A (upper curve), 4.51 A, 5.014 A, and finally (7)

5.31 A (rmin,). 2irlltr/('tI : I
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FIG. 4. Graph oft the functiun e! (l) in Eq. (8). T'hc dashed line represents FIG. 5. The Fourie'r anipliludef: a0 - aj and b - 15' used in tile cvai:.2Aion of
tlec zero level, e,.(i) in Eq. (S). e,2(t) describes the additional voltage caused by ti., lietd

depenidence of critical current vs bias dc current.

For hes coditonstheeletricfied ito he labmay current Id, appears. It is remarkable that the straightened
Fo r tesene asonditions the telcricfed itstesa a voltage magnitude in E(t) is linearly proportional to fre-

be peseted s asumof to trmsquency and quadratically in the low (and cubically in the

(0-I ~ ]high) ratio of the 'dcelae ease for the ac-current amplitude,
EM = j.(O) I W+ CH~ 2(t) since no frequency dependence was seen experimentally.

4c CHOIn summary, a new effect called ac-current straightening

e I(t)= sin(wt) + I sin(wt) cos(cot) has been observed experimentally and explained theoreti-

co4(k+ I)wt]cally. Strong nonlinear dependence of shielding supercur-
4 co[2 o]rents from external magnetic fields causes the occurrence of

ki~wtt 7 4 -(2k + 1)2 (8) high harmonics in the voltage signal. The field dependence
of the critical current leads to stratification of the sample into
a critical state interior and a normal state exterior. Even har-

e2(t) =a0 + [ak cos(kwt) + bk sin(kwot), monies and dc-voltage drop appear for bias dc-tranisport cur-
k=I rents ot dc-magnetic fields.

where e1(t) is the main ac-voltag)e signal. The shape of the ACKNOWLEDGMENTS
function is presented in Fig. 4. As can be seen from Eq. (8) it Thi woki.upre yteSwds udn gfc
contains odd harmonics only. And an additional term e 2(t) N This work isspotd ytcSedsRudngaec
appears because of the dependence of the critical current on NTKadNR
the local magnetic field.1 Its contribution to E(t) in Eq. (8) is R. Bi. Goldfarb, M. tLelental, and C. A. Thompson, Magnetic Susceptibililv
small, simce the parameter (27IjirI)I(cHtt)< I [Eq. (7)]. It con- of Superconductors wid 0ther Sysicmis. edited by iR. A. H-ein, 1. L. Fran-
tains both odd and even harmonics. The dependences of the cavilla, and D. 11, Liehcnbcrg (Plenunm, New Ytork, 1992).
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Long-time magnetic relaxation measurements on a quench melt growth
YBCO superconductor

L. H. Bennett, L. j. Swartzendruber, M. J. Turchinskaya, J. E. Blendell, and J. M. Habib
NIST, Gaithersburg, Maryland 20899

H. M. Seyoum
Department of Physics, University of the District of Columbia, Washington, DC 20008

The decay of magnetization with time is recorded for a quench-melt-growth processed
YBa 2Cu 307-, sample. The vortex-glass and collective pinning theories fit the data quite well over
all time regimes with an exponent, u, value of 0.78. The normalized logarithmic magnetic relaxation
rate, S, attains a plateau value of 0.05, considerably higher than a variety of samples which fall
within a universal plateau curve.

INTRODUCTION prepared by the quench-melt-growth (QMG) process."' The
sample is similar to one whose relaxation rates are described

The understanding of the pinning mechanism is essential elsewhere.17 The QMG sample was produced by melting a
for the improvement of the critical current in high- solid-state sintered YBCO superconductor precursor powder
temperature superconductors. A key component that deter- at 1450 'C, holding for 5 min before quenching the liquid
mines the critical current density J, and the relaxation rate of onto a copper plate. The resultant glass was rapidly reheated
the magnetization S is the pinning energy U(J). Measure- to 1150 °C and cooled to 1000 'C at 200 'C/h. The samples
ment of the magnetic relaxation M(t) has been one of the were then cooled at a very slow rate 0 'C/h) to 941 'C in
most popular means of investigating pinning phenomena in order to go slowly through the peritectic temperature. Below
high-temperature superconductors. The relaxation of magn,- the peritectic temperature, the reaction Y2BaCuO5 (211)+-liq
tization is usually iaiterpretcd within the framework of the =123 occurs, forming the superconducting YBCO phase.
thermally activated flux flow (TAFF) over an average energy The main difference between the present sample and the ear-
barrier U. In the simplified model, first proposed by tier one 1' is that better temperature control was achieved
Anderson,"' 2 U is assumed to vary linearly with the current during processing of the present sample, and the microstruc-
density J. In general, however, a number of different com- tures of the two samples are very different. The eailier
peting mechanisms govern the interaction of flux lines and sample contained areas of inclusion-free single crystal 123,
defecta' 3 7  but containing parallel arrays of microcracks. During the

A number of articles have proposed varying forms of rapid reheating of the earlier sample, there were temperature
U(J), resulting in magnetization relaxation with time that oscillations above 1150 'C by as much as 25 'C. The oscil-
obeys a logarithmic law, 2 a power law,4 or an exponential lations occurred during the first minute of reheating. The
law.i' These analytical expressions can describe well the ex- higher temperature may have caused dissolution of the 211
perimrenta! data. over a limited time window. Our various particles in the melt. In contrast, for the present sample the
YBCO samples show dependencies of M[(ln t)] that deviate temperature did not exceed 1150 'C and although it contains
from straight lines at long times. More complex models, such perauredidnnot2exceed 15 and athog itcontainsas the colkective pinning (CP) theory of Fiegel'man et al 8.• porous regions, 211 and CuO inclusions, it has inclusion-free

f' single crystal 123 regions which are not rnicrocracked.
and the vortex-glass (VG) theory of Fisher et al.,'( predict an
interpolation formula of the form

M(t) =MA(O)[ 1 + (tkkT/U0)n(t/t,))]-/(1

Phenomenologically, this implies a potential barrier of the EXPERIMENTAL METHODS
form

Measurements of the isothermal magnetization M were
U(J) =U/11)[ (J,(I/J)W- 1 ], (2) carried out for a set of temperatures T between 10 and 701 K

where U0 and J,.() are, respectively, temperature dependent using superconducting quantum interference device
barrier height and critical current density in the absence of (SQUID) magnetometry. The samples were first cooled to
flux creep. The value of the exponent /t is controversial. Its the measuring temperature in zero magnetic field IZFC). A
value has been reported to vary from 0.2 to 2.5, and others magnetic field of 0.4 T was then applied, and the magnetiza-
have even reported it to be dependent on temperature and tion, M(t), was recorded as a function of time. Measure-
applied field.'11 5  ments of the decay of the remanent magnetizationr M&`,,, were

In the study reported here, we have investigated the pin- also carried out, but are not reported in this article. The re-
ning mechanism by measuring the kinetics of magnetization suits for M,,,,, wcre similar to those obtained for the Zf:("
in a crystalline sample of YI3a2Cu3 0 7 , (YBCO or 123) procedure.
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FIG. 3. '1 time variation of the normalized logarithmic rate, Si, fof vari.
FIG. I. Decay of zero-field-cooled magnetization vs time for T=40 K and ous temperatures.
H =0.4 T (lower figure). Squares represent data and the dotted line is the fit
using Eq. (1), with tL=7/9. The top figure shows the residuals between the
data and the fit.

The VG and CP models fit the data quite well over the
RESULTS AND DISCUSSION entire measured time range. Results obtained by fitting the

data to Eq. (1) (see Fig. 1) indicate that u lies between 0.7 to
A typical result of the decay of the magnetization M 0.9 in the temperature interval 10-70 K, similar to the values

versus time at T=40 K and H=0.4 T is displayed in Fig. 1. observed by Ren and de Groot' 4 for a flux-grown YBCO
This curve (and the curves at all the other temperatures) single crystal which is described as being heavily twinned
shows deviations from a logarithmic law or an exponential and containing many defects. In contrast, for highly proton-
law at the long times (1.4-t-400 ks). The normalized loga- irradiated YBCO single crystals,1" and for melt-textured
rithmic rate S=jd[ln MJ/d[ln til versus temperature is shown samples of YBCO Ref. 20, Az was found to be 0.5 at T= J0
in Fig. 2, for a time of 1.4 h after the field was turned on. K, reach a peak of 1.4 at T=30 K, and then drop back to a
The time variation of SI is shown in Fig. 3. The sample is low value at T=60 K.
small enough for complete field penetration (verified by The VG theory of Fisher et al. predicts that. is a uni-
Meissner measurements) and the values of S are a suitable versal exponent less than 1. The CP model of Fiegel'man
measure to compare the pinning properties of different crys- et al, assumes weak pinning and proposes three different re-
tals, For most YBCO samples, there is a universal curve in gimes of current density J and thus three different values of
which ISI values attain a plateau within the range of 0.022 to A depending on the flux bundle size. In the three dimensional
0.038 (shaded area of Fig. 2) for the temperature interval case, /.= 1/7 for the high current region, A=312 for interme-
-30-60 K.18 Crystals containing only small defects show a diate J, and A=7/9 for much lowerJ values. The values of jt
low and constant S with temperature. By comparison, our obtained for our QMG sample have an average value near
QMG sample has a plateau with a high value of S-0.05 7/9 for 10*ZT"770. Assigning a d. value from 0.7 to 0.9 does
which lies outside the universal plateau curve. A high value not significantly affect the goodness of lit (correlation coef-
of S is usually associated with the existence of extended ficient r 2_ 0,998) for any of the temperatures. We therefore
defects. ~ analyzed all of our data for a fixed value of 7/9. This value of

jA is consistent with the VG and CP models associated with
large vortex bundles. QMG samples can be considered as

0.07- nearly bulk superconductors with weak links."' The pinning
0.4 tesla energy, U(,, obtained from our fits is approximately constant

0.06 at 0.043 eV for the temperature interval 10 to 30 K, and rises
0.o5 to over 0.1 eV at 70 K. This behavior is different than that

.0.04 -. found 3'2' for single crystals where Us continued to deciease
as the temperature was lowered below 30 K.

. - In summary, we have measured the magnetic relaxation
A .02 , of a QMG-processed YBCO crystal. We have found that CP
ý6 and V'G models fit our data quite well. The value of At ;s
-1 o.oiV) controversial, with the different /.t values found in the litera..

o ,--0--l ture appearing to depend on the technique of titeasurement
0 20Temperaure, K and method of sample preparation. The data obtained here

over a wide temperature range from either M(t) and Mrron(t)
is in agreement with p.=7/9 for our sample, as predicted by

FI(G. 2. Normalized l)garrithlinic rate ,.5 Id! In( hI) "/11 In( t ) II vs temperature,

evaluated at -5 ks. The shaded area represents data ohtained from Refs. 17 tile collective pinning theory, and is consistent with t!he V(G
,nd 18. model for large vortex bundhcs.
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Surface barriers and two-dimensional-collective pinning in single crystal
Ndl. 85Ce 0.15CU0 4 _.6 superconductors

F. Zuo and S. Khizroev
Department of IPhysics, University of Miami, Coral Gables, Florida 33124

Xiuguang Jiang, J. L. Peng, and R. L, Greene
Department of Physics and Center for Superconductivity Research, University of .'laryhand College Park,
Maryland 20742

We report detailed magnetization studies on a single crystal Ndl.8.5 Cc. 1 CuO4 -5 superconductor in
the magnetic field parallel to the c-axis direction. Two characteristic peaks are observed in the
magnetization data, corresponding to surface barriers and two-dimensional (2-D) collective
pinnings. The critical currents corresponding to the maximum and minimum widths in the hysteresis
loops increases with decreasing temperature exponentially. We propose that the fishtail
magnetization in this compoLnd is due to the presence of a surface barrier and the pinning of
collective 2-D vortices, The initial peak in magnetization is due to the presence of l3ean--Livingston
surface barriers and the larger peak in M at higher H corresponds to 2-D pinning.

The study of vortex pinning in the high T,. cuprate sys- the first regime, the magnetization decreases linearly with the
tenis is of great interest in terms of both fundamenlal physics field initially (the Meissner state); in the second regime, M
involved and application of these materials as current- increases sharply toward zero from the Meissner state and is
carrying devices. One of the many interesting features ob- followed by an almost constint magnetization for 50 G<H
served in these compounds is the so-called fishtail <100 G; in the third regime, M decreases again with in-
magnetization.' The critical current defined as the width of a creasing It, followed by an eventual increase to almost zero
hysteresis loop at a given temperature increases with increas- with an increasing field. In the field descending branch, three
ing field, This effect has oecn observed in several high T,. field ranges with almost-mirror-imaged magnetization are
materials, including YBCO, BISCO, and a TI compound.'- 3  observed. However, in the corresponding second regime, the
However, the mechanism for this behavior is still controver- magnetization is almost zero, rather than a constant, as seen
sial. in the field increasing direction. At low field, the magnetiza-

In this work, we report extensive magnetic measure- tion increases monotonically with the decreasing field.
ments performed on a low T,. single crystal At a lower temperature, T=13 K, as shown in Fig. l(b),
Nd 85Ce). 15CuO4 ,5superconductor. The magnetization (M) the rnagnetization curve is somewhat different from that of
measured as a function of field shows a similar fishtail char- 17 K. The maximum sweeping field is increased v) 1 kG. The
acteristics in Rilt-axis direction, At high temperatures, M is relatively sharp peak in the third regime in Fig. 1(a) is re-
nearly zero for a certain range of fields in the descending placed by a broader M(H) dependence at this temperature.
branch of a hysteresis loop. At low temperatures, pinning The magnetization in the second regime in the field descend-
becomes increasingly important. The critical currents defined ing branch remains close to zero, followed by increasing M
at the minimum and maximum widths of the magnetization at a lower field. At very low temperature T=7 K, shown in
loop can be well fit with an exponential temperature depen- Fig. 1(c), the differences are more pronounced. The magne-
dence, J,.=Jo exp(-T/T,). We propose that the anomahus tization at field up to 2 kG is very broad. In the descending
fishtail magnetization is due to surface barriers and pinning branch, the minimum M is finite rather than close to zero.
of the collective two-dimensional (2-D) vortices. To quantify the anomalous field dependence of the niag-

Single crystals of Ndl 85Ce0..5CuO4 - are grown using a netizafion, we define several characteristic parameters. For
directional solidification technique. 4 Several crystals are used ca. 1 hysteresis loop, there are two wcll-defincd critical cur-
in the measurement, with average dimensions of I X× I 0.t)2 rents, One critical current .l,, corresponds to the maximum
mm. Extensive measurements were made on one crystal with width at t4M. in the third regime. The other J j, can be
a T,. of 21 K. The magnetic transition width measured at 1 G defined, corresponding to the minimum width in the second
with zero-field cooling is about I K. Measurements are per- reginme. The critical current can be obtained by using the
formed using a Quantum Design magnetometer with low standard expression 1 =AM/(2r) whe;c
field options. After de-Gaussing and magnet resetting AM:=IM (H) -M, (H)I and r is the effective radius of the
(quenching), the remanent field is typically 5-10 nmG. Mea- specimen. In the following discussion, we will use .I1AM
surements reported here are for the Hilt-axis configuration, and obtain the temperature dependence of .J from AM di-

Shown in Fig. I are magnetic hysteresis loops taken at rectly. The temperature dependence of these two widths are
constant temperatures, T= 17, 13, and 7 K, respectively. The plotted in Fig. 2. The solid lines arc fits to the expressio;a of
overall shapes are similar to each other, but sonic differences .1 -,I exp(- T/ To)). where J(, is the zero temperature critical
are clearly visible. At T= 17 K, showi. in Fig. l(a), the mag- current and 1/7',) is the slope of the lit. The values obtained
netization loop forms a complete fishtail, Three characteristic for 7"1 are 4 and 2 K for maxinium and mininnum width,
regimes are clearly observed in the field ascending branch. In respectively. The zero temperature critical values arc tile
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.FIG 1. Magnetization hysterCsis loop at (a) T= 17 K; (b) T= 13 K; and (c) each other in both branches. The temperature dependcuce of

T=7 K in the Hilt-axis configuration. iX is plotted in Fig. 3. At high temperature, H, increases
with decreasing T; at lower temperatures, [A tends to satu-
rate. The solid line is a two-variable fit to

same within the exp, -imental errors. The inset shows the H,=H(O)[ I - (7/7)2]. The fit gives a H.,(0)=440 G a nd
temperature dependence of the maximum peak field. The T,=21 K, which is exactly the same as the T determined
solid line is a fit to In Hm.,,=In H0- T/Tt, with 11,=3 kG from magnetic and transport measurements. 'Ihe same T,. is
and T1=7 K. obtained fronm a linear extrapolation of the high temperature

The crossover from the minimum to maximum magneti- data.
zation can be characterized by a crossover field H, when M The exponential temperature dependence of.1 is of inter-

est here. The result is consistent with a general collective
pinning theory, with the current near its critical state.-" The
theory predicts a nonlinear logarithmic time decay of the

-3 , , - , , J current density, j(t)=j,.[l4-(p.j'U,.)ln(l +t/t,)j I0, where

. j,. is the zero temperature critical current, U,. is the barrier
44 - height, t is the experimental measuring time, and l/t1 is a

characteristic frequency. In a typical SQUID measurement,

5 f = 100 s and t6t1)- 10(). In the single vortex pinning regime,
65........ !. 1/kr--7 and j(t)=j, exp(-l'/TI,), with T.=U,/ln(t/t, The

.. exponential dependence is only expected when j==.,.. If
E -6 - 4 6 8 10 12 14 16 jej,., the current density has a power-law dependence on

T(K) temperature, j(t) j,.[(T/U,.)ln(t/)] - . Wc, have also tried

-to fit the critical currents with the power-law dependence; we
obtain the exponent I//. to be 2 and 3.8 for J ,,, and '.1i,

o8 0 respectively. However, it is noticed that power-law lit is not

-8 A~min as good as that of exp(-7"/T(I).
" Max 0 The collective pinning theory predicts l,p.i= 7 in the

-9 single vortex regime; - in the small vortex bundle regime;
and 7 in the large vortex regime. It has been proposed re-

-10 -- L- cently that the fishtail magnetization is due to the crossover
6 a 10 12 14 16 of different pinning regimes. The small M is due to the I'ast

T(K) relaxation ot' single vortices, and large M is dli, t,, slow

FIG. 2. In AM as a function of temperature for both A M,, anid A relaxation in the vortex bundle regimes. Howcvvr, our ,lata

The lines are fits to In AM =it At1.1 - 7'/7',. The inset is a plot of II 11M,, clearly indicate lack of correspondence in tile cxpolants I /.
vs 7 and the line is a tit to lit 11, --T/T,. with .le theory. The discrepancy suggests the inadequacy ol
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applying the model to explain the fishtail shape of magneti- they are inside. Magnetic relaxation is determined by the
zation. combination of surface barriers and single vortex line pin-

The anomalous magnetization ý an also be derived from a ning. At high field, the collective pinning lengths in the plane
model where the order parameter is reduced substantially at L0,, increases with field. If Lab is greater than the Josephson
the high field. For example, a region of lower T,. phase can length, the motion of vortices will be dominated by 2-D col-
become a strong pinning site once the externai field is of lective pinnings. The collective pinning will increase the
order of H, 2 of that low T, phase. This can be realized in the number of pinning centers, thus, the pinning energy and the
YBCO system, where T, depends strongly on local oxygen effective critical current. Measurements of magnetic relax-
stoichiometry. In the low T,. Ndj.85Ce0. 15CuO4 _• compound, ation as a function of field at a given temperature confirms
T, does not change appreciably with oxygen content. The the different relaxation mechanisms at different fields. 7 We
local T, fluctuation model is not appropriate Lere. This pic- attribute the rising of magnetization at high field to large
ture is supported by the temperature dependence of the cross- collective pinning of 2-D vortices and their slow relaxation
over field H,. If the large peak at high field were due to from a critical state.
another lower T, phiase, H, should be of order of H,.2. The In summary, we have reported detailed magnetization
temperature dependence of H, would determine the T,. of studies on a single crystal Nd 5('e, 1,('"04 ,5 superconduc-
this phase. In this case, the fitted T, being exactly the same tor. The magnetization in the H parallel to c direction shows
as that of the bulk T, indicates the absence of spurious low the anomalous fishtail field dependence. The temperature de-
T, structures in this crystal. The temperature dependence or pendence of characteristic critical currents , .1 ,,* and
peak field Hmax is in sharp contrast with the "lattice match- the crossover field H, rules against the 3-1) collective pin-
ing" model, where a peak in M occurs when the vortex ning model, as well as the oxygen deficiency model. We
density is matched with that of defects. However, in this suggest that the fishtail magnetization is due to the combined
model the peak field should not change with temperatute. effect of surface barriers and collective pinning of 2-1) vor-
The exponential T dependence of nmax excludes the lattice tices.
matching effect.

We propose that the fishtail magnetization is a result of
surface barriers and the pinning of correlated 2-D pancakes. 1M. Daeumling, J. M. Seuntjens, irnd D. C. Laitalestier, Nature 346, 332

The effects of surface barriers have been considered by (1990); V. N. Kopylov, A. E. KosI.eiev, 1. F. Schegolev, and 1'. G

Chikomoto and Kopylov earlier.t '2 The difference between Togonidze, Physica C 170, 291 (1990); M_ S. Osofsky, J. L. Kohn, E. E

this model and the previous model is that we believe the 2-D Skelton, M. M. Miller, R. J. Soulen. Jr., S. A. Wolf. and T. A. Vandetah.
Phys. Rev. B 45, 4916 (1992); G. Yang, P. Shang, t. P. Jones, J. S. Abell.

nature is very important here. The minimum magnetization and C. E. Gough, ibid. 48, 4054 (1993); M. Xu, D. K. Finnernore, V. M.
in the second regime is due to the combination of surface Vinokur, G. W. Crabtree. K. Zharig, B. Dabrowski, and D. G. Hinks, ibid.

barriers and fast relaxation of single vortex lines. The in- 48, 10 630 (1993); Y. Yeshurun, N. Bontemps, L. Burlachkov, and A.
Kapitulnik, ibid. 49, 1548 (1994).

creasing magnetization with increasing field is due to the 2 N. Chikumoto, M. Konczykowski, N. Motohira, and A. t. Malozemoff,
slow relaxation and large pinnings of correlated 2-D vortices. Phys. Rev. Lett. 69, 1260 (1992).

The presence of surface barrier is evident from high tem- 3 L. Krusin-Elbaum, L. Civalc, V. M. Vinokur, and F. Holtzberg, Phys. Rev.

perature hysteresis loop measurements. 7 The rapid decrease L.ett. 69, 2280 (1992).

in magnetization in the second regime in the H-ascending 4j. L. Peng, Z. Y. Li, and R. L. Greene, Physi-a C 177, 79 (19)1).
5G. Blattet. M. V. Feigel'man, V. B. Geshkenbein, A. 1. Larkin, and V. M.

direction is consistent with a surface barrier model, where Vinokur, "Vortices in high temperature superconductors." Rev. Mod.

4frM = H - FH-H for H>Hp 8,9 At low T, finite Phys. (in press).
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On vector generalization of the critical state model for superconducting
hysteresis

1. D. Mayergoyz
Deparirtnentz (if Electrical I IgIee rin., and himituic Jo? A ,1% ancEd ( wnqpu14r S Iudihv 'nn EP ~i of
Mars land, College Pak.Ma r A lan lrd 207412

The critical state model for superconducting hysteresis is based onl an analyt ical study oit tile
pentletatiton of electrtomnagnet ic tiekLsi% into hard supe rco nductors,. Ini the Ii telat ur . t isl Itlad' b e en
carried out tfor linear and circular 1xilarizatioiis of e lcctroniagntttic fields. Ini tile paper. thle attettipt
is made to extend this study to arhitrars electirzu agneu tieldt Id~il art/at ion% "s itich canl he treated as
perturhations of circular pohlarization-, Another daa.inct teature of out 'AoErk Is. thtat this Cstension I%
carried out flir gradual resistive Itransit ions describled 11. thle -wI)),C Lokiw

Most of the literawtue oin thec critical ktatc model i% conil plaikieald 111,1t1 %%.sis Its 1snig 111 Nta\ss16l cquaitiotts. \%c

cerried with scealar %u petconduct intg I\.t yerests 'I hi% is be. find thilt fit. dN 1st ikat ionl l Cclui il. field Ill ha It space : 'IN

cause the study of %ector yt rei require%. the ins estigallolt gosetited hs% the flilI~lming Lýupled nonlincai paital diftei
of penetration (fie CICIcctroagtte tic ftield% t I IC ndc: Is Ittii cqual toi ii
for the ease wheni difts- fitelds ,ireot linc'tih jl~laii/iid 11hi.

is a very difficult analytical problemn thtat requires the milli'1 .. ,1I. 1 ./l.

tiott(of coupled nonlinear paItUAI differVnialIJ equations- I hlis -. E

problem has lieni ,A-.I% ed ontl% lor ir, Wat lutIariwii/.i inl the %uhcit to thlil id~t: kondinilons

ease of ideal N hatipl resist is Itr lmllotit n.1 'Ac l as, In tlt.

ease of gradual resistivC trans~itlil 4 dscribeIId ks thit.'I I p, 1 4E405 .1 if 1 S

law."
In this paper, we eonsidci sector 141 lslii i/atioin% (if dclc

tromnagitetic fields that Call be treated is lwrturltat lorl (ts 4. ci '01Pl1~Stlol y 11) b

cular polarizations. We also consider gradual titi triiawo-

tions that are iksually descrilicd h% tile follow'.ingz -I-ss et

law: -I ,i 1 0 171

E ti/Uk t n I I I Nest. sc shjll htxik tilt thle IxctiEtxhk 'miluil4to tit the tx~iitdai\

Here E: is att :lectric field. .1 is ail electric: curretit densit . \.$tlue ImiIclei 14i 1~ "Ilinlth: 14ll"''.siita forml

and k is some parameter that cioirittinalctil e dinieiimon Iits 4 ii ,i. El.t

NOt sides inl Eq. I ). (54
Ini the vectorial form, thle ipiwei lau canl bv k~rittitVI 4s .(i:.i1,*i

follows:
II su sittn 11 , 11 lls M 111141 4 1ý l - l ,ind btlllu dals

.14 At \E; f -- l t 1 At I i'I1101 IS I. lditilitiii' i d e iiaii [it'~ t! il iiis 4 Il.C Of''.i ~f . A C
mI ~ .11 li.C ilt - hic 4414iming t'ou11idat , t ite' plbcll ýilttlii ,4

T[he exponent u'it I. a rncaNut r f t i ltre Qha pis s tit tile .E1i1d f. .,

resistiv'e transition aitd it nra' vars Iit tlte ianitc 4 IIKXI At I~ .41, I I 4 i.
first, thle poweA'r la1%% \was regarded onil\ .i% .i1n CrIpirIIL1 i 1 a de- ' 'E

script ion ott the reistisv It r a listtn lt Re ceitt K. itlitc fehslit% e -il a

oniderable research effolrti Ihd lhi-meticall\ tustlt\ thle 1;l\' ct

law. [he related discussioti canl be fouitd inl Rets In li1i 1his (" .i/1~,s,1

paper. tilte po c la1s is. uNed i% a %.TlIstltut is u llI lo Itt.1 till
hard superconductor' l%

Io start thle discussion. coroisidt ai 1, int l~. cLtro4ttoigluti4 1 'ii k514~l*

wave peile traling sUIW r tld uCtiig hd If Ni-ts.E ( iI lil t- I.1

itetic field onl tile 1xtitundas it tfil\ 11.ilt Mstate I" sI ti kk. it . 1 s.. I

//111 sm1 wr

vilhelt: Is solitis st.I partalliti stA hih I It)ii 1 li (1)of

gis cit petldl h45 nk. ilo4. l, i t' ' tim4. lk i!'1 .4111.111 11 11.1 i l' t his ok."
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(0[ (j '"1j (1) ii zt4- :! c4.

lh% usinig thes:e %.tait varinihlcs. aiid siimc simplc tranl.trrnIl-
c 1x) (~ )-d. 54 tions.. .ve canl repCCI resent [ -'-' an~;id (-'I III t11C tolloss ing

The boundary value problem (9) A I I) deseribcs the penetra- form
tion of a circularl% polarized plane wa~t .Isnto the %uiwcreonI-.
ducting half-space. 1-11 sollutlon of :ho. problem ha,, b~een
found., in Ref 2. loi the casw %' en the initiil phase y. I ' -I '1I

s.uch thAt the initial phase of F" on the kwundai% 4: 04 is,

equal to i'cro. this %,lutiori i% gi~ en h% the followimiý c~pis

Z., I ki 4. 11 1 1 il

4"2"f #I I it 3PI I/ I' I %/%sunhg that tutictions J/414 and /,W4 inl k'undaiN condi-
11i11% (414 AIe function01 Of 1141f-"416C '.s milCtr% MIth case that

s WA,4r ~ 1isusualls illfihe most% practical ointerest) w conclude that

~ i~ ~ ',;.:)and %%:!)~Ill also 1e file tullctions of hiall-%avs:
sv.mmcts lot thil ;eason. we will usec tfw following Fourier

I 2fmn - I scties lot ;A:.t) and V4z.t).

.and 1. ca.n Ise found fri n thll equal ton lA 4z' "'17

dl its

II~41 Z y 24 ~ (.1t- 412 I/ (z' Z )'#2 1 (28)

fly ,ubstituting 41 6t atid ( 174 otto 1LqN 4 124 and (13) and by
using expres:-ionis (2), after sample but siorewhat lengthy It is clear from~ (24). (27), and (28) that
ttrartforniations we arrive at the following equaitions for e%
and 4% A.2k (Z)' 2k I(Z). V4I I~ 1(Z) 2k I(zW, (29)

0~ 42, 4 it where the superscript -~ means a complex conjugate quan-

:11 i 2nBy substituting (27) and (28) into (25) and (26), and by

I it equating the terms with the same exponents, after simple
- ii 'transformations we derive

it :"Ill 2w!t 4 11(Z )le(z.!)j (22) (i..z. d2 3Pk+ 1

(I 2.k±l acp2k+]- 02k1 30

dh . Siaj 2w (.14 2 10Z)Ic.(zjt) I-Zý2d'~-
it 21 \ z4 j z7

i tcosi 2 (W 4 2 1:1( II )', Z. 1) (23) Z -i(21r"' 1
'~ i'-

4
Yk ILa(ONIIk t+ I - - -kII

F-quatuons 422 And 42 11arc coupled linear partial differential ( ,1 -2(1
cquAturns tit paratsali~c Ic 1v %sitlli %an'ariab in time and %pace IA- )--I±' .(1
cthcffjient-- We ss ould like: to tfind the permldic solutions of wherc we have introduced tiec following notations;
thcse cquatiions. subhe 4to the d~in twdat% conit~ltii ( 144 and -iI4 ý1 '10i thisl' (7111. %V 1v1(IC i Mrs.e ness t co svalued st31Cte I + (2k + 1 1 (32)
% AlatIatle I - n2i

A~P'~V~7~N 'Nv~tx 94ID. Mayergoyz 6957



Thus, we have reduced the prohlem of integration of' partial ''
diftcrcntial equ-.ions (25)-(26) to the solution oit infinite set i/a 1 z) 1
of ordinary differential equations with respect ito Fourier co-
efficients tg)ý And df/#.I The remarkable property of- these 13(40)
simultaneous equations is that they arc only co'upled by 4-B, I--

pair%. It allow-. .tine to mfvc eachi pair oit these coupled equa- -ee o h ae(t oainlsmlctw acontetion% 'eparatelse. After q.j. I and 41 j I are found, wc ca Ihr, frl aeo oainl ipiiy ehv mte
coniputc tiA: and UA.* it and then 'i(z 1 nd c,( ) the dependence ofl 13 and 13ý onl it and k.
An&ither smimplification is that acco rding to 4 29J it suffices toI FTrom boundary conditions (14) and expressions (2'; and

%(ie coupkd cquition 00s4 3 andl 131 ) on l' for 1( )n negativ c 34)4. we obt1a in Itic follow inrg equatiionls for Ar 14 . Ar! Si1,
saIluc% of it I~.~ . .ii 1-

Wc --hall wcee A 4Aluiaon of the tcoupled equations, 00)t .* ~A! ~J 1 4*I4~,*

wid 131) in ife folln N (41)

433) ~ , 21o (42)

-. , , .-. B ,I , 0 - 4
ikA I1 -2 IZ~la I 1~~AN I I,j I Z- :1 1U: 44

By~ substituting 4 33) into (.4)) aiid 43 1) we end up iltl the where anid 1J air coiiipfe s Fourier coefficients
following s1Itiltaneous h inlogeneeou% equatri ns with respwct of f, and 1
it i A i , nd B' 11% soilvinig simiultanieous equations 4414 -444), we can

find coefficienits 1A1 1~ I~4,j5 -Aid~'' Teb
43 13 1 A 2 * ,Ila IA I~ t.% AI, 'I . 4 1I (34) using (Y4..) (401, ( 27 -(281, and 4244, we can determine per-

ltubations a' (z t(an e, z .:). which. tin turn. cail be used ill
4A ~ ~ (, t a 1 .4 - ) /- 2k (8) to coniputo: the total cluctric field.

-- ( 2 )a Il 0. 05 Ini conclusion, consider the particular case when
j,4f1 -- co" (.Il. [, - Sill (01. 4

The abo~ve homogeneous equations have a loio~zero solution 'lThis case corresponids ito elliptical fxarizauiontitof the inci-
for A 'A ,Iand Ulk Iif' and only if the corresponidinig deter- detfl.Iti ayosethtiti ce.herg-an
minant is equal to zero. 'This yields the following character- sdesi ofield4. It1 is easy to re tquatli thi cae.o thllkexrieht-hn
istic equation for fl:sieofEs(4)ad()areqlto.r orllkxcpk -ý 1 This mecans that only first and third harmonics are riot
(/q 2_t3ijXkz 2 )a)[ (0 -i2a")2  ([3-i21r") equal to zero. We have reached this conclusion, hecause we

2 JZ4= ().have considered onily first-order perturbations with respect ito
- X2k - IZ(,a] + X.1k X,2k 4  0. (36) e. If we cotnsider higher-order perturbations with respect to I.,

Fromexpessins 32) nd 18),we indwe shall recover higher-order harmonies of the electric field.
Fromexpessons(32 an (IH).we indFrom the purely mathematical point of' view. it is re-

XA+2 (2k + 1 )( 3n I )(it + 1) I + I niarkable that the solution of' coupled equations (22)-(23),

X~ ~a(n - )~j2-'--- ~ (37) co-.ý pondiig to the boundary conditions (14), (15) and
(45), contains only the first and third harmonies. Probably,

S(4k 2 - 1 )(3n + I)(n +I 11~ this is because the coupled PDE's (22) aind (23) have itiher-
4 In +ited some symmetry properties from thie Lunperturbed prob-

X2+t~k ~4(it - )22ni * 38 m, corresponding to the circular polarization of fhe incident

wave.

From the last two expressions, we conclude that the coeffi- Finially, we note that in the limiting case of n--, we
cients of the characteristic equation (36) depend on the ex- obtain from the presented fo~rmulas the distribution of dclc-
ponent, n, of the power law and k. Consequently, the roots of tromagnetie fields for ideal (sharp) resistive La-nsition.
this equation also depend only on it and k. It can be proven ACKNOWLEDGMENT
that the above characteristic equation has two n)ots f0t(n,k) The reported research is supported by the U.S. Depart-
and #2(n,k) with positive real parts. After these roots are metoEnryEgieigRsachPga.
found, the solution of coupled equations (30)) and (3 1) can he mntoEeryEgieigRsachPgam
represented in the form 'C. P. Becan. J. Appi. Phys. 41, 2482 t I'7444,

1t. D. Mayerguyz, J. Appt. Phys. 75, 090 (1994).
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Proximity effect in MBE-grown superconducting/spin-glass multilayers
Carlos W. Wilks, Brad N. Engel, and Charles M. Falco
Departnent of Physics and the Optical Sciences Center, University of Arizona, Tucson, Arizona 85721

We have grown epitaxial superconductor/spin-glass multilayers, Nb/CuMn, as well as
complimentary nonmagnetic Nb/Cu multilayers by molecular beam epitaxy. To probe the interaction
of superconductivity and magnetism, we measured the resistivity and ac susceptibility as a function
of temperature for multilayers of nominally constant Nb thickness and varying normal-metal
thickness. The reduction of the transition temperature of the Nb/Cu multilayers with increasing Cu
thickness is in excellent agreement with the de Gennes-Werthamer proximity effect theory. The
inclusion of Mn in the Cu causes a significant additional suppression of the transition temperatures
relative to the Nb/Cu multilayers. The extension of the de Gennes-Werthamer theory to include the
effects of random magnetic impurities agrees well with the data from the Nb/CuMn multilayers for
small CuMn layer thicknesses. However, deviations occur at the largest CuMn thicknesses studied.
These deviations between the data and theory may be due to a decoupling of the Nb layers, as a
result of the spin-glass ordering, causing a three-dimensional to two-dimensional crossover.

1. INTRODUCTION II. EXPERIMENTAL PROCEDURES

The coexistence of superconductivity and magnetism has The multilayers were grown in a Perkin-Elmer 433-S
been the focus of many studies over the years, because mag- MBE system with a base pressure of -5x 10 l1 Torr. In situ
netism i:;, in general, detrimental to the superconducting reflection high-energy electron diffraction (RHEED) and
state, Nonetheless. ferromagnetism and antiferromagnetism low-energy electron diffraction (LEED) were used for strue-
have been shown to coexist with superconductivity."' Super- tural characterizatio';. The Nb and Cu are deposited using
conductivity can also coexist with spin-glass materials in separate electron beam guns, while the Mn is deposited from
which the localized impurity spins interact through the con- an effusion cell. The multilayers are grown on Si(Ill) wa-

duction electrons. Below the spin-glass freezing temperature, fers. The wafers are first dipped in a 2% HF acid solution

the spins can be considered frozen in the random direction of and then immediately annealed to 850 °C in the MBE sys-

the local nagnetic field instead of forming any long-range tem. RHEED is performed on the substrate to check the qual-magnetic order, ity of the resultant 7X7 Si(Ill) reconstruction. The recort-While most of the work to date on the interaction struction is a good indication of a high-quality impurity freeWhil mot oftheworkto ateon te iteratio of surface. We then grow a 40 A epitaxial fcc CuOl11) buffer
magnetism and superconductivity has been on bulk alloys sufc.W thngo a41A paxafcC(Il)bfewith magnetic impurity substitutions, there has been some layer on the Si wafer once it has cooled to room temperature.
more recent work on artificial structures, namely, The buffer layer is a necessary seed t grow bc Nb(ll0).
multilayers.3 To date, the majority of ti e superconducting/ Using this technique, the Nb and the Cu layers grow epitaxi-

ally with their densest packed planes parallel to the substrate.
magnetic multilayers have been fabricated in high vacuum RHEED is again employed du t.'g the growth of the buffer
systems (10 e--10 p Tovrr) using sputtering, electron beam, layer to monitor crystal qual;,y.
and/or thermal evaporation. Our work utilizes molecular During all depositions, the substrate is rotated at 10 rpm
beam epitaxy (M4BE) techniques (It0 'K-10 12 Torr) in order about its normal to enhance the uniformity of the films. The
to fabricate high-quality multilayers with improved proper- pressure in the M13E system during the multilayer deposition
ties. is in the 2-5x 10 " Torr range. The Nb is deposited first at a

We chose to study the interaction of magnetism and su- rate of 0.6 ,/s tkllowed by a Cu deposition at a rate of 0.3
perconductivity in the Nb/CuMn multilayer system, where A/s. For NhCuMn, the CuMn layers are formed by a
CuMn is a well.studied spin-glass system. Due to finite size codeposition of Cu at a rate of 0.3 A/s and Mn at 0.t)21 A/s,
effects,4 the spin-glass freezing temperature, Tf, where the resulting in a spin-glass having seven at. % Mn. Again, we
magnetic moments locally align, scales with the thickness of use RHEED to probe the top surface of the multilayer to
the CuMn film. The Nb transition temperature also depends confirm epitaxial growth. All the multilayers consist of ten
on film thickness, decreasing from the bulk value as the film hilayers, in which the thickness of the Nb layers was con-
thickness is reduced. These two effects allow us to tailor the stant at nominally 230 A and the normal-metal thickness was
multilayer system, such that either T, or Tf is higher. This varied. The actual layer thicknesses of each of the multilay-
allows the interplay of the two phenomena to be studied. ers was determined from the Rutherford backscattering spec-
Work on sputtered Nb/CuMn multilayers has been recently troscopy (RBS). In Table I, we present the measured layer
reported.5' We have also deposited the complementary thicknesses, the expected spin-glass freezing temperatures
Nb/Cu multilayer system as a nonmagnetik basciinc refer- and the measured multilayer transition temperatures for this
ence for comparison, series of multilavers.
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TABLE I. Multilayers design pa.rameters. 14

d, (A) d,, (A) Tf (K) T, (K) 12- Nb(1 10)

Nb/CuMn 232 3.3 2.6 8.57
220 7.25 5.1 7,79 " 10-
245 9.6 6.1 7,59 0
217 19.6 11.4 5.69 8-

1/)
223 29.2 15.2 4.69 CL
239 53 20.2 4.62 6-
231 84.3 23.8 4.53
230 106.5 20.7 4.85 c 4

Nb/Cu 278 8,4 ).9 E
257 24 8.93 2- Cu(1 11)
247 61 8.4')

38 40 42 44
(a) 2o (degrees)

Low temperature measurements were performed using a
charcoal-pumped 3He cryostat, Both the resistance and the ac 100
susceptibility measurements were simultaneously measured
using ac lock-in techniques. A calibrated Ge thermometer in 10 "
close thermal contact to the samples was used to measure the 0
temperature. The superconducting transition temperatures of 10.2
the multilayers are determined upon cooling from the onset
of the suSLeptibility transition. >-- 12;10-31

III. RESULTS AND DISCUSSION 0

High and low angle x-ray diffraction are performed on
each multilayer. From the high angle x-ray diffraction scans, 10'
we find the Nb grows in the ( 10) orientation, and the Cu or
CuMn grows in the (111) u icntation. as expected. We 10.6

present, in Fig. l(a), the high angle x-ray scan. and in Fig. 0 1 2 3 4

l(b), the low angle x-ray scan for a Nb(239 A)/CuMn(53 A) (b) 2o (degrees)

multilayer. The high angle scan is representative for all the I*( . Nigh angle and low angl s-rav %cans ot it& NW219 A);
multilayers made. From the peak positions in the high angle CuM( 53 Al) multiluye.
scans, we find the Nb lattice constant is compressed by less
than 2% relative to bulk Nb. while the Cu lattice constant is
expanded by less than 1% relative to bulk C(. Low angle As a verification of our Nb film quality, a thick Nb film
x-ray diffraction was also performed as a check on the was grown and T, determined. Fcr an 8611 A Nb film grown
multilayer quality and to obtain an additional measure of the on a 40 A ('u buffer layer. 1', . 9.27 K, in good agreement
bilayer thickness. This value was then compared to thc re- with the transition temperature of bulk Nb. Thus, we can rule
suits obtained from RBS. Multilayer Bragg peaks are seen in out the possibility of localiation effects"' and lifetime
the low angle scans for multilayers with a Cu or ('uMn thick- broadening of the density of states' ais a cause of the reduc-
ness of 9 A or greater. Fitting of the low angle x-ray scans to tion in T, in our multilayers.
a Fresnel-type optical model yields values for the interfacial In Fig, 2, we show the transition temperature of our
roughness of less than 8 A. This agrees well with the maxi- multilayer series as a function of normal-metal thickness.
mum top iayer roughness, as determined by atomic force The upper data set (squaresl is for the Nb/(u multilavers.
microscopy. while the middle set (diamonds) is for the Nb/('uMn series.

The relevant theory to describe the superconducting Applying the de Gelnes-Wertha mer theory to the Nb/('u
properties of our Nb/Cu multilayers is the de Gennes- multilavers yields excellent agreement between the measured
Werthamer 7 theory. It applies to the case when the material,, and calculated values for T, with nt adjustable parameters.
in the superconducting/normal-metal sandwich are in the The calculated values are within 0).02 K of the measured T,
dirty limit. This theory requires the coherence length, ý, . of values for all three of the Nb/Cu multilayers. The inchlsion
each material be smaller than the layer thickness, d,. and the of Mn in the Cu layers causes a dramatic decrease of the
mean-free paths, 1, , of each material be smaller than the transition temperature of the Nb/('uMn multilayers, as ex-
coherence length. The extension of this theory to include pected for these magnetic atoms.
magnetic impurities in the normal metal was done by iHauser. When a dilute cotncentration of' randomly oriented and
Theuerer, and Werthamer.s The equations that relate the distributed magnetic moments are included in the normal-
physical parameters of the individual materials to the transi- metal, the equation relating T, to the relcvamt physical pa-
tion temperature, T,, of the multilayer are given in the paper rameters is moditied by the inclusion of aki electron relax-
by Banerjee. 4 ation tinme due to the magnetic pair breaking. Strictly speak-
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10 decoupling the Nb layers is expected. Further work is needed

9" ' Nb/Cu to determine if the deviations from the theory are a result of

8- Nb/CuMn a dimensional crossover or are driven by the spin-glass or-
8 % × theory dering of the CuMn. Parallel critical field measurements are

) 7now underway to investigate at what normal-metal thickness
g 6the three-dimensional to two-dimensional crossover takes

R 5- place.

-4x
0, IV. CONCLUSION

r_ 3 We have grown epitaxial spin-glass/superconductor mul-
22 tilayers of Nb and CuMn, as well as the nonmagnetic Nb/Cu

1 multilayers using MBE. The suppression of T, for the Nb/Cux

0.,. multilayers is in excellent agreement with the de Gennes-
0 20 4 8 140 120 Werthamer proximity effect theory, without the complication

normal metal thickness (A) of localization or lifetime broadening of the density of states.
At small CuMn thicknesses, the additional depression of T,

FIG. 2. Transition temperatures of the multitlayers as a function of normal- caused by the inclusion of Mn in the Cu can be described by
metal thickness. the extension of the de Gennes-Werthamer theory for ran-

dom magnetic impurities. The data and theory disagree for
the larger CuMn layer thicknesses. This may be due to aing, the ext.ension of the de Gennes-Werthamer theory to three-dimensional to two-dimensional crossover decoupling

include random magnetic impurities should not apply to our the Nb layers, and is currently under investigation.

multilayers with thick CuMn layers, where the Mn moments

locally order. Applying the theory to the multilayer with a ACKNOWLEDGMENTS
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Heterodyne microwave mixing in a superconducting YBa 2Cu307_x coplanar
waveguide circuit containing a single engineered grain boundary
junction

R. G. Seed and C. Vittoria
Departnent of Electrical and Computer Engineering, Northeastern University, Boston, Massachusetts 02115

A. Widom
Department of Physics, Northeastern University, Boston, Massachusetts 02115

The purpose of this work was to utilize the nonlinear current-voltage properties of induced grain
boundaries in high temperature superconducting YBa 2Cu 3 OT7. thin films to fabricate a planar
microwave mixer. The experiment involved constructing a coplanar waveguide microwave circuit,
the center conductor of which had a constriction patterned in it containing a single high angle grain
boundary, thus forming a weak link junction. Analysis was provided by use of the resistively
shunted junction model with ex"ess current.

I. INTRODUCTION which spanned the bicrystal boundary, and thereby induced a

Sufficient precedent exists, as a result of previous work single grain boundary in the microbridge, as is evident in the

in years past on low tempefature superconducting mixers, mixer circuit depicted schematically in Fig. 1. The pattern

which provides the motivation for conducting extensive re- was obtained by conventional wet etching.

search in microwave and millimeter wave mixers using high This procedure resulted in circuits with constrictions that

temperature superconductors. For example, theoretical calcu- would contain a single grain boundary with an angle of

lations on lower bounds on noise temperature have been de- 36.8'. Such circuits exhibit greatly reduced critical current

termined for superconducting-insulator-supcrconducting densities and weak link properties.I 2.13

(SIS) mixers employing quasiparticle tunneling.' These theo- The etched circuit was mounted oin an acrylic block, and

retical limits have been approached experimentally, provid- the coplanar waveguide was connected to 50 11 cables by
ing noise temperatures below those currently available in means of SMA to microstrip launchers. The dc probes for

semiconductor devic'es 2 At least one experimental result has applying bias current and measuring the voltage were corn-
demonstrated a positive conversion gain using low tempera- posed of stanless steel spring loaded contacts, which mated
ture superconducting tunnel junctions. with the surface of the center conductor itt the circuit. This

Since the introduction ot high temperature superconduct- configuration is also shown in Fig. 1.
ors. several reports of mixing have appeared. Some ot these Output from the two microwave sources used for mixing
measurements were performed usin.- the transition resistance could be independently adjusted in power and frequency.
occurring above the temperature at which the dc resistance The signals wcre combined in a directional coupler. and then
falls to zcro.'4 Other successful experimnents in mixing havc passed through a dc block and into the device. The output
been reported using materials other than Yia * i•u,(),-, signal passed thrrough the out ltatincher from the device

(YB(.'). Microwave mixing using YB i('( ,uK employing ind thrtough a second dic block into a high gain spectrum
weak link effects, have bccn rcported. Thcse devices, contain
weak links involving polycrystalline materials with multiple
randomnly oriented grain bolundarics or involving StCp edge
junctions." Some of' these devices, indeed, have shown re-
markable results iii ternm, of t conversion loss in mixing at IWMA 1au hcIle(21

microwave ficquencies. •
The purpose here has been to construct tiuly plaiar su- ",,,

perconducting YF(() mixers employing artilicially it'duced "
grain hboundaries withI predict able angles. anmd to chamract er i / v i

these grain boundary mixers by employing suitable physical "
models. ,7.

ii. EXPERIMENTAL DETAILS - -

The starting ntatcrial was an epitaxial YBICt'0 thin film,
which was grown by laser ablit n tdepos-ition ,i a Ii icrvsttll- .
line Sr'iO( substrate. t t This substratc was composed o. f two
crystals joined together with an inter'ace that formed a 30.X9
angle. FIGI;. Schcliinatic dhrawing oI cotitlanii Wvimtguitiic 'iti(' Ilixer cilcuil

S~hOwirlg III( Sth.,itraic hictvy.,tl itiIlrtacut. thct !,.'locatHio of tilt' Illtti'•britigc

The coplanar waveguide circuit was patterned on this ci i.,trictioll willi r pct tv ltic hi-rYst', inticrihtcc. Ih, hia:'-, t s;it., aind the
thin film, such that a 3(0 tant wide microbridge was formed, ntictiowivt SMA lamiclitcr%.
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Power Combiner ances, together with the transmission line dimensions, and by
DC Blocks using transmission line matrix methods, it was possible to

s / \\ Icalculate the input impedance of the transmission line at the
I ,// sgnal frequency and the local oscillator frequency. The

Spectrum Analyzer value obtained was found to be ZIN,S = 1.368 -jO. 116 and
ZIN.LO= 1.396+j0.044. Using the input impedances and

So- rc 2 the transmission line matrices, together with the knowledge
of the input signal power and input local oscillator power, it
was possible to estimate the respective currents on the mi-

D Current SourC crobridge portion of the transmission line. This was found to
be Is= -555.8X 10- 6 -j562.4X 10-" Aand ILO=483.8

voltmeter 10 6 +j187.5X 10- A.
L With an estimated value of the currents due to the two

input microwave signals, and a knowledge of the bias cur-
FIG. 2. Schematic diagram of the experimental microwave mixer test appa- rent, a calculation for the output current level was obtained
ratus. using the following two equations:

I=I1 sin 0 (1)
analyzer. The experimental apparatus is depicted in Fig. 2.

First, current versus voltage characteristic curves were and
obtained for the junction, in the absence of microwave en- It dh
ergy, and recorded. When the junction was driven by the q - =RN(Jl+Io() COs WLOt+IS COS (OSt--I,

local oscillator, with microwave energy, current steps were q dt
produced in the current voltage characteristic curve. These -I, sin 0). (2)
steps appeared at voltages that were integral multiples of the
flux quantum times the frequency. Both characteristic curves Equations (1) and (2) are recognized as the Josephson rela-
are overlaid in Fig. 3. The current steps, evident in Fig. 3, tions used in the resistively shunted junction model for the
were the basis for adjustments of the current bias levels, and shunted Josephson junction, with excess current, lo"' IB is
were the nonlinear contribution of the circuit, which was the dc bias current, I0 is the superconducting excess shunt
utilized for down-conversion mixing. current, RN is the normal mode resistance obtained from the

characteristic curves, and q is the superconducting pair

III. THEORETICAL MODELING charge. These equations were solved numerically using the
technique of Runge-Kutta in double precision and then sub-

Modeling of the coplanar waveguide circuit involved the ject to a discrete Fourier transform to extract the harmonic
use of some approximations of the standard equations. 14 Ap- content. These calculations yielded the result for the magni-
proximate values for the transmission line characteristic im- tude of 1.f., the current of the intermediate frequency at the
pedances were obtained using the value of er=9190, ob- junction, which was /i.f=4.25X10- 6 A=3.00X10- 6 A
tained from published data15 and a value of tan 8=0.03 (rms). The calculated value of Ii.f. was then used again in the
obtained from literature.16 From the characteristic imped- matrix representation of the transmission line using imped-

ances determined at the intermediate frequency. The result
was an output power of -82 dB m.

2xi0o -

IV. RESULTS AND DISCUSSION

--o- When the circuit was dc current biased near any one of
(U • the current steps, and when both the microwave local oscil-

E 0 -- --- _ lator and the microwave signal were applied, an intermediate
frequency was observed at the difference frequency, In the
experiments, the local oscillator was at 8.7 GHz and the sig-

S-Ixto• ...... nal frequency was at 7.7 GHz, therefore the difference fre-
L) quency was measured at 1.0 GHz. The input signals are

shown as an inset in Fig. 4 and output intermediate fre-
-2xl°*'.. quency is shown in Fig. 4.

0 6It was determined that the conversion loss of the mixer
a (was dependent upon the input power and the bias current.

Voltage (microvolts) Approximate r,,lative values of conversion gain are shown in

FIG. 3. Current voltage characteristic curves for YBCO grain boundary Fig. 5. It was evident during the experiment that mixing was
weak link junction. Dotted line is without rf signal. Solid line with rf energy absent for bias values between steps, whereas the i.f. signal
at 8.7 (;Hz. was maximum when the bias current was located within the
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.V. CONCLUSION
.84 .20- The coplanar waveguide geometry allowed the fabrica-

.40 -tion of a high frequency transmission line in one plane. This

.4 -4 eliminated the need for copper grounding blocks, and al-
'86 0-60 lowed the circuit to be fabricated using standard wet etch

C6 75 80 85 90 technology. Thus, there is potential use in monolithic micro-
Frequency (Hz L wave integrated circuits.

-88 The use of engineered grain boundary junctions pro-

vided the opportunity to characterize the intrinsic op-ration
of the weak link junctions used as mixers. It allowed the

".90 reproducible fabrication and testing of weak link junctions
with similar results, since the grain boundary angles could be
assured during their construction. However, by using SrTiO3

-92 .1.025 substrates, the resulting embedding impedances limited the
1.0010 1.0015 1.0020 1amount of i.f. power efficiently coupled to the output.

Frequency (GHz) Using the resistively shunted junction model with excess

current, it was possible to mathematically model the opera-
FIG. 4. Output intermediate ficquency, i.f., signals at temperature 45 K, tion of superconducting grain boundary mixers using the co-
with de current bias of 0.78 mA. Input microwave signals are shown in the planar waveguide configuration. The calculations are in ex-
inset. cellent agreement with the measured results, and should

provide insight in further developments.
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Superconducting YBa 2Cu 3 O 7 _X/Y 4Ba 3 0 9 multilayers: Field independent
critical current and dimensional crossover ,abstract)

Jun-Hao Xu, A. M. Grishin, and K. V. Rao
Department of Condnsed Matter Physics Royal institu'e of Tithnology. S- 100 44 StockLolmn, Sweden

A new class of c-axis-oriented YBa2 Cu30 7 ./Y 4 Ba30', (YBCO/YBO) multilayer films with YBCO
and YBO individual thicknesses ranging from 24 to 156 A havc been fabricated by a single target
on-axis biased rf magnetron sputtering technique on LaAIO 3 (001) substrates. SQUID dc magnetic
measurements reveal a striking feature of magnetic field independent critical current j,(T) from 5
K to almost near superconducting transition T,. For thin YBCO layer thickness the magnitude of j,.
is found to decrease as (I - /T,.)2 , and exponentially with the thickness of thle isolating spacer
YBO. It is distinctly shown that j,(T) in the (a,b) plane is determined by interlayer Josephson
current. All the SQUID data for the temperature dependencies of magnetization for a few families
of multilayers with thin YBCO layers are shown to scale and coll;ýpse into a single universal
behavior consistent with a model of "slipped out pancake vortices in Josephson coupled
heterostructures." On approaching T<, the characteristics of critical current j, change gradually from
the field independent behavior to another dependence similar to an ordinary t- 1'2 dependence
typical for collective pinning of the vortex lattice in the YBCO single layer film. This suggests that
a dimensional crossover takes place when the quantum coherence between individual YBCO layers
sets. The crossover temperature is found to depend on the multilayer period and individual
thicknesses of superconducting and isolating layers whlile a linear temperature dependence of j,.
appears for multilayers with thick YBCO layers.

Schematic frictional model for interacting vortices in an isotropic
superconducting plate (abstract)

J, S. Kouvela) and S. J. Park
Department of Physics, Univ'ersity of Illinois, Chicago, Illinois 00680

In the simple model proposed. repulsive intervortex forces are balanced by containing forces
produced by the external field (H) and by frictional forces representing the effects of pinning on
displaced vortices. For the field-cooled (FC) state, whose vortex density is presumably uniform, the
empirical fact that the average flux density (b) in nearly equal to H yields an operational
inverse-square dependence of the intervortex force (in the intervortex sracing. For both the FC and
zero-field-cooled (ZF(') states, expressions are derived for b vs If (including the remancnces at
11=0) and for the profiles of B across the sample thickness. Calculations of these properties are
compared with experiment and with the macroscopically related critical-state model, revealing again
that the pinning forces are strongly dependent on1 H. The frictional interacting-vortex model is also
used in deriving the critical current as a transport property of the FC and ZFC states.

"Work supported in parl by the NSF (I)MR-92-21901).
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Magnetic Multilayer-Coupling II K. Hathaway, Chairman

Spin-polarized photoemission from quantum well and interface states
(invited)

C. Carbone, E. Vescovo, R. Klasges, and W. ELoerhardt
IFF/KFA Julich. D-52425 Julich, Germany

0. Rader and W. Gudat
BESSY, D-14195 Berlin, Germany

We examine the role of quantum well and interface states in mediating the coupling between
magnetic films, We have studied with spin- and angle-resolved photoemission the electronic
structure of Cu on Co(100) and Ag on Fe(100). Noble metal states of sp-derived character are found
to be spin-polarized upon ccntact with the magnetic materials. In C' films up to 10 monolayer
thickness polarized states have been observed. These observations are well described within the
framework of one-dimensional quantL.m-well states, for film thicknesses above a few monolayers.
In the low coverage regime, the hybridization with the magnetic states of the substrate strongly
influences the character and the dispersion of the conduction bands.

I. INTRODUCTION ultrathin noble metal ilnms present some characteristic fea-
tures of one-dimensional quantum-well states. In addition,

The origin of the indirect exchange coupling' between their wave vector can be related within a simple picture to
magnetic layers separated by a nonmagnetic spacer is related the wave vectors of the RKKY coupling in the asymptotic
to the Fermi surface of the spacer material, in a Ruderman- high coverage limit, This unusual set of properties suggested
Kittel-Kasuya-Yasida (RKKY) picture2 as well as in a that polarized quantum-well states could provide the tea-
quantum well picture. 3 The oscillatory and long range char- pling through nonmagnetic layers.
acter of the indirect exchange coupling in magnetic multilay- Here we review some of our recent experimental results
ers can be explained within the framework of RKKY inter- on quantum-well and interface states of noble metal films on
actions. Studies based on the RKKY coupling scheme magnetic substrates. We applied spin- and angle-resolved
identify the experimentally found oscillations as a Fermi sur- photoemission spectroscopy, being directly sensitive to mag-
face effect within the nonmagnetic spacer material. netic information, to systems which have shown oscillatory

A full understanding of the coupling mechanisms should coupling and which can be grown epitaxially on (100) single
require however a detailed description of the conduction crystal surfaces. Results from spin-resolved photoemission
band states, explicitly including the modification due to the are presented to &.',rify some aspects of the oscillatory mag-
ieduced dimensionality and to the exchange interaction. In netic coupling through the noble metals, Cu and Ag. The
interface systems with one magnetic component, the bonding experiments comprise (i) the asymptotic limit of the cou-
at the interface often induces a polarization in the nonmag- pling, where the bulk electronic structure of the nonmagnetic
netic material through a spin-dependent electronic material has developed, and (ii) the low coverage limit,
hybridization.4' 5 The resulting moment in transition metal where the hybridization with the magnetic interface is the
overlayers on magnetic substrates depends primarily on the determining factor.
extent of the d-d hybridization. For a noble metal on a 3d
ferromagnet the calculated interface moment is very small II. EXPERIMENT
(<0.1 pAy)" because of the small degree of overlap between
the d states of the two metals. The spin- and angle-resolved photoemission apparatus"•

The induced magnetization of the d electrons of a non- consists of a spherical ene,gy analyzer coupled to a 100 keV
magnetic material typically becomes negligible a few atomic Mott detector for spin analysis. The spectra were measured
laers away from the interface. 4'5• On the other hand, the with monochromatic synchrotron radiation from the storage
spin-polarization induced on the more delocalized sp states ring BESSY in Berlin. The experimental geometry allows for
can extend over several layers. Therefore, those states pro- a component of the electric field vector perpendicular to the
vide a way of mediating the long range indirect coupling surface plane. Photoemissioln spectra were measured with
among magnetic layers through a wide class of nonmagnetic photon energies between 10 and 80 eV on the TGM5 and the
materials, including transition and noble metals. The recent TGMI beamlines.
quantum well approach relates the coupling to sp-derived The growth of Cu on Co(100) and Ag on Fe(100) has
electronic states observable in electron spectroscopies.'-8 been clharacterized by several methods.'(' A full account of
Ortega et al.' found that the sp-derived electronic states of our preparation and characterization procedures can be found

6966 J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)16966/6/$6.00 © 1994 American Institute of Physics



in our recent and forthcoming publications. 7"1
1 The measure- Cu/Co(100) normalemission

ments presented heie were performed on Cu/Co/Cu(100) and hvu. n l Vo
A•g/FeiAg(100) three-layered systems. The single-crystal
substrates were prepared by sputtering and annealing cycles.
Epitaxial films were depos-ted in situ by e-beam evaporation. Cu thIcknes

A 20 monolayer thick fcc Co film was grown on Cu at 106
100 'C. Ultrathin Cu layers were subsequently deposited on 10

Co at room temperatuie. Similarly, we grew a 10 monolayer8.9
thick Fe films on Ag(100), by evaporation on the substrate at 7.8

7.3
room temperature. We produced an overlayer of Ag on Fe by . 6.7

annealing the sample at 250 'C for 30 min. Temperature and 6.3

time of the annealing were chosen in order to achieve a corn- 5.
plete monolayer coverage, as indicated by the saturation of 47

the Ag 4d/Fe 3d intensity ratio in the photoemissicn spectra. " 44

The system prepared in this way, consisting of a Ag(1 ML)!/ 4.0

Fc(10 ML)/Ag(100), is stable upon further heating and upon 3.4
cooling to room temperature. The binding energy of Ag- 1.5
related spectral features corresponds to those obtained oy Go
Brookes et aL12 for an evaporated Ag monolayer on Fe(100).

We observe a sharp low-energy electron diffraction 4 3 2 1 EF

(LEED) pattern with low background at all stages of the
epitaxial growth. The distinct and intense "quantum-well Binding Energy (WV)

states" observed in the photoemission spectra, shown in Sec.
III, also demonstrate the good quality oF the overlayer struc- FIG. 1. Angle-resolved photoemission spectra of Cu fi ms on Co(100). The
ture. According to Ortega et al.6 these states provide a very spectra aie measured for normal emosion with 17 eV photon energy. The

emission from Cu sp-derivcd states is shown by the gray-shadowed areas.
strict test for the smoothness and crystalline order of the These states are labeled according to the definitions in Ref. 6.

overlayer. Thle Co and Fe substrates have been magnetized
along the in.plane (011) and (001) directions, respectively,
which are the easy axes of these ferromagnetic thin films, reported by Ortega et al.6 and by Garrison et al.8 Noble
Photoemission spectra have been measured in magnetic re- metal films display a similar development of sp-derived
manence. The sample magnetization was aligned parallel to quantum-well states also on other magnetic 6 and nonmag-
the spin-sensitive direction of the spin detector. netic substrates,1 3

The capability of quantum-well states to mediate the in-
III. RESULTS AND DISCUSSION direct exchange interactions in multilayers depends on their

. Ccoupling to the magnetic substrate. The interface boundary
_ A. Cu on Co(100): Spin-polarized quantum-well states conditions and the hybridization with substrate levels will in

For Cu on Co(100) we have explored the sp-derived general be different for states of opposite spin. For this rea-
quantum-well states up to large thicknesses, where the elec- son the electronic structure of the thin film might develop
tronic stru.•ture of the space, layer is believed to be largely spin-polarized bands, for which the spin degeneracy has been
independent of that of the ferromagnetic substrate (asymp- lifted. We have experimentally established that quantum-well
totic limit). The spin-integrated photoemission spectra in Fig. states of Cu on Co(100) are magnetically polarized, by mea-
I show the development of the valence band states for in- suring the spin polarization of the photoelectrons. The results
creasing thickness of the Cu film. These data have been mea- of the spin-resolved measurements are presented in Fig. 3,
sured for normal electron emission. This geometry probes for several film thicknesses. In correspondence to the
states with initial state k11=0, where k1l is the component of quantum-well states discussed above, the spectra exhibit
the wave vector parallel to the surface plane. The sp-derived spin-polarized spectral features. The quantum-well states
Cu states give rise to new and well-defined structures easily shown ;n Fig. 3 are spin-polarized up to a Cu thickness of at
observed above the Cu 3d band edge, within 2 eV binding least 1,. monolayers. They are predominantly of spin-down
energy from the Fermi level. (mi,,ority) character. Furthermore, weak spin-up (majority)

The energy dispersion of the sp-derived Cu states as a states appear, separated by an exchange splitting (in average
function of film thickness, shown in Fig. 1, resembles that of 0.2 eV) from the more intense spin-down states.
quantum-well states. It can be satisfactorily modeled assum- Pairs of spin-up and spin-down features gradually shift
ing discretization of bulklike states due to the finite size of with increasing coverage to lower binding energy [see Fig.
the layer, as proposed by Ortega et al.6 In Fig. 2(a) we corn- 2(b)]. By varying the film thickness, polarized states at a
pare the dependence of the sp-state binding energy on the given energy periodically appear and disappear. This causes
film thickness with the predictions based on the bulk band a modulation of the photoemission intensity [Fig. 2(c)] and
structure. Above a film thickness of about 5 monolayers the of the spin polariz-ition ai the Fermi level [Fig. 2(d)], Both
experimental data follow rather closely the expectations of a have a similar periodicity, with an oscillation period of 5-6
simple quantum-well picture. Our results are similar to those monolayers, corresponding to the main RKKY wave vect'r
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interface may also paftially confine within the film sp states
FIG. 2. (a) Binding energy of the Cu sp-derived states as a function of the that are degenerate with the substrate levels.6 In this way,
film thickness, as determined from spin-integrated photoemission spectra, narrow resonance states's rather than discrete quantum-well
(b) Binding energy of the spin-polarized Cu-derived states as a function of
film thickness, as determined from spin-resolved spectra. (c) Intensity at the states appear in the overlayer. It is thus ultimately a departure
Fermi level as a function of film thickness, after subtraction of the substrate from an ideal quantum-well behavior that determines the role
emission. (d) Spin polarization at the Fermi level as a function of film of the sp states in the magnetic coupling through Cu(100).
thickness, The coupling to the substrate polarizes the s-derived states

but at the same time reduces their degree of confinement
within the overlayers.

along the (100 direction. In brief, the results directly show For a comprehensive understanding of the polarization
that the interaction with the magnetic substrate induces a effects in the Cu films the coupling to the Co states will still
spin polarization on the Cu sp states. These levels are spin- have to be analyzed experimentally and theoretically in more
split into two 3eparated sub-bands, both displaying a disper- detail. For example, the role of (modified) surface states and
sion close to that expected for quantum-well states. interface states localized near the magnetic substrate still

It should be noticed that quantum-well states, intended needs to be examined. In the case of Ag on Fe(100), t2 Pd on
as discrete states strictly confined within the overlayer, can Fe(100),5 and Fe on Pd(100),16 it has been shown that inter-
only form in correspondence to a band gap in the substrate face states can convey the magnetization in nonmagnetic lay-
electronic structure. In Co(100) there is no band gap for ers. Furthermore, recent measurements of the x-ray magnetic
states near EF (Ref. 14) with k11=0. A complete confinement circular dichroism at the Cu L2.3 edge in multilayers have
within the overlayer should thus not be expected, because of detected an induced moment in the Cu 3d levels.17 This mo-
the coupling to degenerate bulk states (of proper symmetry) ment is largely localized at the interface but it might also
of the substrate. In fcc Co these states are the strongly dis- present weak long-range oscillation. On the basis of tight
persive A, subbands of both spin characters, which cross the binding calculations Garrison et al.8 suggest that the polar-
Fermi level along the F-X direction. A A, symmetry- ization of the quantum well states results from the hybridiza-
projected energy gap of the spin-down bands is located in fcc tion between the Cu s- and d-derived states. Recent first
Co bt'tween 1 and 2 eV binding energy. In fact, in this energy principle calculations,1 5 which emphasize the scattering na-
region most intense quantum-well structures are observed in ture of quantum well states using a Korringa-Kohn-
the spin-down channel, However, the reflectivity due to the Rostoker (KKR)-Green's function method, account for their
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FIG. 4. Angln resolved photoemission spectra of Cu lilms on Coi IMX)). The
data arc obt4;ned with 50 eV photon energy for normal electron emission. k11=0 (the r point of the two-dimensional Brillouin zone).
The development of the Cu 3d bands, below 2 cV binding energy, is dis. Similar results are obtained at other emission angles and
played as a function of the film thickness, photon energies. Up to 1 ML coverage we obtain a single

narrow peak. With the second monolayer the spectra develop
dispersion as a function of Cu thickness and for a small spin a broader structure still without a corresponding structure in

splitting between spin-up and spin-down states. These calcu- the Cu bulk spectra. At I and 2 ML coverages the Cu 3d

lations predict a very small exchange splitting for the Cu 3d states do not show any dispersion with varying photon en-

bands, in accord with the weak spin-dependence of the Cu ergy, as expected for two-dimensional states. With the for-

3d emission in the photoemission spectra of Fig. 3. mation of the third monolayer the Cu 3d bands begin to

The experimental results presented above show that po- develop the spectral features of three-dimensional Cu. Only
larized electronic states related to the long range exchange with the fourth monolayer the binding energy of most Cu 3d

coupling in multilayer systems, either of s or d character, can states becomes close to that of the bulk, although the (rela-

be directly investigated by spectroscopic methods. Further tive) spectral intensities still differ in some cases consider-

photoemission studies are now in progress in order to assess ably from the bulk case.

the connection between spectroscopically accessible conduc- In order to test the importance of the spin dependent

tion band properties (such as the Fermi surface and its modi- hybridization with the magnetic substrate in determining the

fication in ultrathin layers) and the magnetic coupling phe- evolution of the Cu 3d bands, we have measured the mono-

nomena. We present in the next section new results for the layer spectrum also with spin resolution. The results, shown

low coverage limit (i.e., noble metal films 1-2 monolayers in Fig. 5, indicate that the exchange splitting of those 3d

thick), where the hybridization with the magnetic interface is states is smaller than 0.1 eV. We also show in Fig. 5 the

the determining factor. spin-polarized spectrum corresponding to the f point for an
Ag monolayer on Fe(100). Similarly to the case of Cu, the
data suggest that these Ag 4d states, between 4 and 7 eV

B. Cu on Co(i00) and Ag on Fe(lO0): Approaching binding energy, exhibit only a very small exchange splitting,

of less than 0.1 eV. Although other point in k space might
Deviations from a simple quantum-well behavior, based present a larger splitting, calculations on noble metal mono-

on the quantization of bulklike states, or from the RKKY layers and interfaces coupled with magnetic materials 4' 17

scheme are expected to become evident for small thicknesses show that it should not exceed a few tenths of an eV. For this
of the nonmagnetic film. Approaching the monolayer limit, reason, we believe that the development of the 3d spectral
the electronic structure can be strongly modified by the in- features described above reflects primarily a transition from
teraction with the substrate as well as by the reduced atomic quasi-two-dimensional bands to a bulklike electronic struc-
coordination. This is manifested for example in the photo- ture.
emission spectra of the relatively highly localized Cu 3d The convergence to a bulklike band structure can be ex-
states up to about 4 ML. pected to occur at even larger thicknesses for the extended

The spectra in Fig. 4 display the developments of the Cu sp-conduction states. Indeed, as mentioned already in the
3d states with increasing coverage, for initial states with previous section, below about 5 ML the experimental bind-
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FIG. 6. Angie-resolved spectra of 2 Cu monolayers on Col l(X)). probing the
dispersion along the ['-A direction. The spectra arc measured at 23 eV for , . .
various emission angles. The noble metal induced features are indicated by
gray shadowed areas, I -OS 0 0.5 1

K (1/A)
ing energies of the sp states differ systematically from those
expected for qnantized 6ulklike states, in Cu on Co(100)' 7  

FIG. M. Experimentally determined band dispersion as a function of the

and in other noble metal films.6 The discrepancy can origi- parallel wave vector for 2 Cu monolayers on Co (M(X)) (upper panel) and I
nate from two effects: (i) in the monolayer regime the bands Ag monolayer on FR(ON)) (lower panel). The dispersion is measured along

are altered by the reduced atomic coordination and lowered the I'-X symmetry direction. The solid lines indicate free electron-like dis-
pcrsion corresponding to an electron effective mass of 2,7 (upper panel) and

symmetry, as seen above for the d states, (ii) the hybridiza- 2 (lower panel).

tion with the substrate states further modifies the overlayer
states in a way that depends on the spin, wave vector and
symmetry of the band. We examine here how the sp-derived states form at low coverages t%,o-dimensional magnetic

bands, which eventually develop the simple behavior of
quantum-well states in thicker films. We have studied the
system Cu on Co (100) as well as an Ag monolayer on Fe

Ag/Fe(100) (100).
hv 52 eV The spectra in Figs. 6 and 7 show the band dispersion for

an Ag monolayer on Fe(l(0), and for two Cu monolayer on
Co(100) along the P'-X symmetry direction. The gray shad-

C owed areas indicate the noble metal-induced features which
140
120 appear superimposed to the 3d emission of the substrate. In

(. 100 both cases the features we have followed correspond to the
860 first and most intense spectral structure induced by the over-
6' 4- layer, apart from the strong d-emission at higher binding"- C energy. For Cu on Co the peak at 1.6 eV is prominent in the

"- .oo 23-30 eV photon energy spectra but hardly discernible at.. .o lower photon energy. The s-related character of these states

S-2° is indicated by tight binding calculations. 8'. 2 In both cases
. I I 4 spin-resolved photoemission reveals that these structures

have predominantly spin-down character.s't' t 2 These states
2 1 F are thus well suited for studying the preasymptotic limit as

Binding En,,)rgy (eV) they can be looked upon as the precursor of spin-polarized
quantum-well states. We do not detect a dispersion of theseFIG. 7. Angle-resolved spe~ctra of an Ag monolayers on Fe(1O0), probing features upon changing the photon energy, consistently with

the dispersion along the r-X direction. Tlhc spectra are measured at 52 eV

for various emission angles. The nuie metal induced features are indicated a two-dimensional character. By varying the emission angle
by gray shadowed areas, we can determine the dispersion of these bands as a function
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Recent progress in the theory of interlayer exchange coupling (invited)
P. Brunoa)
Institut d'lectronique Fondamentale, CNRS URA, 22 Bcit. 220, Univr'n('; 'arts-Sud,
F-91405 OrsayI France

Recent progress in the theory of interlayer exchange coupling is presented. 1'he interlayer coupling
is described in terms of quantum interferences in the spacer layer, due to reflections of Bloch waves
on the spacer boundaries. This approach is used to discuss (i) the coupling variation with respect to
ferromagnetic layers thickness, and (ii) the coupling across a nonmetallic spacer layer.

I. INTRODUCTION calculations can be performed analytically, thus providing a
physically transparent illustration of the various aspects of

In the past few yeari, the intense research activity on the problem. The model is sketched in Fig. 1: the zero of
interlayer exchailge coupling, both experimental and theo- energy is taken at the bottom of the majority b, nd of the
retical, has been essentially focussed on the oscillations (f ferromagnetic layers; the potential of the minor,,y band is
the interlayer coupling with respect to spacer thickness, in given by the exchange splitting A, while the spacer, of thick-
systems with metallic spacer layers.1 2 Recently, the interest ness D, has a potential equal to U, The ferromagnetic layers,
in this field has been reisewed by (i) the theoretical FA and F1,, have a thickness L (L = o stands for semiinfinite
prediction 3A and experimental confirmations'" of oscillations magnetic layers), and their magnetizations are at an angle 0
of the coupling with respect to ferromagnetic layers thick- with respect to each other. According to the position of the
ness, and (ii) the discover', of interlayer exchange coupling Fermi level, this model describes the case of a metallic
across nonmetallic spacer layers,7 which, furthermore, may spacer (for ep..> U), or of an insulatinb, spacer (for cl. < U).
be thermally induced8 or pholtoinduced.5 ' 1(

In this article, I address the above mentioned new as-
pects of the problem of interlayer exchange coupling. This II. QUANTUM INTERFERENCES AND INTERLAYER
study relies on a formalism developed previously," in which EXCHANGE COUPUNG

the interlayer coupling is described in terms of quantum in- In this section, I shall present a heuristic presentation of
terferences in the spacer, due to reflections of Bloch waves the interlayer coupling in terms of quantum interferences in
on the spacer boundaries. This approach, which has been the spacer layer. the emphasis will be on physical transpar-
rederived subsequently by Stiles,' 2 has the virtue of being ency rather than on mathematical strictness.
physically transparent, and also pro-ides a suitable starting Inside the paramagnetic layer, a conduction electron ex-
point for quantitative calculations, either for models, or for periences essentially the same potential as in the bulk mate-
realistic systems. A heuristic presentation of this approach is rial; deviations from the bulk potential are confined to the
given in Sec. II. interface regions, and, of course. to the regions occupied by

As pointed out in Ref. 4, it becomes almost obvious, in the ferromagnetic material. Thus, the electrons propagate
the light of the "quantum interferences" formulation, that through the spacer like in the bulk material: the effect of
one may eyiecl osillatiois of the coupling versus ferromag- potential deviations as they cicounter the interface with the
netic layers thickness, as a consequence of the interferences ferromagnetic material make themi being (partly) reflected
associated with the multiple internal reflections in a magnetic towards the paramagnet. Because of the spin polarization of
layer of finite thickness, in analogy with the reflection oscil- the ferromagnetic material, the potential deviation at the in.
lations in an optical P6rot-Fabry cavity. This problem is dis- terface is spin dependent, and so is the reflection coefficient.
cussed in detail in Sec. Ill.

In contrast to the important theoretical literature devoted
to interlayer coupling across metal spacer, the magnetic cou- ,, ......... I I
pling across insulators has attracted very little attention on
the theoretical point of view. A notable exception is SIon-
czewski's model of coupling, at T=0, through a tunneling
barrier:' 3 the coupling, in this case is non-oscillatory, and
decays exponentially with spacer thickness. In a recentpaper,14 I discussed this problem within the quantum inter- •,

ferences approach: at T= 0, one recovers the results of Sion- ,
czewski; on the other hand, the coupling is found to increase
with increasing temperature, in contrast to the metal spacer
case. This study is presented in Sec. IV.

In view of pedagogical clarit" the free-electron model k
will be used in Secs. III and IV. For this simple case, the

FIG. 1. Skctch of the free-clectron model; the dashed line indicates the
position of the Fermi level, (a) for the metallic spacer case, (11) tor the

')E-mail: bruno@ief-paris-sud.fr insulating spacer Lase.
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Since the in-plane translational invariance is maintained, t A(

the in-plane component ký of the wave vector is a good quan- &A:(, f) - InJ dkl12iD d ( ' ' )c t 2J, 1)' (8)
turn number. i.e., it is conserved under reflection. For an
incident electron of wave vector k'=(kýi,k, ). the reflected for the antiterromngnetic configuration.

wave vector is k' =(k,,,- k, ) and the corresponding complex The interlayer exchange coupling per Linit area (at 7= 0)

reflection coefficient for spin parallel (antiparallel) to the may be exprcssed as

magnetizatic~i in the ferromagnet is r"'): the module of the f;-
reflection coefficient gives the amplitude of the reflected K1.- E,11. J•l/,-An1 ..( C) - An,l..(E)] e (9)

wave, while its argument 0 gives the phase shift due to the
reflection. We also define integrating by parts. we get for the interlayer exchange cou-

r' + r a r pling (for large I))

2 a .rr i-- ,ll f and fA(1,)-.
respectively, the spin-average and spin-asymmetry of the re-

flection coefficients. - , I
In the paramagnetic spacer, the electrons are reflected on

both interfaces (F'A and iF,1 ). so that interferences take place -' D k dI)
due to the multiple reflections, Let us consider aI wave of Im 4fAArtfe' (0)

vector k=(ýI,k, ), with k i >10; the phase change of the wave
function after a round trip in the spacer (one reflection on A.. ,s appears clearly from Eq. (10), the coupling depends

and one reflection on 1`s) is on (i) the wave vectors k, in the spacer layer. and (i0) the
spin-asyrnmetries ir,% and Ar,, of reflection coefficients at

OAI = 2k, 1) + OA + (fi l (2) the paramagnetic-ferromagnetic interfaces. the former deter-

if the interferences are constructive (respectively. destruc- mine the oscillation periods of the coupling, while the latter

tive). i.e., if determine its strength.
So far I have implicitely considered that the incident and

'44AN 2n 7r reflected way.:, ,,,t usual propagative Bloch waves (with k,

= 2n + I )7r (respectively), (3) real). these vre the states which are allowed in bulk materi-
als. llowevea, in a slab of finite thickness, evanescent states

with it integer, the density of states is enhanced (respectively. twith Im(k, ) nonvanishing] are also present and contribute

lowered) in the spacer layer. Taking these interferences into to the density of states. Thus, evanescent states contribute to
account, the wave function in the spacer may le written as the coupling in Eq. ( 10) on an equal footing; in particular,

S I + I,. (4)lI Athey are found in gaps of the bulk band structure, The r6le
r)e¶ •e'•I Irr ' o , ,4 played by these states will be discussed in Sec. IV.

where higher order interference term-, have been neglected. An exact derivation, using Green's functions formalism,

The corresponding contribution to the (kql projected) density yields, for the interlayer coupling energy per unit area,tt

of states is Ei( 0)=.I ( +.11 cos 0 + , cos2 # + ... (11)

n e dk,• i,d2. (5) with the lleisenberg coupling constant

d iI = - I- I h II ( 2 ý l d f J'(a)

where the integral gives the contribution of one state (NkI.k t ) 4 7r- f
and the prefactor dk Ide gives the number of states in an

energy interval [e,e+ 5e]. × .. ..__2_2__ (12)
Here. we are interested essentially in the part of n(kf,e) '- -" (-2")IT' + ( r" - r-e 'T

which is associated with the interferences, i.e., where f(e) is the Fernmi-Dirac distribution, and where the

dk indicesA and B have been dropped, since r1(1)= lr(H.
An(k 1, e)-- 21) -e IrArq cos( 2k, D + ObA + Oil,)

DD - rArne i (6) Ill. VARIATION OF THE COUPLING WITH RESPECT TO

dc MAGNETIC LAYERS THICKNESS

The total change of in the density of states per unit area is I consider here the case of ferromagnetic layers of finite
obtained by summing over in-plane wave vectors and over thickness L. For simplicity, I shall restrict myself to the case

the spin, yielding of a metallic spacer; more precisely, I take U=O; thus, the

S dk,1) 7 magnetic layer is iransparent for electrons of spin parallel to

6nF()-,Im, dk-2iD - ,A(r' ,+ I ). (7) the majority spins, i.e., r1= 0 and --- 6r=rt /2.
" Al)AIn the case of a layer of finite thickness, like in PKrot-

for the ferromagnetic configuration, and similarly, Fabry cavity, all the waves associated with the multiple re-
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flections inside the magnei, laycr contribute to the net re- 5.0

flection coefficient. Tihe summati,:n is easily carried out, and
one gets spacer layer chicknes

1 -exp[2ik.•L 2.5 (a) 2.) A
r r [ I ,LI (13) /\ /.

l-r,• exp[2ikL]

where ki is the minority-spin wave-vector in the magnetic
layer, and r. the reflection coefficient for a semi-infinite /"

magnetic layer. Clearly, the variation of rl with respect to L ic) 4.1 A
is oscillatory or exponential, according to the nature- -2.5
propagative or evatnescent---of the state of wave vector ki.
The interlayer coipling i, 3overned essentially by the states
lying at the Fermi ievel. Thus, if k4J. is real, one can expect -i.0
oscillations of the interlayer coupling vs. magnetic lay..rs 0.0 50 10.0 15.0 20.0

thickness to show up, The oscillations are due to the quian- ferromagnefic layers thickness (A)
turn interferences inside the magnetic layers: when the inter- 5.0
ferences are cons:ructive (respectively, destructive), the cou-
pling strength ;s enhanced (tespcctively, reduced). Below, I 'cmi-infinite fei...agnctic ldyers
consider only the former casc, i.e., kj: real. S2.5

In the limit where both L and D are large, the expression k .

of the coupling (at T= 0) reduces to4

Imli A2k•. [r•2 e0(1 Il - ,/ ,. .......

Jt=4---• -- m 2m ( 2 (c)

X 1 - 2 ( 1 2 .'- 1 keF Lj2 2 (1 4 ) -2.5

Clearly, the interlayer exchanSe coupling oscillates versus L, 5
with a period equal to *r/k)... The amplitude of these oscilla- 0.0 5.0 0.0 5.0 2(0.0

tions decays essenticlly as L -2. To illustrate this behavior, I spacer thickness (A)
have performed numerical calculations for the free-electron
model with e = 7.0 eV, U = 0, i:ad A= 1.5 eV; these calcu- F16. 2. Interlayer exchange coupling constant J , calculated as a function
lations use the exact expression (12), not the asymptotic one of the spacer thickness D, for semi-infinite ferromagnetic layers (lower
(14). The ,esults are displayed in Fig. 2: the coupling varia- panel), and as a function of the ferromagnetic layers thickness L, for various

tion versus magnetic layer thickness L, for several value of values of the spacer thickness D (upper panel).

the spacer thickness D. The oscillatory behavior of period
ir/k., and the L 2 decay appear clearly. A striking feature is from numerical calculations for the free-electron model. The
that, in contrast to the oscillations of J vs D, the oscillations explanation of this behavior on the basis of the quantum
are not necessarily around zero: instead, J I may oscillate interferences picture has been given in Ref. 4; in this article,
around a positive, or a negative value, depending on the I also estimated the oscillation period versus Co thickness in
choice of the spacer thickness D, This point is also obvious Co/Cu/Co((X)I) to be about 3.5 atomic layers (ALs).
from Eq. (15). The predictions of Ref. 4 have been confirmed recently

On the other hand, for large D and small L, one has by Bloemen et al.,-' who succeeded in observing oscillations

1 h 2*2 - 2 2. of the coupling versus Co thickness in Co/Cu/Co(001); the
ii 7""" 2m Im(-2k e L,. (15) observed period is about 3.5 ALs, in very good agreement

with the predicted one. Further confirmation has been given
The fact that the coup'irig varies like L2 at low magnetic by Okuno and lnnomata,6 who observed oscillations of inter-
layers thickness is obvious from the analogy with optics: the layer coupling versus Fe thickness in Fe/Cr(001) multilayers.
reflection coefficient foi a thii layer is proportional to its
thickness. IV. METALLIC VERSUS INSULATING SPACER

Until recently, it was genern.1y believed that the coupling
is essentially independent 4f the magnetic layers thickness. In this section, I discuss the coupling behavior, in par-
This point has been studied experimentally in the case of ticular its spacer thickness and temperature dependence, for a
Co/Cu/Co(001) by Qiu et al.,15 who found no dependence of nonmetallic spacer (EF.< U), in comparison with the case of
the coupling versus Co thickness; however, only three differ- a metallic spacer (EF> U). For simplicity, I take 1, = -.
ent Co thicknesses have been used in this study. On the thez,- Because of the abrupt variation of the Fermi-Dirac dis-
retical point of view, oscillatio:i of the coupling versus mag- tribution at the Fermi energy, the interlayer coupling is de-
netic layers thickness have been first reported by Barnag3  termined by the neighborhood of the Fermi level. Thus, the
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nature of the states present at the Fermi level controls the 0o
physical behavior of the coupling. In the case of a metallic
s;pacer, one has propagative states at Fermi energy. and this 80

leads to the oscillatory character of coupling vs. spacer thick- F-
ness. For an insulating spacer, on the other hand, the states
with Fermi energy are evanescent waves, so that we expect a
monotonic exponential decay of the interlayer coupling with " , Iio
spacer thickness. - 4)

In the limit of large spacer thickness and low tempera- ,

ture, Eq. (12) becomes' 4  \ )
',, .((')

1  h -k ..2 r .... 21rkj D /nlh 2k,.. 00 4

,ff n, i Im(r s 1n h 2 irkTD tn h k ,
.20 t iI

00 0 5 0 10 0 I0 15 2 0 o 2 5. 0 A) 0
I) ( ..\)

w i t h (0 . (

k,..= [22m( Et- U)lh/ 2] /2, (17a),/

kt= i[2m(U -e.)/h2 ]", (17h) ,
S60)

respectively, for a metallic and an insulating spacer. /
Of course, the coupling behavior is completely different S 40 (A) -

in both cases. While it is oscillatory for a metal spacer, it ......
decreases exponentially with spacer thickness in the insulator 20

case. Another striking difference concerns the temperature (c)

dependence, which is given by the last factor in Eq. (16). For 00
a metal spacer, the coupling decreases with increasing
temperature. 2 On the other hand, when we consider the insu-
lating spacer case, where kt, is imaginary, the exchange cou- 0 IX) 2Wo 3W0 400 r,

pling increases with temperat-re for an insulating spacer, /' (I
because sinh(ix)/ixisin(x)/x is an increasing function.
Physically, this behavior may be understood easily: when the FIG. 3. Calculated interlayer exchange coupling across an insulating spacer;

temperature increases, the contribution of states below !he (upper panel) exchange coupling versus spacer thickness at T=0; (lower
panel) exchange coupling vs. temperature for various spacer thickness, cor-

Fermi level is lowered, at the expense of states above the responding to the solid Ixoints: (A) 15.0 A, (B) 20.0 A, and (C) 30.0 A.
Fermi level; since the penetration length of the latter is larger
than the one of the former, the exchange coupling is thereby
enhanced. V. CONCLUDING REMARKS

To illustrate the above results more quantitatively, we
have performed numerical calculations of the exchange cou- In this article, I have discussed various new aspects of
pling for the free electron model, with ep..= 10.0 eV, A= 1.5 the problem of interlayer exchange coupling, on the basis of
eV, and U- eF•= 0. 1 eV; the calculation uses the exact ex- the quantum interference approach, is which the coupling is
pression (12), not the asymptotic result (16). The results are expressed in terms of reflection coefficients at the boundaries
displayed on Fig. 3. With the above choice of parameters, the of the spacer layer.
coupling at large spacer thicknesses is antiferromagnetic This approach provides a physically transparent descrip-
(Jt>0). One ,early observes the strong temperature in- tion of the phenomenon of interlayer exchange coupling.
crease of the coupling; as expected from Eq. (16), the rela- When applied to simple models, such as the free-electron
tive thermal variation increases with increasing thickness, model, the calculations can be performed almost completely

One should be careful when comparing the results with analytically.
experimental obseivations of coupling across no-metallic I have shown that the interlayer coupling me be expected
spacers: indeed, the latter concern materials that are disor- to exhibit oscillations versus ferromagnetic layers thickness,
dered or even amorphous, whereas the theory presented here a prediction which has been confirmed recently by experi-
pertains to ordered systems; the importance of disorder for ments. For the case of an insulating spacer, the expression of
the thermally induced coupling remains to be clarified. Nev- the coupling is formally similar to the metallic spacer case;
ertheless, the finding of a positive temperature coefficient for however, the evanescent character of the states with Fermi
the exchange coupling through an insulating spacer provides energy leads to a completely different physical behavior: in
a plausible explanation for the experimental observations of contrast to the metal spacer case, the coupling has a mono-
thermally induced exchange coupling.8 Note that the latter tonic exponential decay with respect to spacer thickness, and
result is not restricted to the free-electron case, and may be increases with temperature. This result provides a plausible
shown to hold for any insulating spacer material, explanation for recent experimental observations.
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Exchange anisotropy In films, and the problem of inverted hysteresis loops
Amikam Aharonia)
Depo.•rtment of Ehlctronics.,, Weizmann Institute" of Science, 76100 Rehovoth, lsrael

The inverted hysteresis loop is claimed to be possible, in an exchange-coupled bilaycr, when a
magnetically soft material is affected by the demagnetizing field of the hard material. These
demagnetizing fields are caused by the charge on the surfaces. neglected in all the theories that
assume a strictly one-dimensional structure, in an infinite material. For these one-dimensional
models, an analytic solution is presented, which reduces the computation from a numerical
integration of a set of differential equations to the solution of an algebraic, transcendental equation
(which contains elliptic functions) for fitting only the boundary conditions. It may then be feasible
to introduce at least an approximation for the demagnetizing effect of the surfaces in a finite sample.

I. INTRODUCTION II. SIMPLE THEORY

Inverted hysteresis loops have been observed' 2 in some The earliest theory3 of exchange coupling in a geometry
exchange-coupled multilayers. In the decreasing part of such of an infinite slab used an oversimplified picture of the CoO
loops the magnetization becomes negative when the applied layer as being infinitely hard, so that the direction of its
field is still positive, while in the increasing part the magne- magnetization could not be changed by any applied field.
tization becomes positive when the applied field is still nega- The softer, cobalt, layer was assumed to be sandwiched be-
tive (see Fig. 2). No -xplanation is known for this unusual tween such CoO layers, and the coupling to these layers gave
phenomenon. The attemptl' 2 to relate it only to the exchange the boundary conditions for the energy minimization. For
coupling at the interface failed, in the sense that the theory this model the differential equation could be solved analyti-
did not produce anything similar to the observed loops. cally, and the reduced magnetization in the field direction

Unlike the exchange coupling, which acts on the bound- was shown3 to be
ary layer only, magnetostatic interaction between the layers
acts on the whole volume of the film, and is thus more ef- j = (M1 )/M,,= I + 2E(k)/K(k), (1)
fective and more likely to produce inverted loops. However, where K and E are the complete elliptic integrals of the first
the magnetostatic interaction is complicated and difficult to
take into account, and is just neglected in most theoretical and secd kind r iely,
studies. To illustrate the complexity, two cases of such the reduced applied field,
exchange-coupled layers are shown schematically in Fig. 1. h = Il/(2 7rM,), (2)

In case (a) the magnetic field is in the film plane, and the
magnetization of the hard component, A, is pointing to the by
right. A simple-minded calculation assumes an infinite film,
with no demagnetizing effect. However, these films do end - ,TSlh=[K(k)]', S=aM,/.,.A. (3)

somewhere and there is a charge on that surface. This charge Here A = C/2 is the exchange constant, and a is the Co film
(shown schematically as the pluses) creates a field (shown thickness.
schematically by the two field lines), which points to the left Two changes are made in this theory for using it here.
when the applied field is to the right. The field acting on the 1) In a sufficiently large field the CoO layer reverses its
soft material, B, is the difference between these fields, and
can be negative in a positive applied field.

In case (b) the applied field, and the magnetization in the
film, are pointing upwards. There should be no demagnetiz- +
ing effects besides the overall demagnetization, which is A . +
easy to take into account. However, if the films are not con- +

tinuous, and one material "penetrates" through the other 3
one, a surface charge can be created, as seen in Fig. 1, and
the effect is the same as in case (a). B B

These effects are not easy to estimate, because they de-
pend on the fine details of the layer structure; but they are
not negligible, because the magnetostatic self-energy is usu-_1
ally very large. A rather crude theory will be given in Sec. II, A 4 A
which demonstrates the main physics of the present sugges- +

tion for the origin of the inverted hysteresis loop. A method
for advancing to a more realistic approximation will be pro- (a) (b)

posed in Sec. 1II.
FIG. 1. Schematic representation of a soft magnetic layer, "B" being de-
magnetized by the lield due to the surface chargt, on a hard layer, "A"

"alE-mail: a.aharoni(wiece.org magnetized parallel (a), or perpendicular (hW to the layer plane.
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FIG. 2. An inverted hysteresis loop computed from Eqs, (1) and (4), with FIG. 3. As in Fig. 2, only with irS~h,,= 10. 5. Note that the scales are
1TS'hL = 12.5. different,

magnetization into the field direction. Effectively, boundary second law of thermodynamics. Actually, the energy gain in
conditions no longer require the surface magnetization to be small fields is more than balanced by the energy loss in
always parallel to +z. At a large negative field it becomes higher fields, as is the case for an electronic circuit with a
parallel to -z. negative resistance in part of the V-1 cycle.

(2) A demagnetization is added by replacing Eq. (3) by

-4rS2(h -hD) = [K(k)]2, (4) 111. ONE-DIMENSIONAL THEORY

Of course, these assumptions are oversimplified, because The crude approximations of Sec. 11 do not allow for a
the CoO is not magnetized abruptly, and the demagnetization magnetization distribution in the hard magnetic component,
is not a constant, hD - However, this simple model contains take the demagnetizing field as a constant, and do not take
all the physics of the assumed mechanism, and it can pro- into account the demagnetizing of the hard by the soft corn-
duce the experimental curves. A typical hysteresis curve, portent. These approximations can be much improved by acomputed from Eqs. (1) and (4) and plotted in Fig. 2, con- slight modification of the theory which was used 4 for bilay-

tains all the features of, and is qualitatioectvely ry similar to, ers of NiFe-TbCo, but which is qualitatively the same for
the observedi'2 inverted hysteresis loopsu any other pair of materials. It should be particularly noted

The plot in Fig. 2 is sensitive to the value used for ho. that this theory contains as particular cases all the other one-
For a smaller value the increasing and decreasing part of the dimensional models which were developed separately, e.g.,

hysteresis 2curve cross, approaching the shape of the curves when each film is taken as a "single domain," withouts orcomputed2 with no demagnetization. An example is pad~ted withb a transition wall between them.

in Fig. 3. This result is not inconsistent with the experimental This theory4 considers a soft layer whose magnetization
observationf 2 thatthee loops are not always inverted. It must is at an angle 01(z) to the axis of induced anisotropy, taken

mean that the geometrical details of the demagnetization are as the x axis, in the region -thezhr ; and a hard layer
importanta whose magnetization is at an angle o2(Z) to x, in the region

It should be emphasized that the curve in Fig. 2 is not a 0 c-cZ<t2. For the soft and the hard films, the saturation mag-
true the experIm e decreasing-field part in Fig. 2 is netization is Me, the uniaxial anibermuch ent is Kj, and
stoppued fromeEs.( at, say, a pSn h = -F7, the magnetization the exchange constant is A , with j = 1, 2, respectively. It is

will climb back on the same branch, and not on the increas- only assumed here that the soft film interacts with a field
ing part. Changing betwdc n the two branches occurs only in HAe- H p, and the hard film with HA - Hp2, instead of just
a highly positive or highly negative field, where energy has with the applied field, HAs. Here HDt should eventually be
to be spent on reversing the hard component. Presumably, taken as proportional to the average of cos 02, and Hr 2 as
the same is also true for the observed inverted loops, al- proportional to the average of cos 01, which should be a
though this point is not specified in the publishedlp2 accounts reasonably good approximation to many real physical situa-

Otherwise, the negative resistance of the minor loop could be tions. This part will be published elsewhere. The following
used to create a perpetual motion machine, thus vdolating the notations are used for short:
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h,=(HA-HDl)Mi/KI, h2 =(1lA-HD2)M2/K2, 1 -Q+h 2/2
q2 =K 2 sin 2(20b)/(4A 2K2), Ob= 0 2(t2), (5) co- 2 (1 + s(U2k,)

0°=61(-t1), Q= Vq2+(h 2 /2+cas Ob) 2' 2(h 1+2 cos 0o)

where Kb is4 the surface anisotropy. = (1 o 0)(1+h cos 0o)' (8c)
Smith and Cain4 solved numerically the two second-

order differential equations which minimize the energy. 4Q
However, it is known7 8 and has been pointed out9 again, that k= (1 +Q)2_ (h2l 2)2, (8d)

all the equations of one-dimensional micromagnetics can be
integrated at least once, if not twice. After the first integra- t1 K1

tion, these equations become u 2=-2 _ x/(1-cos 0°)(1+ht4cos ) (Be)

(AI/IK)(dOI/dz)2=hI[cos(00-OH)-COs(01-OH)) z-t 2  t2 K2W Q

+sin 2 01-sin 2 0o, (6a) = u2 , u2=2- , (Tf)

(A 2 /K2)(d0 2 /dz)2 =h2[cos( Ob-On)-cos(0 2 -On)] sn2(U0'k 2)=,E 0a+h2 /2 1-cos 0q 2

+q 2+sin2 02 -sin 2 0h. (6b) (8g)

Here 0n is the angle between the applied field and the x axis. where sn is the Jacobian elliptic function, and where the
It can be checked that Eqs. (6) are indeed first integrals of the integration constants have already been chosen so that 01 = 00
second-order equations4 and that they fulfill two of the on z = -t i, and 02= 0Ob on z= t2 . It can be checked by dif-
boundary conditions, which zequire the z derivatives of 01 ferentiation that Eqs. (8) solve the differential Eqs. (6).
and of 02 to vanish on z = - t1 and z = t2, respectively. It Therefore Eqs. (8) are a legitimate solution, provided the
should be noted, though, that 00 and 0b are known at this parameters are such that
stage only as the boundary values of 0t and 02. They still O<k'< 1 and O<k'<1. (9)
need to be evaluated.

One of the remaining boundary conditions is that the If either k, or k2 is not in this region, standard transforma-
derivative is continuous, tions to other elliptic functions may be used.

d01 /dz=d 0 2/dz, on z0. (7a) The problem has thus been reduced to finding 0o and 0b
that will fulfill the boundary conditions of Eqs. (7).

The other one was taken4 as a certain discontinuity of the Once this problem is solved, the average magnetization
angle at z=O, thus introducing unnecessarily another, un- in each region,
known parameter, Ki. It is better to take the limit Kj-•co, 1 ro
because the exchange is the largest force over short dis- (cos 01)= - I cos 01 dz, (10a)
tances. Other micromagnetics studies do not allow a discon- itI -
tinuity because the exchange is so strong, and having an 1 Ct2
exchange coupling between two different materials cannot (cos 02) =- o cos 02 dz, (10b)
change this argument. In the studies of nucleation at crystal- t2 0

line imperfections, with an abrupt'° or a gradual" or a is a standard elliptic integral of the third kind. The reduced
periodic' 2 change in the anisotropy, and in the study13 of total magnetiztion is then

domain wall pinning, or wall motion 14 in a material with a

variable exchange, the angle was assumed to be continuous. Mltl(cos 0l+ M2t2(cos 02)
There is no reason to assume anything else here, and the Mt+Mt (11)
second boundary condition is that the angle is also continu-
ous, 1 C. Gao and M, J, O'Shea, J, Magn. Magn. Mater. 127, 181 (1993).2 M. j. O'Shea and A.-L. AI-Sharif, J. Appl. Phys. 75, 6673 (1994).

0i= 01(0) = 02(0). (7b) 3A. Aharoni, E. H. Frei, and S. Shtrikman, J. Appl. Phys. 30, 1956 (1959).
4N. Smith and W. C. Cain. 1. Appl. Phys. 69, 2471 (1991).

Analytic integration of these equations is possible in 5 K. 0. Lgg, W. D. Doyle, and M. Prutton, Phys. Status Solidi A 12, 499
many cases, but there are different types of functions de- (1972).

pending on the values of the physical parameters involved. 'D. Mergel, J. Appl. Phys. 74, 4072 (1993).
The following solution is only an example, for the particular 7A. Aharoni, Phys. Rev. 123, 732 (1961).

oA. Aharoni, CRC Crii. Rev. Solid State Sci. 2, 121 (1971).
case of an in-plane field, OH= 0 9 A. Aharoni, Phys. Rev. B 47, 8296 (1993).

- o -c s C S 9A. Aharoni, Phys. Rev. 119, 127 (1960).

I- COS 0O= (8a) " C. Abraham and A. Aharoni, Phys. Rev. 1120, 1576 (1960)1-- OS 1= k•l (ýZt_ l ",(a A. Aharoni, J. Appi. Phys. 32. 245S (1961).
(3 H. R. Hilzinger, Appl. Phys. 12, 253 (1977).

S4 1 )sn 4 E. Della Torre and C. M. Perlov, J. Appl. Phys. 69, 4596 (1991).
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Ruderman-KitteI-Kasuya-Yosida polarizations in inhomogeneous media
W. Baltensperger and J. S. Helman
Centro Brasileiro de Pesquisas Fisicas (CBPF), Rua Dr Xavier Sigaud 150,
Rio de Janeiro, RJ 22290, Brazil

An analytical treatment of the Ruderman-Kittel-Kasuya-Yosida polarization in inhomogeneous
media is possible for some simple models. This is exemplified with the half-spaces and slabs in one
and three dimensions, and with an especially chosen potential barrier in one dimension.

I. INTRODUCTION y 2,ni (r

Experiments with films and with layered structures re-

quire information on the Ruderman-Kittel-Kasuya-Yosida For the half-line the calculation5 gives
(RKKY) polarization in inhomogeneous situations. This
work deals with especially simple situations for which a cal- P 1,(X) =- R I (Jx - a I) + R I (x + a)
culation can be made analytically, The aim is to get familiar - 2R Ix - a 1/2 + (x + a)12]. (5)
with effects that appear in idealized situations rather than to
study a model that incorporates many features of actual ex- The first term is the polarization in a homogeneous medium
perimental conditions. due to a point field at position a, and the second is the same

As in the classical papers on RKKY polarization' we expression centered around the mirror point -a. At the sur-
shall assume the electron gas to be ideal and fully degener- face, x = 0, the two terms have the same value. In this sense
ate. At a position a the electron spins are subject to a point the second term is not a reflected wave. It is the third term,
field leading to a perturbing Hamiltonian which depends on the average distance to the source and to

its mirror point, which compensates the first two terms at the

H'=2- y3(r- (1) surface. PII is shown in Fig. 1.
When the half-space has more than one dimension, a

The coupling constant y has the dimension energy volume, r complete set of one particle wave functions which vanish at

is the electron position, and o- the Pauli spin matrix for the the boundary x = 0 is

z direction. In the homogeneous case plain waves Pk,. k,K.s(x,R)--2 sin(kx)elK.RIs), (6)
= 1/,1elkrls), with s= ± 1 the spin quantum number, and

which belong to the energy e(k)=h 2k2/2m, form a complete where k>0, and R and K are orthogonal to the x direction.
set of unperturbed one particle states. It can be shown by an In two dimensions the authors were unable to perform the
extension of Yosida's argument 2 to inhomogeneous situa- integrations analytically. for a three-dimensional half-space
tions, Eq. (33), that the first-order perturbed wave functions the polarization Ph can again be expresseds in terms of the

usual RKKY function

S E(k' )- (k) - (2) yk.. 2mn sin(x)-x cos(x)f J' -ek R(X) = '---'. 4(7

lead to the correct spin polarization which has z direction:
1 fas

P(x) = (2i•-),k<k.dkk,,(x) ( T k..() (3)

kk. is the Fermi wave vector.

10i

II. THE SEMISPACE 0.5

Consider an ideal electron gas confined to the half-space 0.0
with coordinate x>0. This is obviously not a realistic model 0,.

for a surface of a true metal. However, it has the virtue that
again a simple set of one particle functions can be written -0.5
down. In the one-dimensional case they can be taken to be 2 2 4

1IV2 sin(kx)ls), The electron density and therefore the po- X
larization vanishes at the surface. Mathematically the whole
change is a sine function in place of an exponential. In the FIG. I. The spin poilarization I'l .(x) ill a half-line for a point field at a- 6.
unlimited one-dimensional :sp:rce the spin polarization is3 '4 Distances are in units of 1/(2k,) and I'l, is in units of y2m/(4 orh :).
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R//' 1o R

X 0 30 20 10

FIG 2. Polarization in half-space due to a point field at a= 4. lP0 (x,R)p is FIG. 4. The spinh polarization P1(X,R)p in a slab of width 1, = 32. a= 12.
shown, wherc the factor p_.. the distance to the point source. suppresses the Units arc as in Fig. 2.

-- divergence of P, at the source and emphasizes the oscillations. Distances
Sare in units of l/( 2 kF) and P1 , is in units of ykI.2m/(41r3h2 ).

shows PzP-, where p_. is the distance from thle source.
(p_+ p ) 2  nF =Int(rrkF/L)-=5 designates the band at the Ferrmi level.

,24

(8)

Here IV. POLARIZATION ACROSS A POTENTIAL WELL _
-- := (,l-T-a2R, (9) A potential also creates an inhomogeneity in anl electron
:m so that p_. is the distance to the source and p+ to its mirror gas. A square well leads to wave functions with somewhat l*

S point. The first two terms are spherical waves, while the third complicated coefficients which inhibit a further analytical
term depends 'in p++p_ and compensates the first two at the treatment. A numerical calculation has been performed by
surface. See Fig. 2. Jones and Hanna.6 Here we discuss a one-dimensional model

S~with a particular localized potential which lends itself to ana-
- lytic treatment.
-- The electrorns are subject to a localized potential of

S III. THFJ SLAB width X.
.. In the one-4 imensional case, i.e., for the finite line of V(x)= - V0 sech2(Xx) (10)

-- length L, a closed expression for the polarization .P11(x) has
been derived.5 The plot in Fig. 3 assumes an even number of Vo =2 \2 h2 /(2m l), (11)

S electrons N, so that the highest occupied level is designated where m is the mass 'if an electron. With Eq. (11) the poten-
S~ by nF•=N/ 2 . In thre'i dimensions, for the slab of width L, tial has the remarkable proper' ... f being refiectionless.7 Note -
S~ tIe polarization Pf(x,,R) can be written as a rapidly converg- that Eqs. (10) and (11) imply that the depth and width of the

0.0

m.ig series.5 Here, x, with 0<x<L, and R are coordinates of potential cannot be varied independently. This potential has
- a circular cylinder witha the source at x=a, R=t). Figure 4 been chosen for the simplicity of its wave functions and

S~spectrum. This consists of a continuous part

4 0.30

=•0,2 - 0,2

0.0 . 0.1

0.00

2-0, 4

0 1 20 30 0

x
FIG 2. Polarization in a finite dine oa" length L 32 due to a point field at i
as=8. n,wher5. Units are as in Fig. t. the precise position a determines
whether the positive polarization near ,h is compensated by a negative one FIG. 5. Spin polarization due to a point source at a = 8 in the presence of a

amostly to the right r to the left of a. potential, Eq. (231 with in I, near x=O. Units are as in Fig. I.
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- ik+ X tanh(kx) h2k2  z=jy-al, (14)
Obk,,(x)-- =e_ ; xls), E,ý=- -, (12)

k 2+ 2m T=tanh(Xx)tanh( \a), (15)

and one bound state S =tanh(Xx) - tanh(X a)I, (16)

Shh2 ((k2 +X 2 T)cos(kz)-kXS sin(kz)
qh.s(x) 'J2 sech(kx)Is), Eb= 2m (13) Ck= k0+x2 (17)

With the polarization becomes

2ni y {. 2+ •dk I1
P(xa)= -- T-'y -- J -k- {[(k 2 + X2T) 2 - (kXS) 2 ]sin(2kz)+ 2XSk(k-+ X2T)

Xcos(2kz)}+2X[ez(T_ 1 -S)+sech(Xx)sech(Xa)] fk. "k Ck _ 7r sech(Xx)

Xsech(Xa)e-z[T+ 1 +Xz(T- l-S)]}. (18)

This still contains an integration to be performed numerically 3,,,f dS",I, 2'"(a)I
2

(Fig. 5). P(xa)d~x= 4 V (,2
As a limiting case let both x and a be on the same side f4r

of the potential and far away from it, i.e., (20)
x,aý> X, or -x,-a->>. (19) where the integration extends over the Fermi surfaces Sp.,, of

all bands that are partially filled. The right-hand side can be
In this case T-- I and S=O. Thus P(x,a)-R1(ix-aI) of Eq. interpreted as counting the spin flips at the Fermi energy due
(4). Note that the terms that were neglected were exponen- to the point field. However the formula is derived using per-
tially small. This result conforms with the reflection free turbed wave functions and the unperturbed occupation of
property of the potential. In general P(a,a) = y2m/(4irh 2) stateo. The bound states contribute only indirectly, through
independent of a and X. the orthogonality to the continuous states. Apart from justi-

fying our method of calculation, Eq. (20) provides a shortcut
V. INTEGRATED POLARIZATION to obtain the integrated polarization.

The validity of the procedure used by Ruderman and
Kittel to derive the poh..rization induced by a point field was 'C. Kittel, Quanuiwn Theory of.Solids (Wiley, New York, 1963).

demonstrated by Yosida. This can be extended to situations 2Kei Yosida, Phys. Rev. 106, 893 (1957).
iC. Kittel, Solid State Pyvsics, edited by F Seitz, D. Turnbull, and H1.

in which the electron gas is subject to bcundary conditions Ehrenreich (Acadernic, New York. 1909). Vol. 22, p. 11.
and spin independent potentials. Let 0,,,(x), f(Kv) represent 4y. Yafet. Phys. Rev. B 36, 3948 (1987).

the orbital wave functions and energies of the continuous 'J. S, Hetman and W, Balienspergcr, Phys. Rev, B iin press).

part of the spectrum, where K is a continuous quantum num- 'Barbara A. Jones and C. B. Hlanna, Phys. Rev. LeI. 71, 4253 (1993).
7L. D. Landau and V. M. Lifshitz. Quantonr Mechanics, Nonr'lativisthc

ber while v labels the bands. Then it can be shown that the Theory, Course of Theoretical Physics Vol. 3 (Pergarnon, Oxford, 1977),

polarization satisfies pp. 73 and 81.
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Spin reversal in Co/Au(111)/Co trilayers
V. Grolier, J. Ferr6, M. Galtiera) and M. Mulloya)
Laboratoire de Physique des Solides, Bitt. 510, Universite Paris-Sud, 91405 Orsay Cedex, France

In Co/Au(1ll)/Co trilayers exhibiting oscillatory interlayer coupling, we show how the nature and
the strength of this interaction modify the magnetization reversal. In the case of antiferromagnetic
(AF) coupling the magnetic domain patterns observed by Faraday microscopy differ drastically
according to the amplitude of the coupling. This effect can be understood on the basis of the
fluctuations of the effective field acting on a layer produced by the roughness of the Au interlayer.
Among the ferromagnetically (F) coupled layers slighter differences are visible that can be
accounted by changes of the anisotropy energy.

INTRODUCTION For the other interlayer thicknesses, only one steep reversal

Widely observed in systems with planar anisotropy, the is visible, occurring at a smaller coercive field for the thin-
nest interlayers (tA,= 2 AL and 3 AL).

oscillatory interlayer coupling has been detected in few sys- In the case of AF coupling, the two coercive fields are
, tems with perpendicular anisotropy.c' 2 Among them Co/ different enough to enable the observation of the domains in
Au(lla)/Co is particularly attractive in view to study the each Co layer separately. For strong AF interaction, the time
magnetization reversal and the corresponding domain pat- evolution of the domain structures after premagnet zing the
terns, because much of the work has been devoted to simple sample in a large negative field are shown Fig. 2. The first

S Au/Co/Au sandwiches.3 '4 The purpuse of this article is to layer exhibits a dendritic growth of domains starting from a

show how the spin reversal near the coercive field(s) is af- few nucleati centers. th situa tion front
fectd b theintrlaer cuplng nd is ocilator naure few nucleation centers. The situation is completely different

fected by the interlayer coupling and its oscillatoryature in thý sucond layer: a great amount of small domains are
and to understand this behavior in light of what is already nuclea.ted and very limited propagation of their walls is vis-
known about An/Co!An monolayers. ible afterwards.

For small AF coupling (taU= 9 AL), if the reversals occur

SAMPLES AND EXPERIMENTAL TECHNIQUES at different fields, the corresponding evolutions of the do-
main patterns (Fig. 3) are identical: a domain wall is moving

The samples are Co/Au(111)/Co trilayers grown by ther- across the sample with a reduced deformation of its shape by
mal evaporation in ultrahigh vacuum on a polycrystalline fcc pinning centers.
Au(111' buffer. Details about the growth conditions and the Among the F coupled samples the less strongly coupled
structural properties of the samples are reported elsewhere.' ones (tAW=4 , 6, 8 AL) form an homogeneous group with the

The Au interlayer has a stepped-wedge shape, with eight same coercive field and identical domain patterns. The
diferent thicknesses, from 2 to 9 atomic layers (AL). The strongly F coupled films (tA,= 2 , 3 AL) behave differently,
two Co films have the same thickness---.0. nm-and com- which appear clearly on magnetic after-effect curves. For
parable roughness (1 AL) in this range of An interlayer thick- these samples, one has to notice that beside the regular
ness, as was shown by AFvI and RHEED experiments. RKKY coupling a direct exchange interaction exists. Figure
Therefore, for the thinnest samples (t(,,,-3 AL), we can ex- 4 illustrates the influence of the strength of the F coupling on
pect that in the absence of coupling the top and the bottom relaxation curves obtained for ta,= 2 and 4 AL. Both the bias
layers have almost the same intrinsic coercive field and ex- fields and the shape of the relaxation are different: for ta=4
hibit similar domain patterns during the reversal of magneti- AL we get a typical reversal dominated by domain wall
zation. propagation, whereas for tAn= 2 AL, the nucleation process

All the samples have perpendicular anisotropy and their plays a more important role and the needed applied fields are
magnetization was deduced from sensitive Faraday ellipticity smaller.
measurements. At a more microscopic scale a Faraday mi-
croscope with an objective of high numerical aperture (0.85) INTERPRETATION
was used to observe domain patterns.

Bruno and Chappert,4 first have pointed out in this sys-
tem the importance of the inhomogencities in the determina-

RESULTS tion of the coercivity via domain wall movement. In the case
of coupled films, the effective field acting on each layer isThe hysteresis loops (Fig. I) measured in perpendicular

field confirm the oscillatory nature of the interlayer coupling: H&f= Hippl + Hilt,

for ta&=5 AL and 9 AL we observe two successive jumps of where H and Hint are the applied and interaction fields,
magnetization at different fields, thus revealing AF coupling, with H,1 t>O for AF coupling. Therefore, to the inhomogene-

ities due to the structural roughness of each Co layer the ones

'*1 nstitut d'Optiquc Th6orique et Appliqu&e, 13it. 5013, Universiti0 I'aris-Sud, produced by the fluctuations of Hf,. due to the roughness of
91405 Orsay Cedex, France. the interlayer are added.
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6 AL 9 AL FIG. 3. Co(0 8 nm)/Au(9 AL)/Co(O.8 nm): time evolution of the magnetic
domain structure in the first Co layer (a, at H=624 Oe and in the second

............... ............... one (b) at H =768 O.

-1.5 H (kOc) LS ...5 H (kWe) 1.5 coupling just shifts the magnetization reversals with respect
to one another, but does not alter their mechaiiisms as corn-

FIG. 1. Hysteresis loops measured by nmagneto-optical Faraday ellipticity pared to a single Au/Co/Au sandwich with tee=0.8 nm.
for different values of the Au interlayer thickness. When the coupling is F another effect accounts for the

differences observed between weakly and strongly coupled
Co layers. The magnetic anisotropy of the above-mentioned

When tAu=5 AL, the coupling is AF but its amplitude samples (tAU= 2 and 4 AL) was compared to the one of a
and its sign are very sensitive to the Au layer thickness.' In Au/Co/Au sandwich (tee=0.8 nm). For this purpose, the

that case, taking into account a realistic roughness of the magnetic field is applied to 25' with respect to the sample
interlayer of I AL, islands of F coupled zones exist in a plane and the variation of the perpendicular component of
majority of AF coupled regions. It must be noted that this the magnetization is recorded as a function of the fieldpicture of islands is reasonable when the mean interlayer amplitude.7 The results are shown Fig. 5.

thickness is smaller than the so-called cutoff thickness equal Whereas the sample with tAu= 4 AL is similar to the
to 5 AL in this system.6 For the first Co layer, nucleation single Co film from the point of view of magnetic anisotropy,
occurs where the effective field is the highest (AF zones) and the strongly coupled one (tAU= 2 AL) is softer and is compa-
the F islands act as obstacles to be avoided by the moving rable to a single 1.2-nm thick Co layer.
wall, which explains the dendritic shape of the walls. In the Therefore, the differences observed in Fig. 4 can be un-
second Co layer, nucleation occurs in F zones and very rap- derstood on the basis of the effective thickness deduced from
idly, the domain wall reaches an AF region which stops its the anisotropy measurements. They correspond to the trends
motion.

For tAu= 9 AL, we are beyond the cutoff thickness and
the fluctuations of the coupling are much smaller than near
the first AF peak, namely 0.05 erg cm- 2 for a change of the (a)
interlayer thickness of 1 AL. Besides, the variation of the 0.8 -456 0-"
anisotropy energy due to the roughness of each Co film is 0. 1 n 0.4 -463 Oe"
erg cm- 2 when tce=0.8 nm. Therefore, in this case, the AF 0 -468 Ge

J04 -481 Ge

-0.8 -1480 Oe

0 t (s) 15

(b) T ~ '
0.8 -7490O

, 0.4

,_ \-761 Ge

-0.4 - 778 Oe

-0.8 -, O 18470e

0 t (S) 15

FIG. 2. Co(0.8 nm)/Au(5 AL)/Co(0.8 nm): time evolution of the magnetic
domain structure in the lirst Co layer (a) at H=336 Oe and in the second FIG. 4. Magnetic after effect for tMu=

2 AL (a) and Au'= 4 AL l) for dif-
one (b) at H = 1008 Oe. ferent values of the applied field.
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own roughness of the Co films but results from the one of the
1 * 4 Au interlayer. This effect is enhanced by the sensitivity of the

-*,*' * coupling to the Au thickness, especially near the first AF
0.9 * peak. At lower thicknesses (strong F coupling), the differ-

- tA= 2AL a, ences originate from the decrease of the magnetic anisotropy

0.8 0 tA= 4AL for thin Au interlayers.

* Au/Co(0.8nm)/Au

0.7
0 2 4 6

H (kOe)
'V. (rolier, D. Renard, B. Bartenlian, P. Beauvillain, C. Chappert, C. Du-
pas, J. Ferri, M. Galtier, E. Kolb, M. Mulloy, J. P. Renard, and P. Veillet,

FIG. 5. Variation of the normal compo.iient of the magnetization under ap- Phys. Rev. Lett. 71, 3023 (1993); C. Cesari, J. Faure, G. Nihoul, K. Le
plicatiot . a magnetic field at 25* with respect to the film plane for two Dang, P. Veillet, and D. Renard, J. Magn. Magn. Mater. 78, 296 (1989): S.
trilayers with tAUI=2 AL and tAu=

4 AL and for a 0.8-nm-thick Co mono- Ould-Mahfoud, R. MPgy, N_ Bardou, B. Bartenlian, P. Beauvillain, C.
layer. Chappert, J. Corno, B. l.cuyer, G. Sczigel, P. Veillet, and D. Weller,

Mater. Res. Soc. Symp. Proc. 313, 251 (1993).
2W. R. Bennett, W. Schwarzacher, and W. F. Egelhoff, Phys. Rev. Lett. 65,

observed for Au/Co/Au sandwiches: decrease of the coercive 3169 (1990).
field, importance of the nucleation process when the Co -'P. Bruno, G. Bayreuther, P. Beauvillain, C. Chappert, G. Lugert, D. Re-

8 nard, J. P. Renard, and J. Sciden, J. Appl. Phys. 68, 5759 (1990).
thickness is increased.8  
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Effect of coupling on magnetic properties of uniaxial anisotropy NiFeCo/
TaN/NIFeCo sandwich thin films

T. Yeh, L. Berg, B. Witcraft, J. Falenschek, and J. Yue
Honeywell, Solid State Electronics Center, Plymouth, Minnesota 55441

The coercivity of the coupled NiFeCo thin films is a function of nickel-iron-cobalt (NiFeCo) film
thickness and tantalum nitride (TaN) intermediate layer thickness. This can be attributed to the
variation of energy and magnetization gradients of a domain wall. The magnetization gradient can
be affected by a thickness-induced coupling effect associated with altering the exchange and
magnetostatic interactions between the two NiFeCo films. Decreasing the exchange coupling and
increasing the magnetostatic coupling between the coupled NiFeCo films tends to decrease the
energy and magnetization gradients of domain walls and results in decreased coercivity.

INTRODUCTION sandwich. The deposition rates of the films were carefully
characterized while the thickness of the films was controlled

The success of utilizing coupled magnetic films as mag- by varying the sputtering time.
netic sensors or memories largely depends upon a better un- Subsequent to the deposition, the film properties were
derstanding and control of the magnetic coupling between characterized by a B-t1 looper using a maximum 100-Oe
the coupled magnetic films. One of the most striking effects applied field. The sheet resistance and B's of the films were
of sandwich magnetic films, as compared to that of a single used to monitor the thickness of the NiFeCo films. The mag-

film, is the reduction of coercivity, which is attributed to netic properties of the films, such as skew, dispersion ag,

reduced domain wall energy. 1 4 Theoretical calculation ntcpoete ftefls uha kw iprinao

showed that the domain wall energy of coupled films can be anisotropy field HK, and coercivity H,11, were determined
significantly chanedo through tenergyxfchgead fmsagnbet- by the B-H looper measurements. Atomic force microscopy
significantly changed through the exchange and magneto- (AFM) was used to characterize the surface topography of
static coupling of the coupled films by varying the thickness the sandwich films.
of magnetic and nmnnagnetic films.25'6 In this article, the The magnetic properties of the sample films are summa-
manner in which the magnetic properties of coupled NiFeCo rized in Tables I, II, and III. The skew and dispersion ac
films are affected by pure tantulum (Ta) and reactive-sputter data demonstrate that all the sample films exhibit in-plane
TaN films is examined, and the magnetic properties of sand- magnetic unaxial anisotropy with easy and hard axes perpen-

wich NiFeCo/TaN/NiFeCo films as a function of TaN and dicular to each other. A typical easy and hard axis hysteresis

NiFeCo film thicknesses are investigated. Also, the correla- lar o the Aandw ical easy an h e axisotropy

tion between the coercivity of the coupled films and the do- field oo of the film was measured to be approximately 20

main wall is discussed. Oe, showing results of the easy and hard axes hysteresis
loops to be consistent with the skew and dispersion ag0 mea-
surements.

EXPERIMENT

Because of the nature of short-range interaction, the ex- RESULTS AND DISCUSSION
change coupling of coupled films may be very sensitive to
the thickness of the nonmagnetic interlayer and the interlayer Before reporting and discussing the experimental results,
material. The experiments for this article were performed as we will first derive the relationship between coercivity and
follow. First, the effect of Ta and TaN intermediate layers on the domain wall energy of the coupled films. Because of the
magnetic properties of 150-A-thick coupled NiFeCo films coupling effect in the configuration of two ferromagnetic
was investigated. Second, how the nonmagnetic intermediate films separated by a nonmagnetic film, the domain wall
layer thickness affects the magnetic properties of the coupled structure differs markedly from those observed in single fer-
films was studied. In this portion of the study, the 150-A- romagnetic films. One of the most striking properties of
thick NiFeCo film was used with the intermediate TaN film coupled magnetic films is the modification of domain wall
thickness varying from 0 to 105 A. Third, in an attempt to reversal properties by comparison with those of single films.
study the magnetostatic coupling effect on the magnetic The coercivity is a quantitative measure of the magnetic field
properties of the sandwich films, the NiFeCo films were var- required to reverse the magnetization direction in the film.
ied from 150 to 600 A with the intermediate TaN film held Local energy gradients constitute a generalized force tending
constant at 50 A. to hinder the magnetization reversal process of a ferromag-

Samples of NiFeCo/raN/NiFeCo sandwich films were netic film. 7 However, for a magnetic uniaxial anisotropy
sputter deposited on a 4-in. silicon wafer coated with a thin film, the local energy gradients of domain walls are the
sputtered silicon nitride film. rf sputtering was used to de- dominant hindrance of the magnetization reversal process. If
posit the NiFeCo films while the TaN was deposited by a dc we call the domain wall energy y, the coercivity is related to
reactive-sputter process with an Ar and N2 mixture sputtering the derivative of this energy with respect to position dyldx,
gas and a pure Ta target producing the NiFeCo/TaN/NiFeCo the energy gradient.8
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TABLE 1. Magnetic properties ot th2 coupled NiFeCo films with different TABLE Ill. Magnetic properties ot the coupled Nite'o films as a function
nonmagnetic intermediate layers. of NiFeCo film thickness (Fig. 4).

NiFeCo Interlayer B, Skew Dispersion HK H,11  NiFcCo TiN B, Skew D)ispersion 11iK ,
thickness (A) thickness (A) (nW) (degree) (degree) (O) (0e) thickness (A) thickness (A) (nW) (degree) (degree) (0e) (Oe)

150 50 (TaN) 2.41 0.52 0.7 20.0 0.45 150 50 2.41 0.52 0.7 20.) 0.45
150 50 (pure Ta) 2.34 -0.23 0.8 20.0 1.38 200 50 3.26 0.52 0.7 21.2 0.38

25f) 50 4.06 0.54 0.M 21.6 0.34
600 5(1 10.12 (1.54 0.5 23.6 (0.25

The total energy of the wall configuration is given by the
sum of magnetostatic, anisotropy, and exchange terms, as-
suming that the domain wall is N6el and quasi-N6el type and The coercivity reduced by the intermediate TaN film may
the wall is thick compared to the total thickness of the sand- also have an impact on the domain wall structure of the
wich film. 2'5' 9 Therefore, the coercivity of the coupled films coupled film.
can be derived to be:2  The magnetic properties of coupled 150-A NiFeCo films

d] (1x 1 2d 2 with varying TaN film thickness are summarized in Table 11.
Hc/=- =21rD -b+- DI I-d- +K cos2 • The coercivity of the film with no TaN interlayer is measured

,jx 2 3to be 2.16 Oe, but when the film is separated by a 17-A TaN

Idtp \2 film, the coercivity decreases to 0.55 Oc. The anisotropy

+A I-- (1) field HK decreases from 22.2 Oe for the film with no TaN
\dx/ interlayer to 19.9 Oc for the film separated by a 17-A TaN

where D and d are thicknesses of the magnetic films and the film. This decreasing in HK implies that the anisotropy con-

nonmagnetic interlayer, respectively, K is the effective an- stant K of the film separated by a 17-A TaN film is 10%

isotropy constant, and A is the exchange constant. One may lower, but the 10% decrease in the anisotropy constant alone

note that the coercivity H,,/ is a function of dM,/dx and cannot explain the four times reduction of the coercivity. The

dpldx, the magnetization gradients, with lower magnetiza-
tion gradient resulting in lower coercivity. Also, a domain
wall with lower magnetization gradient implies a wider do-
main wall width. In other words, the domain wall width
would be wider for the coupled film with lower coercivity (a)
due to lower magnetization gradient. The width of the do-
main wall appears to be inverse proportional to the square
root of the coercivity H,.,,.

Now, we move to a discussion of the effect of different
intermediate layers on magnetic properties of the coupled
NiFeCo films. The coercivity of the coupled NiFeCo films
separated by a 50-A t!ick Ta film is measured to be 1.38 Oe,
while the coerci,,,ity is reduced to 0.45 Oe when the coupled
films are separated by a 50-A thick reactive-sputter TaN film.
No effect from the anisotropy field H1 K on the coercivity
would be expected because of the same HK were obtained in
the two sample films. The coercivity reduction of the coupled
NiFeCo films with a TaN intermediate layer could be attrib-
uted to the TaN film itducing a lower energy and magneti-
zation gradient of the domain wall by altering the exchange
and magnetostatic interactions between the magnetic films. (b)

rABIE It. Magnetic propertie, of the coupled NiFeCo films as a fuction of
TaN thickness (Fig. 3).

NiFeCu TaN R, Skew Dispersion HK k i1,1
thickness (A) thick;.ess (A) (t0W) (degree) (degree) (O) (0)

150t 0 2.42 0.45 0.8 22.2 2.16
150 17 2,39 -0.03 0.7 19.9 (U.51
1501 35 2.39 -(0.77 (1.6 19.9 0.48

15(1 50 2.41 0.52 0(7 2(1,.0 0.45
150 701 2.42 (1.34 0.9 19.9 0.63
15(1 88 2,39 -0.31 1.0 2(1.2 1.06
15(0 1(15 2.37 0.74 1.0 20.11 1.21 FIG. 1. Tlypical (i) easy axis (b) hard axis hysteresis hops of Ni Cl'('INI

S__NiFeC(' sandwich film.
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ents induced by varying tihe intermediate TaN thickness,
FIG. 2, The surface topography of the coupled film (rms roughness= 3.4 A). Both t nd mag net metate twn the

Both the exchange and magnetostatic coupling between the

coupled film could play a dominant role in different thick-
ness regimes. The intermediate TaN film thickness may alsocoercivity reduction may be attributed to lowering the mag- have an etfect on the domain wall structure.

netization gradient of the domain wall induced by the 17-A Table Ill summarizes the effect of magnetostatic cou-

intermediate TaN film. The intermediate TaN film may in- p ling on the magnetic properties of coupled films when vary-

duce the magnetostatic coupling and decouple the exchange ing the NiFeCo film thickness. The coercivity and anisotropy
interaction between the two NiFeCo fihins. Tihe surface to- igteN~~ imtikes h oriiyadaiorp
interactionfbet the twoaNipelo filmssho g. Tdemnsurfaces t field of the coupled films as a function of NiFeCo film thick-

_ pography of the sample film shown in Fig. 2 demonstrates

very smooth surface roughness. The surface roughness of the ness is plotted in Fig. 4. The coercivity was found to de-
crease when increasing the thickness of the NiFeCo film,

film indicates that a 17-A thick intermediate TaN film is whileetheennisotrosifieldeHthincreaseowheneincreasinglth
thick enough and continuous enough for the exchange cou- NiFeCo film thickness, This increasing of the anisotropy

pling between the magnetic films to be weak or negligible, field can be attributed to the NiFeCo film thickness-induced

and for the magnetostatic interaction between the separated magnetostatic coupling. Increasing the magnetostatic coe-

films to be appreciable which results in reducing the coerciv- plinetween the u a spedistends to

ity. pling between the uniaxial anisotropy coupled films tends to

The coercivity as a function of the TaN intermediate increase the coupling strength along the easy axis and results

thickness is shown in Figt3. As the TaN interlayer in lowering the energy state. For this reason, the anisotropy
laythickness i s thewn in Fig. 3.ras fue to derla- field increased when increasing the thickness of NiFeCothickness increases, the coercivity decreases due to degrada- film. A higher anisotropy field HK of the film would cause
tion of the exchange coupling between the magnetic films the coercivity to increase; therefore, the reduction of the co-

when the coercivity reaches a minimum at 50 A. When the

exchange interaction is degraded, the magnetostatic interac- ercivity is not due to increasing the anisotropy field. In this
tion between the two magnetic films comes to play a dotml- case, tile coercivity can be related to the energy and magne-nant role in determining the coercivity, While increasing the tization gradients of the domain wall being decreased by

nantrol indetrmiingthecoeriviy. hil inreaingthe increasing the inagnetostatic coupling due to the thicker Ni-
intermediate TaN thickness further, the magnetostatic inter- F ceofilm.

action between the coupled NiFeCo films dccreases and re- In summary, decreasing the energy and magnetization

sults in increasing the coercivity.Insmaydersigtenryadmgeizio
The dependence of coercivity on TaN thickness could be gradients of a domain wall through altering the exchange and

caused bydeariaond of toergvy and agnethizines ogradi- magnetostatic interactions between the coupled magnetic
caused by variation of the energy and magnetization films is responsible for the reduction of the coercivity of the

2.2 1 coupled films.
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Antiferromagnetic versus ferromagnetic coupling in Fe/Cr(107)
and Cr/Fe(107)

A. Vega,a) H. Dreyss6, and C. Demangeat
Institut de Physique et Chimnie des Materiaux (IPCMS-GEMME), CNRS-Universitu Louis Pasteur,
67037 Strasbourg Cedex, France

A. Chouairi
Laboratoire de Physique des Solides, University de Nancy 1, BP 239, Vandoeuvre-les-Nancy, France

L. C. Balbis
Departamento de Fisica Te6rica, Facultad de Ciencias, Universidad de Valladolid, 47011 Valladolid, Spain

We have calculated the local magnetic moments and magnetic order for a Fe(Cr) monolayer
adsorbed on a stepped Cr(Fe)(107) substrate. The electronic structure at T=O K has been
self-consistently determined within the unrestricted Hartree-Fock approximation of the Hubbard
Hamiltonian in the framework of a real-space tight-binding method. In the Cr/Fe(107) system, two
magnetic arrangements have been obtained, the more stable being the less frustrated as obtained in
the case of V overlayers on vicinal substrates of Fe. An analysis of both solutions in terms of the
total energy calculation and the different degree of frustration is presented. For Fe/Cr(107), a
two-step periodicity is obtained. The sign of the magtr.ýtization at the Fe overlayer changes from step
to step. This spin-flop transition is consistent with the two-layer period oscillation recently observed
in Fe/Cr/Fe wedge structures, and with the total magnetization determined from in situ
magnetometer measurements during growth of ultrathin Fe films on Cr(001).

Considerable attention has been devoted for 15 years to calculations for corresponding model structures in these
the study of a possible enhancement of the spin polarization Fe/Cr systems is obvious.
at the surface of Fe and Crt1-6 and, more recently, to a physi- It is the aim of this communication to explore the experi-
cally transparent explanation of the exchange coupling of mental results obtained by Unguris et al. and Purcell et al.
adjacent Fe layers across a Cr spacer. Antiferromagnetic ex- for the Fe/Cr wedge structure, and to investigate the possible
change coupling of adjacent Fe layer magnetizations through magnetic arrangements one can find at Cr monolayers depos-
Cr layers was found by Grilnberg et aL.7 through light scat- ited on nonideal substrates of Fe, as a first step for under-
tering and by Baibich et al.8 through magnetoresistance ex- standing the complex behaviors one can expect for thicker
periments. Besides oscillations from ferromagnetic (FM) to coverages.
antiferromagnetic (AFM) exchange couplings with a long In the following we present and discuss the results (local
period, Unguris, Celotta, and Pierce9 and Purcell et al. 10 magnetic moments and magnetic order) obtained for the
have discovered oscillations with a period of two Cr mono- monolayer of Cr adsorbed on the stepped (107) substrate of
layers when the crystallographic quality of the Fe/Cr inter- Fe and for the monolayer of Fe on Cr(107). For this study,
face is extremely good. The coupling was measured on a we have calculated the spin-polarized electronic-charge dis-
sample consisting on a Fc(100) single-crystal whisker sub- tribution for the valence 3d electrons using a self-consistent
strate, a Cr wedge deposited by molecular beam epitaxy and tight-binding real-space model within the unrestricted
covered by the Fe overlayer. As discussed in those papers,9 1l0 Hartree-Fock approximation of the Hubbard Hamiltonian,
the sign of the polarization of the Fe overlayer changes from This method has been recently applied to describe the spin
step to step. polarization at the Fe/V interfacet 2 and at vicinal surfaces of

There is agreement between most of the theoretical cal- Cr.13 Instead of going into detail, we refer the reader to these
culations conicerning the Fe/Cr systems, whereas the experi- works.
mental results indicate the possibility of complex magnetic In Fig. 1 we show the two magnetic arrangements ob-
behaviors in some cases. In a recent work, Turtur and tained for Cr/Fe(107). In both cases, a periodicity of one step
Bayreuther" have used an in situ alternating gradient mag- is obtained, together with AF coupling between most of the
netometer (AGM) to continuously monitor the magnetic mo- Cr atoms and the Fe substrate. Moreover, the Cr atoms at the
ment in ultrathin Cr films on Fe(100) during growth in ultra- edge of the step and at the kink positions are antiferromag-
high vacuum with submonoiayer sensitivity. They have netically coupled. This result, which is consistent with the
reported an evident deviation from layered-AF order in the tendency of Cr to present AF coupling between nearest
first two-three Cr inonolayers, a very strong moment en- neighbors, gives an indication of the importance of the short-
hancement in submonolayer Cr films, and a complex mag- range-order interactions in these materials. These two solu-
netic order of Cr moments close to the Fe substrate. From tions differ, however, in the degree of frustration. The main
these results the necessity of further band and total-energy qualitative difference between them arises from a change of

the sign of the local magnetization at the Cr atoms located at
'aOn leave from Departanwato de Fisica T•6rica, Facultad de Cicncias. Uni- the kink and edge of the step. In the solution (a), the Cr at the

vwrsidad de Valladolid, 47011 Valladolid, Spain. edge displays a magnetic moment of - I .5 1 ýl , and the Cr
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(a)

FIG. 2. Magnetic moment # (in units of ,as per atom obtained for thc Fc
(It) monolayer adsorbed on the stcpped (107) substrate of Cr.

.s.N Bayreuther in recent experiments on ultrathin Cr films on..Fe(100).

1.,. .n Fig. 2, the results are shown for the most stable mag-

£ ii i netic arrangement obtained in the Fe/Cr(107) system. In this
I5 I u i 4 *' case, F coupling between the kink and edge atoms of the Fe

*" ,t, overlayer is obtained, in agreement with the tendency be-
tween nearest neighbors of Fe, Moreover, a periodicity of

FIG. 1. Magnetic moment A (in units of ;4) per atom for the two solutionse
(a) and (b) obtained for the Cr monolayer adsorbed on the stepped (107) in Fig. 2. Thus, the sign of the magnetization at the Fe over-
substrate of Fe. Open circles represent the Cr atoms whereas the filled layer oscillates from step to step. This spin flop gives support
circles represent the 1e atoms. The figure is given by projection in the (010) to the facat the two-layer period oscillation of the ex-
plane. change coupling between Fe layers observed in Fe/Cr/Fe

wedge structures 9and in favored by the AF order of the Cr

substrate, particularly for large Cr thickness. Furthermore,
the total magnetic moment at the Fe overlayer results in zero,

atom at the kink, a moment of 0.s0 , which is ferromag- in agreement with the total moment measurements of
netically coupled with four nearest-neighbor Fe atoms of the Bayreutherit for Fe overlayers on Cr. Frustration effects are

subsurraces layer. Since Fe and Cr nearest neighbors tend to also present in this case, since the Fe atom at the edge is
couple antiferromagnetically, strong frustration is present in ferromagnetically coupled with two nearest-neighbor Cr at-
the surrounding of the defect for solution (a). In contrast, in omes at the subsurface layer. Another wo (less stable) mag-
the solution (b), only the Cr atom at the edge (which displays netic arrangements are present for this system, One of them
a moment of 2.35 ) is ferromagnetically coupled with two appears when Fe atoms at the kink and edge change the sign
nearest-neighbor Fe atoms of the subsurface layer. Thus, the of their local magnetization.' 3 In the third solution, the local

degree of frustration is lower in solution (b) and the local magnetic moment in all Fe atoms points in the same direc-
magnetization around the defect results larger than in the tion, so that an F iron overlayer is obtained, However, the
solution (a). A total-energy calculation for the two magnetic strong frustration present in this case give rise to a difference
arrangements gives a difference of 0.009 eV per atom with in enrg of 0 e per at with respect to the most
the cell of Fig. 1, which stabilizes the less frustrated solution stable one.
(b). The same magnetic arrangement has been obtained as The present work shows that if a steplike defect is con-
the more stable one in vanadium overlayers on vicinal sub- sidered at the surface or interface of these naterials, various
strates of iron.1 4 A detailed inspection of the energy contri- magnetic configurations can he found and, in some cases,

bution of each atom within the system shows that most of the with small differences in energy between them. Due to the
difference in the energy comes from the surrounding of the strong environment dependence of the magnetic properties,
defect (kink and edge atoms) up to second nearest neighbors, one expects the surface reconstruction of the presented
indicating that the different degree of frustration plays an stepped systems to have an important influence in the mag-
important role in the stabilization of solution (b) (a similar netic arrangement. Thus, for a full understanding of the ex-

behavior has been obtained in the same kind of calculations perimental observations,11 '1 6 the geometrical structure has to
for an infinite stepom). However, the small difference of en- be treated in the same level as the electronic structure in the

ergy between them and the fact that experiments are per- model calculations. Here, we have studied the effect of the
formed at finite temperatures permit us to speculate about the steps, but other phenomena like the mentioned reconstruc-
possible coexistence of both solutions at finite temperature. tion. interdiffusion, or local inclusions of other surface oei-

Furthermore, the perfect layered-AF structure of Cr is broken entations deserve to be also analyzed. Calculations along
as a consequence of the defect, since atoms at the kink in these lines are in progress.
solution (a) and at the edge in solution (b) display a local This work has been partly Eupported by DGICYT
moment oppo,'site to the rest of Cr atoms belonging to the (Spain) and Junta de Castilla y L6n (Spain). A. V. would
same plane. Complex magnetic order of Cr moments close to like to acknowledge Ministerio de Educaci6n y Ciencia
the Fe substrate has been pointed out by Turtur and (Spain) for a post-doctoral grant.
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Influence of Cr growth on exchange coupling in Fe/Cr/Fe(100) (invited)
(abstract)

Joseph A. Stroscio, D. T, Pierce, J. Unguris, and R, J. Celotta
Electron P'hysics Group, Nationaf Institute of Standards and Technology, Gaithersburg, Maryland 20899

The giant mnagnetoresistance and the interlayer exchange coupling between magnetic layers
separated by nonmagnetic spacer layers are sensitive to the roughness at the interfaces in multilayer
magnetic structures. We present scanning tunneling microscopy (STM) measurements of the
thickness fluctuations in Cr films grown at different temperatures on near-perfectly flat Fe(100)
whiskers and cot-relate these results with our scanning electron microscopy with polarization
analysis (SEMPA) measurements of the oscillations of the exchange coupling in Fe/Cr/Fe(100)
structures grown at similar temperatures. Layer-by-layer growth was observed by STM for Cr
deposition on an Fe substrate at deposition temperatures greater than 300 'C. The SEMPA
measurements of the Fe overlayer magnetization as a function of Cr spacer layer thickness for Cr
growth at this temperature could be simulated well by oscillatory coupling with periods
2.105-±0.005d and 12± Id, where d is the layer spacing. Rougher Cr growth, limited by diffusion
kinetics, is observed at lower temperatures, giving a distribution of thicknesses in the growth front.
We modeled the Fe magnetization for lower temperature Cr growth by assuming that the exchange
coupling at each discrete Cr thickness is the same as found for layer-by-layer growth. The total
coupling at each average Cr spacer layer thickness was determined by adding the weighted
contribution to the coupling from each Cr layer thickness contributing to the average thickness. Very
good agreement was obtained with the SEMPA measurement of the Fe overlayer magnetization for
Cr growth at lower temperatures without including other consequences of roughness at the interface,
such as the breakdown of translational invariance.

This work was supported by the O'flice of Technology Adininistration of the
Department of Commerce and by the Office of Naval Research.
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Exchange magnetic coupling through nonmagnetic insulator spacers
(abstract)

Shufeng Zhang
Department of Physics, New York University, New York, New York 10003

Interlayer magnetic coupling has been found in magnetic multilayers with nonmetallic spacers. '2 In
metallic spacers the coupling is provided by electrons at the Fermi sphere; in nonmetallic spacers the
coupling is either due to localized states or to thermally activated conduction electrons (or by other
external means, e.g., photon exposure). We calculate this coupling by extending the RKKY-like
interaction to insulator bands at finite temperatures. Since the length scale 1/kj, (where kF is the
Fermi wave vector) that governs the oscillatory behavior of coupling for metallic spacers does not
appear in the present case, the form of the coupling with respect to the thickness and temperature
is quite different fot' metallic and for nonmetallic spacers, We study the interlayer coupling for two
types of spacers, crystalline, and noncrystalline (amorphous) semiconductors. For the former, the
conduction (or valence) bands are well-defined and the calculation of the coupling is rather
straightforward. The coupling at room temperature oscillates from ferromagnetic to
antiferromagnetic and back to weakly ferromagnetic as the thickness of the spacer layer increases.
The antiferromagnetic coupling only exists in a narrow range of the thickness of the spacer layer.
For an amorphous semiconductor spacer, the coupling can be expressed in terms of localized states.
Within the variable range hopping picture, one can relate these localized states to the localization
length. We discuss the range and temperature dependence of the coupling for amorphous spacers.
Our calculations are in good agreement with experimental results.

This research was sponsored by the Office of Naval Research,

IS, Toscano et at, J, Magn. M;.gn. Mater. 114, L6 (1992).
2j. E. Mattson et al, Phys, Rev. Lett. 71, 185 (1993).
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Magnetostriction I J. R. Cullen, Chairman

Fabrication of magnetostrictive actuators using rare-earth (Tb,Sm)-Fe thin
films (invited)

T. Honda
Materials Research Laboratory, Tokin Corporation, 6-7.1 Koriyama, Taihaku-ku 982, Japan

K. I. Arai and M. Yamaguchi
Research Institute of Electrical Communication, 7bhoku University, 2- i-1 Katahira,
Aoba-ku Sendai 980-77, Japan

A new concept is proposed for the microactuation based upon magnetostriction. Magnetostrictive
bimorph cantilever actuators and a traveling machine, composed of the magnetostrictive amorphous
Tb-Fe and Sm-Fe thin films on a polyimide substrate, were fabricated. These actuators moved
without power supply cables. The 3-mm-long cantilever actuator exhibited the large deflection
above 100 Am in as low a magnetic field as 300 Oe and above 500 Am at resonant frequency in an
alternating magnetic field of 300 Oe. Such unique characteristics suggest that magnetostriction is
useful as the driving force of the microactuator.

I. INTRODUCTION negative one. Both films exhibited a large magnetostriction
of above 10-4 in low magnetic fields ."'1,

A high-perfucmance microactuator is required for the In this article we fabricated two kinds of magnetostric-
microelectromechanical system (MEMS). Several driving tive "bimorph" cantilever actuators of different sizes and a
principles for the microactuator such as electrostatic force, traveling machine using the Tb-Fe and Sm-Fe thin films. We
electromagnetic force, piezoelectric effect, thermal expan- examined their basic properties and discussed their merits for
sign, and shape memory effect have been proposed up to the microactuators.
now. In principle, electrostatic force devices are favorable for
the /tm-size actuators.1 but some practical applications re- II. MAGNETOSTRICTIVE MATERIALS
quire larger mechanical forces than those obtained by elec- The magnetostriction of the conventional materials such
trostatic forces. as Ni, Fe-Al, and amorphous Fe-Si-B is only 30-40X 10-'.On the other hand, the electromagnetic force, which is On the other hand, some of rare-earth-transition-metal (RE-
predominant in a macroworld, had been considered to be TM) crystalline alloys have very large magnetostriction
unsuitable for the microactuator because it is a body force; above 10 -3. In particular, TbFe 2 has the largest positive mag-
however, recent developments of the three-dimensional mi- netostriction and SmFe 2 has the largest negative one; 7 how-
cromachining techniques have enabled magnetic microstruc- ever, they have very large nagnetocrystalline anisotropies
tures having enough volume to generate large mechanical and in general need large magnetic fields to saturate the inag-
forces. As a result, some magnetic microactuators have been netostriction. In order to reduce the magnetocrystalline an-
demonstrated. 2.3 In the future, the magnetic microactuator is isotropy, two methods can be used: One is to alloy positive
expected to play an important part of the MEMS. and negative magnetocrystalline materials such as

In this article we propose a new concept for the micro-
actuation based upon magnetostriction. The advantages of
the magnetostrictive actuator are as follows: (1) The combi-
nation of a positive magnetostrictive material and a negative 300 Tb-Fe

one enables a large deflection; (2) no power supply cable is
required for its actuation because it is driven by external 200

magnetic fields.
In spite of these advantages, only an in-pipe mobile ro-

bot made of a "bulk" magnetostrictive material has so far 100 45.7at% -

been reported.4 'raking account of miniaturization and inte- Tb A 41.5at%

gration with other microelements, a magnetostrictive "thin ,u 28.8at%

film" should be used for the microactuator. In order to de- 1c0-- .-. . 20
velop such thin-film actuators, we needed magnetic thin Magnetic field (kOe)

films with large magnetostrictioli in low magnetic fields.
Here we used amorphous Tb-Fe thin films having positive FIG. 1. Applied magnetic-field dependencc of' the magnetostriction Ifor
magnetostriction and amorphous Sm-Fe thin films having a Th-I-c thin films.
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FIG. 2. Applied magnetic-fieW. dependence of the magnetostriction for polyimide

Sm-Fe thin films. Sm-Fe

(Tb,Dv)Fe2 and the other is to prepare amorphous state ma- (b) H /i width direction

terials. In our study we applied the latter, because amorphous
RE-TM thin films are easily obtained by a sputtering tech- FIG. 4. Actuation behavior of the magnetoý,,Activc bimorph cantilever.

nique.
Deiails of the magnetic properties of the amorphous

Tb-Fe and Sm-Fe thin films have been already reported in
our previous articles.5' 6 In this section, we explain the out- X10- 6 at 16 kOc were obtained at 30-40 at. % Sm. In this

line. experiment we chose the 30-40 at. % Sm-Fe films for the

Figure 1 shows the applied magnetic-field dependence of fabrication of actuators,
the magnetostriction for the Tb-Fe thin films having different
compositions. The magnetostriction at 16 kOe exhibited
large values above 250X 10-6 in a wide composition range III. DEVICE CONCEPT
for 28-46 at. % Tb; however, the low-magnetic-field char-
acteristics largely depended on the film composition because Figure 3 shows the side view of the magnetostrictive

of the composition dependence of the magnetic anisotropy. bimorph cantilever. On a surface of a polyimide substrate,
The films with 18-40 at. % Tb content had perpendicu- which has low elastic stiffness and high thermal stability, the

lar magnetic anisotropy and needed high magnetic fields to Tb-Fe film is sputtered and on the opposite surface the
saturate in-plane magnetization. On the other hand, the films Sm-Fe thin film is sputtered.
with above 45 at. % Tb content had in-plane magnetic an- Figure 4 shows the actuation behavior of the magneto-
isotro!y. In ihis case, the in-plane magnetization increased strictive bimorph cantilever. When a magnetic field is ap-
rapidly in low magnetic fields, and accordingly the magne- plied along the cantilever length direction, the Tb-Fe film
tostriction increased in he same manner. The saturation expands and the Sm-Fe film contracts in the length direction

magnetostriction decreased with increasing Tb content above and as a result the cantilever deflects downward [Fig. 4(a)].
50 at, % Tb; therefore, we used ihe 45-50 at. % Tb-Fe thin Next, when a magnetic field is applied along the cantilever
films for further examinations, width direction, the Tb-Fe film contracts and the Sm-Fe film

Figure 2 shows the applicd magnetic-field dependence of expands in the length direction and then the cantilever de-
the magnetostriction for the Sm-Fe thin films havirg differ- flects upward [Fig. 4(b)].
ent compositions. Tne magnetostriction increased rapidly in A bending behavior for the cantilever with composite
low fields regardless of Sm content because Sm-Fe thin films structure such as a thermally excited bimetal cantilever8 and
always had in-plane magnetic anisotropy. The maximum ab- a piezoelectric bimorph cantilever9 has been analyzed using
solute values of 250-300X 10-6 at 1 kOe and 300--400 a classical method. Therefore, we applied this theory to the

magnetostrictive cantilever and described below.
For the cantilever of total thickness h and length L, let

/-'1mm//1 _ the z direction be the thickness dimension and a neutral axis
0 -. be located at z=0. We defined n (0<n<1) to satisfy the

Tb-Fe film (1 L m) condition that the upper surface and the lower one are lo-
Polyimilde (7.5, 50,125 g m) cated at z=nh and z=(n- 1)/u, respectively. The neutral

m- Fe film (1 v m) axis can be found from
Sm-Fe ilm ( it m

--- E(z)z dz=0, (1)

where E(z) is Young's modulus as a function of thick-hess. In
FIG. 3. Side view of the cantilever actuator, this article we assume that Tb-Fe and Sm-Fe films have the
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3000 Len~th:Ilmm IV. FABRICATION

Width: 4mm The amorphous Tb-Fe and Sm-Fe thin films were pre-
2000 Polylmide pared by the rf magnetron sputtering method. They were

,, deposited to a thickness of 1 Atm on each surface of a rect-
ý -angular polyimide substrate. The sputtering target used was
to 1composed of a pure Fe plate (3 in. diameter) and small Tb or

. ............ Sm chips. The film composition was 45-50 at. % Tb for the
50grn Tb-Fe films and 30-40 at. % Sm for the Sm-Fe films as

-_ . ... . - . mentioned above. rf input power was 200 W, and Ar gas
5 10 15 pressure was 4-10 mTorr for the Th-Fe films and 10 mTorr

Film thickness (ti m) for the Sm-Fe films. During sputtering, the substrate was
water cooled. In order to prevent the oxidation of the mag-

FIG. 5. Calculated deflection of magnetostrictive bimorph cantilevers as a netostrictive thin films, Si0 2 films with a thickness of 0.05-
function of thickness of each magnetic layer. 0.1 Aum were coated on them.

After deposition, we clamped one end of the substrate

same Young's modulus and thickness; therefore, the neutral and then obtained the magnetostrictive cantilever actuators
as shown in Fig. 3. In this experiment, we fabricated two

axis is located in the geometric center for a bimorph struc- kinds of the cantilever actuators. One was a 10-mm-long
tare, that is, gnei .5. cantilever using a commercial polyimide film with a thick-

When a magnetic field is applied along the length direc- ness of either 7.5, 50, or 125 p.m. The other was a microcan-
tion, the radius of bending curvature R caused by magneto- tilever with a length of 3 mm using a 3-Mm-thick polyimide
striction can be exp~ressed by film. This very thin substrate was made from 7.5-Mm-thick

f(n -t)hE(z)z 2 dz polyimide by reactive-ion etching (RIE) using 02 gas. The
Rn E• zz• (2) tip deflection of the cantilever was measured by both a three-

kz terminal capacitance methodto and direct observation using
where X(z) is the strain in the length direction caused by the optical microscope.
magnetostriction as a function of thickness and magnetic
field. The tip deflection of the cantilever 8 is

8=R[1 -cos(L/R)]. (3) V. RESULTS AND DISCUSSION

In our study, R is much larger than L. Therefore, Eq. (3) can A. Magnetic properties on a polyimlde substrate
be approximated by

8=L 2 /2R. (4) Before fabrication of the actuators, we investigated the
magnetic properties of the Tb-Fe and Sm-Fe films sputtered

This equation indicates that the deflection decreases strongly on the polyimide substrate.
with decreasing the cantilever length. Figure 6 shows the magnetization curves of (a) Tb-Fe

Next, when a magnetic field is applied along the width thin films on the glass substrate, (b) the 50-Mm-thick poly-
direction, we approximated that the strain in the length di- imide substrate, and (c) the 3-Mm-thick polyimide substrate.
rection by magnetostriction is -X(z)!2. Accordingly, the The 3-Mm-thick substrate was the thinnest for our present
cantilever deflects in the opposite direction and the tip de- techpoques. The in-plane magnetization on the glass substrate
flection is a half of that expressed in Eq. (4). When the can- increased rapidly in low magnetic fields, while that on the
tilever is driven in rotating in-plane magnetic fields, the total 50-Mm-thick polyimide required high magnetic fields to satu-
deflection is the sum of the deflection caused by a magnetic rate. This result suggests that we could not obtain the large
field along the length direction and that by a magnetic field magnetostriction in low magnetic fields when the 50-Mm-
along the width direction. thick polyimide was used. This change of the magnetic prop-

Figure 5 shows the calculated tip deflection for the bi- erties was caused by the large compressive stress in the
morph cantilever with a length of 10 mm as a function of Tb-Fe film with lV;rge positive magnetostriction. We think
thickness of each magnetic film layer when it is driven in a thal this compressive stress was genct:tted by the difference
rotating in-plane magnetic iield. In this calculation, we a.; of the thermal expansion and/or the thermal contraction of
sumed the magnetostriction values of X-r.FF=15OX 10-6 for the polyimide during sputtering; however, the magnetic
Tb-Fe films and Xs..mF• -250X 10-6 for Sm-Fe films. These properties on the 3-Mm-thick polyimide was similar to those
are typical experimental values obtained at 1 kOe on a glass on the glass substrate. The stress in the Tb-Fe film from the
substrate. The calculated deflection increases with decreasing substrate decreased with decreasing the thickness of the
the substrate thickness and that each substrate has the opti- polyimide substrate.
mum thickness of tte magnetic film to exhibit the maximum On the other hand, the magnetic properties of the Sm-Fe
deflection. This calculation excludes the stress and strain in films were less dependent on the substrate material, com-
the width direction and the magnetic torque described later, pared with those of Tb-Fe films. It seems that the compres-
but is effective to estimate the brief operation of the cantile- sive stress hardly influenced the magnetic properties of the
ver. Sm-Fe film because of negative magnetostriction.
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M (arbi, unit) 600 ' " L-10"mm
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Polyimide: 7.5 u m
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Magnetic field (kOe)

FIG. 7. Applied magnetic-field dependence of the detlection for 10-mm-
long cantilevers.

(a) Glass substrate
B. 10-mm-long cantilever

M (arbi. unit) In this subsection we examined the basic properties of

the magnetostrictive cantilever. The cantilevers were 10 mm
long and 4 mm wide.

Figure 7 shows the applied magnetic-field dependence of
the deflection, when the cantilevers were driven in a rotating
in-plane magnetic field. It is seen that each cantilever exhib-
ited the large deflection in relatively low magnetic fields and
that the deflection increased with decreasing the substrate

SII I-20 -10 0J[ 10 20 thickness. The deflection of the cantilever using a 7.5-/tm-

H (k0e) thick polyimide exhibited the maximum value of approxi-
mately 500 Am at 1-1.5 kOe.

In the case of using the 7.5-/tm-thick polyimide, how-
ever, the deflection decreased at high magnetic fields above 2
kOe. This was due to the magnetic torque generated by the

(b) Polyimide, substrate (50/9 m) large directional difference between the magnetic moment in
the films and the applied magnetic field, when a high mag-

M (arbi. unit) netic field was applied along the length direction as shown in
Fig. 4(a). We must design the magnetostrictive actuator, tak-
ing account of both the amplitude and the direction of the

// applied magnetic field.

C. Mlcrocantilever

From the results of the magnetic properties on the poly-
imide substrate and the 10-mm-long cantilever, we found

SI that a thinner substrate was effective to obtain the large de-
-20 -10 0 10 20

H (kOe) 150 .. .. .
H//width direction

L=3 mm

100-

(c) Polyimide substrate (3/u m) 50s

FIG. 6, Magnetization curves of Tu-Fe films

0
-500 0 500

Generally, magnetic properties of the magnetostrictive Magnetic field (0e)
material are greatly influenced by the stress. It is necessary to
pay attention to the stress generated during the deposition FIG. 8. Applied magnetic-field dependence of the deflection for a 3-mm-

and the micromachining process. long cantilever.
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FIG. 9. Excitation frequency dependence of the deflection. We describe the future direction of the actuator design
on the basis of Eq. (3). Figure 10 shows the calculated de-
flection of the bimorph cantilever with a length of 1 mm as a
function of the substrate thickness when it is driven in a

flection, Therefore, we fabricated a trial microcantilever us- rotating in-plane magnetic field. Ef and E, are the Young's
ing a 3-prm-thick polyimide substrate. The cantilever was 3 modulus of the magnetostrictive films and substrate, respec-
mm long and 0.5 mm wide. In this experiment we examined tively. Note that the deflection was a function of ratio of
its hysteresis and dynamic behavior. E1/E,. In our experiment, EIE,. is about 12 and the magne-

Figure 8 shows the hysteresis curve of the tip deflection tostrictive films were supposed to be 1 Am thick and have
of the microcantilever when a magnetic field was applied magnetostriction as in the case of Fig. 5. The deflection in-
along the width direction, where the deflection was little in- creased gradually with decreasing the substrate thickness,
fluenced by the magnetic torque. It exhibited a large deflec- and when substrate thickness is zero, that is, a "bimetal"
tion above 100 Am at as low a field as 300 Oe. This deflec- structure composed of the Th-Fe film and the Sm-Fe film, the
tion was equivalent to more than 1 mm of the 10-mm-long predicted deflection exhibits the maximum value of 225 .Am.
cantilever as seen from Eq. (4); besides, this microcantilever
had relatively small hysteresis. Such characteristics of the
cantilever actuator were suitable for application as a mi-
cropositioning device.

Figure 9 shows the excitation frequency dependence of D. Traveling machine
the deflection when alternating magnetic fields of 200 and We fabricated a traveling machine using the magneto-
300 Oe were applied along the width direction. Note that the strictive bimorph actuator with 7.5-pAm-thick polyimide as
vibrational frequency was double the excitation frequency shown in Fig. 11. Its two legs at both ends were inclined so
because the cantilever deflected in the same direction for that it could travel in one direction. When an alternating
both positive and negative magnetic fields. The cantilever magnetic field was applied, it vibrated and traveled in the
exhibited the maximum deflection above 500 pm at an exci- arrow direction on disk planes as well as inside a quartz
tation frequency of 92 Hz, where the vibrational frequency tubes (6.5 mm in diameter).
agreed with its mechanical resonant frequency. This maxi- Figure 12 shows the excitation frequency dependence of
mum deflection was ,iive tiniis as large as that in a static the average traveling velocity when an alternating magnetic
field. Two small peaks observed around 30 and 45 Hz were field of 300 Oe was applied along the machine width direc-
caused by the harmonics of the vibration. tion. The traveling machine needed the excitation frequency

300 6 11. I 6 . I
blmorph type SmFo: 1 # m Magnetic field:

250- TbFe: 1 Pm . 300 Oe
L=1 mm " Pipe diameter:

200 rr\ .Ef/Es 4 4- 6.5m•m

150 - m=1O -. .

100 \ m=i

50 -1

2 4 6 8 10 Oi 0 1 00o 150 2,00 250
Substrate thickness (Ut m) Excitation frequency (Hz)

FIG, 10. Calculated deflection of the t-rmm-long cantilever as a function of
the substrate thickness. FIG. 12. Excitation frequency dependence of the average traveling velocity.
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Preparation and applications of magnetostrictive thin films
E. Quandt, B. Gerlach, and K. Seemann
Kernforschungszentrum Karlsruhe GmbtH, Institute of Materials Res'earch I, D-76021 Karlsrulie, Germany

Amorphous magnetostrictive films of the binary compound Sm.Fe -, as well as of the ternary
compound (T)bDyl_,)xFe1 _., were prepared by rf or dc magnetron sputtering using either a
multitarget arrangement with pure element targets or cast composite-type targets. The
magnetostrictive properties of (Tb0.3Dy0.7)0.4Feox, and Sm0 .4Fc,(, films were investigated in relation
to their preparation conditions. Depending upon these conditions (especially upon the deposition
rate, the bias voltage, and the Ar sputtering pressure) amorphous films with a giant magnetostriction
of about 250 ppm (-220 ppm) at 0.1 T and 400 ppm (-300 ppm) at 0.5 T for the TbDyFe (SmFe)
and an in-plane magnetic easy axis could be prepared. In view of applications in microsystem
technologies (e.g., pumps, valves, positioning elements) these films have been tested in a simple
cantilever arrangement and the predicted deflection of a magnetostrictive actuated membrane has
been calculated.

I. INTRODUCTION technique, polarization by a vibrating sample magnetometer

Giant magnetostriction in thin films is thought to b'ý a (VSM), and Curie temperature by a sunerconducting quan-

promising actuator mechanism for microactuators, Due to tum interference device (SQUID) magnetometer. The film

the interest in such applications, research has focused upon stress was calculated by measuring the difference of the cur-

materials exhibiting low-field magnetostriction and soft- vature of the uncoated and coated Si substrate using a long-

magnetic properties, During the last few years various at- scan profiler.

tempts have been made to improve the low-field magneto-
strictive properties of amorphous rare-earth-Fe films. Ill. RESULTS
Successful approaches were to increase the total rare-earth
content compared to that of the crystalline phases,1 to alloy A. Materials
different rare earths to compensate the anisotropy,2 to adjust The magnetron sputtering deposition of the rare-
the preparation conditions in order to induce tensile film earth-Fe films onto unheated Si0 2, Si, or metal substrate
stresses,3 and to add small amounts of B to change the amor- resulted in amorphous, dense films with thicknesses ranging
phous state of the films.4,,5  between 1 and 15 Anm. A dependence of the magnetostriction

The present article describes the influence of preparation upon film thickness was not observed within this range. The
conditions (spttering pawer, Ar sputtering pressure, bias time-dependent oxidation was investigated at room tempera-
voltage) on the composition, microstructure, and in-plane ture for TbFe and TbDyFe films. Although both these films
magnetostrictive properties. Functioning tests and calcula- have the same total rare-earth content, they exhibited slightly
tions are then discussed which show the behavior of possible different oxidation dependencies (Fig. 1). AES depth profiles
actuator components based on these films. indicated that the rare-earth oxide formed at the film surface,

which would tend to slow further oxidation within the
II. EXPERIMENTAL WORK sample, is more stable in the case of the TbFe compared to

The binary systems TbFe and SmFe were dC magnetron
sputtered by the multitarget arrangement with pure element
targets.' For the rf or de magnetron sputtering of the TbDyFe 50
films a cast composite-type target (Degussa AG/Leybold Ma- E
terials) was used. The Tb!Dy ratio of this target,
(Tb0.3Dy 0.7)0.42Fe0 .5•8 , was chowen in accordance with results 40
on the rare-earth anisotropy compensation composition at C-
room temperature6 and its total rare-earth content according
to results that have been reported previously.' Typical depo- t 30
sition rates, with an Ar sputtering pressure of 0.4 Pa, arc .

3 /im/h for the multitarget arrangement at a distance of 100 M
mm and 16 gm/h for the composite-type target at 300 W and ,} 20T
a distance of 50 mm.

Composition was determined by wavelength-dispersive 0
x-ray microanalysis (WDX), and depth profiles were ob- 1 10 100 1000 1,0000
tained using Auger electron spectroscopy (AES). The micro- Exposure to air/h
structures were investigated by x-ray diffraction (XRD) and
transmission electron microscopy (TEM). In-plane magneto- FIG. I. Time dependence of the oxidation zone thickniess obtained by AFS

striction was measured by the common cantilevered substrate depth proilinig.
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500 B. Applications

Tb4xi Sputtering deposition of magnetostrictive thin films in
"400 I combination with microstructuring by etching or sputtering

through masks provides a promising method for the integra-
S300

;-Z200/

;100- /SmFe 3 (a) 0,15 Pa 0,4 Pa I Pa 2Pa

0.4 0.5 o 200
x-

FIG, 2. Magnetostriction measured at aii external field u,,H =0.6 T applied 1
parallel to the film plane vs the rare-earth content of amorphous ThFei 100
and SmFcl_ films.

the TbDyFe film. Small-angle XRD revealed a crystalline 0 0.05 0.1 0.15
nature for the oxidized region. This is in contrast to results P0HqXt/'T
reported previously.

7

As was the case with the TbhFe1 - films,' the maximum
of the magnetosttiction of the SmeFet -x films was found to (
be at a rare-earth content of about 40 at. % (Fig. 2). Corn- 300 (b) OV 50V V 120V 160V 230V
pared to the TbFe films, however, the rare-earth anisotropy is -
significantly lower. This results in a higher low-field magne-
tostriction. The influence of the sputtering parameters has 200
been investigated with the composite-type target • 200
[(Tb 0.3Dy0,7)0o42Fe0. 58] in more detail. Dramatic changes in
the magnetostriction were observed in the low-field region
(up to 0,15 T) which is of special interest for applications in 100
microsystem technology. At 0.5 T all these films show a
comparable magnetu~triction of about 400 ppm. Best results
were obtained for de as opposed to rf magnetron sputtering, 0 ... __..,......_
an Ar sputtering pressure of 0.4 Pa [Fig. 3(a)], an rf bias of 0 0.05 0.1 0,15
160 V [Fig. 3(b)], and a spurnering power of 300 W [Fig.
3(c)]. The results Milustrated the dominant influence of the .oHot/T
bias voltage on low-field magnetostrictive properties, which
was also observed for the multitarget sputtering of Smo.4Feo,
films (Fig. 4) even if the low-ficld improvement is less pro- (c) 100 W 200 W 250 W 300 W 400 W
nounced compared to TbDyFe films, The variations of the 300
sputtering paranicters have almost no influence on the
chemical composition atd on the Curie temperature of about
350 K. Although XRD and TEM investigations also give no 200
evidence of a changed microstructure-due to temperature-
annealing ongoing deposition as a result of the altered sputter
conditions-the Ar-ion bombardment related with the ap- 100
plied bias voltage changes the magnetic anisotropy. This re-
sults in an in-plane magnetic easy axis for the optimized
TbDyFe films (Fig. 5) whereas TbDyFe films sputtered with-
out bias show perpendicular anisotropy.' In comparison to 00.
dc-sputtered TbDyFe films3 the thermal induced stress is 0.05 0.1 0.15
comparably low (100 GPa) and further reduced to about 40 PoHextiT
OPa as a result of the app!ied bias voltage of 160 V. In thiscase the tnagnetoelastic energy due to the film stress is lower FIG. 3. Low-field magnetostrictioli of amorphous ThbDyFc films vs thc mag-

netic field applied in the film plane us a function of (a) the Ar sputteringthan the form anisotropy energy lea ling to an in-plane easy pressure (16(0 V rf bias, 2(W) W); (b) the rf bias ((1.4 Ila Ar, 3() W); and (c)
magnetization. the dc sputtering power (0.4 Pi Ar, 1601 V rf bias).
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FIG. 4. Magnetostriction ot SmnO4 fuis vs the magnetic field applied in the FIG. 6. Deflection of a 'IbDyFe/Si (100) cantilever v:- the magnetic field
film plane, applied in the film plane.

reported for 50-Asm-thick polyimaide samples.) For micro-

tion of actuator components in microsystems by batch pro- pump and microvalve applications membranes, in addition to

cesses. With this in mind, materials relevant to microengi- cantilevers, are important components. Finite-element-
neering applications as Si and various metals suitable for the method (FEM) calculations of a magnetostrictive coated
lithography, electroforming, and plastic molding (LIGA)8  metal membrane predict a maximum deflection of 75 Am for

procss erechosen as substrates for prototype components. a 12.5-mm-diam membrane with both 4 Am thickness of the
prcUsin wheretmzdT efl f1 m hcns e membrane and the coating. Using the optimized films the

flection of a Si (100) cantilever (20 mmX5 ninX.5O Am) of rqie antsrcino 0 p led sotial

about 200 Am at a field of 0.05 T could be obtained (see Fig. in a field of 0.05 T.
6). This low-field deflection is considerably greater than that ACKNOWLEDGMENTS
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Magnetostriction in TbDyFe thin films
P. J. Grundy, D, G. Lord, and P. I. Williams
Joule Physics Laboratoqy and Science Research Institute, University of Salford,
Greater Manchester M5 4W', United Kingdom

Magnetization and magnetostriction in amorphous binary TbFe and DyFe and amorphous and
polycrystallinv, ternary (TbxDyj _,)yFei 0)_y thin films have been investigated. The measurements
reflect the compositional dependence of the easy direction of magnetization in the films. In plane
magnetostrictions of over 300× 10-6 were measured for some of the amorphous TbFe and TbDyFe
films and values greater than 750X 10W' were obtained in polycrystalline TbDyFe films near to the
Terfenol composition.

I. INTRODUCTION (Tb.Dyl -.,)33 Fe67 and (TbxDy .. ,,)43Fe5 7 series were depos-
Rare-earth-transition-metal (RE-TM) alloy films depos- ited. The ternary RE 33Fec, 7 series was chosen because the
Rae-earomth-tvaporansio ally aequivalent bulk polycrystalline compositions are known to

ited from the vapor are usually amorphous, and postdeposi- show interesting magnetic behavior. The ternary RE43Fe5 7

tion annealing or deposition onto a heated substrate is re- films were also deposited because of the large magnetostric-

quired to effect crystallization. Films containing heavy rare tions f n ne al o rpos phase.ofIth wasa observed that an

earths (e.g., Tb, Dy) are ferrimagnetic and can exhibit per..

pendicular anisotropy, magnetization compensation, and excess of RE was necessary for the formation of crystalline

large coercivities. In common with others' 3 we find that REFe2 ; i.e., Th0.27Dy0. 73Fe 2 , when deposited onto a heated

these interesting characteristics in the binary alloys are (350 'Qe substrate,

complemented by exceptional magnetostrictive properties at Figure 1 gives the compositional dependence of magne-

relatively low magnetic fields. We also find that very large tization for amorphous TbFe111 _11 films. The results agree

are obtained in some ternary TbDyFe alloys reasonably well with published data.' 8- The different sym-
magnetostrainsmorehobtand cnssome forms. bols indicate the effective easy direction in the films which

varied with composition. In the range 15<x<40 the strong

perpendicular anisotropy and low magnetization ensured an
II. EXPERIMENT easy direction of magnetization normal to the film plane. As

The films were deposited from a triode source in a cry- expected, the coercivity peaks at the room-temperature com-

opumped sputter-deposition system. The target consisted of a pensation composition (RTCC). The compositional depen-

150X50X6 mm 3 rectangular Fe plate containing 33 10-mm- dence of magnetization and coercivity in DyFe I, follows

diam holes. With the holes occupied by Tb, Dy, or Fe inserts the same pattern with generally smaller values of these two

this arrangement allowed for the deposition of a continuous parameters.5

range of REXTMmm,(.._.. alloys with 5<x<50%. The deposi- The magnetizations of the amorphous ternary

tion rate was typically 50 nm min- and the thickness of the (Tb5 Dyl -d)33 Fe67 and (TbDy1 -. )43Fe57 (i.e., =REFe, and

resulting films was - 1 /im. Crystalline films were obtained RE 3Fe 4) alloys are shown in Fig. 2 as a function of compo-

by deposition onto heated glass substrates. The magnetic sition x. The easy direction of magnetization of the amor-

properties of the films were obtained by vibrating sample phous RE33Fe67 films was normal to the film plane; its value

magnetometry (VSM) (up to l0t)0 kA m 1) and their mag- increases as the proportion of Tb increases. The REO3 Fe5y1

netostrictions were measured on an optical cantilever system alloys are at compositions well away from the RTCC and

with a sensitivity of 10- 7 in fields up to 350 kA m-1 (Ref. were almost magnetically equiaxed; their magnetization also

4). Young's modulus values for the films (in zero field) were varied linearly with x but with a greater rate of increase. Also

calculated from load/indentation curves obtained on a sensi- shown is the compositional dependence of M, for polycrys-

tive microhardness instrument. talline films which contained randomly oriented Laves
REFe2 crystallites, and small grains of Fe, excess RE, and
RE oxides at concentrations of a few percent. 4 In the case of

Ill. RESULTS AND DISCUSSION the crystalline film there is a departure from linearity with an

The compositions of the films were obtained from Ruth- apparent maximum in the magnetization for 25<x<35. This
erford backscattcring and x-ray microanalysis measurements. is associated with the anisotropy minimum at x=0,27 tRef.
They were found to be near to the designed composition and 9) near the composition of bulk Terfenol.
to be uniform to better than i at. % over the area of the film The magnetostrictions of the films were calculated from
(20X5 mm 2); however, a small composition gradient was the bending of the film+substrate cantilever using bending-

measured through the thickness of the films, typically 2 beam theory.4 j" Measurements of the magnetostrains ,X from
at. % I.m -1. This gradient was probably caused by a gradual fields applied along X11 and at right angles X,, to the cantilever
decrease in the sputtering yield from the RE inserts with length can be related, with particular assumptions,4 to the
time. saturation magnetostriction X, as X,.= 2(X1 - X,)/3. Figure 3

Amorphous alloy films in the two binary series shows X11 for the amorphous "b.,Fetoo., binary alloys. Val-
TbFel)-, x and DyFel()( and the ternary ues in the range 15<x<35 are limited by the difficulty of
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FIG. 1. The magnetization (open symbols) and coercivity (solid symbols) of 0 10 20 30 40 50
amorphous TbhFe1 )111 , films as a function of x measured with the field
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magnetizing the films to saturation in the modest fields used FIG. 3. In-plane magnetostriction values fo: amorphous TbFeI00_, films
(at 350 kA m-1), Open symbols this investigation, (A) and (0) Ref. I at

(-350 kA m-1). For x>35, X11 increases to a maximum and 320 and 1280 kAm-', (0) Ref. 10, and (4) Ref. 2.

then decreases towards the composition (x-50) with a Curie
point below room temperature. We include data from several
other investigations.'2 11 The general trend of the results is t 0
the same; the scatter arises from many factors, such as dif- - 400 -- o
ferent deposition techniques, film thickness, and methods of Z4

0characterization. Magnetostriction values for the DyxFel 0 ._x - 200 .
films are much smaller and peak at a value of 60X 10-6 at
x-30. They agree reasonably well with published data,3  0

Magnetostrains in the amorphous ternary RE3 3Fe6 7 al-
loys were found to be small and of the order of 20-40 10 6  z-20
with no obvious compositional trend. This was possibly ac- .403 -
counted for by the inability of the maximum applied field to w I
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(TbDyI,)J33Fr 6 7 flInis, (lbýDyj -.J)1.Fch 7 filmns.

7004 J. Appl. Phys., Vol. 76, No. i0, 15 November 1994 Grundy, Lord, and Williams



saturate in plane these films with perpendicular anisotropy, of -140% has been reported" for bulk Terfenol over the
The potential of the amorphous alloy equivalent in composi- range of applied field used in this investigation. Notwith-
tion to crystalline Terfenol could, therefore, not be tested. standing these uncertainties, the results presented here show
The RE43Fe5 7 alloys could be magnetized in plane although that the planar magnetostriction of polycrystalline TbDyFe
not to saturation. Values of ki, show an increase from the Dy thin-film alloys reaches considerable values in fairly small
binary to the Th binary composition with the maximum magnetizing fields, with a maximum of =1000) 10-6 for
value of -350X106 obtained for Th 4 3Fe57 (x=]) being Thb 0Dy 23Fe 67 (=Tb. 3Dy,).TFe2 ).
very close to the peak value shown in Fig. 3.
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Application of the ratio d/x to the investigation of magnetization processes
in giant-magnetostrictive materials

A. R. Plercy, S. C. Busbridge, and D. Kendalla)
Department of Mathematical Sciences, University of Brighton, Brighton, East Sussex BN2 4GJ,
United Kingdom

The change in magnetostriction AX with change in magnetization AM for domain-wall motion is
shown to depend only on the wall type, the magnetostriction constants, and the saturation
magnetization and not on the field required to effect the change. The quantity fl=AXIAM (or the
dynamic equivalent d/X) is therefore a valuable parameter for use in investigating magnetization
processes. Theoretical values of HI are given for different wall processes in (111) and (100) easy
materials and used to interpret experimental measurements in different (Tb, Dy, Ho)Fe2 materials.
It is shown that I1 vs M curves are more sensitive to the detail of the magnetization process than X
vs M curves. In (111) easy compositions the processes are found to be complex with the
combination of wall motion processes changing continuously with increasing magnetization and no
region where a single process dominates. In contrast, for (100) easy materials, there is an extended
region in which 90' wall processes dominate. In both cases, quasistatic and dynamic processes are
shown to be equivalent, independent of temperature, and independent of the frequency and
magnitude of the drive field.

I. INTRODUCTION II. THEORETICAL VALUES FOR AX/AM

The magnetic properties of giant-magnetostrictive rare- We limit consideration to domain-wall motion processes
earth-iron alloys have been extensively investigated for ap- involving walls separating domains having their magnetiza-
plications as transducer materials. The early work was sum- tions in directions 1 and 2 specified by the direction cosines

marized by Clark' and subsequent developments have been 11 ,mn ,n and 12 ,m2z,n2 , respectively, with the magnetostric-

reviewed by Jiles.2 However, relatively little is known about tion being measured in the direction 0 specified by

the magnetization processes in these materials and Jiles 2 con- 1  ,m ,n0. The usual situation with the rare-earth-iron alloys
is that the measurement direction is the axis of a rod-shapedeludes that studyof The processe is a requirement for their specimen of material with preferred orientation such that

further development. This article aims to show that the ratio (112) is parallel to this axis. We are concerned with the ratio
AX/AM, of the change in magnetostriction X to change in Ak/AM for which we use the symbol 1H, and note that under
magnetization M, is a valuable parameter for use in investi- conditions of alternating excitation AX/AM is equivalent to
gating magnetization processes. d/x, the ratio of the magnetomechanical d coefficient

It is widely accepted that the task of identifying magnc- (d 33 = X/dH) to the susceptibility (x=aM/aH).
tization processes from curv.s of M (or X) against applied When a domain wall moves through a small fraction F,,
field H is intractable because of extrinsic effects which limit of the sample in response to a small change in field AH, the
rotation and domain-wall motion. These effects are generally direction of the magnetization in the volume swept out
not only unknown but also vary from point to point in a real changes from 1 to 2 so that the change in sample magneti-
polycrystalline material and consequently the field required zation is
to effect a change in M or X is both unknown and nonuni-
form. Such extrinsic effects do, however, exert a similar in- AM =PFM,(cos O2-cos 0),
fluence on both magnetization and magnetomtr`tion and where 01 is the angle between directions 1 and 0 so that
curves of X vs M have sometimes been used in attempts to cos 0j=(li lm 0 ±nln() and similarly for 02. The cor-
infer magnetization processes. We show that the application responding change in magnetostriction is
of such curves is limited because they are relatively insensi-
tive to different model processes and, in addition, their mea- AX=Fv(X2,0 -1i0),

surement is limited to quasistatic or very low-frequency
variations. Conversely, AX/AM is more sensitive and its where to0 is the saturation magnetostriction measured in dis
practical determination is not limited to low frequencies. W e
have previously reported 3.4 use of AX/AM for the investiga- given by

tion of magnetization processes in giant-magnetostrictive h1 ) (3hX1 }o/2)(1212+ m 2
Mira+ nP I2n- 1)

materials and this artic.e aims to provide more detail and to 1( o X

expand its application to a tange of conditions and composi- + 3XI I(l l tnll 0)mo+itln lmnln 0 + n 111nolo),
tions. 1I is then given by

"='Prescnt addr.uss: DRA, Holton Heath, Poole, BH16 6JU, UK. AXlAM=(X2,0-X 1 1,)/M,(cos 0 2 -cos 01),
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TABLE 1. Theoretical values of F1 for (Il1) easy material with measure- 1.5 . I . . I

ments made in (112). . Dynamic

Wall type 02- -191 Equiv. No. Example I1/(X(I(/M1 ) c o i
__ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ I

180' 118.1-61.9l 2 [iti]-[Iil] (0
160.5*--. 19.50 1 [ii -t11 11] 0 a

710 118.10 -61.9' 2 [lii]-[lil] (1 0 0.5
90'---61.9' 2 ti -1 il31] 0.707
90°--,19.5° 1 [11il-[111] 1.414

61.9°- 19.5' 2 Ilill-[[Ill 2.123 0 . 0 , ,

109o 90o-61.9o 2 11 Ii]-[l 111 0.707 0 0.2 0A 0.6 (.8 1

118. 1 - 19.5' 2 [l i i]-[l IJI ( 0.707
90-, 19.50 1 iltl- l 1.414

FIG. I. Variation of I l. n alid Ild,, with illagtletization for 'b1 ,.,Ho,. 55Fc .
The solid line corresponds to the model in Fig. 2.

which is independent of both F, and AH (and therefore of
all extrinsic effects) and depends only on the saturation mag- at one of the values in Table I) and moreover that the com-
netization, the magnetostriction constants, and the wall type bination of wall processes changes continuously, giving a
(determined by the directions 1 and 2). The resulting values steadily increasing value of I-1.
of H1, normalized to (X111/M,), are given for different wall The corresponding k vs M curve for this sample is
types for (111) easy materials in Table I and for (100) easy shown in Fig. 2 to illustrate the greater sensitivity of the II vs
materials, with 11 normalized to (Xl(VM/M,), in Table Ii. In M curve. The solid line in Fig. 2 represents a possible theo-
both cases it is assumed that the materials have (112) orien- retical model process in which it is assumed that, initially, all
tation and only those wall movements that give rise to posi- domain directions are equally populated and magnetization
tive values are included (equivalent negative values also proceeds first by 180' domain-wall motion for
occur). M<(.236M,, followed by 109' wall motion up to

0.707M,. This model appears to provide an approximate fit
to the experimental points in Fig. 2 for M<0.707M., (above

Ill. COMPARISON WITH EXPERIMENT this it is necessary to invoke rotation to obtain a fit); how-

Tables I and I1 show that only a very few definite values ever, the variation in 11 for this model is that shown by the
of [I can be measured if domain walls of only one type solid line in Fig. I from which it is clear that the model gives
move. In genera! it is to be expected that wall motion of a completely inadequate description.
several different types will occur and in that case values of rI Figure 3 compares list and [ldyn for Tb"0,2 7Dy0.73Fe 2 at 2(0
intermediate between those of Table I (or I1) are expected. In and 70 'C and shows that the static and dynamic processes
comparing these theoretical values of rl with measured val- are similar and are essentially independent of temperature. It
ues, we refer to lldyn (for dIX) for values determined under is found that the variation of [I with M is qualitatively simi-
dynamic (alternating) conditions and to [Is, (for AX/AM) for lar for different (Tb, Dy, l-o)FC2 compositions, with zero
those determined under quasistatic conditions, stress bias, in the (Ill) easy regime, as shown by Figs. I and

Quasistatic measurements of (differential) permeability 3. In contrast, for (100) easy compositions the variation of II
and d coefficient yield values considerably greater than those with M is very different, as illustrated for HoFe2 in Fig. 4,
obtained under alternating excitation and it is not clear, a although the static and dynamic processes are again equiva-
priori, whether these arise from the same, or different, mag- lent. The broken line in Fig. 4 gives the value
netization processes. Figure 1 gives lI,, and lldyn as a func-
tion of M for Tbo.201 Ho' 1 0 Fe2, which is (11) easy at 20 OC,
and clearly shows that the static and dynamic processes are I . , , I * , , I , I ..

equivalent. it is equally clear that there is no sustained region
where walls of only one type move (i.e., where 11 is constant 0.8

0.6 lExperimental data

TABLE il. Theoretical values of It for (100) easy material with measure- '4
ments made in 1 112). V.4A

wVall type 02-0-19 lquiv. No. Examiple Il/i(X(A 1,V) (0.2

18(0 114.1 .--65.9' 2 Io0ol0-1 ooU] 0
144.7?' 35.3' i [oOi]-[OL1] 0 D.

(] 0.2 0.4 0.0, 0.9 1

900 114.1°- 165.90 2 1oin0-[ Ioo] o M/MS
114.1'--35.3' 2 [ionol-lOol] 0.612
65.9°--35.3O 2 11001-10011 1.837 FIG. 2. Variation of magnetosiriction A with magnetization Al tor

-- "1 1 0, , llo )F . IThe solid linc represents a possible model process.
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FIG. 3. Comparison of [I,1 and Rd4 , at different temperatures for FIG. 5. Variation of n,, and lIjy, with drive field frequency and magnitude
Tb0 .27DY0.73Fe2, for Tb11),7DY0.731'C1

fl-0.612XtjtJ/Ms (where X10o has been taken as -XIt1/3) This frequency independence of [T dyn is found to continue to
appropriate to one type of 90° wall motion and indicates that well above the critical frequency at which eddy-current ef-
there is, in this case, an extended region where one domain fects become significant even though, at these higher fre-
process dominates. For magnetizations above 0.68M, it is quencies, the d coefficient and permeability are diminished .
necessary to include rotation processer, as confirmed by do-
main studies,5 to explain the observed values of II. IV. CONCLU3•IONS

The technique is also useful for investigating the drive
field dependence of the magnetization processes and Fig. 5Ithsbedmotredhatertidlisavubeshows that dp dye and, therefore, the magnetization processes parameter for use in investigating magnetization processes.are independent of both drive field frequency and magnitude. Comparison of theoretical and measured values of d/X for(lit) and (100) easy giant-magnetostrictive materials has

shown that the magnetization processes are generally com-

I - A plex, involving more than one domain-wall process, that
a Dynamic quasistatic and dynamic processes are equivalent, indepen-

3 3 1 - dent of temperature and of drive field frequency and magnia, 3 Statico

SJtude.
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Magnetization, Young's moduli, and magnetostriction of rare-earth-iron
eutectic alloys with R=Tbo.6Dyo4

A. E. Clark, M. Wun-Fogle, J. P. Teter, J. B. Restorff, and S. F. Cheng
Naval Surface Warfare Center, Code R34, Silver Spring, Maryland 20903-5640

Rare-earth-iron alloys, R,,qFeO.1 , RO.72Fe). 28 , and Ro 42Feo.s (R=Tbo6 Dy0 .4), containing the R/RFe2

eutectic composition were prepared by Bridgman and free-standing zone-melting techniques.
Magnetization measurements were made in fields up to 800 kA/m between 55 and 300 K. A huge
increase in magnetization below 210 K occurs as the R component becomes ordered. At low applied
magnetic fields there is clear identification of both the ferromagretic ordering temperature Tc and
the N~el spiral ordering temperature TN of R. (For Tb0.6Dy0 .4 , Tc=165 K, T'N=210 K.)
Magnetization and rnagnetostriction measurements reveal very large magnetocrystalline
anisotropies for both the R and the RFe 2 components. Unexpectedly, at 77 K, were the rare-earth
component of the eutectic system is ordered and the magnetostriction is large (Xhy>0.6f%), the
magnztostriction is largest in the samples containing the largest amount of the RFe2 phase. Young's
modulus measurements reveal the reduction in the stiffness with the addition of the softer rare earth
to tme stiff RFe2 compound.

The rare earths Tb and Dy are the elemental components techniques. Magnetization measurements were made concur-
of many giant magnetostrictive materials. In the hexagonal rently by integrating the voltage of a pickup coil wound
binary alloys, T1bDy1 _,.( I<x-<1), basal plane magnetostric- around the samples.
tions VY12 reach -1% at 0 K and 0.6 % at 77 K.1 Although In all samples, the magnetization process consists of two
the idividual basal plane anisotropies K of Tb and Dy are regions: (1) a region of nonmagnetostrictive 180' wall mo-
very large (K> 0 for Tb; K < 0 for Dy), K can be minimized tion, resulting in a rapid rise in magnetization at low fields;
and the 'y,'2/K ratio maximized in the binary TbhDy,__, and (2) a magnetostrictive noncollinear wall motion and
alloy.2 At 77 K anisotropy compensation occurs for x=O,6, magnetization rotation region resulting in a smaller magne-
the value of x selected for this study. A second important tization change and approach to saturation. The magnetiza-
class of materials is the cubic Tb Dyl -. xFe2 (Terfenol) com- tion curves of Fig. 1 reflect this process. At room tempera-
pounds. For this compound X111 is very large over a wide ture, only the RFe2 component of the alloy is magnetic.

temperature range.3 In the Tb-Fe and Dy-Fe alloy systems, a Thus, as the weakly paramagnetic Tb0 .6Dy0.4 alloy is added

eutectic composition consisting of a rare-earth phase and a to RFe2 to form the eutectic samples, the magnetization de-

rare-earth-Fe2 phase occurs near 28 at. % Fe.4 In this article creases. The coercive force is largest for the Ro., 72Fe0 .28

we report magnetic, elastic, and magnetorestrictive proper- sample. At 77 K the rare-earth component R has the larger

ties of the eutectic-contjining alloys, magnetic moment. Therefore, as expected, as R is added to

For this study, samples of R, RoýgFe 1.i, R0.72Feo.2,, RFe2 , the magnetization increases. Again a maximum in the

Ro.42Feu.58, and RFe2 (R•Tho 6DyO4 ) were prepared into rod
shapes by both Bridgman and free-standing zone-melting
(FSZ) techniques." Magnetization measurements were made
on disk samples but normal to the growth direction in fields 200
up to 800 kA/m using a commercial vibrating sample mag- _.MW
netometer. Young's moduli were measured by two methods. 100 - ----
In the first method, static stress-strain curves were taken on j- g
rod samples (-3 cm X 0.3 cm diam.) at room temperature in 0o

the absence of a magnetic field. The strain was measured by E O i0o.

multiple strain gauges affixed to the sample and the stress 4-
was measured using a conventional load cell. In order to a2 IV i
determine the extent of the magnetomechanical hysteresis, o1 o
measurements were taken by applying both increasing and T- 294 K

decreasing stresses. For the RO. 42Feo.55 alloy and for the RFe2  -50

compound, Young's moduli were also measured as a function• l -100

of magnetic field up to 160 kA/m at fixed compressive -IOW -5X) 0 500 (XX)
stresses of -15 MPa at roum temperature and 77 K using Applied Field (kAjin)
standard strain-gauge techniques. These moduli were mea-
sured under the two limiting magnetic conditions of (1) fixed FIG. 1. Magnetic moment in ciu/g as a function of applied field at 77 K

magnetic field and (2) fixed magnetic induction. Magneto- (upper set of curves) and 294 K (lower set of curves) for Bridgnan-prparced
samples: (1) Tbl,,DyDA and (2) ('l jl)y Jt ,F I and f,'c-standing zone-

,striction measurements were made in fields up to 160 kA/m melt samples: (3) (Tb .,Dyt.4..Z|ceu.im, (4) ('11) 1,I)y1)A4e,.s5 , and (5)
at room temperature and 77 K using strain-gauge and LVDT (Tbn,Dy(,,), 3FcI,,0.
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FIG. 2. Magnetic moment inl cmo/g as a function of temperature at applied (11) (ThnsDyO).a)u.33FeI., 7 , (Note thtat ithe zero position of three of thle data
fields of 800 and 8(1 kAtm (see inset) fo~r B~ridgman-prepared samples: (I) sets has heen shifted for display purposes only.)
Tb..6 Dys.. and (2) (T.•Do•.,F. and free-standing zone-melt samplcs:
(3) (Tbh~,~Dy 1t4 ), 72.F2,,.?• (4) (Y h,.: Oya .4)o., 2Fe,., . and (5)
(Tbhl,,DY0"4),' 3Fe°'.7 is applied to these samples, the magnetization in the domains

rotates from parallel to perpendicular to the rod axis, yield-
ing a softening of the sample and the well-known AE effect.

coercive force is observed for the eutectic composition As the magnetic moments become nearly perpendicular to
R0. 72Feo,2s. the rod axis (0">60 MPa), both samples become significantly

Because of the very large uniaxial anisotropy in the hex- harder. The fraction of RFe2 is small in the samples richer in
agonal rare earths Tb and Dy, the polyerystalline R and al- R and the hysteresis becomes negligible. The pure cutectic
loys containing R• are diffie'.ult to saturate at low tempera- R1 .72Fe0.28 alloy and those richer in R are also more ductile
tures. The magnetization versus temperature curves for these and defonti under stresses greater than -100 MPa. Young's
alloys are shown in Fig. 2. The full magnetic moment of the moduli, calculated from the high-stress slopes of Fig. 3, arc
R component is not reached at 800 kA/m. As expected, a 110, 83, 77, and 72 GPa for RFc 2, R,.42Feotss, R0 .71 Feo.28 , and
large increase in magnetization below 200 K occurs as the R R 0.,Fe1I., respectively.
component becomes ordered. The change in the slope of the The effect of magnetic field on thle moduli is shown in
curves, even of t'he R1 .4?Fet..s8 sample, which contain:; only Fig. 4 for RFe2 and R11.42Fe1 .58 at room tenmperature and 77 K
14% R, is clearly detected. A striking feature of the magne- (0.r-15 MPa). When an axial magnetic field is applied to a
tization versus temperatture curve is the appearance of a peak positive magnetostriction material under a preexisting com-
in the magnetization of T•210 K for small applied fields. It pressive stress, the magnetic moments again rotate, but now
is well known that a basal plane spiral magnetization struc- from perpendicular to parallel to the rod axis. As this rotation
ture exists in the "1'b.,Dy1 _¥ alloy system.t' We observe that process takes place in the applied magnetic field, the elastic
the coexistence of the RFe2 component in the eutectic does moduli at first decreases and then increases as the rotation
not significantly alter TN. Thus, the spiral structure of process becomes complete. For the RFe2 compound, the
"I'b0.*,Dy0 .4 remains essentially unchanged in the eutectic
structure, and we conclude that the contributions to the mag--____________________
netization from the itndividual R and RFe 2 phases within the 80F-

710 -120 -10(A)0-0 2

eutectic are simply additive, 70•o11 - 77K

001.

For most applications utilizing magnetostrictivo materi- 60,1 ,-•t- 7
als, it is import50i to know the mechanical stiffness. We re- 2 503 00o

p)ort measurements of Young's moduli at room temperature 4030 298K "¢-o• "!- '•-and at 77 K. In Fig. 3 we illustrate the stress-strain relation- m- , 'a b r io

ships at room temperature for the Bridgman-prepared s 2-samples in the absence of an applied magnetic field. The of-tile data

addition of the R component to the RF'e2 compound consists 50h =e for 77 K (

of two major .eatures: (I) a reduciion of the stiffness with 40theo298 K ago i t domai n
the addition of the softer rare-earth binary alloy; and (2) a 30y
large magnetically indua e osd hysteresis in the RFe2 and thewe
eutectic containing alloy richest in RFe2 . In these two cases, 0 20 40r6e80ithe moduli strongly depend upon the magnetic history of the Applied Field (kA/m)

sample. For RFe2 and Rt.A 2Fe~t.sx, Young's moduli measure- FIG. 4. eodi Tlas udDh er cons~at-lie d conditioes Then apud r constantments weetaken w the d amples premagnetized parallel to induction allvs apd thosdrchr in-Rcare sample dcl
the rod axis to achieve the maximum magnetic moment ro- fTo,,Ite)y, 1e),,,Fe, 7 15.8 Ma's and srs t g 're ,,rae)yan , Fe-100 at 15.4 Mn'si
tation in asn applied magnetic field. As the cotepressive stress 1o1f) yl1 at 77 K, are) VI at 77 K. (0) y5 at 208 K, an) (St V" ,d 1.8 KI.
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easiest rotation take:,; place near 85 kA/m at 77 K (55 kA/m Ro. 72FeO.28. The conclusion reached is that the high c-axis
for room temperakire). For the sample containing the small- texture of the rod samples, with the large uniaxial anisotropy,
est amount of eutectic, R,)jFe- 8 the easiest rotation pro- inhibits the large magnetization rotations required for giant
cess occurs at a field high(er than 160 kA/mn. To evaluate the magnetostrictions. In the R-rieh samples, the magnetostric-
effect of 1800 domain-wall motion in creating the nonmag- lions reach only '-40OX 10('~, compared with the huge
netostrictivc magnetization process, measurements were ~-600OX 10-6 previously reported for the basal plane ori-
taken under both constant magnetic field H and constant ented Trb 0 ,6DyO.4 single crystals.'
magnetic induction B. In these samples, both yB and Y11 The N6e0 and Curie temperatures of R (=Tb0 .6DJYO4)
decrease with applied field. Thus, even when the total induc- were clearly observed in all of the eutectic-containing alloys.
tion is kept fixed, the domains redistribute themselves in Thus, the presence of RFe2 component in the eutectic does
such a way that yields some magnetization rotation and mag- not noticeably affect the magnetic properties of the R com-
netostriction. Thus, the accepted conventional relationship ponent, even its magnetic structure, On the other hand, the
between the coupling factor and Yolmr, moduli, giant magnetostriction of the R component of the eutectic
k2 =l1_yn/yB, is not valid here. was not realized. Because of the highly textured nature of the

At room temperature the magro,etL- neto- Bridgman and FSZ samples and a strong R uniaxial anisot-
striction decrease rapidly with the auuition K RFe 2  ropy, the magnetostriction (for H< 160 kA/m) is found to
compound. In this section we rep - 01, n., Jon and decrease as the portion of the highly maglietostrictive R
magnetostriction at 77 K in magnet. up 'kA/m. component of the alloy is increased. Finally, Young's modu-
Figure 5 illustrates the field dependeti, r.5 for tht ' 0.42Fe05j8, lus decreases as the R/RFe2 ratio in R,5Fe1 -x (0.33--x- 1)
R0,28Fe0)72, and R0.9Fc01. alloys at comprcs..ive str,,sses o, of increases. The modulus in the R0. 42Fe0.5 8 alloy is highly hys-
'-6 and -17 MPa for the Bridgman-prepared samrples. Sinii- teretic and does not exhibit the large AE effect of the single-
tar results are observed for the FSZ samples, but not reported phase RFe2 compound.
here. The expected o, dependencies of the magnetization and Research onl magnetostrictive intermetallic alloys at the
magnetostriction, character :Stic of both R and the RFe2 Com- Naval Surface Warfare Center is sponsored by the Navy Iti-
pound, are not seen. Here, little or no stress dependence was dependent Research Program.
observed. Also striking is the large reduction in the magne-
tostriction with the addition of a small amount of the R com- 'A. E.. Clark, M. Wun-Foglc, J1. B. Restoriffand J. F. Lindberg, IEEE Tranis.
ponent to the RFe2 compound. In the RFe2 compound (not MWigii. MAG-28, 3156 (1992).
shown), the magnetostriction reaches 220OX 10--( at 160. 2 M. B. Spano, A. E.. Clark, and M. V/un-Fogle, IEEE Trans. Magi). MAG-
kA/m. As observed in Fig. 5(a), the magnetostriction of 25 374(18)

10-6. ''A. E. Clark, in Ferroinagnetic Materials, edited by E. P. Wohlturth (Nnrth-R0.42Fe0.58 is only -800X 1 6 Wilih samples richer in R, the Holland, Amsterdam, 1980), Vol. 1, p. 531.
magnetostriction decreases still further, even though the 48iflary Phase Diagrams, edited by T. R. Mvassaiski (ASM, Metals Park,
magnetostriction of the R is much higher than that of RFe 2. OH, 1986).

These. uitexpc;::dly low magnetostriction values are ~;hown -Samples were prepared by Edge Technologies, Inc., ETREN4A Div.,
Ames, IA.

in Figs. 5(b) and 5(c) along with their correspot~ding magne- 'W. C. Kochler, in Magnelik Properties of Rare Earth Materials, edited by
tizations. Note the hysteresis is largest for the pure eutectic, R. J. Elliot (Plenum, Lundoii, 1972), p. 8.

P'ublished wit/lout author correct ions
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Theory of magnetostrAtion with application to Terfenol-D
R, D. James
Department of Aerospace Engineering and Mechanics, University of Minnesota, Minneapolis,
Minnesota 55455

D. Kinderlehrer
Center for Nonlinear Analysis and Department of Mathematics, Carnegie Mellott University, Pittsburgh,
Pennsylvania 15213

A mechanism for magnetostriction in the highly magnetostrictive material Terfenol-D is explained
in detail. This mechanism is based on a theory of magnetostriction [R. D. James and D.
Kinderlehrer, Philos. Mag. B 68, 237 (1993)] that is particularly suited to predictions of the
macroscopic behavior of materials that exhibit large magnetostriction. Some experiments that test
these predictions are proposed.

I. INTRODUCTION martensite, the laminates are separated by a transition layer,

A teor ofmagetotritio tht i adpte tothede- which of course contains some energy, The value of thisscription of large magnetostriction is given by the authors in energy is proportional to the twin spacing, so it can be re-Ref. 1. The theory is a micromagnetic in nature and follows duccd as close to zero as desired by refining the twins, TheRef.1.The p thern es ish by irogn.Tecus i s onture and exactws second kind of laminate has no transition layer; it is "exactlythe pattern established by Brovai.2 The focus is on an exact compatible." The property of being exactly compatible ver-

specification of the potential wells Of the anisotropy energy. compatible Th p t eictly tie ver-For large specimens such as those encountered in usual sus approximately compatible is predicted by the theory; it is
actuator applications, the presence of complicated domain not just based on microscopic examination, With exchange
structures has hindered the usefulness of miceromagnetic energy present, it is clear that exactly compatible laminates

theories that seek to incorporate magnetostriction. In recent are energetically preferred over those which have a transition
years new methods of calculating energy minimizers for this layer.
situation have emerged, partly as a result of advances in the Exactly compatible laminates have another interesting
analysis of the microstructure of martensite and partly as a along the growth twin boundary, giving them some addi-
result of related developments on the design of optimal com- tional freedom to meet remote conditions.
posites. Using these ideas, the authors' found compatible en- ti en f e teet r emo e on ditions.
ergy minimizing domain structures for the theory specialized When we went back and checked the different laminates,
to a growth-twinned specimen of TbhDyl-.Fe2, x-0.3 we found that the laminate which achieves maximum mag-
(Terfenol-D). netostrictive strain is not exactly compatible. This suggests

The patterns found in Ref. 1 consist of laminates which that there may possibly be a drastic change in the domain
meet at the growth twin boundary; see, e.g., Fig. 1. Each pattern, and as explained herein, this would be favored by
layer of the laminate has a constant deformation gradient and compressive stress. These predictions are explained in more
a substructure of magnetic domains. The motivation for detail below. They suggest some interesting experiments,
looking at laminates as energy minimizers arose from the now in progress (Tickle5 ).
observations of Lord et al.3 Analyzing all possible compat- These considerations apply to a specimen with parallel

ible energy-minimizing laminates that meet at the growth growth twins, such as one that is obtained by float-zone pro-

twin boundary, we found five distinct energy minimizing mi- cessing. Bridgman-grown specimens contain a significant

crostructures, pictured in Fig. 1, one of which agreed with number of grain boundaries and sometimes several different

the photomicrograph of Lord et al. Subsequently, all of the growth twin systems, which surely would rule e'-t simple

other four patterns were observed (Lord 4), with good agree- laminated energy minimizers.

ment of the geometry and even (in the cases available) of the II. THEORY OF TERFENOL-D
magnetic substructure. We give a brief description of the theory specialized to

Each of these structures is kinematically compatible and Terfenol-D. The basic unknown functions of the theory are
energy minimizing for all values of the volume fraction y. As the deformation y(x) and magnc 7zation m(y). These are
"y changes from 0 to 1 the sample experiences a macroscopic minimizers or relative minimizers of the total free energy
strain in the direction [-211], the typical axial direction of a
Terfenol-D rod; however, the amount of strain differs for the E y,i) F qVy(x),m[y(x)]}dx± IVU(Z)1 2 dz.
different laminates. It might then be inferred that, after a few LJ JR 3

cycles, the rod would be likely to choose the domain struc- (1)
ture that yields the maximum magnetostrictive strain, be- Here 11 is the reference configuration of the specimen, ip is
cause there is certainly an energy barrier to changing the the anisotropy energy, and the magnetostatic potential u is
whole pattern. determined from m by solving the magnetostatic equation

A more refined prediction suggests that something dif-
ferent might occur. There are actually two kinds of laminated div( - Vu + m) = 0 on H3. (2)
microstructures predicted by the theory. In the first kind, In solving this equation it is understood that m=O outside of
analogous to "semicoherent" interfaces in the literature on y(Q), the deformed configuration. The theory is geometri-
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cally exact, to allow it to apply for arbitrarily large deforma-
tions. In fact, the elasticity could be linearized, and then the .21
theory would be similar to that of Clark," but it is no more(), (. "
difficult to calculate the energy minimizers for the geometri- 1o1

cally exact theory. The energy (1) is appropriate to a single-
crystal specimen. Supposing thai fl is divided in two by a ( 1), (L), (11'14),
growth twin on the plane xxxiz=0, so that f1=f 1 IUf1 2 with

filtsin(x.m1 >0) and 12=nl'(x-m1 <0), then the appro- C3), (4.),
priate expression for the eneirgy is

+ I , wfVy(x)R.(,m[y(x)]}dx 3lll

1~r 
(2), 2

+~ V u (z) I dz, (3)

where Re is a 1800 rotation about ml. Here mt is propor- -

tional to (111) and expression (3) takes into account the ob- -___(____._r),

served crystallography of the type-I growth twit~s of
Terfenol-D. When minimizing Eq. (3), compatibility at the
growth twin boundary is automatically taken into account by FIG. 1, Appearance of the predicted laminates on the (0-I I) phlne with light

the assumption that y(x) is continuous on 11. Finally, expres- and dark denoting the individual layers within a laminate. The magnetic
sions (2) and (3) are appropriate for no applied field or loads. substructure is not shown.

The key feature about the anisotropy energy ýp is its
potential-well structure. For Terfenol-D it is assumed to have
minima on the set essarily have to come from the potential wells (4), the energy

in the transition layer has to be reducible to zero by refining
{RU, ,±Rni}U{RU2 , t RM2} the layers, and the substructure of magnetic domains has to

{RU 3 ,-± RMn3}U (RU 4 , ± Rm4}, (4) be arranged to make the field energy arbitrarily small (see
where ml=4a111], m 2=a[- 111], m1=atl-11], Ref. I for the details of how this was done).
m14=a411-1], Uj=-r,14+(772-*04 1 0®mi, liiin/ImIt, To summarize the results of these calculations, we use
i=1,...,4, and R is an arbitrary proper 3X3 rotation matrix, the notation
The scalar constant of proportionality a is 1/0v of the satu- (ij
ration magnetization, ?-1 is the saturation strain along kill

[111], and rlt- 1 is the saturation strain along [1-10]. The to denote a minimizer which uses variants i and j on III and
notation a~b denotes the matrix with components aibj and 1 k' and V' on 112. The subscript can take the value t ("twin")
is the identity matrix. Thus, the linear transformation U, or r ("reciprocal twin") which refers to which of the two
transforms a cube (aligned with the cubic axes in 11) by kinematically compatible interfaces ({100} or {I10}, respec-
stretching its Lii1] diagonal with a strain 7h- I while con- tively) is used in making the laminate; this choice also af-
tracting every direction perpendiculai to [111] with a strain fects the rotations involved. Using this notation, all compat-
i/t- 1. This can be seen by applying Ut to unit vectors in the ible variants are shown in Fig. 1. This figure shows only the
various directions. We shall say that the specimen is in vari- domains of distortion [as would be revealed by differential
ant i at a point xeilt if [Vy(x), m(x)] has the form {QUI, interference contrast (DIC) microscopy, for example], not the
±•Qmi} for some rotation matrix Q. A different notation is magnetic substructure. Energy minimization gives one addi-
appropriate for the region f12 ; that is, because of the pres- tional restriction: The volume fraction above and below the
ence of Ro in Eq. (3), the potential wells are modified there. growth twin boundary is necessarily the same.
Hence, we say that the specimen is in variant P at a point As mentioned in Sec. I, some of these laminates are
xef12 if [Vy(x), m(x)] has the form {QRKU 1R1 , ±Qle)mi exactly compatible, Exact compatibility is most easily ex-
for some rotation matrix Q. plained by Fig. 2. An approximately compatible laminate has

the property that the energy in the transition layer can be
III. ENERGY-MINiMIZING COMPATIBLE DOMAIN reduced to zero by refining the layers. Exchange energy im-
STRUCTURES poses a limit to how much the laminates can be refined, and

The energy minimizers computed in Ref. I consist of the ultimate fineness is determined by a compromise be-
laminates above and below the growth twin boundary, All tween the energy in the transition layer and the total interfa-
possible compatible laminatcs were considered; that is, it cial energy, Exactly compatible laminates have no transition
was assumed that Vy oscillated between two values on Ill layer and, therefore, can be coarse or fine, and the tendency
and two diff2;rent values on f2, with possibly a transition would be toward coarseness since the only energy prescit is
layer in betweei,. To be energy minimizing, these values nec- exchange.
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// /. .maximum magnetostrictive strain is that they give both the
,L' .shortest (0.9992) and the longest (1.001 33) length; but, in

, z I , ,fact, the variant pairs 2 3 and 2 4, both of which are exactly
\\\\\\ \ I" .\' compatible, have the same maximal length (l001 33) as 12

' ' •but their minimum length is longer,
Computations with applied field and load using the

present theory are in progress,s but are not yet available;
FIG. 2. Exactly compatible configuration (left-hand side) and approximately however, as far as the effect of small or moderate loads and
compatible configuration (right-hand side) laminates, fields is concerned, it is likely that they will reveal that com-

pressive stress will favor variants yielding the shortest
The exactly compatible laminates are1  length, while applied fields in the direction [-211] will favor
23 34 24 variants yielding the longest length (This comes from a

3535 3'4' 2'4' (6) closer examination of the magnetic subdomain structure.)
Putting these assumptions together with the idea that ex-

IV, MECHANISM OF MAGNETOSTRICTION actly compatible variants are preferred, we can arrive at a

If we imagine a unit line segment drawn on the specimen proposal for what might happen. With no compressive stress
in the [-211] direc'tion above the Curie point (i.e., in the or applied field, variants 2 3, 2 4, or perhaps 3 4 would be
reference configuration), this line will become a zig-zag line preferred. Still in the absence of stress but with a [-211]
when evaluated for any of these laminates. It will never field applied, 2 3 and 2 4 are then preferred, even up to large
"break," as we have assumed kinematic compatibility [i.e., fields, because they give maximum extension and they are
the continuity of y(x)]. For such at fine that is long compared exactly compatible; however, Upon application of cornpres-
to the layer width, the length of the line depends only on the sive stress, there is clearly a preference for 1 2 (or 1 3 or 1 4,
volume fraction y and the choice oif the laminate. A line in which, however, would not seem to survive cycling the
the [-211] direction will have the same length whether it is stress, because they achieve only modest maximal lengths).
placed above or below the growth twin boundary, by com- V. PROPOSED EXPERIMENTS
patibility. It is easy to calculate the maximum atnd minimum This proposal suggests some relatively simple experi-
lengths of such lines, as y goes from 0 to 1, for all the ments. Since the domains of distortion discussed above are
laminates, and the result is given in Table 1. (The right-hand- observed by making use of surface relief, it is important to
side column is an evaluation of these lengths for material polish the specimen in the single-domain state. Failure to do
constants mh and rh appropriate fr TorfenoI-D, obtained by this will result in the possibility of seeing false domain
using surface relief measurements of AI-Jiboory and Lord.7) boundaries at places where leveled domain boundaries ex-
It is seen from Table I that the maximum strain ANI/ ts oh- isted during polishing, Since it is difficult to polish above the
tained using the variants 1 2; however, from Eq. (6) these Curie temperature, it is reasonable to use stress to do this,
variants do not achieve exact compatibility. Another look at According to the results of the theory, a compressive stress
Table I shows that the reason that the variants 1 2 give the favors the single-domain state consisting of variant 1, and a

reasonably large compressive stress is advised, to overcome

TABLE 1. The minitarind ntaxiiount moacroscopic length's ora l ine on- barriers associated with the inevitable defects. A fixture has

inted along 1-211] which in the reference configuration had unit length. been built to do this.
With domains of distortion revealed, the experiment coni-

Length with ill =0.9992, sists of observing the effects of applied field and compres-
Vatriants Length I ,• sive stress on the domain pattern and macroscopic magneto-

1 2 i l 11.9992 striction, as indicated in the last paragraph of Sec. IV. The
inaxl I+--r( t- rn)] 1.0i01 33 switch from variants 2 3 to 1 2 should be accompanied by a

1 3 rain / _ 0.9992 significant change of both the geometry and the fineness.Imax[ 7jit, + - I/ 1.tt)7[ r ,,~ ff' 7 ACKNOWLEDGMENTS
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Recent developments in modeling of the stress derivative of magnetization
In ferromagnetic materials

D. C. Jiles and M. K. Devine
Ames Laboratory, Iowa State University, Ames, Iowa 50011

The effect of changing stress on the magnetization of ferromagnetic materials leads to behavior in
which the magnetization may increase, or decrease, when exposed to the same stress under the same
external conditions. A simple empirical law seems to govern the behavior when the magnetization
begins from a major hysteresis loop. The application of the law of approach, in which the derivative
of the magnetization with respect to the elastic energy supplied dM/dW is proportional to the
magnetization displacement M n-M, is discussed.

Previous work on the development of model theories of for locations beginning from the major loop; however, for
the magnetization processes in ferromagnetic materials have locations beginning on a minor (i.e., asymmetric) loop, the
concentrated on the description of hysteresis12 and the law of approach, if it was operative, did riot seem to pertain
changes in hysteresis curves which result from constant ap- to the principal anhysteretic magnetization.
plied stress, 3-'5 The magnetomechanical effect, which is de- There are probably three factors which determine the
fined as the change in magnetization of a magnetic material magnitude and sign of the magnetomechanical effect: (i) how
resulting from a changing applied stress under a constant far the prevailing magnetization is above or below the anhys-
applied field, has been reported occasionally,', 7 but the ef- teretic (the displacement): (ii) how sensitive this displace-
fects have appeared to be very complex. For example, in the ment is to stress (the rate of decay); and (iii) how the anhys-
closely related works of Craik and Wood8 and of Birss, teretic changes with stress.
Faunce, and Isaac,9 the experimental results were obtained As described in previous work,3 an applied uniaxial
by applying different stresses to various polycrystalline mag- stress acts on a multidomain polycrystalline material like an
netic materials in the presence of a small constant magnetic applied magnetic field operating through the magnetostric-
field. As noted by Craik and Wood, there were many features tion, and this additional "effective field" can be described by
in the results which cannot be reconciled with the previous
theory of BrownI H=3 (1)

Birss,11 Schneider and Charlesworth,12 and Finbow1 3  2/.L-- M,

have mentioned the prediction of Brown's theory that the Therefore, if the magnetostriction X can be described as
changes in magnetization should be independent of the sign a function of magnetization and stress, the anhysteretic iag-
of the stress (i.e., symmetric with stress), which is contrary to netizatin at field H and stress , becomes identical to the
the experimental results presented in these articles. The anhysteretic at field H + H, and zero stress,
"wall pressure" theory dev:loped by Brown, and later by
Brugel and Rimet,14 predicts that the magnetization remains 3 r -(dX\ 1

constant as the stress is reduced from its maximum ampli- -M H+ -t--A d ,0,
tude. This was termed the "horizontal fly-back" by Birss and ,I
co-workers,9 which is known to be at variance with experi- (2)
mental observations, as shown by Schneider and where the effects of stress have been incorporated into the
Richardson' 5 and Schneider and Semcken, 10 as well as in the effective field. A reasonable first approximation to the mag-
results of Craik and Wood.," Birss and co-workers,' and Jiles netostrictioli of iron can be obtained by using the series ex-
and Atherton.17  pansion

Following the observation by Bozorth and Williamst' that
the magnetization curve of Permalloy 68, obtained after ap- X YiM 2 , (3)
plication of a magnetic field followed by stress of 39 MPa (4
kg rm- 2), was "as closely as it was possible to tell, identical
to the anhysteret'c magnetization curve," it was suggested' 7  which enables the derivative dXIdM to be calculated.
that the main effect of stress cycling on the magnetization The stress dependence of the magnetostriction curve
causes it to approach the anhysteretic. X(M,ur) can be described from the stress dependence of the

The concept of the law of approach was tested by coefficients Y,. Using a Taylor series expansion,
Pitman'8 and later by Maylin and Squire.' 9 The results, ac-
cording to Pitman, seemed to confirm the law of approach, yi(r) = yi(O)+ '• --. (), (4)
with the results from positive and negative remanence being (4
mirror images of each other, while the amplitude of the
change in magnetization was found to be much reduced where Y'(0) is the nth derivative of yj with respect to stress
when the point on the initial magnetization curve was close at rr=t.
to the demagnetized state. The stress dependence of the anhysteretic magnetization

The results NMylin and Squire suhrstamtiated these results curve can be determined from
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FIG. 2. Variation of magnetization with applied stress at a field strength of
2.0 Stress (MPa) 80 A m-1 close to the anhysteretie magnetization curve and slightly below

.10o it. The right-hand-side half of the diagram shows the behavior in tension and
Za-eo0 the left-hand-side half shows the behavior in compression. The values of the
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dM I
1.0 --- M (6)

where now • is a decay coefficient which has units of J m-:.

The change in elastic energy supplied to the material when
the stress is changed from oo to cr is

II , ,. W= - (ar 'oz (7)

0 5 10 15 (

(b) H (kA/m) where E is the elastic modulus. Therefore, substituting

FIG. 1. (a) Measured variation of the anhysteretic magnetization with stress,
as reported by Jiles and Atherton (Ref. 17); (b) modeled variation of the 2
anhystertic magnetization curve for various levels of stress together with d W= (r -cr-o) d cr (8)

the following values of the coefficients: M= 1.7X10 6 A/m, a = 1(X A/m,
k=1000 A/m, a=0.001, c=0.t, y-4X×tO-(

1 -(3X10-
2 6

)u" A-
2 in2

, and into Eq. (6) gives
V,=2× 10-'o-(5× IO-9)o. A- 4 m4.

Man(H, a) =M sý oth ( H + H,+aM a } 1.a4/aS;aM • H'"
(5) H - °o A/M

The predictions of the present mode equation for the

stress dependent anhystcretic are shown in Fig. 1 for selected
values of the model parameters, It is clear from these resultsJiethat there is good agreement with the experimental results Ofan tetn

The magnetization may increase or decrease when ex-

posed to the same stress under the same external conditions.
This indicates that the phenomenon is dependent on more
than simply the external effects of stress and field. In fact the - 000
behavior depends on the magnetization history of the speci- Stress tMlP

men.
We have now two factors to consider: the displacement

from the anhysteretic and the change in elastic energy. The FIG. 3. Variation of magnetization with stress at 80 A m 1 along the lower

proposition which ve wish to test is that the derivative of the loop of the magnetization curve iifter reducing from a field amplitude of
---500 A Io-1. The values of' the quantities used were: e= ltitX 10I' Pa,

magnetization with the change in elastic energy supplied W y,=4X10 '
5

-(3XIO 2")Y A 
2it2 , and y2T2XlO"1

3 -(5XI0 "'h)(r

obeys a law of approach, A-4 M4.
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The results of Craik and Woods were more diverse than
those of Pitman, and in particular their results showed the
essential asymmetry of the magnetization versus stress

Stres (we)curves at higher stress levels. At small stress amplitudes of
up to about ± 0.5 kg mm --2 (=4.9xl0' Pa), the change in
magnetization with stress was almost symmetric. Even up to
±2 kg mm-' (19.6X 10~' Pa), the sign of the change was
positive under both tension and compression, but, beyond
±3 kg MM 2 (29,4X i0( Pa), the change of magnetization
with stress was negative under compression but positive un-
der tension. A wide range of different behaviors of magneti-

H - 00 A/rn zation under stress was reported by Craik and Wood, show-
ing asymmetry under tension or compression, and in which
the amplitude of the changes was dependent on the strength
of the constant applied magnetic field-, however, because
Craik and Wood did not measure the anhysterctic magnecti-

FIG. 4, Variation of magnetizatlion with stress at 80 A mt
- along the upper zation, the physical significance of the observed changes was

loop of the magnetization curve after -edcdilng from a field amplitude of not clear from their work.
5000 A in - . The values of the quantities used were: e= 100 X106 Ila, In the work of Birss'' it was found that for small
A-=4Xt'-3l

2 h Ajnan 2x4.5xf~i changes in magnetization the magnetization versus stress

curves were symmetric with respect to stress. For larger
changes in magnetization, Birss reported similar findings to

2 Craik and Wood: namely, a change in sign of the stress de-

dM - (cr- 47) (Man -Al) der, (9) rivative under compression, leading to an asymmetric behav-
6- ior,

where eEý,and e has units of Pa. Thle results of model calculations are shown in Figs.
Rearangig E, (9 andintgratng,2-4. It can be seen from the results of Fig. 2 at a field
Rearangng q. 9) nd nteratngstrength of 80 A/m that the slope of the curve of AM vs Y

dM 2f (c- (r~du,(10) changes sign in the compressive region at about - 100 MPa.
f _____ -6 a- r)u,(0 This result is similar in behavior to the data of Craik and

and consequently Wood,86 Birss and co-workers, 9 and Pitman.18 The results in
Figs. 3 and 4 show that the change in magnetization is posi-

-M((ro~cxp - c(,ý 1, 11) tive or negative, depending onl whether the initial niagnefiza-
mM B (CT) M.11(Yt)OPKa UuZ (1 ion state is below or above the anhysteretic, respectively.

The resultant curves here are in excellent agreement with the
which, on subtraction from M. 1 1-M(co'), gives the change in reported results of Pitman. 18

magnetization AM, This work was supported by the U.S. Department of En-

AM=M(oj)-M(cro) ergy, Office of Basic Energy Sciences under Contract No.

r[~ -A'U) i-xt r 21 (2 W-7405-Eng-82.
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Magnetization and magnetostriction curves from micromagnetics
Antonio DeSimonea)
Center for Nonlinear Analysis, Carnegie Mellon University, Pittsburgh, Pennsylh'nia 15213

The macroscopic behavior of magnetostrictive materials results from domain evolutions, often
occurring at a microscopic scale. It is shown how to compute magnetization and magnetostriction
curves by appraising the behavior of the underlying microstructures. The method hinges on an
averaging device (Young measures), which allows one to pass from the microscopic to the
macroscopic scale, The kinematical constraints on the accommodation of elastic effects are taken
into account, and the role of material symmetry in the selection of energetically optimal
microstructures is highlighted. Moreover, the effect of magnetoelastic coupling on the computation
of magnetization curves is discussed.

I. INTRODUCTION lowing Clark,4 we use the framework of linear elasticity, and

Specimens of magnetostrictive materials exhibit mag- we measure deformations through the linear strain E(x)
netie and elastic domains, which evolve under the action f =(1)[Vu(x) + 7u(x)], where u(x) denotes the displacementapplied magnetic fields and lowds. Analyzing the mecha- of the point x of a body it, Moreover, we restrict our atten-appled agntic iels ad lods.Anayzin th meha- tion to anl unloaded specimieni (tile case of applied surface
nisms that govern these domain evolutions is a key step to tion to a n u oa ded in (e case of al s
understand the macroscopic response of niagnetostrictivL tractions has been considered in Ref. 5), The state of (n is
materials: The macroscopic deformations induced on these described by a magnetization-deformation pair (le,E), and
materials by applied magnetic fields result precisely from we look for minimizers of the energy functional
domain rearrangements, often occurring at a microscopic C
scale. In fact, the size of magnetic and elastic domains is Gh(m,E) j{'r.o-r[m(x),E(x)]- h'm(x)}dx
typically rather small as compared to the size of the body in
which they appea,:, As a consequence, domain patterns may + I IVt,(X)I X
result in complex geometries. Micrmagnetics provides us (IX, (I)
with a rationale for the occurrence of line domain patterns,
based on energy minimization. Moreover, at least in prin.- Ilre h is a constant external magnetic field, while -sVu.n is
ciple, it could be used to predict the most energetically fai- the magnetic oield generated by n, defined as the solution of
vored configurations under given applied fields and loads Maxwell equation div(-Vuch ,+vi=h)es, where in is the exten-
and, hence, for quantitative predictions of the macroscopic sion of m to e 3 which vanishes outside te. Moreover, we
response of mnagnetostrictive materials. In practice, this pro- write
gram fails due to the conpipexity of the configurations to be (p.ror(in, E) = ,(in) + 1[ E-- E0 ( m), t E- E0 ( re)1, (2)
computed, where ý is the anisotropy energy density, '1 is the fourth-

In this article we rpot on recent progress in applying order tensor of' elastic nioduli, and E t,(in) is the stress-free
inicromagnetics to predict virgin magnetization and magne- strain corresponding to in, i.e., t ie second-order tensor
tostriction curves. Our method, inspired by the work of wt hin forrespondin, is such that
James and Kinderlehrer,' is based on a simple idea: Only a which, for given E. , is such that •rJ.rjn,EJ)(m)j-<- 1r(IflE)
few average properties of domain patterns are needed to C every E.
compute magnetization and magnetostriction curves, and not E0(m) dictated by material symmetry. Denoting by ad
all of the geometric detFmils of domaiin patterns are needed to e ditae by material symmetr y. Dfnti ng by a
exactly quantify their ,nergetics. We focus precisely on those the group of material symmetries of the material at hand,
features of domain patterns which are needed to select the i..,, the set of' orthogonal matrices Q such that
energetically optimal ones, anl to describe them in enough €.ro'r(Qm,QEQ) •ro.r(mE) for every m and F, we have
detail so that the macroscopic re,,.ponse can be characterized. ,p(Qmn)= ,(in), and E1,(Qm) = QE4 1(m) Q, VQ e..
Our analysis bears close similarities with those based on the (3)
classical article of N6e0,2 but there are also some significant We also remark that, in view of Eq. (2), G1, is the sum of a
differences. In particular, we do take into account the eftfct non-negative term (the energy due to magnet ,elastic cou-
of magnetoelastic coupling on the prediction of magnetiza- pling), and of ithe energy
tion curves.

II. MICROMAGNETiCS R h(0n) {j m(.v)]- h.m(x)}dx

We adopt the large-body limit formulation of I ,
micromagnetics, in which exchange energy is omitted. Fol- I+Vu,1I,- dx, (4)

2 fit;

"On leave from Dip. ing, civilc. Universith di Roma '"Tor Vergata," (01133 which would be associated with the magnetized body, were it

Rome, Italy. to he considered rigid.
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average magnetization of the whole specimen. For Eq. (5)
we obtain zero, i.e., v describes a demagnetized state. Simi-
lar arguments can be applied to sequences of deformations
Ek and, in essence, our approach to the computation of mag-

E.Eo(-.).- n,-., U2k netization and magnetostriction curves consists of a system-
L atic application of the line of reasoning described above to

E.Eo(*) -11 1 -a I/2k cases in which an applied magnetic field is present. In par-
T ticular, we note that if we are given a minimizing sequence

(mk ,Ek) of Gh for each value of the applied field h, then the
+" knowledge of the Young measures generated by the se-

quences Mk suffices to compute the corresponding magneti-
zation curve.

FIG. 1, The kth element of an Pnergy-minimizing sequencc for an unloaded Two remarks are in order. To clarify the physical mean-
specimen of uniaxial material iinder zero applied field. ing of infinitely refining sequences, we recall that the theory

presented here is a limit theory for large specimens. Typi-
cally the ratio between the size of the domains and the size of

III. MICROSTRUCTURES the body in which they appear tends to zero as the latter

The starting point of our analysis is the observation that increases. Since in the present theory this limiting process is

the infimum of Gh may be unattainable in the space of ad- represented on a reference body of fixed size, infinite refine-

missible magnetization-deformation pairs. We illustrate this ment ensues. Our second remark concerns the problem of

with an argument due to James and Kinderlehrer. We set computing the energy of a microstructure. Put simply, the

h=O, and we consider a uniaxial material with easy axis e. knowledge of the magnetic phases present in a microstruc-

Figure 1 shows the kth element of an energy minimizing ture, and of the corresponding volume fractions, does not

sequence of magnetization-deformation pairs (note that the provide enough information to compute its energy (in the

sequence is parametrized by the width of the layers, that the example above, we carefully chose the orientation of the
domain interfaces, and we also checked that no extra energymagnetization is always directed along the easy direction, contributions arose from the magnetoelastic coupling). Thus, •

and that the deformation is constant and it corresponds to a

stress-free strain everywhere in [0). By refining the width of a model for magnetostrictive materials in which microstruc-

the layers, we can drive the energy to its infimum 1, which is ures are described only through these quantities may lead to
inaccurate predictions (see following section). It is indeedtimesgencthfree vmagnetizan ofid w h Hw er, sinc there i -n possible to characterize the energetics of microstructuresdivergence-free magnetization field which takes only the val- without resolving them in their finest details. For this pur-

ues +e, there is no configuration whose energy is exactly I.

Thus, strictly speaking, the proposed minimization problem pose, one needs not only Young measures, but also the H

has no solution. In spite of this, the example gives a clear measures of Tartar.6 The selection of optimal microstructures

indication of how to proceed: a minimizer of Go should be can thus be reduced to a minimization problem over Young
measures and H measures. Here we follow the technicallydescribed by the asymptotic behavior of an infinitely refining simpler alternative of computing minimizing sequences di-

minimizing sequence, i.e., in a descriptive language, by a rectlyr andtwe os Yomeuren o nl toqde nces of

microstructure, rectly, and we use Young measures only to describe those of

The notion of Young measure allows us to give a precise their features which are relevant for the computation of mag-
description of some of the asymptotic features of an infi- netization and magnetostriction curves. In this process, wenitely refining sequence, Essentially, Young measures pro- do not neglect any energy contribution: In particular, we take

vide the precise mathematical description of the mixtures of into account both the magnetostatic and the magnetrelastic

magnetic phases introduced by NWel in Ref. 2. Indeed, the energy that may arise from jumps of the magne!.ization

Young measure v, generated by a sequence of magnetiza- across adjacent domains.

tions (mk), k=1,2,..., gives, at each point x of the body, the
limiting distribution of the values of mk in a vanishingly IV. APPLICATIONS AND DISCUSSION
small neighborhood of x. For example, the Young measure
generated by the sequence (ink) of Fig. 1 is in fact indepen- We illustrate our approach on a sample application. We
dent of x and it can be written as consider a spherical specimen of uniaxial material, with an-

__ (5) isotropy energy p(m)=41-(m.e)2] (we assume Imn=l and
2 e= 2 , (5) >O), under an applied field at 45' from the easy axis e. We

where 8,+ is a Dirao mass centered at ±e. The physical rely on the results of Ref. 3, where the corresponding mini-
meaning of Eq. (5) is the following: In the limit k-cc, mk mization problem for Rh has been solved. The interesting
represents a microscopic arrangement of domains with the regime is that of low field strengths, where minimizers of Rh
property that at every point of the body only domains with are microstructures, Examples of the relevant minimizing se-
magnetization ±e are presen, and with equal volume frac- quences are shown in Fig. 2. They consists of layers, in each
tions. The first moment of a Young measure generated by a of which the magnetization takes one of two possible values
sequence of magnetizations gives the average magnetization (which depend on the applied field), say, mi and M2. We
in a neighborhood of x, and its average over 01 gives the obtain the minimizing sequences for Gh by setting every-
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is a standard procedure, and we have thus shown that, in the
example considered, it is justified as an exact consequence of
micromagnetics.

In spite of the fact that similar results can be proved for
a surprisingly large class of materials,7 the validity of the
procedure outlined above is not universal, A simple example
is that of iron, when an external field applied in the [111]

A B C direction. It is interesting to note that, close to saturation, the
magnetization curve computed from the minimization of Rh

FIG. 2. Minimizing sequences for % spherical stpecinien of uniaxial material differs substantially from the experimental measurements, In

with applied field at 45* from the (horizontal) easy axis. A,B,C correspond this regime the minimizers of Rh consist of mixtures of four
to increasing field strengths. magnetic "phases" which are not symmetry related, and

whose associated stress-free strains cannot give rise to kine-
matically compatible deformations (a proof will appear in

where in the specimen E(x)=E0 [m(x)]. This leads to a dis- Ref. 7). We conjecture that, by taking into account the energy

continuous deformation field, which is, however, kinemati- contribution due to the magnetoelastic coupling, a more re-

cally compatible if alistic prediction of the magnetization curve can be obtained:
Indeed, in order to compensate for the elastic energy stored

E0 (m1 )-E 0 (m2 ) -(a®e2 +eL®a), (6) in a stressed configuration, higher field strengths should be

for some vector a (here e.L denotes the normal to the layer necessary to sustain a given average magnetization.

interfaces, while a®b denotes the matrix with components ACKNOWLEDGMENTS
a(bj). This is indeed the case, ar.d it is not hard to check. The
"I'structural" reason behind this result is that m2 ýRml, Several useful discussions with G. Friesecke and, at
where R is a 1800 rotattion about e, , and hence it is an early stages of this research, with R. D. James, are gratefully
element of si'. Thus, by Eq. (3), E0(M2)=RE0(m1)R". acknowledged.

We can conclude that, in the example considered, the
minimizers of Gh correspond to stress-free states. Thus, if R, D. James and D. Kinderlehrer, Cowt. Mcch. Th'rn. 2, 215 (1990).

(m,E) is a "minimizer" (possibly a mnicrostructure) of Gh, 2 L. NWel, J. Phys. Rad. 5, 241 (1944).
then mt is a "minimizer" of Rh (in fact, the unique mini- 1A. DeSimone, Arch, Rat. Mech. Anal. 125, 99 (1993).teA, E. Clark, in Ferromagnetic Materials, edited by F. P. Wohlfaith (North-
mizer of Rh, as shown in Ref. 3). These observations give Holland, Amsterdam, 1990), Vol. 1.
rise to a strategy for computing magnetization and magneto- 5 A. DeSinione, in Stuart Structures and Materials 1994, SI'IE Proc. 21'2,

striction curves: The computation of the magnetization curve edited by IH. 1. Banks (Society of Photo-Optical Instrunctntution lEngi-

is reduced to the computation of the minimizers of~ Rh, and neers, Bellingham, WA, 1994)
6oL. Tartar, Center for Nonlinear Analysis Research Report 92-NA.(1(2,

the magnetostriction curve is obtained by considering the Carnegie Mellon University, 1992.

stress-free strains associated with the minimizers of Rh. This 7 A, leSin•one (to te published).
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Magnetostriction of melt-spun Dy-Fe-B alloys
S. H. Lim, T. H. Noh, and I. K. Kang
Magnetic Materials Laboratory, Korea Institute of Science and Tchnology, 136-791, Seoul, Korea

S. R. Kim and S. R. Lee
Department of Metallurgical Engineering, Korea University, 136-701, Seoul, Korea

The magnetostriction of melt-spun ribbons of Dy.(Fel _.B).)I_ (x =0.2, 0,25, 0.3; 0--y --0.2 ) alloys
is systematically investigated as a function of the wheel speed during melt quenching. As the wheel
speed increases from 10 to 50 m/s, the magnetic softness improves with the wheel speed rather
continuously for the alloys with the Dy content x=0.2 and 0.25 but it exhibits a maximum at tile
wheel speed of 30 or 40 m/s for the alloys with the highest B content (x=0.3). The softness also
improves with the B content for a fixed wheel speed. Homogeneous and ultrafine grain structure is
observed for the first time even in the as-spun state when the ribbons of the alloy Dy0.3(Fc1 lsB 0 2)07
are fabric[ated at the wheel speed of 30 m/s. The ribbon having the ultrafinc grain structure exhibits
good magnetic softness together with a high strain.

I. INTRODUCTION Ar atmosphere. In the present experiments we fixed all the

Giant magnetostrictive rare-earth (R) -transition-metal fabrication parameters except for the wheel speed which was

(TM) -based alloys such as TbFe2 were developed more than varied over a wide range from 10 to 50 m/s. The melt tern-

2 decades ago.1'2 The saturation magnetostriction Xk, of perature was maintained at just above the melting point of

TbFC2 compound at room temperature is as large as the respective alloys. The orifice diameter was about 0.5 mm
175310-6 (or 1753 3however, since the magneto- and the chamber and ejecting Ar pressures were 2.1 X 10 2
crystalline anisotropy of the alloys is also very large, a large and 1 b85 " MPa, respectively. The magnetostrietion was

magnetic field is usually required to obtain a large strain, In measured by a three-terminal capacitance method at room
the practical point of view it is important to have a large temperature and at magnetic fields I1 up to 8 kOc. The mi-
magnetostriction at a low magnetic field. In an early effort in crostructure was mainly examined by x-ray diffraction and,magetotritio atI lw mgneic iel. i aneary efor in in sonic cases, by transmission electron• microscopy (T'EM).
this direction, many workers attempted to reduce the magne-
tocrystalline anisotropy through alloy design, one notable ex-
ample being the investigation of pseudobinary (R1 ,R2)-TM Ill. RESULTS AND DISCUSSION
compounds. One main outcome from the investigation was For the Dy0,2(Fe1 •.B•l . alloy system, it is observed
the development of Tb0,3Dy 0.7Fe2 compound commercially from the results for X vs I/ plots, not shown here due to
known as Terfenol-D,. space limitation, that X increases very slowly with /I at low

Recently, attempts have been made to improve the soft- fields, when ribbons of low-B alloys arc fabricated at low
ness of R-TM compounds bv suitably controlling the micro- wheel speeds (usually 30 Il/s or less); however, the magnlctic
structure of the conlpounds.i-Un The main route to micro- softness improves substantially with the increasing wheel
structural modification is rapid quenching from the melt. It speed and/or B content. These W/tl results arc well explained
has been reported by many workers that the grain refinement by the x-ray-diffraction results. In low-I alloys, sharp dif-
or amorphization by this method improves the softness of the fraction peaks are seen at low wheel speeds indicating, ihat
alloys although, in some cases, this improvement has been crystalline phases with coarse grains exist, hol, at high wheel
done at the expense of reduced .,. .'7, Very recently, R-TM speeds, the peaks are broadened indicative of tile ornialionl
alloys of thick-film type were also fabricated by sputtering of finer grains. In high-B alloys, ain aniorphouslikc broad
and were reported to show good magnetic softness.)'-1, it is pattern is observed even at low wheel speeds indicating that
clear from these later studies that the softness of R-TM al- the glass-forming ability is increased bv I' addition. 'The
loys is sensitively affected by the microstructure, although it value of K in this alloy system is low, ranging tronm 30 to 6(-
is felt that not much systematic work has been done so far. ppm at 8 kOc. The crystalline phase is identilied to be mainlv

In order to see how the microstructure and hence the DyFe23 compound with a small amount of )viye,
softness of R-TM alloys is affected by fabrication conditions, For the alloy series Dy 2.2.5 (Fe1  .l 3•, . the ni1aglitclic
we systematically investigate the magnetostriction of melt- softness is observed to improve with the wheel sjwcd. ;u, is
spun ribbons of R-Fc-B alloys. In the present work, the al- clearly demonstrated by the X-H plots obtained ait dillercnt
loys selected were Dy•(Fe ..,By,)I_, (x=0.2, 0.25, 0.3; wheel speeds for the y =0. I alloy, as an example. sltow in
0-y-0. 2 ). Similar work on Tb- and Sin-based alloys is in Fig. I(a). The diffraction patterns for the same alloy aic
progress. The element B was added to the R-TM alloys, given in Fig. 1(b). Although the results are not showil here.
since it is known to affect the microstructure of as-spun the alloys with the other B content, except for the ,-0.'
ribbons, alloy, exhibit a similar W-Il behavior. This progressive ifr-

Il. EXPERIMENTAL DETAILS provement in the softness with the wheel speed is completelyNmatched by the x-ray-diffraction patterns as shown it Fig.

The Dy-Fe-B alloys were arc melted in an Ar atmo- l(b) from which it is observed that the peak intensity de-
sphere. Subsequent melt spinning kN as carried out also in an creases and the peak width broadens continuously with the
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FIG. 1. (a)T'Ihe X-II plots for the allo Dyo. 25(Feo. 9Bo.j)o.75. (b) The x-ray- FIG. 2. The k-H plots for the alloys (a) Dyo.(Feo-gBo.)00.7 and (b)
diffraction patterns for the same alloy as in (a). The DyFe2 and DyFe3  Dyo.3(FeO.gBo, 2)0 .7 Also shown are the X-H results for a bulk crystalline
phases arc indicated by the solid and open triangles, respectively. The num- DyFe2 for comparison (Ref. 3) (broken line). The numbers on the curves
bers oni the curves denote the whreel speed hi m/s, denote the wheel speed in m/s.

wheel speed. In the case of twe y=0.2 alloy, the value of k y =0.2). Although x-ray results are not shown here, the way
for the ribbons fabricated at the wtleel speeds of 10 and 20 in which the intensity and width of the x-ray peaks vary with
rl/s is higher than that for the ribbons produced at the higher the wheel speed is similar to that obseired for the
wheel speeds. "rhe rea-h for this was originally thought to Dy0 .25(Fe, -Y.BY) 0.75 alloy system. The crystalline phase is de-
Ihe duo to the fct that, even at low wheel speed of 10 or 20 termined to be mainly DyFe 2, a small amount of DyFe3 be-
mi/s, crystalline grains fine enough to result in good magnetic ing also observed for the alloys y =0 and 0.05. Also shown in
softness are forrmed at the large B content. The observed Figs. 2(a) and 2(b) are the X-H results for a bulk crystalline
x-ray-diffraction patterns, however, do not seem to clearly DyFe2 for comparison. 3 No appreciable increase in X of the
support the assumption, sinct the peak intensity and the de- bulk DyFe2 is observed until I1I=I kOe, after which X in-
gree of line broadening do not vary greatly with the B con- creases with H almost linearly.
tent at. the fixed wheel speed of 10 or 20 m/s. Further experi- The decrease in X at the high wheel speed of 40 or 50
ments are required to properly txplain the high-X values at m/s may be related to the presence of an amorphous phase. It
the low wheel speeds in this high-B alloy, is reported that the X, value of amorphous DyFe2 is very low

The crystal structure of mife Dy0 .25(Fel -yBy) 0.75 series, (38 ppm), 3 which is much lower than the value of 433 ppm at
which is uetermined by t.e x-ray-diffraction patterns, is ob- 25 kOe for the crystalline counterpart3 as well as that of the
served to vary with the B content. Mostly the DyFe 3 phase present melt-spun ribbons fabricated at the optimum condi-
exists in the B-free alloy and the DyFe2 phase exists in the tion. It is therefore quite likely that X decreases significantly
highest-B (y =0.2) alloy, and, in the alloys with the interme- by the formation of an amorphous phase. An amorphous
diate B content, the DyFe3 and DyFe 2 phases coexist, phase can also be formed at the high wheel speed for the

For the alloy system with the highest Dy content Dyo0 25(Fej-yBy)0.75 alloy system; however, since the main
Dy0o3(Fej -yBy) 0.7, X increases with the wheel speed, shows a crystalline phase in Dy0 .25(Fe, ..yBy) 0 .75 is mainly DyFe3 or a
maximum at the wheel speed of 40 m/s (30 m/s for the mixture of DyFe3 and DyFe2 (except for the high-B alloy
y =0.2 alloy), and then decreases with the further increase in where mainly DyFe2 phase exists), as was already discussed,
the wheel speed. Some of the X-H results are shown in Fig. and the X. value of amorphous DyFe3 is reported to be high
2(a) (for the alloy y=0.1) and Fig. 2(b) (for the alloy (130 ppm),5 which is similar to that for the ribbons fabricated
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FIG. 4. The values of X I,\,, and X, (where X, and XH are the values of A~ at
I and 8 kOc, ieapertively) as a function at thc B content y in the alloy

nmn ~~~system Dy0.3FCl,B,07 I The Jatai with the open circles are for the wheel
speeds which yielded the largest X, (40 rn/s tar the alloys y--0.15 and 30

FiG. 3. Transmission electroo micrographs (the hright-tield images) aind ni/s for the alloy y =0.2). In thc y=0.2 alloy, the results at the wheel speed

seleeted-aica diffiaction paltcrw. fair the alloy Dyj,, F,)Fe j),)fl35 ), 7 at the wheel of 40 ni/s are also shown and are indicated by the solid circles.

speeds of (a) 10 In/s. (b) 2) mi/s. and Mc 50 mI/s.

a magnetically soft amorphous phase. Tile high ratio, how-
ever, is achieved at the cost of very low 1\8 value. With the

at the optimum wheel speed, !he prLseCelC of anl amorphous same reasoning, the Xl/X8 ratio of the y=O.2 alloy at the
phase will not greatly affect the X value. The as:,urnption that wheel speed of 40 rn/s is expected to be large but it is ob-
the decrease :in X at thle high wheel speed is related to the served to be small. This is because the value of k itself is so
amorphous phase i's supported by the present x-ray results, low that the contribution from the volume magnetostriction
since amiorphouslikc patterns appear to be seen together with after saturation becomes appreciable, even though the value
crystalline peaks at thle high wile'- speed. Amorphouslike of volume magneto~triction (which is usually indicated by
patterns becom~e clearer as the B content increases, the slope AIMd after the saturation) is similar to each other.

Inl order to examine the microstructure further, TEM ex- The ribbon having the ultrafine grain structure (y=0. 2) ex-
periments were conducted and some of the results are shown hibits good magnetostrictive properties; good magnetic soft-
in Fig. 3 .'or the LDY( 13(Fe(08Bo.2)11 7 alloy. Front the TEM re- ness (X1Iks=0.66) and a high strain (X8=260 ppm).
suits, two important points canl he noted: First, an amorphous
phase is observed by TEM, as is evidenced by the halo pat- IV. CONCLUSION
tern. at the whee& speed of 50 oi/s; second, the more inipor- In conclusion, X-H behavior of the melt-spun ribbons of
tant point is that, at the wheel speed of 30 m/s, homogeneous Dy-Fe-B alloys is investigated as a function of the wheel
and ultrctti,1 e crystalline grains are formed. The graji size is speed and alloy composition. The homogeneous and ultrafine
estimiatedi to be Mt-.20 fltii. 4iiii is the first observation oil grain, structure iz observed for thle first time even in the as-
homogeneous and ultrafine grains, to our knowledge, in the spun state when the ribbons of the alloy Dy0J3 Fe01 8B0.2)0.7
as-spun state, althoughl similar ultrafine grains, were previ- are fabricated at the wheel speed of 30 ni/s. Thle ribbons
ously observed for the 'rh-Fe-B all oy system by annealing having the ultrafine grain structure arc observed to exhibit
pecurscr amorphous alloy ribbons!t good magnetostrictive properties.

In order to see how the magnetic softness arid the vaiue
of X vary with the B content. tite results for X1/x5 (wher, X, 1'N. C. Koon, A. Schindler. and F Carter, Phys. Lett. A 37, 413 (1971).
and h,, are the values of X ai 1 and 8 kOc, respectively) and 2 A. Ei. Clark and I1I. Belson, Phys. Rev. B 5, 3642 (1972).

X8as it function of tile B content are, showtn in Fig. 4 for the 'A. F. Clark, in Ferromnagnelic Materials, edited by E. P. Wolilfarth (North-
Hal land, Amsterdam, 19811), Vol. 1 . p. 53 1.

Dy,1 3(Fe1_,B,.),). alloy system1. rhe ratio \[/'\ 8 is us~ed to 'A. E. Clark, in Proceedings of the lel, Conference on Mag,,eavn and
mnousure the degree of magnetic softness. For each B content, Magnetic Materials, AllP Cotif. Proc. Na. 18 (American Institute ot Phys-
we plot data for that wheel speed which yielded the highest ics, New York, 1974), p. tt 15.

stran atI k~ (lrges X),whih wa obtine at he weel S. labia auid S. Kadoawki, J. Magn. Nlagn. Matcr. 79, 358 (1989).
stran a I ~e larestXj) whch vs otaied t te weel "11. 1). Greenough, I'r. J. Gregory, S. J. (.legg, awld J, if. Purdy. J, AppI.

speed of 40 rn/s for the alloys with the compositiotn Y zO.1 Phys. 701, 6534 (1991).
and the wheel speed of' 3(0 ni/s lot the y=0.2 alloy. In the 7S. Kikuchi, T. Tanaka. S. Sugimoto. M. Okada, M. Honura, and K. Arai,
y = 0.2 alloy, thle results at the whecl speed of 40 rn/s are also J. Magn. Sac. Jpt;. 17, 267 (19931.

shown~~~~~~~~~ ~ ~ ~ ~ ~ intefgr nodrt opr h eut o ie '' Ooikc, S. Istuja, and '. M iyazaki, J. Magn. Soc. Jpn. 17. 271 (1993).
shown ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~`] intefgr node ocmaetereut o h ujiinuri, J. Y. Kim, S. Suzuki, 1H. Morita, and N. Katuaka, J. Magn.

ribbons fabricated at thle same wheel speed. The reasoni for Magn. Mater. 124, 1I (S19109).
the highest XA /X, ratio at v)-0.15 is IVlate to the presence of ;"J. 1/. Kim. J. AppI. Phyas. 74, 27011 (190t3).
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Magnetic properties and magnetostriction in grain-oriented
(TbxDy, -x)(Fel -yMny).95 compounds

-r Kobayashi, I. Sasaki, T. Funayama, and M. Sahashi
R&D Center; Toshiba Corporation, I Komukai, Toshiha-cho, Saiwai-ku, Kawa.aki-210, Japanl

The magnetic properties and magnetostriction in grain-oriented ('lb.,Dy)_,)(Fce y.Mn.1.)t,
compounds with 0.3<-x-_0.5, 0-y-0.2 prepared by the Bridgman method have been investigated.
It is confirmed that the Mn substitution not only lowers the spin reorientation temperature but also
enhances X(100). This large \(l00) is contradictory to the single-ion model. For TborDy11 .
(Fe(.9Mnj.t),9 s compound, no spin reorientation, which induces the sharp drop in the
magnetostriction is seen in the temperature range from 77 to 400 K. In addition, by choosing the
appropriate compressive stress, the quite excellent thermal stability and the large magnetostriction
of 2000 ppm in the low applied field can be realized in the Tbh,.sDy0.. (Fe•.)9 Mn0.1)1 ,9 5 compound.
These features make TbOP DyO. 5 (Fe,•Mn 0 ,)l., 5s a promising material applicable to the various giant
magnetostrictive actuoi'ors.

I. INTRODUCTION plane, which contains all of the principal crystallographic
axis, was chosen for the torque measurements, The magne-The Laves phase compounds, rare earth with iron tostriction along the (11) and (100) crystallographic direc-

(RFe2), are well known for their giant magnetostriction. In tion was measured by a standard strain gauge technique, us-
the pseudobinary compounds, Tb.Dy1 AFC2, the spin reori- ing 43X0.5 mi (disk) and IkXI0 mm (cylindrical rod),
entation takes place at a specific temperature. For The cylindrical samples were provided for the magnetostric-
Tbh0 27Dy0",3 Fe2tu ,. tihe spin ropurientation takes place near room tion measurements under static compressive stress from 0.8
temperature. In tie compounds with cubic symmetry, the to 20.2 MPa with the applied field up to 0.4 T, Magnetostric-
easy magnetization direction hes along the crystallographic tion along the (Ill) and (100) without the compressive stress
axis (111) at higher tempciature, while (100) is the easy were measured with the applied field up to 1.7 T, using the
magnetization direction at lower temperature." 2 Because the were mesu

magnetostrh in constant along (Ill), X( 11), is much larger disk samples.

than that along (1)10), V(100), a large change in magneto- III. RESULTS AND DISCUSSIONS
striction occurs around the spin-reorientation temperature.

On the othei hand. the Mn substitution for Fe in The metallographic observation by SEM shows that the
('TbDy)Fe2 enhauces itt; magnetostriction at room tempera- samples prepared by the Bridgman method have regular
ture and also lowers its spin-reorientation temperature by platelet microstructures. Their crystallographic (I11) axis tilt
changing the magnetocrystalline anisotropy.-' Furthermore, about 10°-20' from their rod axis. The prepared samples
the Mn-containing compound has lhe larger inagnetostriction have enough qualities for the torque measurements with one
constant X(l00) than the Mn free compounds;'4 however, the excvcption. In the Mn-free and high-Tb-content case of
detailed behavior oi the magnetostriction and the related Tbh,..Dy0_.Fe 2 , a planar dendrite microstructure is partially
phenomena is still ambiguous due to the lack of data oh- observed and the crystallographic direction deviates part by
tained from the single crystals, The purpose of this article is part in the prepared sample, while Tb,, 9Dy0. 5 (Fe.,,,Mnll,)., .(
to investigate the magnetocrystalline anisotropy and magne- dose not show such a disorder. This suggests that the Mn
tost-iction based on tlhe data obtained from the substitution modifies the phase diagram and leads to the
(TbDy)(FeMn) 2 single--crystal samples and to discuss the change in the solidification process and the microstructure ef
spin-reorientation phenomena and the related magnetostric- the semple, particularly in the high-Tb-content region. Figure
tion behaviors. I shows the temperature dependencies of the magnetostric-

tions at 0. 1 T for the Mn-containing and Mjit-free polycrystal
II. EXPERIMENT materials.5 In the figure the magnetostrictions are normalized

by their room-temperature values. For Tb,. 3Dy1 .,Fe,.,93 and
TbIDyj AhFe i ,,`jj.9,5 samples with 0.3-x--0.5, Tb9,.3Dy,. 7 (Fe(,.xMn,.2).1)3, sharp inagnetostriction drops can

0(--y •0.2 were preplared by fhie Bridgman method. In pre- be seen around the spin-reorientation temperature, where the
paring samples, a h-3N crucible was used. The solidification easy magnetization direction changes from ( 11) to (100);
rate was 29 mm/h. Th1 sampies were heat treated in vacuum but, it starts at 300 K for 'l'b,. 31)y,.1Fel,, 3 while it starts at
at 950 'C for 5 h- Th4e crystallographical direction of the 220 K for Tb1.3Dy,). 7(Fe1).8Mn[10.2)],)3 So, the Mn substitution
samples was detemnined by the Lauc method. The metallo- for Fe lowers the spin-reorientation temperature. It is also
graphic observation weýre carried out by the scanning elec- noted that the mnagnetostriction of Tb,. 3Dy.7(Fc0. tiMnll 2) 1.0

tron microscope (SEM). in the lower-tenmperature region is larger than
The torque mneasuremen|ts w,-rc carried out in the term- that of Tb9 3Dy0.7Fe 1.93. For the high ,'b-conttent

perature range from 77 to 40(0 K, using a torque magnetome- Tb..DY,.5 (Fe11 ,Mn1  ) . such a mnagnctostrictil drop is
ter. The magnetic field wa:s appli'd up to 1.7 T. The (110) never seen ill the temperature range tromn 77 to 4(t00 K.
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FIG. 1. Temperature dependences of thc. magiletostriction at 0.1 T1 for the
Mn-containing and Mn-free polycrystal materials. 
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Figure 2 shows thle temperature dependence of the free-TbO4Mz.
energy difference between the magnetization along the (111) E 400-
axis and that along (100) axis for I'b~DyI_. (Fee.9Mn0.i)ltg 300with x=0.3, 0.4 and 0.5. With decreasing temperature the h0Mn

energy difference increases at first and then it decreases. Its V 200 N.T
minimum corresponds to the spin -reorientation temperature. 17

From this restilt w(, can confirm that the increase of the Tb 100
content decreases the spin-reorientation temperattire and that __0O .2T
the spin reorientation does not take place in the temperature 0
range from 77 to 400 K for Th0)5Dy0 .5(Fe0 ),9Mn01.)1 .95 . Figure 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

3 shows the temperature dependence of the magnetostriction T/Tc
M(111) and XMba) for TIb0,4Dy0~.6FeI. 95  and FIG. 3. Temperature dependence of the magnetostriction X(1IiI) and X110)
Tb 0.4Dy 0.6(Fe018Mn 0.2)ly., Thle temperature is normalized by for Tbh.4Dy(1;(,Fej.9. and TbO4DYU.6(FC0.8Mn0.2)1.9: (a) X(111) and (b) X(10O).
the Curie temperature T,. Ini Fig. 3(a) the magnetostriction
X(111) of both Tb0.4Dy0),6Fel1 t._ and Tb0,4Dy0 ,6(Fe0)8ivln0,2 )l,9
behaves in almost the same manner. The drop of magneto- very for Tb0 ADyQ16(Fe058Mn 0 .2)l.95. Its X(100) reaches
striction of both samples takes place around T/T,=0.2 under 500 or 600 ppm in the low-temiperature region. This result
the applied magnetic field of 0.2 1'; however, the behavior of suggests that the intrinsic magnetostriction along (100) axis-
the X(100) is quite different. As can be seen in Fig. 3(b), is very large for Th0 .4Dy0 .6(Fe0 .8Mn0 .2)I.9 S and that the en-
0(100 Of Ib0.DY0.Fe1 .95 shows little temperature depen- hiancement of X(100) results from the Mn substitution. The
dence although a little jump of tl~e X(100) is seen around single-ion model proposed by Cullen and Clark 6 predicts the
TIT, =0,2 due to the change in &he easy magnetization direc- small X(100) by neglecting the transition-metal contribu-
tion from (111) to (10C'.. This indicates that the intrinsic tions. This is confirmed to be true for the Mn-free samples in
magnetostriction along (100) axis is small for our experiments, but the Mn-containing case is contradictory.
Th04 Dy 6ffe, 9 .9. To the contrary the jump otf thle X(0 is This result suggests the importance of constructing a model

to include the transition-metal contributions for explaining
the behavior of the giant magnetostrictivc materials properly.

i X 101 Figure 4 shows the temperature dependence of (I I I) at
1360 kA/m (17 kO) for Tb0.3Dy0.7Fe1 .9 . and

,TbDV1..tFcoojno.iti.9sa Tb 1).5Dy,)1!(Fe 0)9Mn. 1),j).j. As the easy magnetization direc-
tion changes from (I111)10t (100), XMl 11) of Tb0 .3Dy0 7.-Fel.95
decreases with decreasing temperature. On the other hand,

~ T~ NX(I11) of T~b0_Dy0t 5(Fo 9Mntti)i.,s monotonically increases
Tý0,4' with decreasing temperature owing to the spin-reorientation-

- A !b~.3free characteristics. Its X(il)I is 1500 ppm at the room tem-
pcratu~e and reaches as high as 3250 ppm at 77 K. The high
X( 111) value and the spin-reorientation-free characteristics

0 leading to the high thermal stability are very desirable for the
0 100 200 300 400 aiiplications of this giant magnetostrictive material.

T (K) Figure 5 shows the magnetostriction under the compres-

FIG. 2. Temperature dependence of tfie frece-nergy (tifterer":e hetween the sive stress of 0.8, 8.3, and 20.2 MPa as a function of the
magnetization along (111) axis and that along (10)0) axis for applied field for Tb).~o.(e)qio1195 Under the com-
Ili.Dy I-,(Fc,,Mn, 1)1 v ,x (t.3, 0).4 and 0.5. pressive stress of 0.8 N4Pa, AI/I(l 11) is 1200 ppm at the
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room temperature [Fig. 5(a)]. When the compressive stress is oo-8.3MPa*.~
increased to 8.3 MPa, AIII(11l) reaches to 2000 ppm even in CL
the low-magnetic-field region. At 77 K [Fig. 5(b)], X(111) A \\/ 0.8MPa
becomes as 1 rge as 1700 ppm under the compressive stress

V
of 0.8 MPa; however, the AI/I(111) versus the applied field Zb 1000 1 ` I I
curve changes little under the compressive stress of 8.3 MPa < II
compared to that at the room temperature. Therefore, by .\\ Ii/
choosing the appropriate compressive stress the very good
thermal stability of the magnetostriction can be obtained in 0 -4 -2 0 2 4
Tb0.5Dy0 ,5(Feo. 9Mn0 .i1) .95. The thermal stability as well as the ()Applied Filid (kOe)
large magnetostriction in the low applied field region makes (b
Tb0.5Dy0,5(F e0.9Mn0 .j) 1,-, a promising candidate applicable to FIG. 5. Magnetostrietion under the compressive stress of 0.8, 8.3. and 201.2
the various giant magnetostrictive actuators. MPa as a function of the applied field for Tb()_Dy. 5(Fe1 o.9Mn,.j)jt9 5 at (a)

In this connection, the hysteresis in the magnetostriction room temperature and (b) at 77 K.
curve of TIb0 5Dyy.5 (Feo.9Mno,i)ig5. is a little larger than that
of Th0 3Dy0 ,7Fe 2. This is probably due to its higher Tb con- magrietostriction of 2000 ppmn in the low applied field can be
tent which increases the magnetocrystalline anisotropy. So, realized in the Th()*5Dy0,5(Fe0),9Mn01 j)1 ,9 .s compound. These
this feature should be taken into consideration when design- features make Th0 ,5Dy0 .5(Fe0 .9Mn 01 )1, 9 .5 a promising material
ing thc actuators, applicable to the various giant magnctostrictive actuators.
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Stress effect on the magnetization of Dy in the Dy/DyFe 2 eutectic
J. R Teter, S. F. Cheng, and J. R. Cullen
NSWC-White Oak, Silver Sring, Maryland 20903.5640

The magnetization of the alloy DyFel.5 was studied as a function of temperature from 50 to 300 K
in a range of magnetic field up to 10 kOe. Metallographic studies showed the existence of a eutectic
phase containing both DyFc2 and elemental Dy embedded in the DyFc 2 matrix. The presence of
elemental Dy was observed in the magnetizatior, data through a cusp in the temperature dependence
of the magnetization at 178 K and an increase of the magnetization starting at 130 K and continuing
to 80 K. While the first feature occurs at precisely the Nlel temperature of bulk Dy, the second
contrasts with the jump at the Curie temperature of 89 K observed in low fields in bulk single-crystal
Dy. The more gradual increase in magnetization observed in the DyFel. alloy is attributed to
variations in stress to which the Dy is subjected. The temperature dependence of the magnetic
moment from 80 to 130 K is modeled as arising from a collection of Dy particles of varying Curie
temperatures. This variation is in turn caused by the stress distribution. Curie temperature
distributions are found for a range of magnetic fields and then are extrapolated to zero field in order
to eliminate the effect of field. The calculations indicate that a significant amount of the Dy remains
in the helimagnetic phase down to zero temperature.

I. BACKGROUND 2-4, we expect that those particles which find themselves
under a net basal-plane compression (or a c-axis tension)

Dy metal, which forms in the hexagonal close-packed will display an enhanced Tc, and visa versa; however, other
structure, undergoes a transition from a paramagnetic to a types of stresses are present in l)yFe1 ..j and some of those
helical phase at a temperature TN= 1 79 K. Below TN, the will also change T(,. The magnetic moment data of them-
magnetic moment spirals in the basal plane, with the propa- selves are not capable of distinguishing between the stress
gation vector parallel to the c axis. The pitch angle of the componerits; we extract only a probability per unit tempera-
spiral varies from 43.2' just below TN to 26.50 at the transi- ture that a particle will undergo a transition from the heli-
tion temperature to ferromagnetism Tc!. Tc is magnetic-field magnetic to the ferromagnetic phase at a given temperature.
(H) dependent; it is equal to 89 K in zero field and rises to In the following, we briefly describe the experimental de-
TN at 10 kOe, completely erasing the helical phase at that tails, We then discuss the model and apply it to determine the
field. At T(,, the magnetic moment is observed to abruptly probability distributions at zero field. In order to accomplish
increase. The jump in moment depends on the value of Tc; it this, we extrapolate the distributions obtained at fields of 3,
decreases from a maximum of 300 emu/g at 89 K to zero at 2, 1, and 0.5 kOe to zero field.
TN .' Tc has also been observed to be stress dependent. Com-
pressive stress applied in !he basal piane of a single crystal of II. MAGNETIZATION MEASUREMENTS
Dy increased Tc at a rate of 10 K/kbar.2 In recent experi- The magnetic moment of several disk-shaped samples
ments on epitaxially grown Dy,3 Tc increased with basal- with 0.5 cm diameter and 0.03 cm thickness cut from a rod
plane compression at the same rate as was observed in the
earlier stress measurements. On the other hand, T(. decreased
more rapidly for Dy grown on increasingly expanded
substrates, 4 so that the ferromagnetic state disappeared com-
pletely when the lattice-mismatch strain exceeded 10-3,
equivalent to a tensile stress of the order of 0.1 kbar.4 This
sensitivity to stress should manifest itself in materials in
which elemental Dy is present in a disordered manner such
as polycrystalline samples or as part of a muhliphase mate-
rial. Here we report our results of magnetic studies of
DyFel.., an alloy consisting of Laves-phase DyFe 2 and a
cuiectic phase containing both DyFe 2 and elemental Dy. An
optical picture of the grain-boundary area of a polished
sample is shown in Fig. 1. The central region shows the ',,

admixture of Dy and DyFe2 surrounded by large crystals of
primary DyFe2 with random orientations. We interpret the
temperature dependence of our magnetic moment measure-
ments in terms of a model in which the Dy is assumed to
exist in the eutectic as a randomly oriented set of particles of FIG. I. Optical photograph of DyFcn Surface was polishtd to :cm ThL

dark central region conists of clemcntal Dy intermixed Witl i hti'Mr colorcd
varying shapes, thereby subiected to stress of random DyFe, crystals. The outer region consist,; of the prim ary i)yl phase with
strength, orientation, and sign. Guided by the results of Ref. random crystallographic orientations.
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TABLE 1. Remanent moments of polycrystals as a fraction of saturation
140 - moment.

1 -l•kOe Easy axis Remanenec Crystal structure
120 3 I 0.861 cubic

[t00]' (0.831 cubic

100 a(b) 0.750 hexagonal
c 0.500 hexagonal

80 (a,b) plane' 0.785 hexagonal

S0.Thc cases assumed for calculating the renmanent moments.
60 0.ke

40 and DyFe 2. We now attempt to understand the temperature
50 100 150 200 dependence of tile moment for temperatures below the N6el

Temperature (K) point as follows. The random orientation and position of the
Dy crystals in the eutectic places them under a distribution of
stress which raises Tc for some, while reducing that of oth-

FIG, 2, Magnetic monieti per gram of DyFe|.1 vs temperature from 50 to ers. The probability that a given crystallite will undergo a
140 K or to 2(WJ K. Each curve was taken at a constant applied magnetic spiral to fcrronugnetic transition can be simply related to the
field In the plane of the sample. Magnetic-field strengths were 10, 3, 2, 1.
and 0.5 kOc (top to bottom). The arrows wark the onset of the helimagnetic temperature derivative of the moment, To do this, we imag-
phase at 10 and 1 kOe, The I kOe helimagnetic transition is at 178.5(- 1) K. inc that, at a certain T and H a crystallite whose Tc is greater

than T will have achieved the bulk moment consistent with
that I' and H. Thus, the moment per gram is

of DyFet..• was determined as a function of temperature T,
The measurements were made its the samples were heated cr(T)-.A5Ar dTcS(7'-Tc)f(.Tc) +t, (1)
from 50 to 300 K. The moment was also measured as the 0"t
temperature was held fixed at 50, 77, 256, and 300 K and H where S(T- 7'o) 1, T- T(--0; S(T- TC) =0, T'- To>0;
was swept between t 10 kOc, All measurements were made and f(Tc)dTc is the probability of finding a Dy particle with
with the field in the plane of the disk. Plots of magnetic that Tc in the range dkc. Aur is the jump in the single-
moment per gram versus T for H=0.5, 1, 2, 3, and 10 kOe crystal moment, Then,
are shown in Fig. 2. The onset of the Dy helimagnetic phase
at T= 7'N is evident in all the data sets collected; shown are
the 1 and 10 kOe plots in which it appears as a cusp at 178 K
for H= 1 kOe, the Ntel temperature of bulk Dy. We interpret 1
the rise in moment at lower T, progressively sharper as H
decreases, as the onset of ferromagnetic order in Dy in the - 3 kOei
eutectic. The decrease in moment at 0.5 kOe results from the X 3 k . .
increase in the anisotropy of DyFe2 , which prevents its mo- U ..-

ment from saturating at low fields. We have observed an 2
orientation dependence of the 'n:ignctiLation of our samples ' ; .'::t
with respect io the direction of H, indicating the presence of
texture, The maximum difference in moment is roughly 10% ", .
of the average moment, We therefore regard this as a small "
deviation from isotropy, and neglect texture in what follows.

Ill. DISCUSSION

Taking the DyFet5j alloy as composed of elemental Dy IO
and DyFe2 , we estimate that the Dy phase comprises 16.5%
of the sample weight. The T=0 K saturation moment, using tt KOC)

350 and 140 emu/g as Rte moment, respectively, of Dy and
DyFe2 ,5 is calculated to be 175 ernu/g. To determine the 60 80 100 120 140

theoretical remanent moment, we have assumed that the Dy Temperature (K)
moments all lie in the basal plane, while those of DyFe2 all FIG. 3. Composite graph of tlre temperature derivative of the magneticlie in (100ý directions at remanience (see Table 1). The value moment per gram of DyFe1 9 at applied magnetic fields of 3. 2, 1, and 0t.5

is then estimated to be 142.6 emu/g in comparison to 145 kOe (top to bottom). The vertical scale is shifted for each set of data, The

emu/g experimentally determined by extrapolating the It) (0.5 kOe curve was integrated from TI=0 to T"=125 K. The zero-derivative

kOe curve of Fig. 2 to 0 K. The close agreement between line in this case lies above the curve at low T, but decreases with increasing
T, meethirg the data at T= 125 K. Each curve starts at near zero slope and

these two values makes plausible the model of magnetically minimizes at --0.7 magnetic rnonlent/g/K. The inset is a plot of the esti-
independent randomly oriented particles or crystallites of Dy mated temperature minimnumn for eacti case, vs applied tleld.
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do" IV. SUMMARY
T = - A off(), (2)T (We have discussed the temperature dependence of the

where we drop possible contributions to the derivative from magpetic moment of DyFet. 5 below the N6el point as mainly
the temperature dependence of Ao" or o-,, the background due to a collection of Dy particles in the eutectic ,!bjected to
moment, the latter coming mainly from that of DyFe 2. stresses which vary from particle to particle. The effect of the

Plots of durdT taken from the moment measured on the distribution of the stress is to spread the ferro- to helimag-
disk at H =0.5. 1, 2, and 3 kOe are shown in Fig. 3. Accord- netic transition over a range of temperatures. Our analysis of
ing to Eq. (2), they are proportional to f(T), at the stated H. the data in terms of the model described above leads us to
Ideally, to uncover the effects of stress alone on the Dy par- conclude that a significant number of the partic.., remain
ticles we need to eliminate the field effect entirely, and have helimagnetic down to zero temperature, This accords with
do/dT at 11=0. Since the shapes of the curves in Fig. 3 do the result of measurements on epitaxial Dy, that basal-plane
not change once H is <1 kOe, we take the 0.5 kOe curve as extensions of the order of 10-3 are sufficient to suppress the
"representative, except for an overall downward shift of 2 K, ferromagnetic phase. Such strains translate into stresses of
of f(T). Using the single-crystal value of Aao times the 0.1 kbar, which are likely to be present in the DyFe1 s eutec-
weight percent of Dy in DyFel, 5 (47.1 emu/g), and integrat- tic.
ing the 0.5 kOe curve of Fig, 3 from 80 to 125 K, we obtain
0.25 as the probability of finding a particle with its Tc in that
range of T. Since it is unlikely to find particles with higher H gvold, in Ferromagnetic Materials. editcd by E. P. Wohlfarth (North-Holland, Amsterdam, 1980).
Tc (Tc=130 K would require a compressive stress of 4 211. Bartholin, J. Beille, D. Bloch, P. Boutron, and J. L. Feron, J. Appl.
kbar) we conclude that 75% of the Dy particles have Tc<80 Phys. 42, 1679 (1971),
K. An estimate of the area under the same curve from 0 to 80 -F. Tsui and C. P. Flynn, Phys. Rev. Lett. 71, 1462 (1993).

K gives another 25% of the particles in this range of 7T. Thus 4 M. B. Salamon, S. Sinha, J. J. Rhyne, J. E. Cunningham, R. W. Erwin, J.
Borchers, and C. P. Flynn, Phys. Rev, Let, 56, 259 (1986),

the remaining 50% of the Dy particles are in the helimag- -A. E. Clark, in Ferromnagnetic Materials, edited by E. P. Wohlfarth (North-
netic phase, at all T< TN. Holland, Amsterdam, 1980), Chap. 7.
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Direct measurements of magnetostrictive process in amorphous wires
using a scanning tunneling microscope (abstract)

J. L. Costa, J. Ncgu6s, and K. V. Rao
Department of Condensed Matt,,r Physics, The Royal Institute of leclhnology, S-100 44 Stockholhn. Swedetn

We demonstrate a new and versatile method to measure, on a nanonietric scale directly, the
magnetostrictive properties during the magnetization process to saturation, using a modified
scanning tunneling microscope (STM). Both positive and negative magnetostrictive amorphous
as-quenched wires have been studied. The studied samples arc single pieces of amorphous wires
typically 125 Am in diameter and 10-15 mm long. The magnetostriction data are then correlated
with the longitudinal magnetization process, measured by a conventional induction technique and by
SQUID magnetometry. The longitudinal magnetization process measurements have been perftormed
in the same wires used in the STM studies. The field dependence of the magnctostriction helps to
discern the operative magnetization process in the wires. In a 12-mm-long Co-based amorphous
wire we observe a continuous rotation of the magnetization from zero field to saturation. The field
dependence of the magnetization is a linear process reaching a value of about 5100 G at 8 Oc
applied field. The nmagnetostrictive process for the same wire measured with a STM shows a
continuous shrinking of the samples as a function of the applied field, reaching a value of -280 A
for 8 Oe applied field. The obtained 51/11 1s,, -2.3x 10 "', agrees well with reported values of' the
saturation tragnetostriction constant for this wire. In a 15-mm-long Fe-based anmorphous wire we
observe a more complicated field dependence of both the magnetization and the niagnetostriction
processes from zero-field to saturation. The longitudinal magnetization saturates at about 14000 G
for 60 Oe applied field, The magnetostrictive process for the same wire measured with STM shows
an elongation onset at about 1 Oe, pointing unambiguously to a 1800 domain wall movement as the
operative magnetization process below this field value. The field dependence of the magnctostriction
saturates at about +5000 A for 60 Oc applied field. The obtained (l/l11,,, about +3.3x 10 ', is
again consistent with reported values of the saturation magnetostriction constant. Thus the STM
approach to determine X, on an A length scale, gives us a distinct great advantage in studying the
magnetization process towards saturation.
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Tunable bistability from magnetostriction (abstract)
A. S. Arrott and J.-G. Lee
Simon Fraser University, Burnaby, British Columbia VSA 1S6, Canada

When a current passes along the axis of a [100] iron whisker in the r -sence of a field along the
same axis, the magnetization in a central domain points along t[e field direction while the
mangetization in four domains surrounding the central domain circul ltes about the axis, see Fig. 1.
The size of the central domain grows with applied field, which overcoft'ks the effect of the field from
the current and the magnetostriction that favor the collapse of the central domain to an irreducible
core. Depending on the current, the growth of the central domain can be a continuous or
discontinuous process. At certain fields the energy is a double-well futction of the size of the central
domain, which determines the magnetization. The size of the energy barrier can be made arbitrarily
small by suitable choice of the current. It is the ability to adjust the size of the barrier in such a
clearly defined system that makes this an attractive experimental approach to understanding the role
of fluctuations in magnetization processes. This structure has been verified using measurements of
ac susceptibility.

FIG. 1. Domain structure for an iron whisker with current leads (shaded).
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Influence of Stoner-type excitetions on the formation of magnetization
and magnetic order in disordered metal-metalloid alloys

A. K. Arzhnikov, L. V. Dobysheva, and E. P. Yelsukov
lPhysics-Technical Institute, Kirov str, 132, lzhevsk 426001, Russia

The Rhodes-Wolfarth parameter and the ratio T'/ 2 (x)/yiu(x) have been analyzed on the basis of
experimental data for disordered alloys Fe-Al, Fe-Si, Fe-P (T, is the Curie temperature, th is the
average magnetic moment, x is the concentration of non-magnetic impurity). The concentration
dependences of these parameters show the possibility of considerable contributicin of the Stoner
excitations to the magnetic order formation, The analysis of the two-band Hubbard model shows
that the Stoner excitations result in the turnover of the local magnetic moment at a certain
temperature in the range of high concentration of nonmagnetic atoms.

For a long time the disordered alloys of metal-metalloid and tit of these ailoys. The modification of the Jaccarino-
type (Fe-Al, Fe-Si, and Fe-P) have been attracting the at- Walker model put forward by one of the authors1- 4 provides
tention of scientists. This interest is mainly due to the fact a most successful description. This modification includes the
that these alloys are a good model object for studying the interpolation of the dependence of the Fe magnetic moment
fundamental regularities of magnetic properties formation in on the number of nonmagnetic atoms in the nearest environ-
disordered systems. The method of mechanical alloying ment using the data available for ordered alloys, and the
makes it possible te widen the concentration range of a dis- assumption that the probability of a configuration in the
ordered state in these alloys.1-5 Regularities of behavior of middle-concentration region x]<x<x2 looks like

hyperfine field Hi, isomeric sh~ft 8, average magnetic mo- -( r
ment th, temperature of magnetic ordering T, obtained in Pk(x)= n (1- X'-" 1

these papers,1- 5 combined with the data of other authors6 -8  = 1rl

and see references in Ref. 5, give the complete picture c! the k

above characteristics behavior in the whole concentration 100 1
range of magnetic order existence. Besides, the possibility of X(1-T10
comparing the experiments on specimens obtained by differ- where xri=(x-Xl)/(x2 -x 1 ), x, =25, 15, 7 at. %,x 2 =55, 33,
ent techniques, in particular, in amorphous and crystalline 2(0 at, % for Fe-Al, Fe-Si, and Fe-P, respectively.
disordered states, has appeared. One can draw the following The justification of the modified Jaccarino-Walker
conclusions for the data available. The concentration depen- model can be found in detail in Ref. 5. It should be men-
dences of fl, -, ;h, and T, have the same qualitative pecu- tioned that the Jaccarino--Walker models are conceptually
liarities for all the above-.mentioned ailoys, that is, weak de- closer to the localized models, whereas magnetism in Fe is
pendence on concentration x in the low concentration range the itinerant one.9 This contradiction between the localized
(for Al-x<30%, Si-x<18%, P--x<12%) changes into a character of Jaccarino-Walker models and the itinerant mag-
sharper dependence in the range of high concentration of netism of Fe has been removed after we had analyzed the
metalloid, and the local magnetic moments decrease with disordered Hubbard model.'n In addition, this model for the
increasing the number of nonmagnetic atoms in the nearest disordered alloys on the basis of the two-band Hubbard
environment. 1- 4 This indicates that the main principles of Hamiltonian proposed in Ref. 10 allowed us to explain the
magnetic moment formation in these alloys are similar, It is main qualitative regularities of the formation of the magnetic
our opinion that the quantitative differences of concentration moment and isomeric shift of the magnetic atom under dif-
dependences of the alloys are dictated by different numbers ferent impurities configurations in the ground state.
of p electrons of a metalloid atom (AI-n,,=l, Si-n,,=2, When analyzing the theoretical results, we have noted
P-n-p=3). While comparing the data for the amorphous and that the magnetic moment of magnetic atoms with many
crystalline specimens,, the conclusion can be made that the nonmagnetic atoms in the environment decreased drastically
influence of topological disordering on the magnetic proper- in magnitude, and the energy distribution of the electrons
ties is weak, as compared to that of the compositional one.5 A became flat, due to a strong s-d hybridization. This shows
variety of models, for instance,-"- based on the Jaccarino- the possibility of the great importance of Stoner excitations,
Walker model, where the average magnetic moment is de- even at low temperatures. In addition, we analyzed the ex-
fined by lh==kPkmk, were proposed for the phenomeno- perimental data for Fe-Si2-11 for the Rhodes-Wolfarth (RW)
logical description of concentration dependences of 1-, 8, relation Mc/M,, where M, is the saturation magnetic mo-
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ment per magnetic atom and M, is the effective moment per (see Ref. 10). Along with this solution, the second one with a
magnetic atom defined from tho Curie constant, with the as- positively directed magnetic moment appears at kTIW
sumption of the existence of local moments (see Ref. 12, =0.01, the energy of it being higher than that of the first
Chap. 7.1), and found that this parameter changes from 1.4 solution. At temperature kT/W=0.02 the energies of these
to 1.8 on changing the nonmagnetic component concentra- two states become equal, and further, when temperature in-
tion from 0% to 28%. The lrge RW parameter testifies that creases the second state becomes preferable in energy. So at
the nature of the alloy magnetism becomes closer to "weak these temperatures, the local magnetic moment has to change
ferromagnetism" at high Si concentration (hereinafter this from negative to positive. That is, the Stoner excitations
term means the rnagnetics with Stoner excitations9). Unfor- cause the increase of the average magnetic moment with an
tunately, it is, in many cases, impossible to obtain the con- elevation of temperature. Such changes of the magnetic mo-
centration dependence of the RW parameter because of tech- ment due to the Stoner excitations can be an alternative to
nical difficulties of measuring the high-temperature Curie the explanation of the magnetization behavior by the excita-
constant. In a wider concentration region, the experimental tions of a spin glass state. It is worth noting that although
data available allow us to analyze the parameter there is a latent antiferromagnetic ordering of the magnetic
T" 2(x)/th(x) [T', is the Curie temperature, th(x) is the mag- moments in our model, it is similar to Mattis' glasses order-
netization at T= 0]. As follows from our theoretical investi- ing, and not to the spin glasses one.
gations of the Heisenberg model with nonmagnetic So, as experimental and theoretical works show, in the
impurities,13 such a parameter must decrease as the concen- range of high concentrations of nonmagnetic impurities in
tration tends to the percolation threshold, Contrastingly, this the Fe-Si, Fe-Al, and Fe-P alloys, the band character of the
parameter in Fe-Al, Fe-Si, and Fe-P increases when the magnetism must fully manifest itself in the temperature de-
concentration of nonmagnetic impurities increases. As evi- pendences, and description of these alloys on the basis of the
denced by ali the above experimental estimations, the Stoner localized models of Heisenberg and Ising seems to be unjus-
excitations may play a significant role in the formation of tified.
magnetization in these alloys at high metalloid concentra-
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Magnetic susceptibility studies in Gd2CuO 4 below 300 K
J. Mira, J, Castro, J. Rivas, D. Baldomir, C. V~zquez-Vazquez, J. Mahia,
and A. L6pez-Quintela
Universidad de Santiago de Compostela, E-15706, Spain

D. Fiorani
ICMAT-CNR, Roma, Italy

R. Caciuffo and D. Rinaldi
U.-iversita di Ancona, 6013i Ancona, Italy
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NR&D, San Diego, California

S. B. Oseroff
San Diego State University, San Diego, California 92182

Measurements of tihe real (X') part of the ac magnetic susceptibility have been performed on two
polycrystalline (.jd 2CuO 4 samples sintered at different temperatures, 850 'C and 1080 'C in the
temperature range 10<T(K)<300. Two well-defined maxima have been observed in the
temperature depeidernce of x'. One, located at about 20 K, that is frequency independent. The
second is at about 280 K for the sample annealed at 1080 'C, and it is frequency independent.
Instead, for the sample annealed at 850 °C the maximum appears at about 210 K, and it is frequency
dependent. These resulis suggest the existence of magnetic domains, with their coherence lengths
being a function of the thermal treatment.

1. INTRODUCTION The aim of the present work is to perform a detailed
study of the ac magnetic susceptibility of polycrystalline

Rare earth cuprates R2Cu) 4 are characterized by the Gd2 CuO 4 in the temperature range 10<T(K)<300. A corn-
presence of long-range-order antiferromagnetism (AF) asso- parison with ac magnetic susceptibility measurements of
ciated with the ordering of the magnetic moments of the other weak ferromagnets of the R2CuO 4 series is also pre-
Cu+2 ions. This AF ordering presents a three-dimensional/ sentcd.
two-dimensional (3D/2D) transition at a temperature (TN)
between 250-280 K. The study of the magnetic properties of II. EXPERIMENTAL TECHNIQUES
these compounds has initially led to their classification into
two groups:' the first one with R=Pr, Nd, Sm, Eu, and the GdCO 3 and CuO oxides were used as starting materials

second with R=Gd and heavier rare earths. Both groups for the ceramic synthesis of Gd2CuO4. TWO methods were

crystallize in the 'etragonal T' structure, but, in the second used to obtain the samples: (a) Stoichiometric amounts of the

group, a distortion of the oxygen ir, the CuO 2 planes in a starting materials were milled for several hours and thermal

direction perpendicular to the Cu-O-Cu bond 2,3 leads to an treatraents at 850 *C, with frequent intermediate millings
antisymmetric superexehange interaction that generates a were subsequently carried out. Around 400( h were requiredweak ferromagnetic behaviorn4e5 Whereas for the former in order to obtain the pure Gd2CuO 4 phase. We call this
group superconductivity (o3C) is achieved with Th or Ce sample, sample 1. (b) In the second method, the starting ma-
grouping,'forthelatter superconductivity (Cithas nor Ce terials were sintered at 950 °C for 12 h. The product was
doping,7 for the latter superconductivity has not been milled again and resintered at 1000 'C for 20 h. Finally, it
observed.7 The exclusion of weak ferromagnetism (WF) and
SC has been recognized by several authors.' was sintered at 1080 'C for 24 h and slow cooled. The

S ubdivision ignihed seonderoup, a revealing disample thus obtained is called sample II.
A, The structural characterization of the samples was per-

between Gd 2CuO 4 and the RCu0 4 (R=Tb, Dy, Ho, Er, and formed by means of x-ray diffraction using a Philips PW-
Tm) obtained at high pressure8 (PO) has been suggested.9 A 1710 diffractometer with Cu anode (CuK,,, radiation,
difference is encountered in the temperature dependence of X= 1.540 60 A). The x-ray patterns showed a single phase
the ac magnetic susceptibility,9 where Gd 2CuO 4 presents a with the same tetragonal structure for both samples. The ana-
double peak structure in the real part of the susceptibility at lytic characterization was derived using inductively coupled
low temperatures, from T-1-20 K; while for the PO com- plasma atomic emission spectroscopy (ICP-AES) with Ar
pounds only one peak, associated to the ordering of the R plasma ICP (Perkin-Elmer 5000), The dc magnetic menasure-
ions, appears in that range. The explanation of this difference ments were performed using a SQUID magnetometer (Quan-
has been sought in comparison between the R-R and R-Cu turn Design) in the 4<T(K)<300 temperature range. The
sublattice interactions. Ditferences have also been reported real and imaginary parts X' and x", of the external complex
in the dynamic behavior of these compounds.") The mecha- ac susceptibility were measured during warming from
nism leading to the observed dynamical behavior remains T= 13-300 K using a system with a concentric assembly
unclear, although spin-glass-like effects have been claimed."' consisting of a primary solenoid and two oppositely wound
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FIG, 2. The real part of the ac susceptibility, X' of sample 1, measured at
FIG. 1. FC and ZFC df. magnctization of the Gd 2CuO 4 SamPle I Vs tern- frequencies of 10 and 1000 L., in an ac magnetic field of H,,= 300 A/ni. The
perature, measured with an applied field of Hl1,pp,=4X00 A/m, The inset shows inset shows the curve for sample 11 in the high temperature range.
the dc magnetization for sample II,

sensing coils connected in seiies. A phase-sensitive detector superposed dc fields (Hd,). We observe that the amplitude of
the 210 K maximum decreases with increasing ficid and dis-is used to m easure the output voltage that is proportional to a p a sf r a d i l f a o t H , 8 0 A m h a i u

the sample susceptibility. High sensitivity is obtained by appears for ade field of about H e s800 A om. The maximummovig btwen te te wtl3onset temperature (~',280 K) and the position of the maxi-
mviong the sample sbetnon w o sensing coils hhigh mum remains constant. For the 20 K peak, the dependenceprecision, The calibration was performed using a Gd2 (Sw4)3  oif
81-H20 standard with the same shape rind size as the investi- on the dc field is much weaker. It shafts sltghtly toward lower
gated samples. Demagnetizing effects have been taken into temperatures and decreases in amplitude with increasing
account in the calculation of the internal susceptibility. For field.
each run of measurements, the at field was applied with a
fixed amplitude of Ha,,=300 A/tr, and fixed frequencies f, IV. DISCUSSION
ranging from 5 to 1000 Hz. A de field, H,,I from 0 to 800 The existence of WF in the R2CuO 4 series is accompa-
A/m, was generated by applying a dc current to the primary nied by the presence of irreversibility effects.tt'tt Differences
coil. The temperature of the samples was controlled with it are observed in the irreversible behavior of Gd2CUn 4 , de-
accuracy of about 0.1 K. pending on the thermal treatment, For the sample annealed at

high temperature, sample II, the irreversibility appears at a
Ill. EXPERIMENTAL RESULTS temperature of the order of the AF 3D/2D ordering of the

In Fig. 1, we display dc magnetization measurements for Cu "2 ions, TN-'270 K. Instead, for the sample annealed at a
both Gd 2CuO 4 samp:iler when they were (a) zero field cooled low temperature, sample 1, Tin and the temperature of the

(ZFC) from 300 to 4 K (HO,,<80 A/in), and subsequently maxima of the real and imaginary parts of the susceptibility

measured at increasing temperatures with an applied field,
H1iippt400 A/m; and (b) field cool!,d (FC), i~c., measured at
an applied fieid while cooline down from 300 K at '

H;,,,, -Htcipi=4 0 0 A/m. The difference between the ZFC and
FC curves indicates the onset of irreversibility for this field
at a temperature TIr210 K for sample I and Tirr- 2 8(J K for
sample II.

In Fig. 2., we- show the temperature dependence of X' at 2
two different frequencies. We observe for both samples, two "•
well-defined peaks. For sample I, one peak is centered at 0_

-210 K (Trt) and the other at ,20 K (TM 2). The high
temperature peak is frequency dependent (it shifts to a higher -

temperature with ar, increasing frequency, as shown in Fig.
3). Instead, the low temperature peak is frequency indepen- .. .. . .. ....
dent. For sample I1, the position and behavior of Tm2 is 4.65 4.751 T 4.85 4.95
similar to sample 1. But TMt is found at -280 K, and it is 10 /T(K)

frequency independent.
Figure 4 shows the temperature dependence of X' for FIG. 3, Frequency dependence of the high temperature peak TA,, for

sample I measured at the same ac field ([1,ac) for different sample I.
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3 g~~~~~~in of this transition has been associated to the competition

2.5- btoee the Gd-Gd and Gd-Cu interactions:
Toanalyze the frequency dependence of the high tern-25Hdc-400 A/rn- perature maximum, we have plotted the data in an Arrhenius

2d-0 / law form (Fig. 3). In the examined temperature range the
relationship is linear. We have found that the Arrhenius law,

1.5 Hac= 300 A/rn predicted for independent fine particles or isolated clusters

physical value was obtained for the pre-exponential factor T0

(TO-1 0 -5() s). The observed frequency dependence could be
0.5 associated to the existence of different magnetic domains (orHz "Hz large clusters). The domain size should be related to the co-

...... .... herence length of the oxygen distortion. This coherence
0 , . I ... I,,, length seems to be strongly dependent on the thermal treat-
0 50 100 150 200 250 300 350 ment.

T (K) Finally, we discuss the effect of the superposition of a dc
field on the ac measurements. The broadening of the 210 K

FIG, 4. Temiperature dependence of X' of sample I measured at the same ac maximum, and the decrease of its amplitude with increasing
magnetic field (H.,300 Aim) for different superposed de fields (Hd,). Hd, shows the effect of the field on the resulting WF and on

the dynamical behavior of the magnetic domains. The small
shift of the 20 K maximum to lower temperatures with the

are located at T~-210 K, which is much lower than TN. superposition of a dc field is consistent with the I--T phase
Another difference is that for sample I the position of the diagram for Gd2CU0 4 presented in Ref. 3.
high temperature X' maximum is frequency dependent. This
dependence is not observed for sample 11, as in the case of
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Ciuster model studies on the electronic and magnetic properties of LaCO13
and La(FexAl11..-.,J 3 alloys

0. W. Ziing, X. G. Gong,') and Q. Q. Zheflg,al1 b)
JWnkltutL Ojc &'d State Ph~ysin , Academia .Sinica, 2300,31 Hlef% People' Repubic oif China

i. G. Zhau.
Institute of P11)hy..ics, Acodernin1'f Si,'ica, 1000803 Beijing, Pe'ople's Republic of China

We present studies on both thle electionic au~d magnetic properties of LaCo 13 and t a(FeAll
intermectallic compounds by cluster model calculations within the schemne of denisity-funlctional
theory. Thie equilibrium struL.(ures of the isolated and embedded clusters, obtained by minimizing
the total binding energ~y, are in good agreement with available experimental data and other
tneoretical resniit.. The relative stability and formation o)f L-aCo 13 and La(FeAl1 - .,13 phases- have
been succlassfully expiained. Interesting changes of magnetic properties in an Al doped Fe13 cluster
have been obtained. The possible effect of Al onl the magnetic phase diagramn of La(FeAl 1.- d 13 is
discu:-.sed.

The cubic NaZniy. -ype alloys have long been the subject alloys are stable, while LaFel 3 is only Stable With Sonme (lop-
of imuch research. Re.enitly, the successful fabrication of ing of Al, and also why the variant doping changes- the mag-
LaCo1 !,, La(Fe.,All -., 1 3 alloys have enriched this family and netic anid electronic properties? These problems are not been
attrdcted much experimental and theoretical interest.' Their fully understood. In this paper, based on a cluster model, we
structure !i are based on a faced-centertd cubic lattife with the have calculated the elertronic structures and the total binding
SPaCe tf3UP 01,6-F3,,3 an~d eight molecular formulas in the energies of LaCo 13 and La(FeAl1 xI-13 alloys, trying to un-
unit cell. Lat atoms (e.g., for LaCo1 3,) are at the body centered derstand the relative stability of these alloys from a local
pcsitions. Trhere are two none-quivalent positions for Co at- structure point of view, and identify the role played by Al
oms. One oif the important features of thiis structure is that atomis in the La(FeAl1 -)13 alloys. We have used the icos;a-
Col is surrounded by 12 Coll at the vertices of a regular hedral Co 13, Fe13, and Fe1 2Al clusters to study the local
iczosahledronl, and the L~a atom is : tile center of a snu'b cube, properties of LaCo 13 anid La(FeA], -A.3 alloys. To take rflo

rwith Cou atom-s at its 24 vertexes.. It is well known that the account thle effects of the crystal field, we also have studied
icu-ilied -." structuires are very stable fc'r many kind~s of 13- the clusters embedded in the crystal. The calculations are
aý -i.i clustere. The relative stability and electronic %tructure performed using the density functional theory with a local
of the local icosahedral cluster may contribute to thle forma- spin density alpproximatioiii The discrete variitional method
tiorn of the characteristic NaZnj13 -type structure. In experi- has been used to solve the Kohn-Shiam equation.' In our
iv cts, it lies been found that L'.Co13 alloy is stable, wvhile calculations, the basis sets are the numerical atomic valence
the I aFe.,, alloys is not stable, but it canl be stabilizcd by orbitals of 3d4s for Fe and Co atoms, and 3 s3 p for the Al
suilable doping wit,- / 'atomns. Many experiments show lthat atoml, we li. ye found that wheni including the more diffusive
La(FeAl -.d13 alloys are only staible with 1.he. x rainge bc- orbitails in thle basis set, there were very small effects on
tween (..46 an 0.92.' Neutron diffraction experimniclts su- equilibrium atomic distances and electronic structures. The
gest tl,~;te and Al atows not he- .aiadomilv distribute,-d in the inner orbitals varc kept Frozen in all the calculations. Group
ai~oys, the Col sites be completely occupied by Fe. Al atoms theory has been adopted to classify the molecular orbitals
Substitute Fe atoms in the Col: sitesi.3 The doping of Al in the anid consequently simplify the calculations, Thle equilibrium
icosahiedral FC1 cluster changes bmAh relative -lab~ility and stiUctures of all the calculated clusters are obtained by
electronic structuares oi the local rilt structure, which conse- ni~nimnizing the total binding energies for several center to
quently favors thc forDmatiOn of Na-'n, '-type alloys. The dop- vertex. distances, keeping the corresponding symnmetry. The

ino of Al also changes the: magnetic properties of L-a--Fe binding crnergy is defined by E1=,,E.f where E,, is the
alloys. The measurfment of susceptibility reveal!; that total energy of the cluster and E,, is the suim of the total

' Fe.A 1 -93alyehiiaunqemgeidira energies of individual atomis. We have used the Mulliken

varying froin thle nticromagnetic state to the ferromagnetic population to get the occupation numbers for atomic
state anu ft, ancifer. ortagnetic state, with) r e increase of thle orbital!' The maqgnetic moment .s for each atom are the dif-
Fe concentrations. Tile measu~crocrt of electrical resistivity ference of' electrons between spin-up anid spin-down states.
arid magnetization also suggest that local electronic: anid lit rable 1, %vc have presented the calculated magnetic

*magaetic prloperties have played anl important iole in the monments and the theoretical equilibrium distances from ceo-
properties o: thosze al!Lu;s.` It is natural to ask why LaCo,3 te-r ito vertex for (.0l3, I'C ~, and'( Fe1CAI clusters, but for the

embedded clu:,ters, we have used thle experimental atomic
* distanlces in the corresiponding hulk phases. From Taible 1, xc

')!.)at CCAST (Noc t it Ut.. -:ewry). Beijin I ~t1t&100!. Pcopiple Republic of can sce -diat the equilibrium distances oif' Co13 adF r
C hina.13il F ,ar

"Altso at The S;atc !. . )orotory for Magnit tnu, t~ie ii g 100080,t~ 1, Iople' almost the same,* the small di fterenlce ma y conic fromi thle
Repahttc of Uiiia. difterenec, of atomnic sizes for C.0 and Fe atorns. Actually, the
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TABLE 1. Some properties of all the calculated clusters. A., is the magnetic moments of Col sites. A. is the
average magnetic moments per the F- or Co atom of a cluster.

Isolated clusters Embedded clusters

Co 13  Fell FeI 2AI Co13 FR13  Fe12AI

d(, (a.u.) 4.65 4.63 4.73 4.64 4.57 4.59
A(AU) 2.38 3.25 2.97 2.94 3.85 4.20
/(/•) 2.38 3.38 2.99 2.83 3.83 4.20

atomic size effects on the 1attice constants can also be ob- ter, we obtained a fourfold degenerate G9 molecular orbital
served in LaCo13 and LaFe1 3 alloys, the distance between for the highest occupied state (HOMO), but the HOMO is
Col and Cot, in LaCo13 is 4.64 a.u., similarly, the distance not completely occupied and there are three electron defi-
between Fel and Fell in LaFe13 extrapolated from experi- ciencies, so, in principle, the isolated icosahedral CO13 will
mental data2 is 4.57 a.u. The fact that the theoretical equilib- not be stable, at least Jahn-Teller distortion will lower the
rium distance for the icosahedral Co 13 and Fe13 are very total encrgy. But why are the LaCo1 3 alloys with an icosahe-
close to the experimental value in the LaM 13 (M=Co,Fe) dral structural unit stable? This striking question can prob-
bulk phases suggest that the local icosahedral cluster will not ably be understood as following. It is well known that the La
be affected very much by the crystal environments. When atom has a strong tendency to lose three valence electrons. If
substituting Fe with Al, we found an increase of equilibrium La atom support Co13 with three electrons to fill the defi-
distance, which is in agreement with the experimental fact ciency in HOMO, it makes the icosahedral Co13 stable with a
that the lattice constant increases with the increase of Al closed electron shell. The large ion core of La atoms tills the
concentrations. This pho.nomenon can be easily understood, space among icosahedval Co 13 clusters. In this way, the
because the Al atoms have more diffusive electronic orbitals icosahedral Co13 can be considered as superatoms, the com-
and hence a large atomic size. In Fig. 1, we show the ci'!cu- plicated LaCo1 3 alloys can be composed of a superatom Co 13
lated binding energies for all the clusters at the equilibrium and La atom. In fact, the idea of superatom that had been
center to vertex distance d(:. We obtained about -45 eV used successfully to explain the stability of icosahedral
binding energy for the FeD3 cluster, which is also in agree- quasicrystals9 is also applicable to many other systems. We
ment with other theoretical calculations,8 and the Co13 has have checked other Zn based AB1 3 alloys, we found the same
about -30 eV binding titergy. On doping Al in the Fe 13, as explanation can be used. In the similar way, we can under-
shown in the figure, we found the binding energy of Fe12Al stand the stability of LaFel 3 alloys. In the Fel3 cluster, we
shifted up a little bit. We carl expect that the binding energy obtain a five-fold degenerate H9 molecular orbital for the
will increase if the shifting Al atom outward deviated from a HOMO, but with only one electron in this orbital, and there
perfect icosahedron. In Fig. 2, we have plotted the eigen- is four-electron deficiency. So even though the La atom of-
value spectra for all the calculated clusters. In the Co13 clus- fers three electrons, the HOMO still cannot be completely

filled like in Co13, which means that the FeD3 cluster in
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-32G Co.u A 3-
13j EA- ~ -A
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FIG. 1. The binding encigy curves vs radial bond distance for Co 13 , Fe ,AI,
and Fe1 tAl 2 clusters. FIG. 2. Energy spectra of the isolated Col., Fe1 Al, and Fe11 A12 clusters.
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LaFel 3 alloy canno! be stable. All these results are consistent iron concentration and consequently decreasing tile Magnetic
with experimental facts." 'It) see tile influence of substitut- interaction, which is in agreement with tile complicated cx-
ing Fe by Al on the stability and properties of pcrimental magnetic phase diagram of La(Fe.,AI d.)13 al-

La(FeA1..x))3 alloys, we have studied the Fe,,AI and loys. In all the embedded clusters, we find a very similar
Fe, Al, clusters, which represent the alloys at the different eigcnvaluc spectra to the isolated clusters discussed above,

region of' a nmag nci c phase diagramn. The experiments have so the sanme idea can be applied to stability of tile embedded
already found that the Al atom did not occupy the center of clusters, which have included the influence of the crystal

the icosahcdron, so we chose Fel2AI, with D5 symmctry. field generated by 824 atoms. But we observed a small in-
From the eigenspe'.trurn in Fig. 2, we can see the IIOMO is crease of magnetic monicnts with respect to the isolated clus-
two-fold degenerate, wit': only one electron in it, the two- ters.
fold degenerate lowest unoccupied molecular orbital In summary, the electronic and magnetic properties of

(LUMO) is also very close to the HOMO, three electrons the four NaZnl 3-type compounds, LaCo13 , LalFe 13 ,
provided by the La atom can till the one electron deficiency LaFeI-A1, and LaFejjAl, have been studied by modeling

in HOMO and also till the two-fold degenerate LUMO; con- those alloys by cluster on the basis of density functional
sequently, the Fe12AI has a closed electron shell and becomes theory. We found the relative stability as well as electronic
stable, which might be the reason why the experiment found structure of NaZnj.-type alloys can be explained according
the FeulAI alloys stable. In a similar way, we can expect that to its local icosahedral structural units, The main role of Al is
the FellAl, would be stable in the La(Fe.,AlI .)13 alloys, to modify local electronic structure: this may facilitate the

In Table I, we have prescted the magnetic moment for formation of the stable NaZn13-type structure for the La-Fe
all calculated clusters, we have obtained the Co atom with alloys. in addition, the change of' local magnetic properties

2.38A., magnetic moments, which is in good agreement with with the change of Al concentrations bears resemblance to
other theoretical and experimental results.'l()'' We have also that of the alloys.
obtained a large average magnetic moment (3.38,uB) for the

free icosahedral FCe 3 chustcrs, and observed the magnetic
moments for the atom at the center of the icosahedron are "r. T. M. 'lst'r, G. J. Nieuwenhtlys, J. A. Mydoslh, and K. It. J. Buschotv,
parallel to the magZnetic moments for the atoms at the ver- Pthys. Rev. If 31, 4623 11985).
texes, which sugg(,st that the ground state of the Fe13 cluster IR. 13. Itelholdt, 'F. . M. Plsiira, G. J. Niemwenhuys. J. A. Mydosh. A. M.

be ferromagnetic, in agreement with other theoretical Vn der Kraan, and R. II. J. Busehow, Phys. Rev. 1 34. 1 6,9 (1986).

We LE N'atsulara. Y. Waseda, 1. 1t. ('hiang. and K. Fukanichi, Mat. Trans.
calculations. 2 When doping with A, we find the cluster ex- JIM, 33, 155 (1992).
pands and the magnetic nmomeneits decrease. This occurrence 4A. M. Van der Kraan, K. I.. J. Buschow, and 1. T M. Pat lst, Ilyperfinle

of decrease of the magnetic moments can be attributed to Internet. 15/16. 717 (1083).

that more and more iron atoms will lose their magnetic mo- 5 I tohenhnerg and W. Kohn. Phys. Rev. B 136, 864 (1964).
"D). H. Ellis and (U. S. Painter, Phys. Rev. 13 2, 2887 (1970).

ments when Fe concntration decreases. This is confirmed by iR. S. Mulliken. J. Chem. Phys. 23. 1841 (1955).
our studies on the FeoAl, clusters with D9 ,d symmetry; we B. I. Dunhap, I'hys. Pe;. A 41, 56091 (lOt)().
have found the magnetic moments for Fe atoms in FelIAI, "X. . Citing and V. Kuniar (unpublished).

are even smaller than that in FeAI cluster. Hence, based ll 'Z. 0. Li and 1I. L,. (Gi. Phys. Rev. IB 47. 13 611 H993).
r eD. M. Cox. 1). J. Trevor. R. L.. Wheticn. IE. A. Roohlling. and A. Klt-dor.

the results of tile present cluster model calculations, it can be Phys v. 13 32. 7290 (19,3).

expected to get Pauli paramagnetism when decreasing the 120. 13. (hristcnsen antd M. t.. C(ohen, Phys. Rev, 1i 47, 13 643 (1993).
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Structure, transport and thermal properties of UCoGa
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By means of neutron powder diffraction, we find that UCoGa crystallizes in the hexagonal ZrNiAI
structure and orders ferromagnetically at low temperatures with magnetic moments stacked along
the c axis. The magnetic-ordering temperature is reflected in anomalies in the temperature
dependencies of the electrical resistivity and the specific heat at Tc =47 K. Furthermore, the strong
anisotropy in the electrical resistivity for ilc and ii c indicates a significant contribution of the
magnetic anisotropy to the electrical resistivity.

I. INTRODUCTION four-point ac method on two small bar-shaped single crystals

UCoGa belongs to the large group of UTX compounds of typical size 0.5X0.5X2 mm3 , where the largest distance

(T-transition metal, X=p-electron metal), and is reported t coincides with the c axis for the first sample and is perpen-

crystallize in the hexagonal ZrNiAl structure.1 Previous bulk dicular to the c axis for the second one. The large error in the

magnetic investigations2- 4 revealed a magnetic order at determination of the geometrical factor makes a reliable es-

about 47 K, but the results were inconclusive regarding timate of the absolute resistivity values impossible.

whether the ground state is ferro- or antiferromagnetic.4 The At 4.2 K. the field dependence of the electrical resistivity

purpose of the present contribution is to determine the struc- magnetic fields up to 35 T has been measured in the Am-

tural parameters and to clarify the type of ground state, as sterdam High-Field Installation, with an illBlIc axis.
The temperature dependence of the specific heat has

well as to investigate the bulk transport and thermal proper- been measured between 4.2 and 100 K, making use of both
ties of single-crystalline UCoGa. standard adiabatic and the relaxation-time method.

II. EXPERIMENTAL

For the present investigations, we have used two kinds III. CRYSTAL AND MAGNETIC STRUCTURE

of samples: polycrystalline material and a small single crys- UCoGa crystallizes in the hexagonal ZrNiA1 structure
tal. The poly,-rystal, which has been used in the neutron- (space group: P62m). The structual parameters of UCoGa
diffraction experiments, was prepared by arc-melting appro- have been derived by neutron powder diffraction at 60 K,
priate amounts of the constituting elements with a purity of and the results of the refinement are listed in Table I. The
at least 99.99%. The small single crystal is the same as was absence of any unindexed reflection in the parent phase sug-
used in a previous investigation.4 Neither the polycrystal nor gests that there is no impurity in the present sample. How-
the single crystal have been annealed. ever, the reduced )(2 drops by 5% when a slightly lower

For neutron-diffraction experiments, the polycrystal was atomic fraction of Co and slightly higher fraction of Ga (of
ground and enclosed with helium gas in a sealed vanadium tile order of I % in both cases) are assumed. This result indi-
tube, which was mounted on the cold linger of a closed-cycle cates a small deviation from the exact 1:1:1 stoichiometry.
refrigerator. This setup was installed in the High Intensity For U(oGa, the nearest interuranium distance dju_ is found
Powder Diffractometer (HIPD) at the Los Alamos spallation
"pulsed neutron source LANSCE. Data have been taken on
six detector banks (20- =40, ±90, ± 153) at 60, 35, and
10 K. The diffraction patterns were analyzed using the Ri-
etveld refinement program GSAS. 5 The magnetic intensities Space group: 1'(,2m
were also analyzed by extracting integrated intensities for 3g D x 1 580 018 t- ROW 026

individual peaks and fitting to mo6els for the magnetic struc- 2

ture. Co, l 0 b1 I

The temperature dependence of the electrical resistivity Ga 3f x I 0 x .- _0.239, 151 11.01) 0(134
was measured between 4.2 and 300 K, with the standard Lattice parameters R factors

a "606.45Wt70,10 inpm RH. .. 3.00%
c :7392.053.10.0(06 pm R, 2.131;,

")A lso at the Department of Physics, New Mexico State University, I.as redu d ý- 3.53
Cruces, New Mexico 88003'.
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FIG. 1, The Shubnikov magneti: suhgron~p of P62m. In (a), the uranium
moments are perpendicular to the mirror planes, while in (b) and (c), the FIG. 2. Temperature depcndcnce of thc electrical resistivity of UCoGa for
moments are parallel to the mirror planes. Note that, in the models (a) and the illc axis and il c axis normalized to the values at 300 K. In the inset, the
(b), the moments are located within tile hexagonal basal plane, while in (c) low temperature detail for the illc axis is shown in the representation P/lp.x} K

they are ferromagnetically coupled along the c axis. For clarity, only ura- vs T'.
nium atoms are shown. The dasn'ed lines with arrows indicate the nearest
uranium-uranium linics.

hand, both structures, 2(a) and 2(c), are possible and the
lower reduced i( of the -t90 detector banks suggests struc-
ture 2(c), the ferromagnetic one, to be more likely. However,

within the hexagonal badllane_('ee Fig. 1), and is deter- the difference is only marginal, and, in fact, if the results
mined by du~u=a \(- --. x+-1), where a is the lattice obtained on the ±40 and ±153 detector banks are included
parameter and x is the U position pwarameter. into the refinement, structure 2(a) is slightly more likely.

In order to clarify the magnetic structure, we have per- However, due to inconsistencies in the magnetic appearance
formed neutron-diffraction experiments at 35 and 10 K, well in the + and - detector banks, which are less pronounced in
below the magnetic ordering ternperature indicated by bulk the ±90 banks, we believe structure 2(c) to be the correct
magnetization resulis. 2-' We. do not observe any additional
purely magnetic refsectio. s at these temperatures, but an ad- one, which is corroborated by the magnetization results. For
prelyi magnetic tree ti~o,,s ato these nulerarureslbctions a- the ferromagnetic structure 2(c), we deduce U magnetic mo-ditionai magnetic contribution to the nuclear reflections is ments of 0.7 4 ±0.03/.t8 per atom, which is in good agreement
found. This indicates that the magnetic unit cell is the same with the value of 0.78p.B/f.u. obtained from the high-field
as the nuclear one, but antiferromagnetism is still possible in magnetization. 4 Note that the Co moment is zero to within an
this structure. Possible magnetic structures have been de- experimental error of a ±O.lAh/atom. Also note that model
rived using magnetic space-group analysis. U atoms in the 2(a) yields much larger U magnetic moments of about
unit cell lie in the mirror planes at x=.O, y=O, and x=y 1.04±0.04k,, per atolhi.
(note that x and y are at an angle of 120'). The moment
corresponding to U in a certain mirror plane must be perpen- IV. TRANSPORT AND TH/:RMAL PI-OPERTIES
dicular or parallel to that mirror plane. The Shubnikov mag-
netic subgroups of P672m are shown in Fig. 1. Clearly, there The onset of magnetic ordering at Tc=47 K is reflected
are two antiferromagnetic noncollinear structures with mo- by a maximum in the temperature derivative of the electrical
ments in the basa) plane, and only one ferromagnetic (collin- resistivity at this temperature (see Fig. 2) for both the illc
ear) model with U moments along the c direction. The fact axis and i-L c axis. However, while for the illc aris an appre-
that we do not observe any 001 magnctic contribution does ciable reduction of the electrical resistivity with decreasing
not mean that the mignueic structure must be ferromagnetic, temperature is found, we~observe an almost flat resistivity
since the two noncollinear modfels also have no 001 magnetic behavior for the iL c axis. The observed strong anisotropy in
contributions. This is easily understood, since the net mo- the resistivity correlates well with the magnetic anisotropy
ments in the 001 basal plane are zero for both noncollinear found in bulk magnetization measurements. At 300 K, very
structures. rough estimates of resistivities yield values around 150

The integrated intensities have been corrected for the p,. cm for the illc axis, while twice as large values for the
Lorentz factor 6 and for absorption. We find a significant iI c axis are found. Below 40 K, the electrical resistivity
magnetic contribution to the 110 reflection, -which excludes follow a quadratic temperature dependence for both orienta-
structure 2(b), as this gives no intensity to this reflection. tions, which is shown for the illc axis in the inset of Fig. 2.
This is easily understood, since the net moments in the hhO For UCoGa, we may roughly estimate the prefactors A to be
plane are perptndiculai to that plane, which, in turn, gives about 0.216 and 0.138 pX1 cm/K 2 for the illc axis and ii c
zero magnetic contribution through the expression of sin y, axis, respectively.
where r7 is the angle between the magnetic moment and the For this compound, we find at 4.2 K (Fig. 3) for the
reciprocal lattice vector (in this case, y=0). On the other illBilc axis an increase of the electrical resistivity with an
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R In 9 or R In 10, expected for the localized f2 or f- conflgU-

1.0 ration, respectively.
UCCGaBy linear extrapolation of C IT vs T to T=() K, we

N[ ý-_'r'- I -' --- - " _ derived the coefficient y of the electronic contribution to the
0. i 6S. specific heat, to be about 48 mi/mol K .

Z ~V. CONCLUSIONS
UCoGa, which crystallizes in the hexagonal ZrNiAl0.4 ~-* ' structure, orders ferromagnetically below TC=47 K with or-

Is(I' dered 5f moments of about O.74/.B stacked along the c axis.
0 100 200 300 The rather low value of the ordered moments, which

Tcxrapýratuire (K) amounts to only half the values found in isostructural UNiX
compounds,9 confirms the expected trends arising from

FIG. 3. Field dependence of tiic celcitrieai rc~istivity of UCoGa at 4.2 K in 5f-d hybridization,") and points to a larger delocalization of
the configuration i1!B11c axs the 5f electrons in UCoGa. For UCoGa, a significant anisot-

ropy in the temperature dependence of the electrical resistiv-
ity has been found. Strongly anisotropic transport properties

increasing magnetic field, which is in contrast to the large have also been detected in other UTX compounds,1 which
reduction of the electrical. rcsisttvity in the isostructural an- suggests that they are caused by the general anisotropy due
tiferromagnetic UTX compounds upon the application of to the crystal structure and the Fermi-surface anisotropy.
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The effect of Mn on the magnetic properties of YFe 2

Jian-Wang Cai, Yuan-Birg Feng, and He-Lie Luo
State Key Laboratory of Magnetism, Institute of Physics, Academia Sinica, Beijing 100080, People s
Republic of China

Zhi Zeng and Oing-Qi Zheng
Institute of Solid State Physics, Academia Sinica, Hefei 230031, People's Republic of China

The fully self-consistent discrete variational method within the local-spin-density framework has
been employed to obtain the electronic structure and magnetic moments of the Mn-containing cubic
Laves phase pseudobinary compound of YFe 2 , The calculated results show that the substitution of
Mn atoms on Fe sites weakens the ferromagnetism of this compound. The magnetic moments on
distinct atomic sites were derived from the calculation. We found that when the Fe atom has one Mn
atom in its na--rest neighbor sites, its magnetic moment decreases rapidly, while the Mn moment is
0.7 1LBf, parallel to the Fe moment. Based upon our results, the various experimental data have been
satisfactorily explained.

I. INTRODUCTION The computational procedure has been documented in detail
elsewhere. 

10

The cubic Laves phase pseudobinary compound
Y(Fel -,Mn,) 2 is a puzzling system. Quite a few attempts II. RESULTS AND DISCUSSION
have been made to establish its magnetic properties. 1- 7 As an

antiferromagnet YMn- with Mn magnetic moment 2 .7JuB,8 The cubic Laves phase compound YFe2 has the cubic
the ferromagnet YFe2 can form complete solid solutions with MgCu2 C15 structure. There are eight YFe2 formula units per
it, while sustaining the cubic Laves phase structure.9 Magne- simple cubic cell in this structure. The larger Y atoms occupy
tization measurements4 and M6ssbauer data7 show the con- a cubic diamond lattice. Regular tetrahedra built of four
sistent result that Y(Fel -Mnx) 2 keeps ferromagnetic until smaller Fe atoms are centered at the fourfold-coordinated
the breakdown of the magnetic order in x=0.7. As to the interstitial sites of the diamond structure. So the 26-atom
magnetic moments of Fe and Mn atoms in this pseudobinary, cluster of Fe4Y4Fel 2Y6, which consists of two distinct pairs
however, contrary results have been reported. Schaafsma of Fe and Y atoms, is chosen to represent the host compound
et al,7 suggested from M6ssbauer experiments that Mn ap- YFe2 . While the cluster Mn 4Y4 Fe12Y6 , with each Fe atom
pear to carry either less than O.1/z, or no magnetic moment having one Mn atom in its nearest neighbor sites, is adopted
at all; from the NMR spectra of 89Y, Nagai et al 5'6 made to represent the pseudobinary compound Y(Fe1 . .Mn,.) 2 with
conclusions that Fe moments are hardly changed, and there low Mn concentration.
are two kinds of Mn moments: one is antiparallel to the Fe The DOS of the cluster Mn 4Y4Fe, 2Y(,, with a solid line,
moments with about 0.6 1,hB and the othe, is parallel to the Fe is depicted in Fig. 1. For comparison, we show the DOS of
moments with about 2 .8 .uB; While Besius et al.4 showed the host cluster Fe4Y4Fel 2Y6 with a dashed line also in Fig.
from magnetization, diftuse neutron scattering, M6ssbauer 1, which closely resembles the result obtained by the stan-
measurements, and NMR studies that Mn atoms possess dard TBA method.11 From these two curves, one can find that
magnetic moments, which are ferromagnetically coupled there is not a large change for the shape of the DOS when the
with Fe moments, and that the mean Fe moments decrease Mn substitute at the Fe site of YFe 2, however, the positions
strongly with increasing Mn concentration, while the Mn of the peaks are changed. For majority-spin states, the main
moments appear to be less concentration dependent. peaks below the Fermi level move to tile direction of high

From the theoretical point of view, the problem of the energy, and meanwhile the peaks for minority-spin states
pseudobinary compound Y(Fe.__xMnj)2 has been put aside move to low energy direction; thus the exchange splitting
yet by theorists, due to its much more complex magnetic decreases with Mn diluting the Fe sublattice. As is well
behavior. In this paper we present calculations of charge, known, the origin of magnetism can be attributed to intra-
spin, and density of states (DOS) for the Mn-containing atomic and interatomic exchange interactions, and the Curie
pseudoinary compound of YFe2 using the well-developed temperature is proportional to the exchange splitting, so the
discrete variational method within the local-spin-density reduction of the exchange splitting gives rise to the decrease
framework. For transition metals and intermetallic com- of the Curie temperature. Both the magnetization measure-
rounds, it is now well recogni;zed that the local magnetic ment and M6ssbauer data show that the Curie temperature
properties and electronic structures are mostly determined by decreaseG almost linearly with the Mn content in the pseudo-
the nature of atoms involved and the local environments of binary compound Y(Fel - Mn 2,

4'7 which is consistent with
these atoms. So, several embedded clusters are chosen to the above conchlsion deduced :roin the electronic structure.
simulate the loca! environments of atoms in the Mn.- Tabie I lists the magnetic moments and electron occupa-
substituted YF,:2 compound, and spin-polarized calculations tion numbers of all atomic sites in the clusters Fe4Y4 Fe1 2Y,,
on these clusters are performued to study the magnetic behav- and Mn 4Y4Fel 2Yl,. For comparison, let us first examine the
ior of the Mn-containing pseudobi;ary compound of YFe2. result of the host cluster Fe4Y,FeCl2Y,,. It is noted that the
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agreement with the value of the band calculation,12 while the
I up moment of the inner Y atoms is -0.58/.u1 , a bit larger than

. the band calculated . . this difference is also
attributed to the surface effect. It has been confirmed by
many calculations that the cluster model tends to the same

,-.. imnit as band-structure methods when the cluster size in-
., creases, however, computation is too expensive for the larger

cluster. For most physical properties, it has been observed
- that the three- to tour-atom-shell cluster is sufficient.14-tl

For the magnetic moment, one can focus on trends instead of
the absolute value.

The atoms of Y in the compound YFe2 were assumed to
be nonmagnetic before the spin-polarized calculations of its
band structures, The cluster and band theory calculations on
YFe2 both show that the Y atoms are spin polarized with a'down small negative moment, which can be attributed to the hy-

.-. I bridization between Pe 3d and Y 4d states. According to the

- 10 -5 EF 5 band-structure calculations, the main part of the 4d bands for

ENERGY (eV) Y are just above the Fermi level,17 while most of the states
just above the Fermi level for Fe are the 3d minority-spin
states. So the 4d states of Y mainly hybridize with the

FIG. 1. Total density of states for the clusters Mn,1Y4Fc 2Y6 with a solid line minority-spin 3d states of its neighbor Fe, which results in
and Fe4Y4Fe1 2Y6 with a dashcl line, The spin-up and spin-down bands are the minority-spin dominating for the occupied 4d bands of Y,
normalized to the same scale tor each cluster,

and hence a nL,.,ve moment develops on the Y atoms.
Now, we study the effect of Mn on the magnetic moment

magnetic moments of Fe atotis are large and coupled ferro- of the pseudobinary compound Y(Fe I -Mnx) 2 . From Table I,
magnetically with small negative moments for Y atoms, it is noted that the moments of Mn and Fe atoms both are
which is consistent with the conclusion of the band positiven for the cluster Mn 4Y4Fe1 2Y6 , which shows that Mn
calculation.1 2  moments ire coupled ferromagnetically with Fe moments in

By analyzing the result of the cluster Fe4Y4Fe, 2Y6 i. the pseudobinary compound Y(Fe-,Mnx) 2 with a low con-
Table I, one can see that the moments for both Fe and Y centration of Mn. Furthermore, one can see that the magnetic
atoms tend to increase outwardly from inner sites due to the moment of Mn is 0.7 1/AB and the Fe moment, 3.09/AB, much
surface effect, whicii results from that the truncation of the less than that of the corresponding Fe atom in the host clus-
cluster does not allow sufficient delocalization of the wave ter, 3.80pL?. The calculated Mn magnetic moment is in ex-
function in the solid to take place on the cluster surface. The cellent agreement with the measurement results by polarized
surface effect is unavoidable for the present cluster calcula- neutron scattering and NMR studies for the pseudobinary
tion method, however, the atoms toward the central sites for compound with low Mn co.itent,4 while the Fe moment de-
a large cluster can reproduce the properties of the bulk creases rapidly with Mn substitution for Fe atoms, which is
solid.1 3 In the present case, the calculated magnetic moment also in accord with the experimental results.4 In addition, the
for the inner Fe atoms is 1.65/AB, which is in fairly good Y magnetic moment also decreases. The Mn magnetic mo-

ment deduced by Nagai et al.5 ,6 is opposite to our calculated
result, which may result from their oversimplified assump-

TABLE 1. Electron occupation numbers akd local magnetic moments in the tions that Y atoms in the pseudobinary compound have no
different atomic sites of the clusters Fle4YFC. 2Y6 and Mn 4Y4Fc12Y5 . magnetic moment and that the hyperfine field at 89Y is

strictly proportional to the magnetic moments of nearest
FC 4Y4Fel;Y 6  MtnYl4FCe2Y 6  neighbor atoms.

Cluster Charge Spin (pA,•) Charge Spin (P-u)
Ill. CONCLUSIONS

M(I) 3d 6.27 1.84 5,26 0.85

4s+4p 1.9(0 --0.19 1.88 -0.14 We have. performed first-principles self-consistent-field
Net charge/spin -0.17 1.65 --0.14 0.71 calculations on several embedded clusters representing the
Y(1) 4d 1.56 -0 .42 1.51 --0.32 Mn-containing cubic Laves phase pseudobinary compound

5s+5p 1.12 -0.16 1.21 -0.13 of YFe2,. Our calculated results for the first time provide an
Net charge/spin 0.32 -0.58 0.28 -0.45 insight into its complex magnetic properties, The following
Fe(ll) 3d 6.14 3.46 6.17 2.92 is a summary of our results.4s +4p 2.12 0. 34 2,(16 (0,17
Net charge/spin -2.26 3.80 -0.23 3,19 (1) In the compound YFe 2 , the magnetic moments of Featoms order ferromagnetically and cause small antiparallel
Y(II) 4d 1.42 -0.51 1.39 -(1.36

5s4-p 1.13 -0.12 1.21 -0.10 moments at Y sites. Substitutions of Mn atoms on Fe site,'
Net charge/spin 0.45 -0.63 0.40 -0.46 reduce the exchange splitting of this compound, and hence

weaken its ferromagnetism.
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Effects of Al substitution in Nd2Fe17 studied by first-principles calculations
Ming-Zhu Huang and W. Y. Ching
Department of Physics, Uni'versi ty ,j" AMis.ori-Kansas City, Kansas (itY, Miss.ouri 04110

We have studied the effect of Al substitution in Nd1 Fce 7 compound by means of first-principles
calculations. We first obtain the site-decomposed potentials for Fe from self-consistent calculation
on Y2Fe 17 and the atomiclike potentials in the crystalline environment for Al and Nd. Calculations
are carried out for a single Al substituting one Fe at four different Fe sites (6c), (9d), ( I 8f ), and
( 18h), two A! substituting two Fe (18Ih), and four Al substituting three Fe (I/8h) and one Fe
( I 8f ). Our results show that the Al moment is oppositely polarized to Fe. The average moment per
Fe atom actually increases for Al substituting Fe (I18h) and Fe (I 8f ) is about the same for Al
substituting Fe (6c). and is drastically reduced when replacing Fe (9d). Experimentally, Al is
shown to be excluded from the (9d) sites because of the small Wigner-Seitz volume. When two Fe
atoms are replaced by two Al atoms, the total moment is only slightly less than when only one Fe
atom is replaced, and the M, per Fe site actually increases, in agreement with the MWssbauer data.
These results are analyzed in terms of the local atomic geometry and the charge transfer effect from
the neighboring Fe to Al.

Recently, there has been a renewed interest in studying almost zero. For x=2, we replace two Fe (18h) in the unit
the substitutional effects in the R2Fe1 7 intermetallic conm- cell and for x=4, we replace three Fe (18Ih) and one Fe
pounds (R represents a rare-earth element). The R2Fe17 com- (1 8f ), These proposed substitutional configurations are
pounds in tfie rliombohedral ThZnil 7 structure have high based on the neutron scattering data''1 which suggest Fe
magnetic moments and are easy to process. However, none (I 8h) to be the most likely site for Al substitution, followed
of the binary compounds exhibit uniaxial anisotropy at room by the Fe (1 8f ) site, and the occupation of the (1 8h) site
temperature. The Curie temperature I' is usually low, se- tends to saturate at about half of the fraction, The lattice
verely limiting their use as permanent magnets. Researchers constants used in the calculation are from different
soon discovered that interstitial doping by nitrogen and car- sources,10,'12 3 and are listed in Table 1. For simplicity, the
bon can raise T,, substantially1-4 and significantly modify experimental value for x has been rounded to the nearest
the magnetocrystalline anisotropy of the R2Fel 7 compounds, integer. The calculated results are then correlated to the

In the search for bctt'r and cheaper permanent magnets, available experimental data.
elertental substitution,, have also been explored in addition We briefly outline the procedures of our calculation. We
to interstitial doping, since it may also lead to an increase in use the first-principles orthogonalized linear combination of
Fe-Fe separation. The e:ffects of elemental substitutions on the atomic orbitals method in the local spin density approxi-
the magnetic properties of RFCl 7 compounds had been stud- mation (LSDA).14 The computational details of this method
ied in the past.5 8 More recently, Weitzer, -liebl, and Rogl have been described sufticiently elsewhere.15 Since Nd con-
studied the magnetc ,behavior of Al and Ga substitution in tains localized 4f electrons for which the LSDA may not be
R•,c . compounds." Yclon et al. carried out the neutron dif- a suitable theory, we start our calculation with YFe7 and
fraction and MWssbauer effect studies of several YFel7 .AI, but with the same lattice constants 1s for the
Nd2Fe1 -, Al, samples with x ranging from 0. to 9.4.11 Li corresponding NdFe177 ,Al, systems. We next obtain the
el al. studied the structurad and inagnetic properties of the site-decomposed Fe and Al potentials from these self-
combinled effect of Al subs!itution and N doping.'' These consistent calculations,. Together with an atomiclike potential
experiments demonstrate that Al has a preference to occupy for Nd that has been used in the Nd2 Fel 7B calculation,"' we
the Fe (I/8h) sites when x is small and is excluded from the perform a series of spin-polarized calculations on
Fe (9d) sites at all concentrations."' The saturation moment NdFe7 .,Al,. Interactions of the Nd-4f orbitals with the
and tile T(. have a strong dependence on the Al concentra- neighboring atonis are taken into account with three of the
tion. Clearly, it is of fundamental interest to carry out theo- Nd-4f elections fixed in the spin-up configuration.t' Secular
retical calculations on the electronic structure and magnetic equations are solved for both spin cases at II special k points
properties of the substituted comporuads, and to trace the in the irreducible portion of the Brilluion zone to obtain the
quantum mechanical origin of the improved magnetic prop- energy cigenvalues and wave functions. Spin-orbit couplings
erties. are neglected. Loc-.1 spin magnetic moments are obtained

In this report, we present the results of calculations on from the wave functions and the overlap integrals using the
the electronic structure, local magnetic moment, charge, and Mulliken scheme. 17 In principle, for solid solutions of the
spin density distribution for Nd.,Fe I c l, (x4=0,1,2.4). To type NdFce1  Al, , a supcrccll calculation with suflicient
our knowledge, there is not yet any theoretical calculation on statistical average over various possible configurations will
the substitutional compounds of R2FeC7. For x.= 1, replace- be most desirable. I lowever, such calculations will need a
ment of Fe by Al at each of the four Fe sites is studied even prohibitively large amount ol' computational time. For that
though the probability of Al occupation at certain Fe sites is reason, we limit Our calculations to the original rhonihohle-
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TA3LE 1. Calculated site-decomposed spin moments (AB) in Nd 2FeI 7-Al,, An asterisk indicates the site is a nearest neighbor to the Al atom.

X=( X=1 X=2 X=4
Latt, Cont.

a (A) 8.5782 (Ref. 12) 8.612 (Refs. 10,12) 8.6569 (Ref. 10) 8.6882 (Ref. 13)
c (A) 12.464 12.511 12.5782 12.6589

Atom site (18h) (18f) (6c) (9d) 2(18h) 3(18h),(18f

1 Nd (c) -0.43 -0.35 -0.41 -0.45 -0.50 -0.28 -0.16
2 Nd (c) -0.41 -0.41 -0.45 -0.50 -0.33 -0.29

3 Fe (c) 2.0(0 2.21. 2.04' 1.83' 1.70* 2.38* 2.52*
4 Fe (c) 1.85 2.04* ... 1.71* 1.75 1.62*

Al -0.32

5 Fe (d) 1.55 1.71* 1.59' 1.56* 1.56 1.70: 1.85'
6 Fe (d) 1.55 1.66' 1.60' 1.57 1.82' 2.01'
7 Fe (d) 1.69* 1.55 1.55* ... 1.84' 1.79'

Al -0.16

8 Fe (f) 1.94 1.78 1.96' 1.93* 1.54' 2.06* 2.24*
9 Fe (f) 2.16' 2.01* 1.95' 1.54' 2.42* 2.37*

10 Fe (f) 2.09* 1.93 1.94' 1.59 2.01* 2.23*
11 Fe (f) 2.06' 1.89 1.92' 1.53* 2.30* 2.21'
12 Fe (f) 2.15' 1.91 1.94' 1.54* 2.05* 2.24*
13 Fe (f) 1.79 ... 1.95' 1.58 2.00* ...

Al -0.24 -0.22

14 Fe (h) 1.89 2.02' 1.91' 1.86' 1.66 2.23' 2.22*
15 Fe (h) 2.02* 1.82 1.79' 1.72' 1.94' 2.14*
16 Fe (h) 1.90 2.07* 2.05' 1.75' 2.20* 2.47*
17 Fe (h) 1.71 1.92' 1.82 1.65 1.66 ...
18 Fie (h) 1.71 1.86' 1.81 1.71' ......
19 Fe (h) ." 2.03 2.04 1.75' ......

Al -0.27 -0.28 --0.26

-0.25 -0.26
-0.23

Total 30.71) 29.36 28.72 28.32 24.95 29.18 26.49
(excluding Nd 4.)

Average 1,86 1.90 1.89 1.85 1.50 2.02 2.04
Fe M,

dral cell containing two Nd atoms and 17 Fe atotus with average Fe moment becomes particularly low when the
some of them substituted by A! as specified above Lattice Fe(9d) is substituted by Al. Neutron diffraction data show
relaxation at the substituted sites is not considered, and all the (9d) site is excluded from Al occupation. (3) For those
calculations are for a single configuration. Even with these sites which are NN to a substituted Al (with the exception of
limitations, we believe our resuits are meaningful for corn- the Al at the 9d sitc), the moments tend to increase rela-
paring the effect of substitution at different Fe sites and with tively, showing the influence of the Al on the neighboring Fe
different Al concentrations. atoms. Effective charge calculation based on the Mulliken

Table I lists the calculated magnetic moments at the two scheme 17 shows an average charge transfer of the order of
Nd and the 17 Fe (Al) sites for Nd2Fe17_.,Al.. For x =0, the 1.8 electrons from the Fe sites to the Al. (4) Although the
moments on the Fe sites of the same symmetry type are the total moment decreases as x increases, the average moment
same. With Al substitution, the symmetry is lowered and the per Fe atom actually increases with x. Yelon et aL 1o found an
moments at all sites are different. To better understand these increase in the occupation fraction at the (6c), (1 8f ), and
results, we put an asterisk on the moment number to indicate (18h) sites with an increase in x up to x = 9.4, The fractional
that this particular site is a nearest neighbor (NN) to a suh- occupation for Fe (18h) saturates at x=4. On the other
stituted Al atom. Oppositely polarized moments ".ik; listed as hand, tile hyperfine field from the M6ssbauer spectra reaches
negative numbers. The main results of Tabke I can be sum- a maximom at x=2, and then decreases with increase in x.
marized as follows. (1) The moments o-i the Nd and Al are The microscopic origin as to why the Fe moment is in-
oppositely polarized. (2) For a single Al substitution, the creased or decreased depending on the specific site of A!
average Fe moments are 1.90, 1.89, 1.65, and 1.50 pB for Al substitution is more difficult to pin down. It will require ex-
at the (18h), (18f ), (6c), and (9d) site, respectively. For tcnsive analysis of local local geometry and interatomic dis-
x=0, the calculated average Fe moment is 1.86 uty. The tances in relation to the electronic structure. The extended
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nature of the Ai-3s and AI-3p wave functions make it difli- FIG, 2. Calculated total DOS for (a) Nd,Fe1 1 ; (b) Nd•Fe,,AI,; (')

cult to explain these rather complicated results based 0on NdFe1 .•Al2 ; (d) Nd 2Fe,3AI4 . Positive values correspond to the majority spin

simple argurnents. band and negative values corresponds to the minority spin band,

To further understand the calculated data in "//'ble I and
the role of Al atoms, we p)lot in Fig. 1, the charge and spin two different sites, (1 8h) and (1 8f ). The first-principles
densities for Nd2Fe1, and Nd2Fe1,,AI, with Al al the (18 I) nature of the calculation accurately reflects the complicated
site. The plane of Fig. 1 is perpendicular to the c axis which interatomic interactions.
contains the Fe (181h) atoms with the Fe (9d) atoms also This work was supported by DOE Grant No. DE-FG02-
very close to it and no Nd atoms, It is obvious that Al sub- 84ER45 170, M.-Z.l-l was partially supported by a grant
stitution breaks the local symmetry in the charge and spin from the National Natural Science Foundation of China un-
distribution. The noospherica! and the negatively polarized der Grant No, 188074.
spin density at the Al site are quite obvious. Similar distri-
bution maps on other planes containing other Fe and Al sites 'J. M. D. Cocy and iH. Sun, J. Magn. Magn. Mater. 87, L251 (1990).
are available but not shown. For Al .substituting Fe (gd), "l1. Suit. J. M. D. Cocy, Y. Otani. and D. P. F. llurley, 3. Phys. Condens.Matter 2. 6405 (1991.

charge- and spin-density maps reveal a much stronger inter- 3X. P. Zhong, R. J. Radwanski, F. R. de Boer, T. H. Jacobs, and K. It,. J.

action of Al with the ntearby Fe atoms. This clearly indicates Ilunchow, J. Magtt. Magit. Mater. 86. 333 (199(1),
that the 9d site is small, hence: unfavorable for Al occupa- 4Y. C. Yang, X. D. Zhang. L. S. Kong, 0. Pan, and S. I. Ge, App). P~hys•

tion, in agreement with the conclusion of Ref. 10. t~ett. 58, 21)4 (1991).
"•K. S, V. L. Narasimhan and W. E. Wallace, AlP Conf. Proc. 18, 1248Figure 2 shows the total density of states (DOS) for 119•74).

Nd 2FetT_.•Alrt for x:-=0, 1, 2, and 4. The x= 1 result is for Al "D. McNeely and H. Oesterreicher, J. Less-Common Met. 44, 183 (1976).
substituting one Fe (18h~). The Fermi energy is set at 0. Thre 71). i'lusa. R. P'faranger, and B. Wyslocki, J1. Lecss-Common Met. 99, 87
sharp peak near E1.. for the majority spin band and at 2.5 eV (1984).

53P. ltu and 3. M. l). Coey, J. Less-Common Met. 142, 295 (1988).
for the minority spin bard are from the Nd-4Jf states. The ~ 'el:.Witzer, K. tiiebl, and I. Rogl.I. i.AppI. Phys. 65, 4963 (1989).

height of the Nd-4f peaks decrea:¢es as the Al concentration 'ow. 13. Yclon, H. Xic, G. 3. Lonmg, 0. A. Pringle, F. Graudjean, and K. H,. J.

increases. The width of the occupied band is about 7 eV in Bu~schtow, I. AppI. lthys. 73. 6(129 (1993).
all cases, but the total areas below E,.. decrease because of " x. w. l~i. N. Tang, Z. H. Lu,'T. Y. Zhao, w. 0. Litn. R. W. Zhtao, and F. M.

redued lecronnumer s xinceass. artal OS not Yang, J. Appl. Phys, 73, 589(1 (199•3).
reducd elctro numer a .,: ncreses.Partal D S (n t .tl Kajitani a t e., 3. AppI. Phys. 73, 6032 119913).

shown) indicates that AI..3p states are in the -4.5 to -4,7 ''w. B. Yelon (private communication).
eV range, and the split states near --9.5 eV originate from '4w. Y. Ching, 3. Anm. Ceram.t Soc. 73, 3135 1199O1; W. Y. ('hing, Y.-N. Xa,
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Magnetic and crystallographic order in a-manganese
A. C. Lawson, Allen C. Larson, M. C. Aronsona) S. Johnsonb) Z. Fisk, P. C. Canfield,c)
J. D. Thompson, and R, B, Von Dreele
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

We have made time-of-flight neutron diffraction measurements on a-manganese metal. Powder
diffraction measurements were made at 14 temperatures between 15 and 305 K, and single crystal
measurements were made at 15 and 300 K. We found that the crystal structure of a-Mn is tetragonal
below its NMel point of 100 K, with crystal symmetry I42ni and magnetic (Shubnikov) symmetry
P1421c. In agreemenit with the earlier results of Yamada et al, there are six independent magnetic
atoms, and we found that their moments are weakly temperature dependent. The onset of magnetic
order cau,,.,s slight changes in the atomic positions and in the average atomic elastic constant.

I. INTRODUCTION Laboratory.5 We also obtained single crystal diffraction data

a-manganese has a suiprisingly complex cubic crystal at 15 and 300 K on the single crystal diffractometer (SCD) at

structure with 58 atoms per body-centered cell. The comn- LANSCE. Powder data were analyzed by Rietveld analysis

plexity is surprising, because most elements have simple using the general structure analysis system (GSAS).t' This

structures. In th case of Mn, thle complexity is thought to refinement package allows for the refinement of magnetic

arise from au instability of the 3d electron shell that gives reflections arising from structures that can be described by

rise to the formation of "self-i r.termetallic" compounds. In Slubnikov groups, Powder data from six detector bands

other words, elemental Mn is actually an intermetallic corn- were corefined in the analysis. Allowance was made for

pound between Mn atoms in different electronic configura- 0.90% (vol) of MnO that was present in the powde, and for

tions. This possibility was first pointed out by Bradley and some weak aluminum lines from the cryostat. Single crystal

Thewlis.I data were also refined using GSAS. In this case, magnetic

a-Mn becomes antiferromagnetic at 95 K. Given the multidomain effects were treated as a twinning problem,

crystal structure, the magnetic structure is necessarily com-
plex. The structure was solved by Yamada et al.,2 who used Ill. RESULTS AND DISCUSSION
single crystal neutron diffraction data and first principles Since there was no evidence for an incommensurate
magnetostructural analysis of heroic proportions.2-4 We structure, our approach to the analysis of our data was guided
wished to examine the magnetic ordering in more detail by by the use of Shubnikov groups.7-8 These are magnetic space:
obtaining structural data at a large number of temperatures, groups that are supergroups of the ordinary crystallographic
The multitemperature requirement dictated the use of powder space groups, with certain symmetry elements replaced by
neutron diffraction. However, we found that information "anti"-elements. The antielements are the ordinary transla-
from single crystal data was essential to the complete solu- tions, mirror planes, etc., familiar from crystallography, ex-
tion of the problem. cept that the spatial symmetry operator is augmented by a

time-reversal operator that reverses the microscopic current

II. EXPERIMENTAL MIETHOD

a-Mn was prepared by heating Johnson-Matthey grade 1 . I 8
electrolytic Mn in a turbomolecular pumped system in the
fl-phase region until outgassing was complete and then cool- cx-Manganese

ing slowly through the o,-/3 transition. The material was
cooled from o00 'C to 755 'C over 5 h, from 755 °C to 890

655 °C over 200 h, and finally furnace cooled to room tem-
perature. Powder was prepared by grinding the resulting ma-
terial. Small single crystals were cut from an arc-melted in-
got that was prepared from this material and annealed for a
long time below the a-fl transition. Neutron powder diffrac- • -

tion data were taken oil an a-Mn sample at 14 temperatures
between 15 and 305 K. We used the high intensity powder 8 88
diffractometer (HIPD) and the Manuel Lujan, Jr. Neutron -,

Scattering Cente: (LANSCE) at the lA)s Alanjos National

")Present address: I)cpariment of Piysio.:;, UIi,,ersity of Michigan, Ann Ar- 0 100 200 300
bor, Michigan. Temperature (K)

b)Deceased,
"'Present address: Ames Laboratory, !owa State Univcrsity. Anrs, Iowa FIG. 1. iLatice constantis vs temperature for a-Mn. The error tars arc

5(X)ItI. smaller thau the plotted points.
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g-90 -' ' " " -T I _ABLE 1. Atomic coordinates for a-Mn at 305 K.

x 0 0.318 36(5) 0.357 76(3) 0.090 81(4). 120 a-Manganese 1y .......

S-135 - I Z 0.035 43(4) 0.282 76(5)

135
• -T -L~

si 90 jI t I

< 4b - . + + In addition to the group P142'm', we also tried fits with
N - 11 l 1 42m, P,4'2m', and P,4'2'nm. (Of these four, only the first

30 - #, - ..- +t-- I- does not exclude a magnetic moment on site I by symmetry.)
3.0 The models with P142m and P,4'2m' can be excluded by

-in, the single crystal data, which clearly show the presence of
2.0 , * , ,, Mr (300), (500), etc. magnetic reflections, in agreement with Ya-

S'U'l W 111.11.

1.0 M ... / mada et al.2 This is indicative of the presence of the two-fold
antiaxis 2'. These reflections are not directly observable in

S0 I P the powder data because of overlapping allowed reflections,S0 0 - - - I I , _ 1 , L ._ __L . -I' -'_
0 20 40 60 80 100 so that powder data cannot distinguish between 2 and 2'.

Tempeiture (K) The quality of the powder fits for P 142'm' and Pt4'2m'

is very similar, so that single crystal data was essential for
FIG. 2. Magnetic moments vs temperature for a-Mn. making this distinction. However, the use of powder data is

the only practical way of making observations at a large
number of temperatures in a reasonable amount of time. The

driving the magnetic moment of the atom to which it is ap- combination of both types of experiment was necessary in
plied. In this way, 1651 magnetic space groups can be ob- this case.
tained from the original 230 ordinary space groups. Only Since the magnetic structure of a-Mn is tetragonal, a
commensurate magnetic structures are described by the tetragonal nuclear (or chemical) structure is implied. This
Shubnikov groups. structure was found by Rietveld refinement. The space group

The space group of a-Mn is 143m. The neutron diffrac- is I42m, and there are six unique atoms in the tetragonal unit
tion data indicate a body-anti-centered lattice, so that the cell. Above the NWel point, the structure is cubic with four
Shubnikov group P43in, or one of its subgroups, is indi- unique atoms in the cell. There are 58 atoms per unit cell in
cated. The cubic and rhombohedral subgroups did not work, each case.
and we found that the best fit was obtained with the tetrag- Figure 1 shows the lattice constants of a-Mn plotted
onal Shubnikov group P 142'm'iPl42c, which is a subgroup versus temperature. We emphasize that no tetragonal split-
of the tetragonal space group I42m. This is equivalent to the ting of the diffraction lines was observed directly; rather, the
magnetic model of Yamada et al.2 The meaning of the sym- metric tetragonality was found by testing the powder data
bol P142'm' is the same as the ordinary space group symbol with Rietveld refinement. Simultaneous refinements of the
1421n, except that (1) the ordinary body-centering operator is strain broadening were well behaved, and sens;ible atomic
replaced by an operator that flips the spin (reverses the cur- positions were found, so we have some confidence in this
rent) as the body centering is applied; (2) the mirror planes result. The average of the tetragonal lattice constants agree
are replaced by operators that reverse the current as a mag- with previous diffraction measurements for which the low-
netic atom is reflected; and (3) the twofold axes are replaced temperature structure was taken to be cubic. 9',1

by operators that flip the spin (reverse the current) as the The magnetic moments are plotted versus temperature in
dyad operation is applied to a magnetic atom. (The distinc- Fig. 2. These were obtained from the powder refinements
tion between spin flipping and reversing the current is impor- using the form factors for the 3d 5 4s 2 state of neutral Mn
tant only for improper symmetry operators, such as mirror determined by Freeman and Watson." Thus, we did not al-
planes.) low for a variation of the form factor among the atoms, as

TABLE II. Atomic coordinates and magnetic moments (A,,) for a-Mn at 15 K.

1 It ill-i 111-2 IV-1 IV-2

x 0 0.3192(2) 0.3621(1) 0.3533(2) 0.0921(2) 0.0895(2)
y It" " 0,0333(1) " 0.2850(i)
z 0.3173(3) 0.0408(2) 0.3559(2) 0.2790(3) 0.0894(2)
t. 0 0.i4(12) 0.43(8) -0.25(10) 0.27(8) -0.08(4)
MY " -0.25(00) - (1.45(8)
m, 2.83(13) 1.82(06) 0.43(8) -0.32(4) -0.45(8) 0.48(5)
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did Yamada et al. 2 The moments we found are somewhat
different from theirs, but the significant qualitative feature of Neutron Scattering Centter is a national user facility funded
groups of large and small moments is retaine~d. The large under Contract No. W-7405-ENG-36 by th,- United States-
moments on atoms I and 11 are somewhat temperature depen- Department of Energy, Office of' Basic Energy Science. We
dent, and the smaller moments on the remaining atoms are wish to thank Professor Bryan R.. Coles for the inspiration oft
not. his persistent interest in the structure of a-Mn.

The atomic positions also show the effects of magnetic
ordering. Below the N60l temperature, the original four crys- 1A. J. Bradley and J. Thecwlis. Proc. R. Sue. Lottdon Ser. A 115. 4504 1927).
tallographic sites of the cubic structure (Table I) split into the 2 T. Yamada, N. Kunitomi, Y. Nakai, 1D. L. Cox- and G1. Shirane. J. Phys
six sites of the tetragonal structure (Table 11). The atomic Soc. Jpn. 25, 615 (1970).
positions obtained from the powder refinements are plotted 1Tr. Yamada, J. Phys. Sme. ipn. 25, 596 (1970).
versus temperature in Fig. 3. A diagram of the magnetic 4 T. Yamadta and S. 'razawa, 2. Phys. Sme. ipti. 28, 60I9 (197(0.

structure is given in the compilation by Wijn. 12 The Carte- A. C. Lawsont, J.A. Goldstone. J, Gi. Huber. A. L. Giorei. J. W. Conant. A
Severing, B. Cort, and R. A. Robinson. J. AppI. Phys. 69. 5112 91 1~lsian components of the magnetic moments at 15 K are given 6A. C. ILarson and R. B. Von Dreclc. LUs Alantos Natiottal I iho~raior)

in Table 1I. Report No. LAUR 80-748 (1986).
Magnetic ordering in a-Mn causes a stiffening of the 7A. V Shuhnikov and N. V. Belov. Cifiored Svmmo:rvi (Wiley. Newk Voik.

lattice, Figure 4 shows the average mean-square thermal dis- 1964), pp. 198-21(0.
2) (2ýiso V. A. Koptsik, Shubnikov Giroup~s lId.. Moskovsk. (ills Urns oso

placement, (u2) plotted versus temperature. The ( 12 so- (966) (in Russian).
tamned from the Debye-Waller factors from the Rietveld "J2. A. C. Marples, Phys. Uxtt. A 24. 20)7 11907t.
analysis of the powder data; it is averaged over atomic sites "tC.P. Gazzara, R. M. Middleton. R. 2. Weis%. itid Fi. C) Hall. Ad.a ( "%wtj
and direction.' 3 ,14 We have made separate fits above and be- l ogr. 22, 859 (1967).

2) 11A. J. Freeman and R, F~. Watson, Acta ('rystallogi 14. 211 (' 14M I
low the NWel temperature to the (u2  versus temperature data I ,1. P. J. Wijn. Magnetic Pipwiwes uufAfvriu'l d-.I&cmentl gjn.( oiin/humd.,
with a simple Debyc model. The increase in 0- .w observed It(Springer, New York. 1991)I. Ppi S
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Nanocomposite Magnets D. J. Sellmyer, Chairman

Two- and three-imensional calculation of remanence enhancement
of rare-arth based composite magnets (invited)
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1. NTRODUCTION mine the maximum energy product, ( 1 )uWithin the
framework of the Stoner -Wohlfarth theory,8 which assumes

(wnsIsat matrttals (if miagnetically hard and soft par- noninteracting single domain particles, the remanent mag-
Ice are execilent canadidates for high performance perma- nectic polarization is given by

flint magnet% In composite permanent magnets %ouft mag-
netic grain-. cAUse a high magnetization and hard magnetic J,=J1 (coS 1ý)' 1
#trains. induce A latrg# corcicvity provided that the particles
are ,jnAll And %trongly exchange coupled. Owing to reana- where 10 is the angle between the saturation direction and the
nencc enhancement. nariostructured, composite magnets are easy axes and ( ) denotes an ensemble average. According to
expcted to improve the maximum energy product of perma- (1) J,/IJ, is 0.5 for an assembly of noninteracting and ran-
nent magnet% dramatically.' ('ochoorr, Mooiij, and Waard2 domly oriented particles, whereas J,1J, is 2/7r=0O.637 for
founid a considerably increased remanence in melt-spun Nd- microstructures with in-plane random texture.
Fc-B miagnctý oif nominal composition containing a substan- A theoretical treatment of remanence enhancement must
tial fraction of soft magnetic lc1jB grains. Recently, Ding, take into account interactions of the grains. Using a one-
Mc~o~mick. And Stree~t' reported a maximum energy product dimensional micromagnetic model, Kneller and Hawig9 Psti-
(if nwer than --~m,2() )kJ/m' innmechanically alloyed, mated the optimum microstructure of composite magnets to
tumopic Sm-F.I~,-nitridc powdcrs where exchange interac- consist of hard grains embedded in a magnetically soft ma-
Itubris between a soti magnetic (k-Fe and a hard magnetic trix with the lateral dimensions of both phazaes about equal to
Sm.Fc .N, phase cause a significant enhancement of the re- thie domain wall width of the hard magnetic phase.
mancrKc A similar behavior was found in composite mag- Gr~.nefeld111 numerically calculated the remanence of com-
rict% 4it NdJFe15B and oa-Fe produced by rapid posite magnets, solving Poisson's equation for the magneti-
*A.01ifk-Aaaora l'h maximum posibic energy product is an zation distribution on a lattice of magnetically hard and soft
11`111111 qluantits (Rif), *I(j), depending only on the moments. The results show that almaost all the magnetic mo-
s4%miancou% niagnectic pIAflarilatiOn J_. In order to reach this ments of the soft magnetic phase become aligned parallel to
thV99tkAJ iuialinfiuml. it a% required that the miagnet main- the satutation direction, which co.rresponds to the average
taint %atuiacte until the sspxssang field reaches the value direction of the easy axes of the neighboring hard magnetic

A :2at1. ý4)In real miagnet% the tnenuaent lAslarizatioi1 ., grains. Nieber et al." and Skomski et al. 1explicitly derived
ISathe ttul, the %4Stntfr0rU% IllAgnCtIL lauratiaton %% ill deter- the magnetic properties of mulidayers being composed of
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magnetically soft and hard layers. This article gives a quan-

titative treatment of the correlation bectween the microstruc-I
turu and the magnetic properties of isotropic. rare-earth
based composite magnets. In order to describe magnetization
processes of realistic mnicrostructures, the classical Stoner~-
Wohlfarth theory" has been extended to nonellipsoidal and
interacting particles using a finite element technique.

Sctiion 11 of this article introduces thle microinagnet ic
concept% and the computational method% ofl thle simulation
moiel. Section Ill describes thle two- and three-dimensional
grain structures used for the calculations.. Section WV presents
the basic magnetic properties of nanocry'stallinc. comliosite
maJgnets. Section V Compares the dvimagnetizhiiion Curves
obltdincd tor Comiutlxtei materials, of Nd Vclie4. Si( o,.
Sni2( [c,, 01( oi.-N,, amd ii-lec particle%

11. MICROMAGNETIC AND COMPUTATIONAL 64''Iii I (ti TctI1.iII% '1I1pl g.1i'.I 11 h

BACKGROUND

Minimiizing tile total magnetic GiI+bs free energy %%itli .tra% -field encrgý Vj, .Replacing tile stray -field energy inl Eq.
reslwct to the magnetic p~olatrization i, . subject to thle Con- Q2) bN ttIJ, .A) leads to, an auxiliary functioinal whose local
%traint that IJjIi constant. slieldt; a stable equilibrium state of mlinimla ;ire in one-to-onec Corireslos ielidce to those of thle to-
a magnetic structure. If one neglects muagnctoclastie and .ui- tal ( ibbs% free cnelgý. 1-tlrdkin and Koehler" originally
face anisotropy effects. thle mlagnetic ( ibb%. free enlerg) d), of applied a mlagnctik vCctor po)tenitial Inl mlicronlagnetic finite
a fe rroniagnet ic specimeni Inl all applied magnetic field Is. Ihe CeImenut caIc u fat lolls. Ill order to in vestigate iflligne ti/ittionl
stum of the exchange energy, the panorvtlinonso- ceWs inl irregular shaped p.o lieles
m py e lieigy, tilie stray field energy, anad thle m Inguie 1 sta~t ic The li near i liter p at ion of thle ni agniet iiation angles a ad
energy of the J, in an extetnal field 11,.1-[or uniaxial of the mnagnetic vectoi lmoteiitll on triangular or ietrahedral
magnetic material%, where the direction of J, may l'c dc- e eIC men i gives an ll ;Ige llr~i i opt ilnii it/a tno path1Cu. si nce the
scribed by the angle Ir between J, and tile easyN axis. 4), i.s m agne tic po l ar zii/aion i, and the magnetic vector 1xite t ial A
given by'13 are two indepentdenat variables,, thle iniinimiztation canl he per-

formed sinuiltaneousl% with rcse. toJadAThscn
0,= fJ A[(Vuf)24 (Vp) 2 sin 2 01 f K, %iii , I vergetice difficulties of) iterative techniiques, which alternate

bet ween %Ii si vig for a niagne tic sea hir potenltia I for fixed
+ K sin14 (V J,- Hj - I~ J,- 1,, 'r.- (2) magnletization and mlnininuing the total energy for fixed de-

wher K, Karetheaniotrpy cnstnt% an .4is ile magnetizing field, can be avoided. Among standard numecri-

exchange constant. Using the polar angle 4ý and tie azimutth Cal init niization techniques,. a preconiditioned quasi-Newtonl
angle 10 to represent i, , automatically fulfills the nonlinear conjugate gradient method"'~ proved to be most efficient for

constraint, 11.11 =J, during minimization. All energy termus minlimizinig thle total Giibb's free energy of magnetic miicro-
bu te try ildenrg, ,= - 1.0 "t11. depend only st ructu~;res. The fiunct ional WI W[.,Al is atil inltegraI inot only

locally on the magnetic polarization J, . 'ilhe demagnetizing oipe. thle faneict element bish hasr toibe extened ovaer al large

field H,, follows from magnetic volume charges, V.J1,, cpetiefneelm t eshatbexnddvralrg

within the grains and magnetic surface charges. i, -n (n de- region outside the particle. Appl~ irg spatial tranisformations

notes the surface normal) at the grain boundaries. Owing to to evaluate tile integral redluces tile size of die external mesh
these long-range contributions of J, to H11 , the direct evalu- anderovide Iti)'ua prxmtino le ta-il
ation of the total magnetic Gibb's free etnergy requires both enry '.i

large memory and long computation time. Introducing a Il.MGECMCRS UTRS
magnetic vector potential to treat thle demagnetizing field Il.AG TCMCOTR TUE
eliminates long-range interactions from the total Giibb's free Modeliitg of' grain growth yields realistic two- or three-
energy.t4 , 15 Brown 16 showed thio the stray field energy 4), dimensional inicrostructures. Starting from randomly located
due to J.1(r) -an be approximated by an upper bound, given seed points, graitns grow with constant growth velocity inl
by each direction. 11

Figure I shows a cut through a cubic model magnet
0,.-W[J.,,A= -I f fV xA-i5 

2d 3r, (3) conisisting of 64 irregularly shaped particles. Figure 2 gives
the distribution of' the graini diameters. Inl order to describe

where A is an arbitrary continuous vector whose derivatives composite magnets. material parameters of' magnetically
are also continuous everywhere. The functional W if mini- hard and soft phases are assigned to each griiin. Bleginining
inized with respect to A, makes A equal to the magnetic with the smallest grains, a fraction of the particles are con-
vector potential V XA=A H,+J 1 . W itself' reduces to the sidered to be magnetically soft. Thus thle meanl grain size of

7054 J. App). Phys., Vol. 76, No. 10. 15 November 1994 Schrett et at.



25 ,H,,, (2K,/J,,

-0.2 -0.1 0.0 0.1 0.2

20 - 1.0 12%Oa-Fe

' 15 J/Jd

"00.5

E 10 i
a 0.0

5 1.0 2
I 40% a-Fe

0 J/j, I J (T)
0 5 10 15 20 J 0.5

grain diameter (xl, x2, x3, or x4 nm)

FIG. 2. Grain size distribution of the three-dimensional inicrostructure. The 0.0 ._,_,_,..L)-• . 0

grain diameter is dehined by tie diameter of a sphere with equal volume. 1.0 2

65% cr-Fe - -

the soft magnetic particles becomes smaller than that of the
hard magnetic grains which has been been found in rapidly J/J. 0.5 J1 (T)

solidified, Nd-Fe-H based composite magnetsf The ran-
domly oriented particles have direct contact and are coupled
by short-range exchange and long-range magnetostatic inter- 0.0 ..
actions. -1500 .500 500 1500

The basic magnetic properties of isotropic. composite H. (kA/m)

magnets have been calculated for three-dimensional micro-
structures. However, the computational effort is much
smaller in two-dimensional calculations where the magneti- Ii1. 3. Demagnetization curves of isotropic. NdFeIl.1-bacd, comix,siie

Lation is constrained in a plane and taken to) be uniform in a Illagnes containing 12'";. 40•1.4, and 05'1 4e.Fe. The different curves refer ito

direction perpendicular to this plane. The two-dimensional I10 imn (solid line) ind 21 rm (daashed line) mean grain sizt-.

approximation of naturally three-dimensional magnetization
processes does not severely influence the magnetic
properties."o Thus, the comparison ofthe magnetic properties nd 2 n. respectively. For the calculations, the material
of various rare-earth-based compxosite magnets has been per- parameters of NdFe1 4B and a-Fe at room temperature have
formed using two dimensional microstructures. The two- been used. The numerical results clearly show that the mag-

dimensional grain structure consists of 30) grains with nearly netic properties of nanocrytalline. composite magnets dras-

hexagonal shape. Table I gives the intrinsic magnetic prop. tically changes with the anount of a-Fe and with the average

erties of the different materials used for the calculations. grain size.
Figure 4 gives the remanence, the coercive field, aad the

IV. BASIC MAGNETIC PROPERTIES OF ISOTROPIC, maximum energy product of Nd.,Fel,1-hased composite

COMPOSITE MAGNETS magnets as a function of' the amount of. a-Fe for a mean
grain size of 10 and 20 rim. The remarkably high remanence

Figure 3 shows the demagnetization curves of a of nanocrystalline composite magnets has to be attributed to
Nd 2Fe14B and av-Fe magnet for increasing percentage of soft ( I) the increased spontaneous magnetization of the soft mag-
magnetic phases. The solid and the dashed line corresponds netic phase and (2) remanence enhancement owing to inter-
to the demagnetization curves for a inean grain size of 10 particle exchange interactions. Figure 4 compares both con-

"TAiI 1. I Intrinmsic nmagnetic pr perties al I 31Mi K ot hard and %o ift maglt-iclicit ierial, used tor the calcula-
titus•.. K1. K - A. -and T, denotes the spronictancus niagteiti/atit iii-. the lti,t aiid second aittioltlopv constanits.

the exchange conmtant, and the (uric temcperature. tcspectively.

., K, K. A 1.
Ii lJtW 1 (j 1 ' (Ii/ml (K) Rct_

NdoFeP 41c 1.01 4.3 ,It) 11.(1• "• l 7.7 - lit 518 27

Sn..IFe (', 2I ,N.,, 1.55 I1t.1 I•1o" 2.3- I1" 4.8. 11t 842 2M
SI(Io}, 1.100 17.1 -I10" 12.11 ) I I 1243 2()
at-lFe 2.15 4.6 - 10I 1.5 " 11)t 25.oi 11)t 1043 301
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FIG. 4. Maximum energy product, romanencc, andcoercivefieldin isotro- P I -
pie, Nd2Fe1 4B-hased. conipliitc magnet% as a function of the volume fac., ititittw't f, t -f it t P 0

(dsblhed line) meatn grain size. The dolted line gives the rc anltinc of the P . f t

samples according to the Stoner-Wohiftrth theory "; PA,,, ' t t I

tributions to the temanence. According to the Stoner--
Wohlfnrth theory,8 an isotropic NdiFet14l magnet has a
remanence of J,=J,/2 0.O8 I. The dotted line gives the re- I. 5 Spin ariaigennt br /er applied fiel i! the urlace ad it tie
manence of the composite material assuming noninteracting interior ot a conm|x.nilxftc magnet fa M1'; Nd+.l.e, 41 :And 40";t' a ote fur 0 anod

particles. The remanence increases linearly with the percent- 4) ln milean grain '%tie the arrtow, with the closed head% denotic the mag-

age of tr-Fe. The difference between the numerical results ,titt tumonillot within hard magitetii grain%. the arrow'. with the tilwln I)ldl
and the Stoner-Wohlfarth theory has to be entirely attributed denote the t11aglctit- n•mll1ents, w11t1t11 %0it magunet"L gtalti.

to intergrain exchange interactions. In nanotcrystalline mate-
rials exchange interactions align the magnetic moments par-
allel to the saturation direction and thus considerably in- magnetic phase. lIxchange interactions influence It,," magne-
crease the rcmanence. In soft magnetic particles exchange tization of the soft magnetic particles otnly near the interface
interactions override competitive micromagnetic effects to a between hard and soft magnetic phbaes. The ratio of the rent-
greater extent than in hard magnetic grains. TI'hcreforc. rena- anent to saturation polarization reaches only .1,. ().
nence enhancement due It) interparticle interactions increases The coercive field decreases with increasing amount of'
with increasing amount of it-]e. es-Fe. Nevertheless, exchange interactions between the hard

1hi spin arrangements for zero applied field, given in and soft magnetic phases preserve a high coercive field. As a
Fig. 5 for a compoisite magnet of 60(Y)( NdFe, 4B and 4(M; consequence the maximum energy ptoduct resembles the be-
a-Fe. demonstrate the effect of the parlicle size. For a mean havior ot the remanence. Ior a mean grain siie ot 1t nm and
grain siz:c of 10 nm the exchange length of it-Fe. I1, more than 50(t ir-Fie content. isotropic NdJlk 1411-basCd c01n-
= iAJ s. approaches the particle diameter. Thus. al- posite magnets show maximum energy products exceeding
most all the magnetic moments of the soft magnetic phase 4(g) k/oi'. The %Llf-denmagnetiting field deteriorates the co-
are aligned parallel it) the saturation direction. The ratio of ercive squareness owing !o reveti%,•)c rotations or nmagneti-
the remanent to saturation polarization shows a rcmnkabl. iation reversal within large sofl nItagnclic regions. Thus. tile
high value of J,/J,=O.7'9. For a mean grain size ot 40 till. increase of (I),, with the imieteasing percentage of (r-lec
stray field effects determine the direction ofJ, within the soft is less significant for a grain site of 201 fin.
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FIC. 7. Demtagnetiza~tion curves of isotropic, rare-earth-based comiposite
H( U. 6). Maximnum energy product. renianenice. and coeircive field as a futic. mant containinhrg 80% NdYCIA4 3 Sr"AnŽ ('00 do,,I IN211 or SrnCuj, and
tiont of the meanti grain size for it coitifposite miagnet con~iusting oIf 60% 210,'r uv*Iue for an average grain diameter of 1t) tim Isolid line), 20 mnn
NJ2Fcjti and 40% it-Fe. "ew dotted line gives the ientantai~e of ili (dashed line), and 40 tnm (dotted line).
hamples according to the Stoner- Wohtfarth theory.

V. COMPARISON OF ISOTROPIC
RARE-EARTMl-BASED COMPOSITE MAGNETS

Figure 0 shows the reflanetke. ffhe coercive field. anld Owing to a remarkably high magnetocrystalltne anisot-
thc maximum energy product as a function of thc miean grain ropy. novel nitridcd intermetallic compounds have a large
size for a composite niagi.et of 6(3% Nd,Fe, 14B and' 401%/ potential for compiosite perm.anent magnets. The demagneti-
ar-Fe. Remattence and coercivity decrease with increasing zation curves of Fig. 7 characterize the magnetic properties
grain size, In tianocrystal ltie. composite magnets tWO Cont1- of' novel, isotropic rare -eart h-based comfxosite magnets. Fig-
petitive effects determine the size dependence of coercivity: ure 7 compares the demagnetization curves for an average
(1) Magnetic inhomogeneities owing to sh- rt-ratige ex- grain diameter of 1(0, 20., and 403 nnm. obtained for composite
change interactions hetween hard magnetic p'r ins. favor the magnets of XO%~ Nd,Fe41 3,I Sm(fl-ic U(, ,) I -N,,,, or SmCo5,,
nucleation of reversed domain.%. ilie nucleationt field of hard andi 20% a-Fe. The results clearly show that the coercive
magnetic grains coupled by sho)rt-range exchange interac- sjuareness decreases with increasing grain size for all mate-
tions decreases with decreasing grain size. (2) lixchange rials. The demagnetization curves show a dip at the nudle-
interactions between the different phases. suppress th.' iucle- ation field of the soft magnetic phase. The comparison oif the
ation of'reversed domains within the sof't magnetic particles, demagnetization curves for a mean grain size of' 10 nm
The nucleation field of a Aoft magnetic grain emhedk'd clearly shows that the nucleation field of' the soft magnetic
within a hard magnetic phase decreases with increasing phase increases with increasing magnetocrystalline anisot-
grains size.-2 ' 26The nucleation of reversed domains within ropy of' the hard magnetic phase. Exchange hardening be-
the soft magnetic particles may cause magynetization reversal comnes less effective with increasing grain size. Consc-
in neighboiring hard magnetic grains, depending on the dis- quetitllv, for it mean grain size of 4(0 tm, the nucleation field
tribution of magnetically hard and soft phases, on die shape of* the soft magnetic p)hase approaches nearly the same value
of the grains. and on the orientation of the easy axes. If' [the for- all composite materials. Nevertheless. the coercive field
reversal of the soft magnetic particles initiates a cascade-type and the shape of the demagnetization curves differ drastically
demagnetization process, the coercive field will he deter- for the different materials. In Nd,.Fci4 B-based magnets the
mined by the nucleation field (of the soft magnetic particles nucleation of reversed domains within the !zoft magnetic
and thus will decrease with increasing grain siie, phase initiates a cascade-type demagnetization of' neighbor-
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400 posite magnets have to be attributed to intergrain exchange
interactions. (1) Exchange interactions enhance the rema-
nence by more than 40% as compared to the remanenice of
noninteracting, particles. (2) Exchange hardening of the soft

300 magnetic particles preserves a sufficiently high coercive
field. The numerical studies show that remanence enhance-
ment and exchange hardening are most effective for an av-
erage grain size comparable with the exchange length of the

E soft magnetic phase and a significantly high amount of soft
S 200 magnetic particles.
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Aligned two-phase magnets: Permanent magnetism of the future? (invited)
R. Skomski
Department of Pure and Applied Physics, Trinity College, Dublin 2, Ireland

Micromagnetic calculations are used to investigate coercivity and energy products of magnets
consisting of all aligned hard-magnetic skeleton phase and a soft-magnetic phase with high
saturation magnetization. Compared to the present-day theoretical limit of 516 kJ/m' for
single-phase Nd 2Fet 4B, the energy product in suitable nanostructured Sm2Fc, 7N3/Fe,5Co3 .5
composites is predicted to be as high as 1090 kJ/m 3. The influence of the skeleton's texture and
shape is discussed, and aligned nanocrystalline two-phase magnets are compared with
remanence-enhanced isotropic magnets. In particular, it is shown how the nucleation-based
analytical approach breaks down in the isotropic limit. Finally, we outline conceivable processing
methods and discuss potential applications of "megajoule" magnets.

I. INTRODUCTION formance of permanent magnetic materials.'9 However, the
outlook for discovering new ternary phases with magnetiza-

A key figure of merit of permanent magnetic materials is tion significantly higher than that of those available, at
the energy product (BH)m,,, which describes the ability to present, is poor.3 Permanent magnets based on the appear-
store magnetostatic energy. Energy product increases with ance of a new-rare-earth iron intermetallic phase could offer
coercivity If,. and remanence Mr but can never exceed the better temperature stability, yet higher anisotropy field or im-
value opoMp4 corresponding to an ideal rectangular hyster- proved corrosion resistance, but the scope for significant im-
esis loop. Since Mr<•Mo, the spontaneous magnetization provements in the spontaneous magnetization is very limited.
M0 yields an "intrinsic" limit (, but if For instance, interstitial modification with small atoms such
magnetization were the only consideration then a iron with as nitrogen or carbon is effective for enhancing Curie tem-
/L0MO=2.15 T would be used for permanent magnets with a but it has rather little effect on
energy products as; high as 920 kJ/m 3 . In fact, the coercivity the magnetization-the moment increase is, on the whole, a
of bcc iron is so low that energy products of iron magnets are 3

on ndi h ps t a eesayt zero sum game.on'Y of order I kJ/m 3 , and in the past it was necessary to In the case of isotropic magnets, which are often more
resort to cumbersome bar and horseshoe shapes to avoid
spontaneous demagnetization into a multidomain state by the easy to produce than oriented magnets, the comparatively
magnet's own magnetostatic field. For this reason the quest low anenctor 4. Howedes the tho retical eneryfor mprvedenegy podut hs ivoled aseach or om- product by a factor 4. However, the production of nanocrys-for im proved energy product has involved a search for com - tli e c m oi e u h a d F t B F 3 ~ n
pounds with a large magnetization combined with the strong talline composites such as Nd2 Fet4B/Fe3BFe and
uniaxial anisotropy needed to develop hysteresis. Sm2Fel 7N3/Fe by melt spinning'2 and mechanical alloying,'3

In fo:.ner years, the problem was to achieve the neces- respectively, shows that it is possible to combine the high

sary anisotropy, but more recently the focus has shifted to the magnetization of soft-magnetic materials and the surplus an-
problem of enhancing the magnetization. Modern high- isotropy of rare-earth intermetallics. Soft magnetic phases

performance magnets such as SmCos, Nd 2Fe14 B, or the in- such as bcc iron often reduce the energy product by degrad-

terstitial nitride Sm2Fe17N3 consist of 3d atoms which are ing coercivity, but if the soft regions are small enough then
exchange coupled to rare-earth atoms which provide the exchange coupling stabilizes the magnetization direction of

uniaxial anisotropy required of a permanent magnet. -7 In the soft phase. This kind of exchange coupling improves the
reality, coercivity as high as 4.4 T has been achieved in low remanence of the isotropic hard phase, 12- ' but the en-
SmFel 7N3-based magnets,8 but for practical purposes there ergy product, though improved with respect to the isotropic
is usually no call for coercivity very much greater than single-phase rare-earth material, does not reach the level at-
M0/2. On the other hand, the magnetization is reduced due tained in oriented single-phase rare-earth magnets. In other
to the rare-earth and nonmagnetic elements. The light rare- words, new approaches are necessary if the energy p, oduct is
earths' atomic moments are at best slightly larger than that of ever to double again.
iron, but they occupy more than three times the volume. Recent work by Skomski and Coey3l 7-18 has shown how
Nevertheless, it has been possible to use Nd2Fel 4 B which has it should be possible to substantially increase the energy
AzoU( = 1.1 1 T and pAM2/4 = 5 16 kJ/m 3 to achieve room- product in oriented nanostructured two-phase magnets by ex-
temperature energy products exceeding 400 kJ/m 3 il ploiting exchange coupling between hard and soft regions
laboratory-scale magnets. 2 At about 200 'C, which is a tech- (Fig. 1). The idea behind these systems is to break out of the
nologically important temperature region, SIn2Fc1 N1 is po- straightjacket of natural crystal structures by artificially
tentially the best permanent magnetic material,1' 5 but here structuring new materials. The concept is similar to that of
suitable processing m,nthods have not yet been developed, the 4f-3d intermetallics themselves, but on a different scale,

Energy product has doubled every twelve years since the where the atoms are replaced by a mesoscopically structured
beginning of the century, and much effort is being made to hard-magnetic skeleton with surplus anisotropy and small
yield further quantitative and qualitative progress in the per- soft-magnetic blocks. Based on analytical calculations, a
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F a = L[7.,,.( r) + T/•( r) + 771,(r) + ri7.,(r) Id r. (1)f
The contributions to the free-energy density are (i) the ex-

common change free-energy density i.,.,.=A(r)[Vs(r)] 2, where the ex-
c axis change stiflness A (r) describes the tendency towards parallel

spin alignment, (ii) the energy density of the (uniaxial) an-
isotropy

SOFF INCLUSION, e.g. Fe

HARD MATRIX, e.g. 2-17 NITRIDE T/a: - (KI + 2/k.+ 3K 3 )(ns)-+ (K 2+ 3K 3 )(ns)

- K3(ns) 6 , (2)

FIG. 1. Spherical soft inclusions in an aligned hard matrix, where n is the unit vector of the local c-axis direction, (iii)
the Zeeman energy density ri71= - iMO[)(r)Hsz(r), where
H=He, is the external magnetic field, and (iv) the magneto-

well-defined and realistic upper limit to the energy product static dipole interaction
of permanent magnets has been established, and energy
products of order 1 MJi/m3 have been predicted for suitable Tf,(r)dr= - 1 Ki(r-r')
multilayered and random structures. f ( - j .- I r

Here, we summarize the background and results of these I

calculations, relate them to the problem of remanence en- X M;(r)Mj(r')drdr', (3)
hancement in isotropic magnets, and draw conclusions with 1 1
respect to future developments in permanent magnetism. with Kij(r) = A0( 3 rir, - iSjjr)/(4 irr-) and M(r)

= ZMi(r)ej. Note that putting n(r)=e, in Eq. (2) is equiva-
II. BACKGROUND lent to the familiar expression 7a =Ki sin2 o+K2 sin 4 O+K3 sin"' 0, where 0 is the angle between magne-
A. Mlcromagnetlo free energy tization and z direction.

To predict the performance of a permanent magnetic ma-
terial we have to calculate the average magnetization (M) as B. Coerclvity and energy product
a function of the applied magnetic field H=He,. A conve- Mechanical work to be done by a permanent magnet
nient starting point is the (magnetic) free energy F, where the implies a magnetic hardness (coercivity) which keeps the
properties of the magnetic material enter as temperature- magnetization in the desired direction. If the coercivity H, is
dependent parameters. Locally stable magnetic configura- too small, or if the hysteresis loop has an unfavorable shape,
tions are obtained by putting 8FIbM(r)=O, where 6. ./IcM(r) then the energy product won't reach the theoretical value
denotes the functional derivative with respect to the magne- p.0MI4 deduced from the saturation magnetization M0 .
tization M(r)=Mo(r)s(r) with S2= 1. Typically, the free en- Depending on the real structure of a permanent magnet,

ergy of permanent magnets exhibits two or more metastable there are different hardening mechnisms. Here we treat

equilibrium states, and tracing the magnetic configuration aligned nanostructured two-phase magnets as nucleation-

s(r) as a function of an external field H=He, is quite a controlled magnets. The nucleation field -1 N=-tt is defined

demanding task. as the (reverse) field at which the original state s(r)-e, be-
comes unstable. Mathematically, this requires the determi-

zation is a continuous variable, the free energy of a perma- nant of the continuous matrix &
2 F/Ss(r)•(r') to vanish.

dent magnet reads1 9'20  Note, however, that the introduction of pinning centers is a

potential way of improving the coercivity by inhibiting the
propagation of the reversed nucleus, so HN-Itt. is a lower

1.0 . limit to the coercivity.
1.0 / The determination of HN is a fairly demanding task,t'

Q and we have to introduce suitable approximations. Due to the
long-range character of K;j(r), the magnetostatic interaction

' . is the most complicated one. A simple, though nontrivial,
approximation is to replace the external magnetic field by
Heft=H-D(Mz), where D is the demagnetizing factor. It
has been shown quite generally 2

0- 22 that for a homogeneous

0.0 ellipsoid

0.5 1.0 H 2K ,
Reduced remanence oMoD

where the factor D M01 arises from the gain in magnetostatic
FIG. 2. Dependence of the reduced effective anisotropy constant K,,/K, on

the reduced remanence M'/Mh . M'/M 5 = 1/2 and M,/Mh, 1 mean isrtro- energy due to an incoherent rotation process. The > sign in
pic texture and complete alignment, respectively. Eq. (4) indicates that incoherent rotation costs exchange en-
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ergy, but the corresponding coercivity contribution scales as special one-. two-, and three-dimensional configu-
Ai(iuoM,1 L'), where L is the magnet's size, and is practically rations. .. - An example is a spherical soft inclusion (di-
negligible. In the case of coherent rotation (the Stoner- ameter D, K,=t0) in a hard-magnetic matrix (cf. Fig. 1).
Wohlfarth model), HN=2Kt1/toM0-(1-3D)Mo/2, and Introducing spherical coordinates and using the interface
there is no influence of a "demagnetizing" fEeld in spherical boundary condition A,(e.V)1lJ=Ah(e.V)W,, we obtain the
magnets where D= 1/3. The result of the Stoner-Wohlfarth eigenvalue equation17

model is consistent with Eq. (4). A s j D 90MH A
Equation (4) is called Brown's paradox, because real A- - . cot - + I±

permanent rna.ncts always seem to violate this inequality. A 2  2A,, 2 2A,
This violation is due to the existence of inhomogenities in D h hHu
real magnets whilh Eq. (4) applies to homogeneous ellipsoids + - =0, (9)
only. 2 :' In the following, we restrict ourselves to the so- 2A

called "intrinsic" D = 0 hysteresis loop of macroscopic mag- which can be solved numerically. It turns out that the nucle-
nets, from which the energy product is determined.23  ation field reaches a high-coercivity plateau if the size of the

soft inclusion is smaller than the Bloch wall thickness
III. MODEL AND CALCULATION 5jh=7r(A,1K,)"! of the hard phase. This plateau corre-

To determine the nucleation field we assume ideal align- sponds to complete exchange coupling. If the diameter D of

ment of the hard phase, i.e., n(r)=e, , and rewrite s(r)aei as the soft inclusion is too large, then the magnetization be-
"comes unstable and the coercivity falls off as I ID 2 .

s= FI + m, n=s.,e.,4-s.ee,,0 <m I. (5) For sufficiently small reverse fields IHI<Hv(D) the

Now series expansion of Eq. (I) yields the quadratic form single soft inclusion is perfectly aligned and slightly en-
hances the remanence provided Ml,>MU, . On the other hand,

f[ 2 2 1 M2 when the distance between the soft inclusions is small, the
F= f 1A(r){Vm}+K 1(r)m2+ A( oMo(r)Hm dr. magnetization modes can "tunnel" through the hard region

(6) which no longer acts as an effective potential barrier. In fact,

Recall that K2 and l'3 do not enter this expression, 19 so the this micromagnetic "exchange interaction" can reduce the

nucleation field of ideally anisotropic hard magnets depends nucleation field considerably when the thickness of the hard

on K, only. The case of partially anisotropic and isotropic region is less than 8, . To obtain physically reasonable nucle-

magnets will be discussed in Sec. IV. The equation of state ation fields, the complete A(r), KI(rt, and Mo(r) profiles

BF/,Wm(r)=0 is given by the identity have to be taken into account.

8Fm ý 07 (7 IV. RESULTS
V -dV m(r)) ±Om(r)' (7)8rWr) A. Coercivlty

and reads 1. Plateau limit

A(r)V~m+VA(r)Vm-[2K,(r)+ AoMo(r)H]m=O. In the plateau region, where the soft regions are very
(8) small, the problem can be treated in perturbation theory.3.,1 7,1

Except for the VA (r)Vm term (see Sec. V). Eq. (8) is As in quantum mechanics, the lowest order eigenvalue cor-
equivalent to Schridinger's equation for a particle moving in rection is obtained by using the normalized unperturbed
a three-dimensional potential 2K,(r)+gzA'Mo(r)H, which al- function P0 . This yields the nucleation field

lows us to apply ideas familiar from quantum mechanics to f.K., +fhKh
discuss micromagnetics, Note that the x and y components of HN 2 f,.+fhMl) (10)
m=---ent- 4 it ,Ye, arc decoupled and degenerate in Eq. (8), so
the vector m(r) can be replaced by any unspecified nucle- Note that this result is independent of the shape of the soft
ation mode "fl(r). It is, however, convenient to think of qf(r) and hard regions so long as the hard regions remain aligned.
as the magnetization rex(r) in x direction.

Finally, for our inhoinogeneous two-phase magnets we 2. Multllayer limit
assume that the r dependence of the parameters A, K1 , and It is comparatively easy to treat one-dimensional struc-
Mo is given by A,,, K1,, Mh, andA.,, K, M, for hard (index tures such as multilayers,2 7 since the micromagnetic
h) and soft (index s) regions, respectively. Let the volume multilayer problem is analogous to the periodic multiple
fraction of the hard regions become fh ; the fraction of the quantum well problem. For a multilayered structure of alter-
soft regions is then given by f,=. 1 -fl,. nating soft and hard magnetic layers the nucleation field is

The nucleation field HN is obtained as lowest eigenvalue given by the implicit equation17
of the Eq. (8). In the homogeneous "constant-potential" M--tM
case, the ground-state eigenfunction is a ýiane wave with 2Kh-ILýM ,AHN Ij 2Kta-nh1~
k=0, and Eq. (8) reduces to the familiar form 2Ah, ( 2 2A j,
HN = -HI =2 K I IAOM . In the case of inhomogencous mag-
nets, the nucleation problem Eq. (8) can be solv.:d by series A., tan I /I2A (II
expansion or an appropriate ansatz, which has been done for A,, 2A, a - /
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where 1h and I1 denote the thicknesses of the hard and soft The ensemble average is defined as
layers, respectively. Note, that this result does not depend on (...) = 11 - 'f...f(O)sin 0d0 where f(O) denotes the texture
whether the orientation of the crystallographic c axis of the function of the hard phase. Note that Eq. (13) reduces to
hard phase is perpendicular or longitudinal. K~fr=K, in the ideally anisotopic limit iz.= I.

To discuss the overall behavior of Keff we use the single-
parameter texture function f(0) =( I + ')cos" 028 and restrict

B. Energy product ourselves to tile case K2 K3 = 0. Using nz-cos O we obtain

Equation (10) implies an ideally rectangular hysteresis (2M' - M (,4
loop with energy product AOM2/4, remanence Mr=fj, , 2Mh-M' (14)
Mh+f, Ms, and (minimum) courcivity IIN=Mr/2 . Putting where M' is the rem tence of the hard regions in the
K.,=0 in the plateau limit we obtain with t

N= Mr!2 the intera.-tion-free limit, i.e., ,' =M1, for ideally anisotropic
maximum energy product magnets and M' =0.5 Mh for isotropic magnets. In lowest

21 l( Adm.,--M),)M.,(1 order perturbation theory the nucleation field is proportional
(BH):,x=•-I-4 M., 1 2 " (12) to Kdf, so HN,=0 for M' =0.5 Mi, in this approximation.

This means, that the nucleation field vanishes in the isotropic
Due to 1he iarge Kh,, the second term in the bracket is small limit if soft and hard regions are extremely small. An alter-
so the energy product approaches the ultimate value of native interpretation is given by Eq. (12), where K1, has to be
tzoM.2/4. The correspoading volume fraction of the hard replaced by Keff. The smallness ot the 1/Kh coirection term
phase is hfl = AOM,2/4Kh, in Eq. (12) requires the effective anisotropy to be very

The inteimetallic with the most favorable combinat!on large, 21 which is contradictory to K ff= 0 ' and it is not pos-
of magnetization and anisotropy is Sm2Fe, 7N3 . If we con- sible to apply Eq. (12) to isotropic materials.
sider the Sm 2Fei7NVFe system and assume values
AIM,=2.15 T, 1.t0M1h= 1.55 T, and Kh,=12 MJ/rn 3, we
obtain a theoretical energy product of 880 kJ/ni3 (110 D. Isotropic magnets
MGOe) for a volume fraction of only 7% of the hard phase.' 7

A further increase of the energy product is possible if iron is In the case of an isotropic matrix with randomly oriented
replaced by Fe65Co35 with )z0M,= 2.43 T-the theoretical hard regions alternative methods have to be used to calculate
energy product of the Sm 2FeT7N.3/Fe65Co 35 system might be the coercivity. An estimate is obtained frcm a simple model
as high as 1090 kJ/m 3 (137 MGOe), with fl,=9%. It is re- where two hard regions with n, =ez and n,= te, are subject
markable that these optimum magnets are almost entirely to an effective coupling A/R.ff. As it cmn be shown easily,
composed of 3d metals, with only about 2-wt % samarium, the weak-coupling limit (isolated grains) yields Mr=Mi,/2.

Another possibility is a multilayered structure of alter- In the case of strong exchange coupling the orientation of the
nating soft and hard magnetic layers. Assuming grains is given hy S•ss 2 e.,/V2+ezV2, which yields the en-
A,= 1.67X 10-t J/m and A,,= 1.07X 10-11 J/m we de- hanced remanence Mr=MA,/V2. Note that the instability of
duce from Eq. (11) that a Sm2Fec7 N.3 /Fe6,.Co35 "megajoule the aligned M(r)=Me, state implies Mr<Mh for
magnet" is obtained for layer thicknesses 1, =- .4 nm and remanence-enhanced single-phase magnets.
1,/=9.0 nm. The macroscopic shape of the magnet must of On the other hand, exchange coupling destroys coerciv-
course correspond to the optimum operating point on the BH ity. For weak coupling we find H,. - 2K1,/,0M1,, while the
curve; it should approximate an ellipsoid with c/a=0.55. strong-coupling cuercivity H,.=K2R.ftýv~ju0M1,A) . de-
Note that A is generally of order 10-"1 J/m, so fIN and creases with increasing exchange interaction. As expected,
(Bt) max do not depend very much on the exchange-stiffness this result reduces to H,.= 0 in the "plateau limit" (infinitely
inhomogenity. large A or infinitely small Reff),

C. Texture V. DISCUSSION
A. Performance and processing

As we have seen, K2(r) and K3 (r) do not influence the

nucleation field so long as the unit vector in the easy axis A conceivable w'-iy to exploit the surplus anisotropy in
direction n remains parallel to the field e. The situation modern rare-earth permanent magnets is to use aligned two-
becomes much more difficult when the hard regions are only phase magnets where the hard phase acts as a skeleton which
partially aligned or even isotropic. For instance, the compo- keeps the magnetization of the soft phase in the desired di-
nents m. and my of m [cf. Eq. (8)] are now coupled in a very rection. Micromagnetic analysis shows that the nucleation
complicated way. However, in lowest order perturbation field in suitable nanostructured materials is proportional to
theory the m., and my decouple, and after some calculation the volume-averaged anisotropy.
we find that K, in Eq. (8) has to be replaced by Equation (12), which represents a hardness expansion

with respect to the small parameter A,(M,--M1,)M,!K1,
Kcff= ½ (KI + 2K,+ 4K 3 ) ± (, + 4K 2 + 9K 3 )(n•) predicts the energy product of aligned nanostructurcd two-

phase magnets £u, be nearl' as high as the ultimate value
- -" (2K 2 + 9K 3)(n4, - K(n 6). (13) p1,M2/4. From the point of view of exchange coupling, the

7062 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 R. Skomski



mechanism is similar to the renianence enhancement in iso- TAI3-F. 1. Permanent magnet processing :nod applications.

tropic magnets, but yields a saturation magnetization which
is larger than that of the aligned hard phase. Processing Raw material

The practical problem is to realize a structure where the Materi:l Performanice costs price

soft regions are sufficiently small to avoid nucleation at Steel low low low
small fields while having the hard regions crystallographi- Ferrites moderattc moderate low

cally oriented. One conceivable solution is a disordered two- SmC'v5  high moderate high
NdFc141B high moderate moderate

phase magnet wit,, a common c axis throughout the hard Sn,2Fel 7 N3 high high moderate
regions. The energy product Eq. (12) is independent of the MJ" magnet:s ve~v high very high low
shape of the soft regions, so long as their size lies in the
plateau region. However, soft regions much larger than this
plateau size drastically reduce the nucleation field, 29 l and it is bv the complicated processing requirements. We therefore
difficult to see how the formation of large soft-magnetic bL.,eve that the use of aligned nanostructured two phase
clusters might be avoided in practice. Furthermore, the hard magnetthatlthe rstr icted two phas e
skeleton has to be iligned to avoid the anisotropy reduction magnets will be restricted to special applications such as mi-
described by Eq. ('4). Note that remanence-enhanced isotro-O c or thin-fi onics.pic two-phase magnets operate on a slightly larger length Of course, this emphasis on processing is likely to be a
scale. tfeature of all future permanent magnets, even if we include
scale. ..exotic" systems such as magnetically hard room-

A more realistic possibility may be a multilayered struc-
ture of alternating soft- and hard-magnetic layers. Conceiv- temperature superconductive currents or nanoscale magnetic
able production methods are laser ablation deposition3€ or clusters where the > sign in Eq. (4) can be utilized.? Let us

molecular-beam epitaxy. As discussed in Sec. IV, the imagine, for example, that it is possible to produce a single-

permanent-magnetic performance of the multilaver is inde- phase permanent magnet somewhat better than Nd 2FelB by
pendent of whether the hard phase is py quenching from a high-pressure equilibrium state. The pro-pendentaofywhetherd.hethardwohashisperpendicularly or Ion- cessing of this material will almost certainly be much more
gitudinally aligned. It is worthwhile mentioning that perma- expensive than that of Nd 2Fe14B, leading to much less wide-
nent magnetic multilayers are one-dimensional systems, spread commercial applications. In our opinion, singular
whose eigenmodes are subject to weak iocalization (Ander- s co verycof n ar unikel to
son localization). Weak localization in one-dimensional sys-

tems is caused by an arbitrarily small disorder,3t1 32 and happen again, and most future technological and scientific

second-order perturbation theory 2 9 yields zero coercivity if progress will be in directions other than improving the en-

the disorder is described by Gaussian or Poisson correlations. ergy product.

The reason for this coercivity breakdown is the small but
finite probability of thick soft layers, since the coercivity I C L
determined by the thickest soft layer around which the nucle- In conclusion, it is likely that substantial improvements
ation mode is localized. This means that weak localization in the energy product of permanent magnets can be achieved
does not destroy coercivity if there is an upper limit to the by exchange hardening in nanoscale combinations of a soft
thickness of the soft layers. phase and an oriented hard phase, structured according to the

Equation (1) is based on classical micromagnetic consid- principles we have outlined, For example, the maximum en-
erations; the sizes ef the hard and soft regions must be large ergy product of nanostructured SmFej7 N3/Fe,.Co03 multi-
compared to atomic dimensions so that a continuum model layers is predicted to be as high as 1090 kJ/m 3 (137 MGOc).
can be applied. The model must break down when 1, or 11, is The high energy product, which is based on nucleation-
smaller than about I nm. However, due to the small prefactor controlled coercivity, breaks down in the limit of remanence-
(M,-M,)1M,, 0.28 for the Sm-,Fe 7N3/Fc system, the en- enhanced isotropic magnets. The actual production of the
ergy product is not much affected if the fraction of the hard new material-a demanding but realistic aim--will be ex-
phase is increased. We still have an energy product of almost pensive, which restricts the potential use of 'giant-energy-
800 kJ/m 3 (100 MGOe) in the Sm2Fei7N 3/Fe system when product' magnets to special applications.
fh-30%, and we can use the extra hard material to out-
weigh quantum-mechanical size effects, to improve the ther- ACKNOWLEDGMENTS
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Nanocomposite R2Fe 14B/Fe exchange coupled magnets
L. Witharawasam. A S Murphy, and G. C. Hadjipanayis
/)'iim,•rtrn of I'hl ,,u and A 'trrnmr . I 'init r• •wi• o !hIa ,r. 'of r fv4 ark. Kl, an" 1971t)

R. F. Krause
Aftgnu"tua Inwrisiijrnl. In . 1)11 .'oth .State Rod 149. Burn Hiarbor. Indiana 40304

We have ,tudied the crm"tllizanon. crystal ,,iructure. tnicrosruclurc and magnetic prolvrtics of
R-Fc-B (R Nd.Pir.l).'b) based melt-s.pun ribbon% consisting of a mixture of Ri[c 1l1 and ,,-Ic
phases. All the samples crvstallize first to a-Fe and a metastable phase (YkFe,,,lB, for R - Nd.Pr.I)y
and Tb('u.' for R '1b) before they finally transform to 2:14:1 and 0r-c The lt,',s values of
coercivity and reduced remanence. 4.5 and ().63 kOe, respectively, were obtained in a
Nd• 1T,2 e-Nb-li)1 4  sample. "I'hsc. properties are the result of a tine grain microstructure
consisting of a mixture of -i-Fe and 2:14:1 having an average grain size of 30 nm.

INTRODUCTION were perfo~rmed on the as-spun samples using DSC and DTA

A high reduced remanence (M,/M). greater than 0.5. i to obtain transition temperatures, latent heats, and activation

isotropic magnets is highly desirable for permanent magnet energies. Typical thermal scans consisting of two or more

development. Remanence enhancement has been observed exoth--mic peaks are shown in Fig. I for Nd-Fe-B and

previously in isotropic Nd 2Fe14B magnets with small Al and Dy-Fe-B based samples. The first exotherm involves a latent

Si substitutions,12 and more recently,-' in samples with a con- heat of about 70-80 J/g along with activation energies in the

trolled microstructure. High values of magnetization and re- range 280-38t ki/mol (see Table 1). The latter qt,. nity was

duced remanence can also be achieved in samples with a evaluated by plotting In (rate/T,,) vs lIT,, for different heat-

microstructure consisting of a fine mixture of hard (high an- ing rates where TP denotes the temperature of maximum

isotropy) and soft (higher magnetization) phases.4 "5 Kneller transform." In the case of Nd, Pr, Dy this exotherm corre-

and Hwaig6 have shown that high rmmanence and relatively sponds to the transformation from amorphous to metastable

high coercivity could be expected in a fine two-phase micro- Y3Fe62B1 4 type structure in addition to a-Fe [see Fig. 2(a)].
Similar studies on Tb-Fe-B ribbons show a transition fromstructure where the small grains are exchange-coupled.amrhutoexgnlT u-yesrcueadaFe

Previously, we have studied various mixtures of amorphous to hexagonal theCur-type structure and a-Fe.

Nd2FeI 4B and a-Fe and observed a maximum coercivity of Structural information and the Curie temperatures of these

4.0 kOe along with a remanent magnetization of 110 emu/g metastable compounds are summarized in Table 11. When the

in a 50 wt % 2:14:1 and 50 wt % a-Fe mixture. 7 In this samples were heat treated at temperatures above the highest

report, we extend our studies on nanocomposite magnets to transition temperature, the metastable Y3Fe62B1 4 Structure
other rare earth 2:14:1 phases. was found to transform to 2:14:1 + a-Fe and the TbCu7structure to a mixture of 2:14:1, a-Fe, and probably to 2:17

EXPERIMENT phases as determined by x-ray diffraction. The temperature
associated with the formation of 2:14:1 phase is higher in the

R.(Fe-Nb)yB, ingots with different composition with samples with Tb or Dy.
R=Nd, Pr, Dy and Tb (4<x<6, 88<y<93, 4<z<6) were
prepared by arc melting the constituent elements in an argon
atmosphere. Pieces of the ingot were melt-spun from a
quartz tube having an orifice diameter of -1 mm. A wheel
speed in the range of 25-45 m/s was used. The resulting . 3.5 10 c'/Min
ribbons were studied using differential scanning calorimetry 1.0
(DSC) and differential thermal analysis (DTA) for possible (A)
phase transformations. X-ray diffraction (Cu K,,) was used to 2.5 -
identify the phases present. The hysteresis loops were mea- 2.0

sured in a vibrating sample magnetometer (VSM) with a
maximum field of 20 kOe on long (7 mm) sample pieces to 1.5 s
minimize demagnetization effects. Selected samples were I 1.0
also measured in a SQUID magnetometer with a maximum I-
field of 55 kOe. The microstructure of samples having dif- 0.5 (B

ferent coercivities was studied by transmission electron mi- 0.o0
croscopy (TEM) using a Jeol JEM 2000FX. 450 500 550 600 650 700 750 800 850 900

"Tcmperature (QC)
RESULTS AND DISCUSSION

The melt-spun ribbons were found to be x-ray amor-
phous (or nanocrystalline) in structure. Calorimetric studies FIG. 1. DTA traces in (A) Dy-Fe-B and (B) Nd-Fe-B ribbon samples.
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loop measurements carried out alonig And (tan%-.CI%c ito the samtvples Ilidiudles thc IV ha% ior of C .~hange -couple~d
rihhion length. Inagnets."

Large corci~tcIesI were observed Ill thc samTPks% after The highest coercivik% of 4..5 k(c )e ws observed in it
annealing abovwe the higher temperature (7' in Table 1) exo- ,ample containing ;I mixture of rare-earths (Nd1 ,'Th,) comn-
thermic peak. Bly varying the annealing temperature and time pared to 4.0 k~c in the pure Nd,, ,(Fe-Nb-Bh1 4 I s sample.
these coercivitif-s were optimized. flysteresis loops of two The slight asymmetry in these loops is believed to lie it con-
samples with optimum coercivity are shown in Fig. 3. Al- sequence of lack of saturation. However. the introduction of'

11) lowers the mlagnetization of" these ribbons from 155
eflu/g in Nd5  1~~.bB~ 5 to 130 emu/g. In

-- I- P-~lr1,(F~e-Nh-B)y4 ribbons a maximium coercivity of 3.9 kOe
~~ and a remanent magnletization of 105 ernu/g wcre observed.

Cu K. (hid) of Y 1Fc,.2B14  The coecrivity of the pure Tb)(Dy) samples is much lower
(-- I k~c) despite the high anisotropy of the RFet4B (R
=Th,Dy) phases. This is attributed to the formation of larger

(a) grains in these samples because of the higher annealing tern-
Z pcratures necessary to form the hard RFe14B phase.

The values of the coercivities given previously corre-
spond to a maximum magnetizing field of 20) kOe, To check
whether the loops were not minor, higher magnetizing fields
Were used and the results are shown in Fig. 4 for the sample

n with largest coerdivity, The coercive force does not saturate

200 --

(b) (hkt} of bcc Fec5
(tikl) of Nd 2 F 14B

500

E 0

-50

10 (A).,

-100'''

20 30 40 50 60 70 -2 -o00t 2

20 (degrees) Field (kOe)

FIG. 2. X-ray diffraction patterns showing the (a) Y3Fe1,,B]4 and a-Fe struc-
tures and (b) R2Fct4B + a-Fe observed in R,,(Fc-Nb-B)Q4 ribbon saimples FIG. 3. Hysteresis loops of the coercivity optimized (A)
with R=Nd, Pr, and Dy. Nd_,.8jb2(Fe-Nb-B), 1,jj and (B) Nd3 2T)1 (Fe-Nb-B).,, :;arrptes.
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FIG. 4. The dependence of coercive force and niagnetizatitn on niagnetiz- II
ing field in at Nd3, 'Tbh{Fc-Nb-3).,, Ij• sample.•

for magnetizing fields lower than 30 kOe and the magneti-

zation has a high field slope indicating lack of saturation.

Transmission electron microscopy was carried out to FIG. 5. Bright-field iniages !in a Nd¢,(Fe-Nb-B),14 sample annealed at 7{m) °C
study the microstructure in samples exhibiting different co- for (it) 2(0 rain, and for Nb 120 rain. The diffraction patterns indicate a
crcive behavior. Figure 5 shows the bright-field images of mixture of 2:14:1 and a-Fe phases.
two Nd,(Fe-Nb-B)94 samples annealed at 7WX 'C for 20 and
120 m in . T he sam p les an nealed fo r a sho rter p erio d o f 2 0 la g r r in fo m d t th h g er n e l ng e p r tu smin showed a microstructure [Fig. 5(a)] consisting of' a ho- (brergainse oformed hihe transfohrmatinneln temperatures) soi
m o p.eneous m ixture of ar-Fe and 2:14:1 phases w ith an aver- at d w h t es al o .
age grain size of about 30 nm. The hysteresis loops in the
samples were similar to that of a single magnetic component. ACKNOWLEDGMENTS
in samples annealed for 120 min, a microstructure consisting The research was sponsored by U. S. Army and Magnet-

of clusters of a-Fe was observed in at matrix of 2:14:1 phase ics International,
[Fig. 5(b)]. The hysteresis loops in these samples were rep-

resentative of a two-component system. R. W. McCallum, A. M. Kadin, G. B. Clemente, and J. E. Keem, J. Appl.
Phys. 61, 3577 /1987).
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4.5 kOe was observed in a sample containing Nd and Tb as (1993).
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Influence of nitrogen content on coercivity in remanence-enhanced
mechanically alloyed Sm-Fe-N

K. O'Donnell
Department of Pure and 4pplied Physics, Trinity Colhlge, Dublin 2. Ireland and Siemens AG,
Research Laboratories, Erlangen, Germany

C. Kuhrt
Siemens AG, Research Laboratories, Erlangen, Germany

J. M. D. Coey
Department of Pure and Applied Physics, Trinity College, Dublin 2, Ireland

In nanostructured SmFe, 7N, + a-Fe two-phase permanent magnets, exchange interactions between
hard and soft magnetic phases result in remanence enhancement. With a starting composition of
Sm7Fe,3, mechanical alloying, annealing at 625 °C for 10 min and subsequent nitriding at 33(0 °C
for 45 h results in hard magnetic powder with nanocrystallites of Sm2FeI7 N3 and aY-Fe so)me 2() nm
in size. There is a coercivity of / 0H,. = 0.4 T and a remanence J,. = 1.2 T, after saturating in a field
of 7.5 T. The deduced value of the remanence depends strongly on the :hoice of demagnetizing
factor.

INTRODUCTION soft grains must be sufficiently small. The relevant length
scale is the domain wall width of the hard phase. The ana-

Since the discovery of remanence enhancement in iso- lytical resuits of Skomski and Coey3 and the computer simu-
tropic nanocrystalline Nd4.,iFe77B 8.s. in 1988 by Coehoorn latimns of Schretl et al." show that the size of the magneti-
et al.,' there has been much experimental and theoretical in-
terest in this phenomenon. The idea of transmitting anisot-
ropy by exchange coupling of hard and soft phases (the "ex-
change spring") was proposed by Kneller and Hawig.2 There
have been a number of papers on analytical calculations3 and1
computer simulations4 of these exchange hardened two- 4
phase materials. Recent progress has been made to produce W' 1.1W'1

bonded magnets using the Nd4..sFe 77Btg5 composition from 7 .
melt spun ribbon realizing coercivities, M.oH,, of (0.36-(0.44 T
with remanences J, of 0.89-0.80 T.5  ,-

The original material, Nd 4 .5Fc 7B 1•. consisted of ex- 4__ 41 41 4., 4,

change coupled grains of NdFe1 4B, Fe.1B, and a-Fe in the , 0I I ll.. I A I UIE .

ratio 15, 73, and 12 with crystallite sizes ranging from 10 to
30 nm. Related behavior is found in nanocrystalline. single ... -'
phase, NdlFel 4B where the addition of 2 at. % Si refines the
grain size to 20-30 nm.' Si is not a specific requirement, 7 as
under certain processing conditions, which yield a grain size
of 20-30 nm, a similar remanence enhancement could be .
obtained. This type of remanence enhancement has also been
modeled using a computer simulation. ., ,

Coercivities of 3 T have been obtained in Sm2Fe1 7N.j
produced by mechanical alloying,9 but due to the isotropic " A
nature of this nanocrystalline material the remanence was • • .
limited to a value of 0.75 T, half the saturation magnetiza- 0

tion. Due to the rather low decomposition temperature of the F (10)I

Sm 2Fel 7N3 phase (600 °C) it is not possible to apply the die low0

upsetting method used in Nd 2Fe14B to produce anisotropy. . (a)
In 1993 Ding et al. t0 showed that a nanocrystalline two- M 500phase mixture of Sm2Fe17N. and a-Fe produced by mechani- , , . ,2))

cal alloying exhibited remanence enhancement. Tý,; isotropic (I I 3 2

powders have 1r= 1.4 T and ioHc= 0.39 T. 2 . .6N
Theoretical modeling of such two-phase nanocrystalline rwo.ri:T.a ).:R;t.tS)

materials, where a high magnetization soft phase is exchange FIG. 1. X-ray diffraction patterns of mechanically alloyed Sn 7Fc, an-
cc .-)led to a high anisotropy hard phase has yielded insight nealed at 625 OC for 10 rain, (a) before nitriding, (b) after 330 °C for 5 h1 in

irato the critical grain sizes and grain boundary requirements. I bar of N, and (e) after 45 It at 330 *C. Inset shows the (220)/(303)/(214)/

To preserve coercivity in the nanocomposite, the size of the ((H)6) peak under the samne conditions. UNt =hcfore nitriding (unnitrided).
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TABLE: 1. [attice parameters. magnetization, and weight gain results for mechanicall "v alloyed Sm1`7Fc~j, ain-
nealed at 625 '(C for I0 min, and nitrided in I hat (if N, for different temperatures and times.

a C V, AVIV A.t,H, J, AWIW
Sample (A) (A) (A), M'i~ (T) (T) M%

[IN' 9.54-00212 12.42 *_ 0.2 794±-5 .. )002 ....

330. 5 Kh(1±0.01 12.75 1-0.04 H28± 3 5.6± tA (10.35 1.12 1.7 ± 01).
3310, 24 8.71 ±0.03 12.58 0)08 826±*5 5.4 t1.3 0.36 1.19 22.3±0.1
33)). 45 8.73-10.01 12.68±0.06i M37±-4 6.7± 1.2 (1.39 1.17 2.4 ±) 1
330). 64 8.70 ±t0.0 1 12.79±0.01 838± It0 6.9± 1.9 01,29 1.20 2.3±0.1
4MJ. 475 8.73--).01 12.72 ±0. 15 839± 1t0 7.0)±2.0) 0.28 1.20) 2.4±0.1

'1INmhfcire nitriding-- unnitridL'd.

cally soft region should be roughly twice the domain wail process, D D0exp-(Ea,1kT) with Dot= 1.02~ X 106 1

width of thc hard phase to stiffen the soft magnetic grains, and an activation energy E,, = 133 kJ/mol.13 the diffusion
The domain wall width depends on the anisotropy ac- length for a temperature of 330 'C and a time of 5 h, is

cording to the well-known formula c5, = r(A IK 1) "'. In the approximately 200 nm which is much less than the particle
Sm2Fe17N, system, the anisotropy constant K, and the ex- size (1-1(K) A~m with an average of 20 Mmn) but greater twan
change parameter A increase with nitrogen content up to the size of the nanocrystallites which are only 20 nm in di-
x=3.11 Values forx=3 are A= 1.1 X 10 11 J/r and K,=8 ameiter. This suggests that nitrogen diffusion advances rap-
Mi/rn3 . 2 Here we investigate the influence of the nitriding idly along the SM2Fc37/Fe grain boundaries, but 5 h is insuf-
conditions on the overall magnetic properties of two-phase ficient to achieve complete nitrogenation of the particles.
exchange-hardened SM2F17 NlA + ar-Fe. Keeping a nitriding temperature of 330 *C samples were

then nitrided for time periods of 24, 45, and 64 h and thi-.

EXPERIMENT

Elemental Sm and Fe were mechanically alloyed it the
ratio SM7FeQ 31 in a planetary ball mill. 20 g; it, the starting 3

mixture was placed in hardened stainless-st.-el vials together
with 4(W g of l0-mm-diam stain less-stroel balls. The as- 0
milled powders were annealed at 625 *C for 10 min under ooi~ 0............ ...*...........

vacuum. The subsequent nitriding was carried out in I bar of .
N2 at 330 'C for limrzni ranging from 5 to 64 h. Structural0 (a

investigations were performed with a Siemens D500 x-ray
diffractomrtýa using Cu Ko, radiation. The nanostructure of10
this two phase exchange-hardened material was character-
ized by transmission electron microscopy. Magnetization 05:

measurements were perfo~rmed on powder samples dispersed J I00! ........ .........

in resin, with a packing density of about 30%. in a vibrating O

sample magnectometer iti applied fields up to 7.5 T.3: (b)

RESULTS AND DISCUSSION vo I.........................................
The as-milled powders consisted of crystallites of a-Fe 0

embedded in an amorphous matrix of Sm-Fe. Scherter J [] i ..........0 f

broadening of the x-ray reflections indicated these crystal- . 1
lites to be between 5 and 10 nm in size. Following crystalli- -1 (
zation Of the SM2Fel 7 phase there was a mixture Of Sm2Fel7 t.

and a-Fe in the ratio 60:40 as determined from measure--
ments of the saturation magnetization. Initially nitriding was

0.5
carried out using 1 bar of N2 at 400 *C fot 2 h followed by I [I~........
h at 475 *C. This resulted in a powder with a coercivity of
0.28 T. The weight gain on nitriding indicated complete ni-(d
trogenation. The nitriding temperature was then reduced to.33
330 *C and the time increased to 5 h. This yielded a better .5

coercivity of 0.35 T ,.ven though both the weight gain and -4.033..0 .2.0) .1.03 0.33 1.30 2.33 3.0 4.,0

the x-ra,' diffraction pattern, shown in Fig. 1 suggest incom- 11I IT
plete nitrogenation. The reason for the much improved re- FIG. 2. Hysteresis loops of mechanically alloyed Sm7Fe,13,, annealed at
sults at the lower nitriding temperature of 330 'C is not yet 625 '(Jor 10 nun after nitriding in I har of nitrogen at 330 *C for (a) 5 h,
clear. Using the formula for an activated interstitial diffusion (b) 24 h, (c) 45 h, and Wd 64 h.
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4' 'r during annealing. and it they exceed a certa in size the two
Phases tend to behavc independent ly. lFjigre .; shows a
bright-field nmicrograph of' tlte microstructure of an optitmally
alnnealed sam iiple nit rided at 400( ) O for 2 It foll owed by
475 'C for I h. liltr~afine grains with an average size of about
2(0 nm are visible. The electron diffraction pattern corre-
sponding to that -area is presented in the lower part of' the
figure, It reve~als thle presence of" the two phases StntFe 1N,
and (k-Fe. which are both randomly oriented, indicated by thle
occurrence of complete diffraction rings. A high resolution

mimage shows lattice Fringes characteristic of' the two phases.
(a) The calculated domain wall width of' St1Fc 7Nj is ap-

proximately 4 ri.1 Taiis implies that for most effective
transfer of the hard magnetic properties to thle soft magnetic
graitns. the size of' the sof't grains should tiot exceedt approxi-
mately 8 nm. The milling atid atnnealitng conditions were
systetmatically varied, but the end result, without the use of'
additions' 5 was always that, thle mnitimum size of' the Y-I~c
grains aflte crystallization of' the Sni2Fe, 7 phase Was about

ý20200110 anstoyo I adpae SlFIN yrdcn o
211 example. the increase of the domaitt wall width 6,, would

310 FeS 2 eiN lead to a greater cocerivity.

(b) CONCLUSIONS
FIGi. 3. W ) TI M bright -ftc d miercograph of mecthanicatty attoyed Sm ,I~c,,% opeenirgnto at such at low letflleraturc oft the
followcd by t It at 475 'C.(h) lb iectron diffract ion pattern corresponding to two-phase ntiatostructuie is in contrtast to that of nano-
the area in tat. crystalline single phase SMFC1N rprdb i similar

poesItsuggests that nitrogetn diffusion is particularly
resltsarepreentd i Tale an Fi. 2 Frnt he attce ergy for the diffusion of nitrogen in tx-Fe is -half that in
parmetrs n Tble1,it ppers hataftr t ntriingtret- Sm2IF 17, A homogeneous nanostructure is achieved by me-
mentitt barof , a 331 ~: ~kr 2 Ii th poderis am- chanical alloying, but the size of the soft, aY-PF regionts is

pletely nitridt'd, The coercivity increases front 0.,36 to 0.38 T approximately 20 nrn, which is about twice the size for op-
after nitrogettation at 330 *C for 45 h. LAinger nitriding time tinturn exchange hardening.
leads to further increase in the lattice expansion, which may
result fron ta value of x in the formula SmFe, 7N, , slightly R. Cochorii, t). B3. de Mooij. J. P. W. B. tDacfateau, aind K. IfI. J. Bus-
greater thatn 3. The decrease in anisotropy field for x >3 toJIhy.trit(,69195)

(Ref. 14) is a possible explanation for the fall in coercivity K~ F. Knetter anid R, tIawig, ttIFIT Trans. Magn. NIA(;27. 35M8 (1991)t
from 10.38 to (0.29 1. R. Skoniski and J. M. D, (ocv, I'lys. Rev. Bt 48. 15 X812 (1993),

The coercivity atid remantence values given in Table I 4Tj. Setireti. It. Kronniutter, and J. Fidler, J. Magn. Magri. Mater. 127,
wereobtine in fild f 35 1' Th A oerivit ol0.3 T L.27.--4,277 11993).
wereobtanedin afied of3.51'. he Acoeciviy o 0.3 T . Ilirosawat, It. Kaiiekiyo, and M. t.Jhara, J. Appt. Phys. 73, 64M85 1993).

increases to 0.4(0 T in a 7.5 T field. Remattence values are G. B. Cettinente, J. E. Keein, and J. P. Bradtey, J. Appt. Phys., 64. 5210t
calculated using the theoretical powder density of' 7.7 g/cmi (t998).
In correcting the hysteresis loops of resin bonded powder 7A. Maaf M. L'coniwitz, It. A. Dalvies, and R. A. Buckley. Proceedingso(t
samples for demagnetizing fields it is not sufficient to use the the 1t Zi International Workshop on RE Magnets and their Applications,

Canberra, I1992, It. 1.
correction factor appropriate to the external shape of the "If. Fukunaga and Ii. Inoue, ipn. J. Appt. Phys. 31, 1347 (1t992).
sample. Due to the low packing density, there are internal '"K. Schnitzke, L. Scthuttz, J. Wecker, and M. Katter, Appt. tPhys. Lett. 57,
demagnetizing fields which need to be taken into account. 28.53 (1990).

measred n cosedciruit sin a B lop trcer J. t)ing, P. (o. Mccormick, and R. Street, J. Magn. Magn. Mater. 124. 1.1Samples mesrdi lsdcrutuigaB optae 1993).
indicated strong internal demagnetizing fields, thus; in each 11M. Katter. 3, Wecker. C. Kuhrt, and I[Schultz, J. Magn. Magri. Mater.
case a demagnetizing factor of 0.33 was used taking into ff7, 419 (1992).
account the roughly spherical shape of particles and the ab- 12R. Skornski and P. A. P. Wendtrausen, in Interstitial Allo~sl for Reduced

Enetirgy C'onsumption and Po~litiion, edited by (G. J. long, 1. (iraridjean,sence of magnetic interactions, and K. 11. J1. Iuschow (Ktuwer, Dordrecht, in press).
At annealing temperatures and times greater than 625 'C 1-R. Skomski and J. M. D. Cocy, J. Appt. Phys. 73, 760)2 (1993).

for 10 min, the hysteresis loop of the nitrided material 14,1,. Irlyarta, K. Kobayashi, N. tmoaka, arid't. Fukuda, IEEE Trans. Nlagn.

showed a constriction, i.e., magnetic behavior indicative of MAG-28, 2326 (1992).
1K. O'Donnell, C. Kubrt, anid J. M. 1). Cocy. Proceedings of the 13111

two independent phases, one with a large coercivity and the International Workshop onl RE Magnets and their Apptications, Itirming.
other with a small coercivity. The aY-Fe grains grow rapidly hani, 1994, p. 851.
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Coorcivity of TI-modified (oa-Fe)-Nd 2Fe14B nanocrystalline alloys
J. M. Yao and T. S. Chin
I)4parulnig pit of AlaulriafýSl e . 1 i'is4 andI I.fAIi' P554 Ilpig 111lisa 'lilt 41 aw , 4 //%I?#( /ll. 300). hlitii i s/

Rs'puIlic of ( Vilna

S. K. Chen
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C'te rciv it of"F*li -niiodi tied tot nocry stallI in li r- Fe) -Nd ,Fve H alloYN with sott iron particles embedded

in ha rd Nd2 Fe i~i mat ri x wits studied. The alloys were pre pared 1wy mlel si ii n n l iu.'h
grain size of Nd , el.1 is tront 201 to 00trim., while that of the soft iron particles is 11 to 301 nmi.11wC
et erciv it v of, thle annealed fla ke s dec re ased dramat ica lly with increasing particle size ot tree iron,
following thle samen te ndency of at theoretical calculation by Schlret vt tiat. For thle Ti -a llt ied flakes.
thle I at. "' li-containling ones Show thle highest coercivitv of 11.1 W~e. Its (/I/!), \:tilue is about 16
MG~e despite lower Nd and BI contents than stoichiatnetrie NdFcl.1 13. More Ti addition would
deteriorate thle coecrivitv.

1. INTRODUCTION foirmunl a, The inicrosimtructre was stud ied usitng if t rantstiis-

Rapidly quenched Nd-Fc-B tlak"s with Nd and 11 recher sian electron microscope ýlEM) witht an energy dispersive

than thle stoichiomnetric Nd-,Fce 413 (2-14-I ) composition have ptmso ()Satch n.
been extensively studied,'iý The high coereivity and energy
product as the flakes pritmarily results froin thle magnetically Ill. RESULTS AND DISCUSSION
hard NdFe14 l3 phase. Recently, sonic researchers proiposed at A. Crystallization behavior of as-spun flakes
kind at' nianostructured two-phase magnets with soft mnag- The as-mielt-spun amorphous tiakes canl he obtained by
netic phase embedded in hard magnetic phase.' 5 This mnate- high-speed melt spinning even though they contaiiii low ii
rial has been attracting much attention hc~aulSe it Possesses
high saturation niagnetization with moderate coercivity, and Nd contents. These tlakes show at glass transition teni-
hence the maximum energy product canl be greatly enhanced. perature (T,) of aroumid 470 ('C atd af crystallization temnpera-
In this study, we intend to precipitate fine soft iron particles lure (I .T) at around 00O() 'C. The T, value iiicreases with in-

withn N~l'l4Bmatrix in the (Y-Fe!Nd,Fclj413 psuedobinary creasing amount of' a-Fe and Ti, ats shown in TFable II. Tile
witin d2e ;13activation energy ',E,,) of' crystallIization is calculated using

system. The alloying effect otfTi element was also system- &h Kissinger lplot.8 The N81'3 flakes show at higher-enlergy

aticllystuded.barrier of crystallization than N I11 IT flakes, which is consis-

11. EXPERIMENT tent with the crystallization teniperature datumi.

The studied alloy compositions are designated as shown B. Magnetic propeuties of annealed flakes
in Table 1. The samples were prepared tirst by arc-tinclting The Ti- I at. %, alloyed flakes antnealed A~ 75(0 O( for 10
Nd, Fe, B, Ti elements otf A-9,515% purity under argon pro- miii show tile highest-energy product with anl improved
teetion, then remelted by induction melting and rapid squareniess oft the demagnetization curve. Tilie (Bi/l)~, value
quenching at a wheel speed ( Vj of 40 tn/s by using single- of' 15.9- M(i0e is higher thtan t hat of conventional MQIl
roller melt-spinning technique.`7 The as-spun flakes were (tradename oft flakes manufactured by Magnetquench, typi-
annealed at different temperatures from 60(1 to 800( '~C for 10 cally 14-15 MG~e) despite its lower Nd atid 13 cotntents
min. Differential thermal analysis (DTA) wits used to deter- lhan stoichiotnetric Nd,~ej14 13.
mine the crystal lization teniperature and activation eniergy oft Figure I shows tile dependence of' Nd cotntent onl coer-
crystallization of as-spun flakes. Magtietic properties were civity. The intrinsic coercivity (ill) value increases linearly
measured by a VSM with a maximum field of 20 kOe at with Nd contetnt. ihe increasing rate of il-c is 2.5 kOc at. %.
room temperature, Thle crystal structure of the flakes was Nd. B~ut the B, value increases as decreasing Nd content due
studied by x-ray diffractometry (XRD) using Cu Ka radia- ito thle enhanced remanetice effect as predicted by thle theory. 3
tion. The grain size of free ix-Fe was calculated fromn the full For thle Ti-containing samples, ilic' of' the I at. 14 Ti add'ed
width at half maximum (FWHIM) data by using Schererr's

IA DI .t It. Crv~tst Iallizailn temperature' (1',) and activatio eneticgy TE ,
TABLE 1. The dcisignatimin of' the studied attoy cnrnposiiioii. was meaisured sit it heainjg raus u ll ~(i'u10 iOn.l E,, calultei d From the peak

shifti in Dt)'A curves sihuuiiied ill healinig rale:, tt 5. 10., anid 15 '('Imin.
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FIG. 1. Dcliendencc of Nd content tin ilic value of fltkes nanealed -tt FI(G 3. Mic,.'•omnieIc sinmulation (Ref. 5). Skoimski's, iodeling (Ref. 3).75)) ' for 1) min, and experimental dhan of the effect of r- Fe particle size on the coercivity of

flakes anmrilk.d al 75)) "C for I0 min.

samples is higher than Ti-free samples. Hlowever, more Ti
addition would result in a rapid deterioration of iWe due to hard magnetic phase) is twice as large as the experimental
the growth of a-Fe. Figure 2 shows the effect of annealing ones, I'his may arise from the fact that the theoretical mod-
temperature on iHc of the Ti-free, the 1% Ti and 2% Ti cling has the soft iron particles completely embedded within
alloys. It is manifest that i•e optimum annealing temperature hard magnetic phase, while in the studied alloys, the free-
ranges from 7(M) to 750 'C. The optimum temperature in- iron particles are mostly free standing among Nd2'cl 4B
creases with Ti content. grains and partly embedded (particularly for smaller ones),

as shown in Fig. 4. Nevertheless, the tendency is correct that
C. Microstructure features the coercivity does drop dramatically when (-Fe particles

grow up. The comparison between the experimental results
The grain size of a-Fe is measured by the peak- and Skomski's calculation is difficult because the size range

broadening technique in XRD calibrated against a pure iron is different.
sample with large grains (about 10 Arm). The coercivity of Figure 4 is a TEM micrograph taken from NIOTI flakes
flakes decreased rapidly with increasing particle size of ot-Fe annealed at 750 'C for 10 min, "'he flakes exhibit a fine grain
precipitates, Figure 3 shows the relationship between a.-Fe structure with soft iron particles mostly free standing among
particle size and coercivity for the annealed Ti-containing and partly embedded in hard Nd2FeC141 phase. The grain size
flakes. The theoretical predictions proposed by Skomski and of the Nd2Fe1 4B phase ranges from 20 to 60 nm and the soft
Coey and Schrefl et al." have delineated similar behavior, iron particles are generally less than 20 nm. It has proposcdalso shown in Fig. 3. There is a discrepancy between the that line Nd2Fc14l3 grains significantly contrIbute to the co-
experimental results and the theoretical calculation by ercivity by acting as the domain-wall-pinning sites. The free-
Schrefl et aV. In the figure the normalized co, ivity (nor- iron particles are smaller than single domain, so when a do-
malized by the theoretical nucleation field, 2K /, , of the main wall sweep across it, large exchange anisotropy will be
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FIG. 2. Annealing effect on the coercivity for Nd, 1Fe,..5B4.5Ti, (x=O-2 FIG,. 4. TEM micrograph of a Nd11 . F3cH4.IiBl% ,Ti flake Unnealed at 75)) '(C
at. %). for 10 miii.
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IV. CONCLUDING REMARKS

alloys with soft iron particles embedded in hard NdFel4B3
matrix were prepared by melt spinning and annealing. The

grain size of Nd 2Fe 4I3B is 20-60 nni while that of thc soft
iron particles is 11-30 nm. The coercivity of the annealed
flakes decreased dramatically with increasing particle size of
the free iron, following the same tendency of a theoretical
calculation by Schrefl et a!. The I at, % Ti-containing flakes
show the highest cocrcivity (if 11. kOc, Its (B1),,, value is
about 16 MGOe despite the lower Nd and B content than

5Onm stoichiometric Nd2Fe1 4B.

FIG. 5. A few largcr grains found in annealed Ndl1 %jiC11.A31 2i 'i flakes; ACKNOWLEDGMENT
Inset is thc ,SAD pattern showing the 2-14-1 phaise, The authors are grateful to the National Science Council
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2078 (1984).tides and result in a significant rise of coercivity.5 Figure 5 1R. W. lc, F. 0.t Brewer, and N. A. Schaffil, IET Tl.ans. Magn. MAG-
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J. Appl. Phys., Vol. 76, No. 1V, 15 November 1994 Yao, Chin, and Chen 7073



Magnetization processes in remanence enhanced materials
(invited) (abstract)

R. Street, P. Allen, J. Ding, E. Feutrill, L. Folks, P. A. I. Smith, and R. C. Woodward
Research Centre for Advanced Mineral and Materials Processing, Nedlands 6009, Australia

Isotropic assemblies of hard and soft magnetic phases in nanocrystalline form have been produced
by high energy ball milling and melt spinning. These materials exhibit remanence enhancement, i.e.,
the remanence exceeds O.5M,,, the value expected of an isotropic material. The phenomenon has
been investigated using modebs in which interaction energy across the interfaces between
magnetically hard and soft components is taken into account, An example of such a
two-dimensional model will be discussed. Meatiurements have been made of the magnetic properties
of SmFeN, Sm(Fe,Co), and NdFeB two phase nanocrystallinc materials. All of them exhibit
remanence enhancement. The time dependent behavior of materials exhibiting remianence
enhancement is unusual. Magnetic viscosity occurs on both branches of recoil loops as well as on
the initial magnetizing and demagnetizing curves.

7074 J. Appl, Phys. 76 (10), 15 November 1994 0021-8979194/76(10)/7074/1/$6.00 © 1994 American Instituto of Physics



Magnetic Multilayer-Coupling III A. Chaiken, Chairman

Magnetic order and spin-flop transition in Co-Re multilayers
Z. Tun, W. J. L. Buyers, and I. R Swainson
AECL Research, Chalk River, Ontario KOJ 1JO, Canada

M. Sutton
Center for Physics of Materials and Department of Physics, McGill University, 3600 University Street,
Montreal, Quebec t3.A 2T8, Canada

R. W. Cochrane
Groupe de recherche en physique et technologic des couches minces et Departement de physique,
Universite de Montreal, C. 6128, Succ. Centre Ville, Montreal, Quebec 113C 3J7, Canada

Polarized neutron reflectometry measurements were carried out on a thin-film Co-Re multilayer
sample with Re thickness of 6 A which is at the peak of the first oscillation of the magnetoresistance.
Antiferromagnetic coupling between successive Co layers is observed at in-plane magnetic fields
below 0.1 T. Towards the low field end of this regime, the axes of the antiferromagnetic domains are
distributed relatively uniformly in the sample plane but at -0.1 T the moments flop perpendicular
to the applied field, As the field is increased further, the Co moments are pulled into the field
direction producing a partial ferromagnetic alignment. At 0.5 T, the highest field where the
measurements have been made, the antiferromagnetic to ferromagnetic transition was found to be
only -50% complete, indicating that the saturation field required for Co-Re system is much higher
than that for Co-Cu multilayers of similar layer spacing.

I. INTRODUCTION ments on a sample with a Re layer thickness of 6 A, chosen
to be at the peak of the first oscillation of the magnetoresis-

Multilayers composed of a ferromagnetic metal (Co, Fe, tance. Small angle spin-polarized neutron reflectometry is
Ni)1- 5 separated by a nonmagnetic transition metal (such as sensitive to both the nature of the interlayer coupling as well
Cu, Cr, Ru, and Ag) exhibit oscillatory interlayer magnetic as the orientation of the internal magnetic axes with respect
coupling which has stimulated considerable fundamental and to the external applied magnetic field as has been shown for
technological interest. In these materials, the coupling of ad- molecular-beam-epitaxy-grown (MBE) Co-Cu multilayers."'

jacent magnetic layers oscillates between antiferromagnetic
(AFM) and ferromagnetic (FM) alignment as a function of
the nonmagnetic spacer thickness with a period about 10 A II. EXPERIMENTAL DETAILS

for most systems.5 This period can be understood in terms of The sample studied was taken from a series of samples"
the Ruderman-Kittell--Kasuya-Yosida interaction and the with layer structures substrate/Rc(50 A)/[Co(24 A)/Re(t
topological character of the Fermi surface of the nonmag- A)]×50 /Re(1O A) deposited on oxidized Si substrates using a
netic spacer layer." Further, a strong negative magnetoresis- modified single-source rf triode sputtering system. The addi-
tance has been found in such mutilayer films when the ini- tional 10 A Re overlayer was included to inhibit oxidation of
tial antiparallel magnetization alignment of adjacent layers is the Co layer immediately underneath, The deposition system
brought into parallel alignment by an external magnetic was pumped to a base pressure _I X 10)-7 Torr before sputter
field.' As a result, the magnitude of the magnetoresistance deposition at a pressure of 4.0 mTorr argon and a rf power of
oscillates with the nonm,'-netic spacer thickness'2 .1 and is 88 W. With a substrate-target distance of 5.5 cm, typical
attributed to spin-dependent scattering of the conduction deposition rates were 2. 1 A/s for Co and 2.0 A/s for Re. The
electrons. 7  structural characterization of the samples was performed by

We have recently demonstrated8'9 that the magnetoresis- low- and high-angle x-ray diffraction measurements. 9 Low-
tivity of Co-Re multilayers also oscillates as a function of the angle reflectivity data show three superlattice peaks, con-
Re layer thickness, with a small ARIR peak value of 1% and firming a well-defined composition modulation along the
a large saturation field value near I T at low temperatures. growth direction. In addition, high-angle x-ray diffraction
Although the magnetoresistance is relatively small compared data indicate coherent and highly textured structures with an
with other systems such as Co-Cu, the large fields required hcp [0021 direction normal to the fim plane. X-ray lin-
for the saturation of magnetoresistance are comparable with ewidths suggest an in-plane grain size of about 200-300 A
those in Co-Cu, indicating that the interlayer coupling is for this sample.
relatively strong for the Co-Re multilayers. In order to ex- The neutron reflectivity measurements were carried out
amine the interlayer magnetic coupling in detail, we have at the NI'.U reactor, Chalk River, with the C5 spectrometer of
undertaken a series of polarized neutron reflectivity measure- the DUALSPEC facility. The spectrometer was fitted with a

J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94176(10)/707513/$6.00 © 1994 American Institute of Physics 7075
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FIG. 1. Polarized neutron scattering intensity as a function of the scattering FIG. 2. Polarized neutron scattering intensity as s function of the scattering
angle 20 (2theta) at B =0.044 T. NSF scattering is plotted as filled circles angle 2theta at B =0.123 T. NSF scatteing is plotted as filled circles and SF
and SF scattering as open circles, scattering as open circles.

Cu2MnAI Heusler alloy monochromator and analyzer, a py-
rolytic graphite filter, and a Mezei-type spin flipper tuned for order in the zero-fiell limit is AFM. The intensity ratio be-

the selected neutron wavelength of 2.37 A in the scattered tween the SF and NSF peaks in Fig. 1 is 2:1, indicating that
beam. This setup allowed us to measure non-spin-flip (NSF) in-plane AFM order is predominantly oriented perpendicular
and spin-flip (SF) scattering of polarized neutrons by the to B but approximately 30% of the moments remain parallel

sample. Since the Heusler alloy reflects only "spin down" to B at this value of the fiel. For antiferromagnetically
neutrons the scattering processes correspond to coupled layers in an applied field the magnetic energy is

S(Q)down-dow. and S(Q)dow5.np. The sample was mounted in reduced if the moments are perpendicular rather than parallel
a cryostat with a horizontal magnetic field almost parallel to to the field, The observation of AFM peaks in both scattering

the multilayer planes. A small misalignment of the field of channels at B=0.044 T therefore indicates that there is a
3*3 was required in order to avoid the neutron shadow small amount of in-plane anisotropy present for the Co lay-

caused by the liquid-helium feed tube for the lower part of ers. A completely spin-flopped state of the sample, signaled
the magnet. Specular reflectivity measurements were carried by a purely SF scattering at the AFM peak position, is ob-
out at small glancing angles (<6*) with the scattering vector served at 0.123 T (Fig. 2). Assuming the moment per unit

perpendicular to the multilayers. Sample temperatures were area of cach Co layer to be 3.5 X 10-4 G cm (MXtc0  1446
in the range from 4.2 to 250 K; only weak temperature de- GX24 A), we estimate the magnitude of the in-plane anisot-
pendences were observed and, in this paper, only low tern- ropy to be -0.4 erg/cm2 .
perature data are presented. In Fig. 2 (B =0.123 T) the small NSF pLak at 20-4.50 is

due to the establishment of a small net moment parallel to B.
III. RESULTS AND DISCUSSION Note that the NSF signal in the corresponding range of Fig. 1

is undetectable above the background. More recent low-field
Magnetic neutron scattering is sensitive only to the com- measurements (to be published elsewhere)t 2 show that there

ponents of the magnetic moment that are perpendicular to the is indeed a very weak peak at this position of purely nuclear
scattering vector, i.e., that lie in the plane of the multilayer.
Since the neutrons are polarized along the applied field B,
the in-plane componeuts of the moment parallel and perpen-
dicular to B are observed as NSF and SF scattering, respec---
tively. V00 - o.05 '!'r

Neutron reflectivity curves measured at three values of B
are shown in Figs. 1-3. In general, resolved peaks are ob-
served at three regions of scattering angle. The large peak at 0
very small angles arises mostly from the unscattered neu- 0 0 0

U240 0trons. Additional small angle scattering is seen for the NSF
channel due to finite critical angle for total external reflec- 0 00

tion. No total external reflection is seen for the SF channel. 120,- . . ..

Additional peaks are found at 20=4.5', arising from the 0,0,,

structural period of 30 A for this sample, and at 20=2.30, 0 ....... .... 0.O 1 .2 2.4 3.6 4.13 '.0

corresponding to twice the structural period due to the AFM 2 'rtt (degrees)

stacking of adjacent Co layers.
At the lowest applied field (B = 0.044 T), specular peaks FIG. 3. Polarized neutron scattering intensity as a function of the scattering

at 20=2.3' are observed in both the NSF and SF scattering angle 2thcta at B=0.50 T. NSF scattering is plottcd as filled circles and SF

channels (Fig. 1), confirming that the interlayer magnetic scattering as open circles.
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Interlayer exchange coupling versus ferromagnetic layer thickness
in asymmetric Co/Ru/Co trilayer films

L. Zhou, Z. Zhang, and P E. Wigen
Department of Pthysic,, The Ohio State University, Columbus, Ohio 43210

K. Ounadjela
23 rue du Loess, 67037 Strasbourg, Cedex, France

A dependence of the interlayer exchange coupling coefficient A 12 on the Co layer thickness has been
observed in asymmetric Co(32 A)/Ru(tRu)/Co(t2) trilayer structures for several series within which
tRu is a constant. As a function of the second Co layer thickness, the amplitude of A 12 varies
significantly but the sign of A I - does not change within each series. In both parallel and antiparallel
coupled structures, the vvriation length At 2 between the maximum and the minimum coupling
strength is rather large (about 10 A) and consistent from series to series,

I. INTRODUCTION lei coupled in-plane magnetization curves, two transition
fields Hcri~l=A 12/MX×( 'It- l/t1) and Hcri,2 =A 12/M,

Since the discovery of antiparallel coupling between Fe × (1/t2 + l/t1) exist which separate the antiparallel, canted,
films across a Cr interlayer,' many studies have been done to and saturation states. The two transition fields can be used to
evaluate the interlayer exchange coupling strength in various evaluate the coupling coefficient A 12. However, the in-plane
magnetic multilayer systems using ferromagnetic resonance hysteresis loop for a parallel coupled system is degenerate
(FMR) and Brillouin light scattering (BLS). 2-5 For a trilayer with that of a noncoupled system and therefore cannot be

structure consisting of two ferromagnetic layers separated by used to evaluate the coupling strength. In contrast to the

a nonmagnetic spacer, ar e bilinear exchange coupling energy in-plane magnetization measurements, FMR can provide in-
per unit surface area is defined as formation of the exchange coupling strength and effective

anisotropy energy for both parallel and antiparallel coupled
A1 2 MI×M, (1) systems.

where A 12 is the exchange coupling coefficient and M1 and
M2 are magnetization vectors in the first and second meg-
netic layers, respectively. The sign of A 12 is chow;en so that it II. EXPERIMENT
is positive for an antiparallel coupled system and negative
for a parallel coupled system. The Co(32 A)/Ru(t1I,)/Co(t2) structures were prepared

While most work is devoted to the oscillation behavior in ultrahigh vacuum by evaporation on freshly cleaved mica
of the interlayer exchange coupling with increasing inter- substrates. In each of the four series, the Ru layer thickness
layer thickness, little effort has been related to the depen- is a constant (t~j,= 10, 12, 16, and 24 A, respectively) while
dence of the coupling on the thickness of the ferromagnetic I, varies from 8 to 32 A. Structure analysis using reflection
layers. Recently, Bloemen et at.' have studied the coupling high-energy electron diffraction and transmission electron
behavior in a (001) Co/Cu/Co trilayer structure with different microscopy indicates that the layers are grown epitaxially on
Co layer thickness, and concluded that the interlayer cou- the buffer layers, with good crystalline features and sharp
pling oscillates as a function of the Co layer thickness with a interfaces.
period of 6-7 A. Their results are consistent with the predic- It has been found that the magnetization vectors of the
tion by Barnas 7 and Bruno.8 Both the theoretical calculation two Co layers are strongly antiparallel coupled in series I
by Barnas and Bruno and the experimental evidence by (trý,,=(10 A) and series II (1Ru= 12 A), parallel coupled in
Bloemen et al. are done in symmetric trilayer systems (i.e., series III (tlt 16 A), and antiparallel coupled in series IV
in each sample, the first Co layer thickness tI is equal to the (tIj,=24 A). This is similar to the coupling behavior ob-
second Co layer thickness t.). In this paper we i'eport the first served in symmetric structures.'9 Series I and 11 are in the first
experimental evidence fo, interlayer exchange coupling os- antiparallel coupled region and series IV is in the second
cillations as a function of the Co layer thickness in asynimet- antiparallel coupled region while series Ill is in the parallel
ric Co(32 A)/Ru(tlu)/Co(t,) trilayer systems. The purpose coupled region with respect to the Ru thickness. In-plane
for these series is (i) to observe the optic mode by creating an magnetization measurements were performed using a super-
asymmetric anisotropy environment ,nd (ii) to systemati- conducting quantum interference device and alternating gra-
cally investigate the variation of the interlayer exchange cou- dient force magnetometry magnetometers at room tempera-
pling with the magnetic layer thickness. ture. FMR measurements at both X-band (9.2 GIlz) and

Tile interlayer coupling strength as well as the effective K-band (23 GL1z) frequencies have been performed at room
anisotropy energy within each magnetic layer has been temperature. The external field was rotated from the orienta-
evaluated using in-plane magnetization measurements and tion parallel to the film plane. 011=90', to the orientation
angular dependence of FMR measurements. In the antiparal- perpendicular to the film planc, 01,= 0'. in 10 steps.
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FIG. 1. Typical in-plane antiparallel coupled magnetization curves for the
asymmetric series Co(32 A)/Ru(l0 A)/Co(r 2 ) at room temperature. The ar- FIG. 2. The coupling coefficient A 12 as a f"uctiot of tile second Co layer
rows indicate the two transition fields, thickness, t2, for four asymmetric series (I, II, llI, and IV) having the struc-

ture of Co(32 A)/Ru(tRu)/Co(t 2) with tI,=tt, 12, 16, and 24 A, respec-
tively. The curves indicateu by 0 and V are calculated using in-planeIII. RESULTS AND DISCUSSIONS magnetization measurements, and the curves indicated by 0 and A are
calculated using the FMR measurements. All results arc at room tempera-

All samples have an easy plane anisotropy energy when ture.
the second Co layer thickness t2 -- 10 A. The. saturation mag-
netization M, per unit volume of Co is within 10% of the
bulk Co value (1400 emu/cm3) and is independent of the lel coupled systems (series I,1I, IV), IA 121 reaches maximum
second Co layer thickness. No significant in-plane anisotropy values (about 1.7, 1.5, and 0.18 ergs/cm 2 for series I, II, and
field was found as expected for the hcp structure in the Co IV, respectively) at t 2 _15 A, and minimum values (about
and Ru layers having the c axis normal to the film plane. 1.0, 0.6, and 0.06 ergs/cm 2 for series I, II, and IV, respec-
Series I, II, and IV show typical antiparallel coupled magne- tively) at t2- 25 A,. The variation amplitude, lAýim-m 12ini,
tization curves, shown in Fig. 1. The in-plane saturation is on the same order as IA 121 for each series which is larger
fields of 6-16 kOe in these samples suggest that a very strong than the theoretical predictions for the case of symmetric
antiparallel coupling exists between the Co layers. Upon de- structure.9 The variation length At2 - 10 A between maxi-
creasing the second Co layer thickness t2, the remanent mag- mum ar.J minimum coupling strength is also much larger
netization increases and follows roughly the relation than the value obtained by Bloemen et al. in symmetric
M,/M, = (t I - 2)/(ti + (2) as expected. This shows the layer structures, In the parallel coupled systemt (series I11), IA 121
thickness is consistent from sample to sample. The well- reaches extreme values at 12-20 and 30 A. JA 121 is a mini-
,lefined shape of the hysteresis loops also indicates that the mum (about 0.01 ergs/cm2) at 1,-20 ,A, and a maximum
interlayer exchange coupling is quite uniform across the film (about 0.17 ergs/cm 2) occurs at t2 -- 30 A.
plane. The coupling coefficient A 12 in series I and II were From the FMR data the effective uniaxial anisotropy
calculated using the two transition fields Hcri and Hcr.2 field "Il',,i, which includes the demagnetization field
which can be obtained from the curves. In the parallel -4¢rM, and the perpendicular anisotropy field 2K, 2.i/Ms,
coupled system (series 111), a nearly square hysteresis loop was also evaluated for each Co layer. Figure 3 shows that
was obtained and the in-plane saturation field is less than 100 H,,2, for the 32 A Co layer is a constant at -9,6 kG while
Oe for all of the samples in that series. H,,ff2,2 for the second Co layer increases with decreasing t2,The FMR measurements of series I and II show only the The variation of 2 can be expressed as using a bulk
acousticlike mode. But, both acoustic- and opticlike modes contribution aeonf,butlk and a surface contribution Hs, from each
were observed in series III and IV. Therefore the angular Co/Ru interface
dependence of resonance field was used to evaluate A 12 for , X ueff . +2H (2)
series III and IV. With increasing 0h1, one mode always stays " 2  ,2 = 12 n, t 2bulk
on the low field side of the other mode. This is different from where H',u is about -12.2 kG in these samples which
the behavior of a noncoupled trilayer structure unless the two agrees with the estimation using the demagnetization field
layers have significantly different g values, which is not ex- (- 17.6 kG) and the uniaxial anisotropy field (5.9 kG) of
pected in these samples. bulk Co. The surface anisotropy field H, is quite large in

Figure 2 show3 that the amplitude of A 2 varies signifi- these samples and corresponds to a surface anisotropy energy
cantly as a function of the second Co layer thickness t,, but of K,(-0.40 ergs/cnt 2. A negative Her,,. was obtained when
the sign does not change within each series. In the antiparal- t, is less than 10 A, suggesting that the easy axis in the
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. II I structures has been investigated using the in-plane magneti-
0 C(zation and angular dependence of FMR measurements. The
0 Co(32A) results show th,'t the coupling strength depends on the mag-
A Co(xA) netic layer thickness. There is a s.gnificant variation of A 12

o ]kA on increasing the second Co layer thickness in both parallel
' "and antiparallel coupled systems. This might be due to the

different Fabry--Perot-like interference of electron Bloch
waves within the individual magnetic layers. No change of
the sign of A 12 was observed in any of the series. The varia-

V", tion period between the maximum and minimum values of
S1"A 12 is about 10 A which is larger than the predicated value

-2 7r.kF from the free electron model, suggesting that the dis-
•.-2 creteness of the magnetic layer thickness and the moment

distribution may have to be taken into account.10
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Magnetic layer thickness dependence of the interlayer exchange coupling
in (001) Co/Cu/Co
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A dependence of the strength of the antiferromagnetic coupling across Cu on the Co layer thickness
has been observed. The Co thickness dependence displays two clear peaks consistent with the
recently predicted oscillation period of 6.2 A Co. Apart from the two peaks also several small peaks
are visible on a scalk of about 1 monolayer Co. Free-electron calculations indicate that these rapid
variations in st;ength may result from slight differences between the slopes and starting points of the
two Co wedges that were involved in the experiment.

Recent theoretidiil work by Brunot and Barnag2 has (transmitted) and backwards (reflected) traveling waves and
shown that the interlayer exchange coupling between two depends upon the interplay between the layer thickness, the
ferromagnetic (FM) layers across a nonmagnetic (NM) me- wavelength of the incident wave, and the wavelength within
tallic spacer layer may oscillate not only with the thickness the reflecting medium. The latter is determined by the elec-
of this spacer but also with the thickness of the ferromag- tronic structure of the FM layers and follows, in the large
netic layers. thickness limit, from the relevant extremal Fermi surface

Systematic experimental studies investigating the de- (FS) spanning vectors of the FM layer. From this "electron-
tailed effect of the FM thickness upon the interlayer coupling optics" picture it is thus clear that if a FM layer is composed
are very scarce. Qiu et al.3 and Chen et al.4 studied the Cu/ of, for example, a multilayer made of several different FM
Cu/Co (100) system for several Co thicknesses. However, layers, the effective reflection amplitude of such a multilayer
their results were insufficient to reveal an oscillatory behav- (and thus the coupling) will oscillate with the thickness of
ior. First experimental evidence for an oscillatory behavior as any of the constituent FM layers. This is exactly the case for
a function of the magnetic layer thickness was obtained by our experimental system.
the present groups for a (001) Co/Ni/Co/Cu/Co/Ni/Co We have studied a molecular-beam-epitaxy-grown (001)
sandwich 5 and by Okuno and Inomata for Fe/Cr (100) Co/Ni/Co/Cu/Co/Ni/Co sandwich in which the two Co layers
multilayers. 6 In this article we summarize our experimental adjacent to the Cu spacer as well as the Cu spacer itself were
results5 and discuss them using calculations based on the deposited in the form of wedges oriented perpendicularly
Bruno model.' Within the free-electron approximation, this with respect to each other. This allowed for independent in-
model could be extended to include our experimental situa- vestigation of the Cu and Co layer thickness dependence of
tion viz. a situation of, in principle, unequal FM layers the coupling across Cu(001) in a single sample. In this way
which, in addition consist of multiple different FM layers experimental artifacts are avoided that are related to changes
(three in our case, Co/Ni/Co). To interpret or predict the in (i) deposition conditions, (ii) substrate quality, and (iii)
behavior of these at first sight more complicated systems it is layer thickness---changes that otherwise would have oc-
useful to recall the mechanism from which an oscillation curred i i a series of separate samples, Especially slight
with a FM layer thickness originates, changes in a presumably fixed Cu spacer layer thickness in

Bruno shows that the coupling problem can be described an experiment of varying magnetic layer thickness would
in terms of the reflection of electron waves at the potential cause problems in our case since the coupling strength is
steps at the various interfaces in the FM/NM/FM sandwich,7  extremely sensitive to the precise Cu thickness because of
Here, the nonzero exchange spitting of the conduction bands the presence of a short period oscillation with a period of
in the FM layers is responsible for a difference in potential about 2.6 ML Cu. Note that the latter probl,:ni was not un-
step heights for spin-up and spin-down electrons. This causes countered in the study of the sputtered Fe/Cr (100) samples
the reflection amplitude to be spin dependent resulting in a of Okuno and Inomata"' since only the long Cr period was
magnetic coupling. The coupling strength is larger for larger present in their samples.
differences between the reflection amplitudes for spin-up and Two samples (referred hereafter as samples I and 11)
spin-down electrons. An oscillatory dependence of the cou- have been investigated. The typical composition of the mag-
pling strength on the thickness of the FM layers is then, as netic layers in the samples was as follows: 30 A Co/15 A
Bruno argues, simply a result of multiple reflections of elec- Ni/Co wedge (2.3 A/mm). Further compositional details and
tron waves within the FM layers.' As in the case of light information regarding the structure of the layers as obtained
waves incident on a (multi)layer, the effective reflection am- from low energy electron diffraction experiments can be
plitude of a layer (in our case a FM layer) is a result of the found in Ref. 5.
constructive and destructive interferences of the forward The antiferroniagnetic (AF) coupling behavior wits in-
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have extended the model of Bruno t to our experimental ge-

S. s... ometry and performed a number of simulations. Before pro-
---- ... • ceeding with the results we briefly describe the steps that we

.".have undertaken to adapt the model to our situation.
'Y E First, to account for unequal wedges Eq. (4) in Ref. 1 is

20 6 10 generalized to the case of unequal FM layers. As is clear
9- from Ref. 1 this can be performed by a Taylor expansion of

M. "r" the first Eq. in Ref. 1. In principle this step is sufficient to
evaluate if rapid variations in coupling strength may arise

10 5 "----- from unequal wedges. Second, to account for the effect of

the two additional FM layers which are coupled to the Co
sample II wedge the model is extended to the case that each FM layer

00 1'0 1 200 is composed of an arbitrary number of layers, i.e., to describe
the system FM"/FM/ ... /FM"/spacer/FMj'/FMt//.../FM' with

Co thickness (A) k and ! integers denoting the number of FM layers of which
FM layers a and b are composed, respectively. To our

FIG. 1. The strength of the interlayer exclhange coupling in the first and knowledge the latter step can only be made easily within the
second AF peak as a function of the Co thickness for sample II. free-electron approximation. Within this approximation it is

straightforward to calculate the effective reflection amplitude
of each FM multilayer. Continuity of the wave functions

vestigated by measuring hysteresis loops via the longitudinal (plane waves) and their derivative at the interfaces directly

magneto-optical Kerr effect. The behavior as a function of enab!es one to write down a recursion relation for the reflec-

the Cu thickness displays a superposition of a long and a tion amplitude of an arbitrary multilayer. Using this relation

short period oscillation, 5 in accordance with earlier instead of the Fabry-PKrot formula given by Bruno [Eq. (5)

observations. 9 The presence of the short period in both in Ref. 1] allowed us to calculate the Co thickness depen-

samples indicates that these samples are of high structural dence of the coupling for the situation in which the slopes of

quality. The dependence on the Co thickness of the strength the Co wedges differ and their starting point do not coincide.

of the first two AF maxima (at -9 A Cu and 19 A Cu) for The results of several calculations for 19.86 A Cu, i.e.,

sample 11 is shown in Fig. 1. An oscillatorylike behavior with for the strength of the second AF peak, are shown in Figs.

an apparent period of 6-7 A is observed in all experimental 2(a)-2(c). The calculated coupling strengths are normalized

scans. From the electron-optics picture of Bruno it is imme- to the limit of infinite Co wedge thickness. In Fig. 2(a) the

diately clear that this value is a property solely of Co. With behavior is shown for the ideal case of two identical Co

varying Co thickness the effective reflection amplitude of the wedges. Here the aliasing effect is demonstrated for the Co

Co/Ni/Co FM layer (and thus the coupling) is modified in an dependence. The fundamental period f= ir/k} =2.49 A per-
oscillatory fashion with a period determined by the relevant taining to the Fermii wave vector k} of the spin-down fcc Co

wavelength in the Co layer. According to Bruno the latter is FS, yields after aliasing (with 1.805 A Co ML thickness) a

determined by the extremal spanning vector along the r-x period of 6.1 A. In Fig. 2(b) the ideal case is again calcu-

line [(100) growth] in the spin-down FS of fcc Co, This lated. However, for this calculation the situation that a Co

vector yields a period of 3.5 ML or 6.2 A Co which is in very layer consists of a nonintegral number of monolayers (in-

good agreement with the present experiment. However, the complete coverage) is also calculated. This is done from a

functional shape of the experimentally obtained variation linear combination of the coupling across two independently

with Co thickness does not resemble a fully regular oscilla- patchy interfaces. Incomplete coverage is thus treated as fol-

torv behavior. Considering for example the behavior of the lows: We define J(n,m) as the coupling strength for the

second AF peak, the lower curve in Fig. 1, two clear peaks combination of tz integral number of Co monolayers in Co
are visible whereas around the position where the third peak wedge A and m monolayers in Co wedge B. The coupling
is expected three smaller peaks occur with a spacing of about J'(tAtB) for the situation that tie thicknesses tA and ti at

2 A. This behavior seems in contradiction with theory. In Co wedge A and B, respectively, are a nonintegral number of

particular from the aliasing effect one would expect that be- monolayers is calculated from

cause of the sampling at discrete Co planes, periodic varia- P'(tA,tB) =J(n,P N )(l I --fA)(1--it-(n,m + I
tions in coupling strength should only occur on a scale larger
than 2 ML (3.6 A). This is true in the ideal situation. How- X(1 fA)fit+J( + l,+fl)
ever, in the present experiment two Co wedges are involved xf(N -A) + J(/I + I , II + I )fAfn.
which may not be identical but may differ slightly in, e.g.,
their slope. In this respect we remark that with scanning Here, fatai represent the fractional coverages defined by
Auger electron spectroscopy (AES) the slopes were deter- t =tn +fA and ti=nr +fB with 0 <]'AQ1)• I. Considering Fig.
mined to be equal within 10% accuracy. In order to evaluate 2(b) it is clear that even for the ideal case of equal wedges,
the effect of unequal Co wedges on the experimentally ob- fractional coverages result in additional peaks like the small
served behavior and in particular if it is possible to explain one between the third and fourth monolayer (±6 A). Such
variations in coupling strength on a scale of I ML Co, we features are a direct result of the asymmetric Co layer thick-
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• 3 FIG. 3d Free-electron calculatione of the to Niclaers which we
_ coupling strength for the first AF peak, i.e., for 30h Co/u 5 rA Ni/Co/7.22 A

pCu/Co/15 A Ni/30 Co. The values are normalized to the strength of
Ctce Infinite Co thickness limit.

Z 2a(c) fects in Ref 5 may not be necessary to explain the behavior
That the larger Co thicknesses. We did not attempt to obtain a

better fit by varying more parameters, e.g., by introducing a
difference in the thicknesses of the two Ni layers which were

Sadjacent to the Co wedges. One should realize that the
e o 10 ad + I present model, although it explains many of the observed

Co thickness h ) features, is a free-electron approximation and therefore

voG.v.ed one i o alculatiowed to mae ao ine ar pnt erpolation Whadseem s inappropriate to make a com parison with the expert -

[such a2,i Fig.ero 2(a)lbewenthlstationsftieC tiknes whindch bothC t hlemn one we dealready mentoed. T it is asorefenthatb the reative

coupling strength for 3 iA Co/15 ti N/Co/19.86 i Cu/Co/15 A Ni/30g Co. ment wi th the expe rim en t w e the p aksua
The values are normalized to t Ine strength of Infinite Co thickness limit, lation shown ia Fig. 3 representing the behavior for the first
Caleculaton parameters ate kthel 471 A it,k str"=e 26 A'de, ks A th= 1.363 AF peak (calculation at 7F22 A Cu), Here, the same CoA-%, k 1"'n. 1,362 A ,k INI==1,389" V- (Ref. /10). wedge parameters were used as those to obtain the reason-

able fit for the second AF peak [Fig. 2(c)we The simulatioa
does not display the smaller sharp features at the higher Co

ness combinations [(n,n + w ) and ( st + i,n)]. It thus appears thicknesses such as observed in the experiment [the upperthat for the present case in which two active layers are ini- curve in Fig. 1]. Instead the variations are more gradual.
volved one is not -allowed to make a linear interpolation What does agree are again the important features. Apart from
[such as in Fig. 2(a)] between the situation in which both Co the ones we already mentioned it is seen that the relative
layers are n ML thick (n,n) and the situation in which both oscillation amplitude for the first AF peak is smaller than
Co layers are n + 1 ML thick [(n + m,n + 1f). The experimen- that for the second AF peak, (compare Figs. 3 and 2(c)). This
tally observed rapid variations in coupling strength may is in agreement with the experiment where the peaks as
originate from this phenofo 5 -ion. In an attempt to fit a free- afunction of the Co thickness are more pronounced for the
electron atio n to the experimental strength dependence second AF peak than for the first AF peak (Fig, 1).
of the second AF peak (Fig. i) we have trionsd a number of The authors wish to express their gratitude to P. Bruno
corbinatioas for the wedge slopes and starting points of the for explaininRg the application of the complex-path integra-
Co wedges. Figure 2(c) shows a calculation in which the Co tion technique.wedge slopes differed by about 10% from the AES deter-

mined value of 2.3 Aimm viz. 2.5A/•mm for Co wedge .and Ok. Bruno, Europhys, L ttt. 23, 615 (1993R.
2t1 A/ms for Co wedr Bm In addition wedge A has been 'J. Barnau, J. Magn. Magn. Mater. I., L215 (1992); 128, 171 (1994).gie nofe f05r'' rsett eg .Fo h 3 Z. Q. Oiu, J. Pear-ion, and S. D. Bader, Phys, Rev. B 46, 8659 (1992).

give anoffet f 05 Awit repec towede B Frm te 4Q. Chen, hi. Onellton, A. Wall, and R: A. Dowbcn, J. l'hys. Cond. Matter
combinations we have tried it appeared that the first two 4. 7985 (1992).

peaks are relatively insensitie to modifications of the wedge P. J. Bloemen, M. r. Johnson, M, T. H. vaM de Vorst, R. Coehoorn, J, J.
parameters so that thei smeparation remaint a good measure i Vries, Rt Jungblut, J. aan de Stegge, A. Reinders, and W. J. Mo dh

for the oscillation period, The behavior at the larger Co Jonge, Phys, Rev. Lett. 72, 7h4 (1994).
'Sn N. Okuno and K. Inomata, Phys. Rev. Let. 72, 1553 (1994).thicknesses appears mote susceptible. From Fig, 2(c) it is 7P. Bruno, J. Magn., Magn, Mater. 121. 248 (1993).

clear cl at the third and fourth pe,-k may even disappear. In- HM. T, Johnson, S. T, Purcell, N. W, E. McGee, R. Coehoorn, J. aan de
stead three smaller peaks appear with a spacing which is stegge, and W. [loving, Phys, Rev. Leftt, 68, 2688 (19•92).
considerably smaller than thre 6.2 A• oscillation period. The 91I. J. H. Bhoemen, R. vain Dalen, W. JM , de Jonge, M. T. Johnson, and J.

aun de Stegge, J. Appl, Phys, 73, 5972 (1993).
qualitative agreement with the experiment is striking, sug- "'We obtained these Fermi wave vectors from self-consistent ASW band-gesting that the originally proposed interference/beating ef- structure calculations.
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Cumulative interface roughness and magnetization in antiferromagnetically
coupled NiCo/Cu multilayers
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Cumulative interface roughness and its influence on the magnetization process in
antiferromagnetically coupled (Ni 80Co2 0/Cu)XN multilayers is studied. In these multilayers, Cu and
Ni80Co20 thicknesses are fixed at 20 and 15 A, respectively, in order to obtain the antiferromagnetic
coupling at the second oscillation peak of giant magnetoresistance (GMR) versus Cu thickness.
Low-angle x-ray reflectivity measurements show that cumulative interface roughness increases with
increasing bilayer number N. In-plane magnetization hysteresis measured with both SQUID and
surface magneto-optic Kerr effect (SMOKE) magnetometers are compared. When the cumulative
interface roughness is significant, SMOKE hysteresis loops, which are sensitive to the top 5 or 6
magnetic layers, display a nonlinear plateau region at small fields, Comparison of low-angle x-ray,
and SMOKE results show that interfaces of relatively high quality in top layers only exist for
sputtered multilayer with N< 10,

INTRODUCTION ments for multilayers with a different bilayer number can,
therefore, show direct information on the effects of cumula-

Reports of antiferromagnetic (AF) interlayer coupling tive interface roughness on the magnetization process in AF-
and the associated giant magnetoresistance (GMR) in Cu-
spaced ferromagnetic multilayers, such as Co/Cu, ' 2  coupled multilayers.

NiFe/Cu, 3 NiFeCo/Cu, 4 and NiCo/Cu, 5'6 have stimulated
great interest in these materials, Within each magnetic layer, EXPERIMENTAL RESULTS AND DISCUSSION
demagnetizing fields due to the layer's shape anisotropy sta- Previous experiments 5 -" have shown that Ni5 0Co21/Cu
bilize the in-plane easy axes. The AF coupling of neighbor- multilayers exhibit an oscillatory GMR as a function of Cu
ing magnetic layers results in net zero magnetization in the spacer thickness and a well-defined simple AF ordering 1'Žr
multilayers at zero field.6 The application of in-plane fields Cu spacer thickness at 20 A. In the present work (Nis0Co 21 015
align the magnetic moments through in-plane rotation, Be- A/Cu2 /• A)×N multilayers with 50-A NiH0 Co201 buffer layer
low saturation in the absence of any in-plane anisotropy were deposited on Si wafers, by dc magnetron sputtering at
there is a linear relation between the magnetization M and room temperature. The base pressure before deposition was
the applied magnetic field H:7  2X 10-' Torr, With a sputtering pressur'e of 8.0 mT of argon,

M tM the deposition rates determined from the measured thickness
M Ti. (1) of single films by low-angle x-ray reflectivity measurements

were 1.5 A/s for NiXUCo 2I, and 1.6 A•s for Cu. A series of
Where J is the AF coupling constant between two neighbor- samples with N varying from 8 to 100 were prepared. Low-
ing magnetic layers, t M and M, are, respectively, the thick- angle x-ray reflectivity measurements were performed for
ness and saturation magnetization of each magnetic layer. layer and interface characterizations and for estimating the
Therefore, J can be obtained from magnetization hysteresis cumulative interface roughness as a function of the bilayer
loops. number N. The room-temperature in-plane magnetization of

Theoretical analysis based on the RKKY model predicts the samples was measured using a SQUID magnetometer.
that the AF coupling is weakened by the introduction of in- The magnetization of the top few layers was studied using
terface roughness,8 whereas experiments explicitly show that SMOKE magnetometer.
interface roughness introduced by changing the sputtering Figure 1 shows low-angle x-ray reflectivity results for
parameters can enhance the GMR effect." In this paper, we the typical samples with different bilayer number N. All
report specifically on the effects of cumulative interface samples exhibit clear first-order superlattice Bragg peaks al-
roughness on the magnetic properties of AF-coupled multi- though the electronic contrast between the two constituent
layers. The cumulative interface roughness is the accumula- layers is very small. With increasing N, the second-order
tion of small intrinsic interface roughness in each layer;"' its superlattice Bragg peaks are gradually damped, suggesting
effects become more pronounced when the number of bilay- an increase of interface roughness."' Clear thickness oscilla-
ers increases. Magnetization measurements from a SQUID tions (or lattice fringes) between superlattice Bragg peaks are
magnetometer, which measures the effects of the overall in- observed for snamples with N<15. For a finite thickness
terface roughness, are compared to surface magneto-optic (< 1000 A) of the film, suppressing of the lattice frnges with
Kerr effect (SMOKE) measurements, which are sensitive increasing N is also partially correlated to the increased outer
only to the top few layers where the cumulative interface surface roughness.12 The low-angle x-ray retlectivity has
roughness reaches its maximum value. SMOKE measure- been analyzed using mn optical model. 12 From the fit to the
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FIG. 3. Magnetization of a typical (Nis(Co2j) is A/Cu 201 A)X45 samiplc
measured hy (a) SQUID (normalized to A4,), and (h) SMOKE (arbitrary

FIG.1. ow-ngl 0-2 x-ay iffacton se,-traof selcte seies(A' unit). It is indicated that the nonlinearity o~f the magnetization curve can be

(Niw1 Co21, 15 A/Cu 21" A) XN niuitilayurs. For clarity, the curves have been bevdnaacrtalfld1.
displaced vertivaily.

fields. The Saturation moment M, of the 15-A NisHtC0 20 layer

data tile interface roughness and thle outer surface roughniess is about 620 emu/cm 3, which yields a value of J-5.8X i()- 3

can be derived. Figure 2 shows that the outer surface rough- r;rg/cm 2 for 6the second AF coupling peak in Ni80~C0 20/CU
neso, ncessnootnclywthicesn N ncs- multilayers . This value is much smaller than thle strength of

ties of second-order superlattice peaks, which decrease with the second AF coupling peaks found in other Cu-based
increasing N, is also shown in Fig. 2. multilayer systenis,2 -4 indicating a very weak AF coupling

Figure 3ka) shows the overall in-plane magnetizationi between adjacent Ni80CO2tt magnetic layers across 20-A-
measured with a SQUID magnetometer for a (NiKttCo 2ttl thick Cu spacer layers. The M, values measured with the
A/Cu20 A)X45 multilayer having mocieratc. cumulative. inter- SQUID magnetometer do not depend on N, This implies that
face roughness. Slight deviation from linear magnetization is ti,., intermixing at the interfaces is not changing significantly
observed near a critical field Hf. Figure 3(b) shows the mag- with increased cumulative interface roughness.
netization of the top fewv layers measured using SMOKE. Figure 4 shows SMOKE measurements for diffeirent bi-
The deviation fromi a linear curve is mnore pronounced than it
is for the SQUID curve which represents the aveirage mag-
nei ' 'ation of the whole multilayer. Since SMOKE mneasure- r
merts were made using the 6328-A H-I-Ne laser which has a - N=8i
penetration depth of approximately 200 A, the SMOKE hys- -
teresis loop typically represe~nts the magnetic property of the
top 5 or 6 bilayers of multilayer, H"11

For saimples with N=8 both, SQUID and SMOKE mnca-
surements show linear M-H rrelations below saturation

14 -- " r- i - -r 700 5A

12 -1 0
50 (b)

400C
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FIG. 4. SMOKE magnetization measurements olf samples with dififerenat

FIG. 2. Dependence of a, and I onl N. H ere o-, is tihe utitersurf~ce rough- hilayci numbers: :a) N=8S, (b) N=15, and (0) Nm tt)t. 'IWo critical fields,
ners, and I the intensify of1 seco)ll-order superlutice B~ragg peaks. i.e., saturation fie~ds H-, and flip fields 11f , ar., indficatedt ill the figtures.
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layer numbers. Figure 4(a) shows that the magnetization re- (Ni8 oCo211l5 A•CuI5 A)XN using x-ray reflectivity and
lation is nearly linear below saturation fields for the sample SMOKE. Both experiments show that interface roughness
with N=8 where the interfaces are presumably flat. Figure increases with an increasing number of bilayer period,
4(b) shows the result for the sample with N= 15, where a SMO'C.E measurements are sensitive to the roughest region
plateau regin with a relatively small slope is observed a, rof the sample, namely the top several layers. Relatively flat
low fields, and failure of Ilhc linear M--H relation is clearly interfaces only exist in sputtered multilayers with bilayer
seen. As the bilayer number N increases up to 100, the cu- number N< 10 for which SMOKE magnetization curves are
mulative interface roughness is considerably large, and the linear below saturation fields as piedicted from Eq. (1). As
plater.u region becomes more striking as indicated in Fig.
4(c). From low-angle x-ray reflectivity analyses and SMOKE superlattice periods increase, deviation from linearity in
measurements, we conclude that the nonlinear M-H behav- M-H curves gradually becomes large, which can be attri•
ior in samples with large N are related to cumulative inter- uted to a roughness-related extrinsic anisotropy.

face roughness which becomes significant as the bilayer We acknowledge the financial support from the Natural

stacking increases. Sciences and Engineering Research Council of Canada, and
In some layered structures with nonideal interfaces, ter- Fonds FCAR do Qut~bec.
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Coercivity and magnetization process versus dipolar coupling
In Ni80Fe 2 0/Cu/Co/Cu spin valves

R. Kergoat and J. Miltat
Laboratoire de 'l1hvsique des Solides, Univcrsift Iaris Sud-CNRS, Orsayi France

T. Valet and R. Jerome
LCR-THOMSON, Laboratoire des Technologies Magntiiques, Oray, Franlec

The elaboration of four dill'ent stimnple types, namely, isolated NiFe or Co layers in their Cu
environment and full, exchange decoupled, [Cu/NiFe/Cu/Co/Cu] periods with either the Co or NiFe
layers in the vicinity of the free surface has allowed for a detailed study of the magnetization process
of the constitutive layers of one period of a "hard-soft "-type spin valve. The domain distribution
and magnetization fluctuations within domains have been monitored by Kerr micros,;,opy. The
experiments point to a strong influence of dipolar coupling on the properties of the soft permalloy
layer, with a dramatic increase of the NiFe film coercive field with respect to the correspondig
quantity in an isolated NiFe layer. The macromagnetization fluctuations detected in the NiFe layer
appear most likely linked to fluctuations of low amplitude occurring in the Co layer in the vicinity
of the NiFe coercive field.

I. INTRODUCTION valve, respectively [Si(100)/5( A cr/5o A Cu/100 A
A recent study' of magnetiziltion reversal in ferromag- Ni8°FcjO0 A Cu/50 A Co/30 A Cu] and the symmetrical

netically exchange coupled rNi,,e(2(V/Cu/Co] sputtered mul- stacking, i.e., [Si (100/50 A Cr/50 A Cu/50 A Co/100 A
tilayers revealed the existent c of strong magnetization flue- Cu/lOO A Ni80FeC2 30 A Cu]. In these artificial structures,
tuations in the soft hiyev tl'those artificial stacks consisting the Cu spacer thickness has been chosen to be sufficientlyof piled-up hard ae d soft magnetic hlycrs separctcod bt a large in orde,- to solely retain a dipolar coupling between the

nonmagnetic spacer. Fluctuations were ascribed to the exist- magnetic lay,!rs. Besides, since no magnetic field was ap-
ence of a random distribution of the cubic anisotropy axes in plied during the sputtering process, virtually anisotropy-free
the polyciystalline Co layers.2 On the other hand, previous samples were '.utaincd,
experiments in exchange uncoupled, hard-soft-type, three- For each sample, following the application of a satura-
layer [PtCo/SiO;;/NiFe] structures3 pointed to the influence tijo| field along a selected in-plane direction, a domain pat-
of dipolar interactions on the magnetic properties of the soft tern is first nucleated under reverse field H, the magnitude of
layer. Moreover, a field dependent magnetostatic coupling which is stack dependent, The pattern is then observed under
was also found to operate between the two soft layers of a two different illumination conditions. For instance, in the

[NiFcCo/Au/NiFe] windwich film and mediated by the rip- figures labeled (it), the trace of the plane of incidence for tile
pling of magnetization. 4  probing light is parallel to the saturation field. A firn: differ-

Since a significant increase of the Permalloy coercivity ence image (pattern minus saturated state) provides a picture
seems to be a common observation in the [NiH,(Fe 2,Cu/Co] of the domain distribution with a magnetization either paral-
system, .5.6 a property detrimental to the use of such systems lel or antiparallel to H. A 900 rotation of the sample or of the
as low field, high magnetoresist,'ice sensors, the ultin ::to plane of incidence followed by a second difference image
_ aim of this study is to weigh the respective influences of (saturated state minus pattern) reveals, since the plane of
exchange and dipolar couplings on this phenomenon. The incidence is now perpendicular to the average magnetization
present work, however, is limited to an analysis of the mag- direction in each domain, the magnetization fluctuations
netization process and coercivity under conditions of a sole within domains [figures labeled (b)].
magnet ostatic coupling. In samples incorporating a single NiFe magnetic layer,

magnetization reversal occurs through the nucleation of large
II, EXPERIMENT liattei. size domains, typically a few hundred microns wide.

For instance, two domains with opposite magnetizations are
Experiments carried out for this wcrk include VSM shc(wn in Fig. 1(a) (H--2 Oc). The noonuniformity of the

magnetometry and Kerr optical microscopy. Two different contrast in the domain with magnetization parallel to the
types of samples have been studied. Samples of the first spe- saturated state (the white domain) already points to the ex-
cieN are made of sputtered [50 A Cu/M/30 A Cu] layers istence of magnetization fluctuati,•is within domains, a fact
grown over a 50 A Cr buffer deposited on ,)100) Si sub- confirmed by the observations in Fig. i(b). Due to the weak
strates, where M is zither a 100-A thick Ni,)Fe2o( or a 50-A contrast observed in Fig. l(h), the existence of only small
Co layer. Such samples are useful to separatety investigate amplitude fluctuations is inkfrred. The coercive field amounts
the magvetic domain structures of a single !ayer, whether to -, .5 Oc [Fig. 1(c)0 whkrci. the tilted shape of the hys-
hard (Co) or soft (NiFe). In these reference samples, the teresis loop may be ascribed to the existence of a range of
environment of each isolated magnetic layer is identical to nucleation fields within a sample with a fairly macroscopic
that found in the more complex stacks described hereafter, lateral size (cm range) and/or correlated to the ripening of
The two other samples are composed by one period of a spin magnetization fluctuations.
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FIG. I. "Two similar domain structures generated under reverse It field
(H- -2 Oe), observed In a single Nile magnetic film botnded by two Cu FIG. 2, Wlo similar domain structures goenrated under reverse It field
layers, (a) Plane of incidence I.p.IH; (h) iWp.LII; (c) Is the corresponding (11--37 O), observed in a single Co magnetic film bounded by two Cu
hysteresis loop, layers, (a) Plane of Incidence ipi.pl; (b) iptl; (c) is the corresponding

hysteresis loop.

A much more irregular pattern is observed under reverse
field in samples consisting of a single (fcc) Co magnetic value found in a single NiFe layer), Hence, independent of
layer [Fig, 2(a)]. Figure 2(b) exhibits the intensity modula- the variations in the Co layer coercive field, the coercive
tions inside a domain of nonreverse magnetization [light field of the NiFe layers amounts to 4 -5 times the value
grey shade domains in Fig, 2(a)], as recorded at the onset of typical of an isolated layer. Besides, Kerr imaging shows that
magnetization reversal [--37 Oe to be compared to magnetization reversal now takes place in the NiFe layer
H-C ý-60 Oe: Fig. 2(c)], When compared to Fig. I(b), much through the nucleation, under reverse field, of considerably
more pronourced image intensity variations, hence wide am- smaller size domains, Domain nucleation proves quasihomo-
plitude magnetization tluctuations, are observed in the iso- gencous, followed by some degree of domain collapse and
lated Co layer. [The overall morphology of these fluctuations merging whereas the typical domain size does not exceed a
appears cosistent with previous observations in ferromag- few microns. For instance, Fig, 3(a) exhibits in a H- .- 14
netically coupled multilayets,t although the spatial wave- Oe reverse field, a finely subdivided domain pattern to be
length of lie fluctuations proves to be smaller in the present compared to the coarse structure in Fig. 1(a) pertuining to an
case of a single Co layer.] isolated NiFe layer, Notwithstanding the change in the Co

In samples made of a full spin-valve period, the thick- layers coercive field values, the doniais observed inA Fig,
nesses of the various layers have been tailored such as to 3(a) prove to be still larger than those encountered in the
solely gain information on the reversal of the top magnetic hard (Co) layer of a full period [Fig. 4(a)]. The average do-
layer in a Kerr experiment (penetr'tion depth of the light of main size in a full stack always appears smaller than the
the order of 200 A). Conversely, VSM experiments are sen- corresponding quantity in a single Co layer [Fig. 2(a)]. The
sitive to both magnetic layers. Hysteresis loops measured sizc of the smallest domains observed is comparable with the
from the symmetrical structures are qualitatively identical spatial resolution of the Kerr microscope, namely ,3000 A.
[Figs. 3(c) and 4(c)1 although the coercive fields of the Co Thus, they are made of oanl a few exchange coupled grains
layers vary apprciably, probably a microstructure related in these vittually uitlextured samples with grain sizes ranging
phenomenon. The typical shapes of the hysteresis loops from 500 to 1000 A. Magnetization ftlctuations of extremely
clearly indicate that the !wo magnetic layers are exchange high amplitude (as large as -±90') may be detected in the
uncoupled. Both VSM measurements and Kerr imaging ex- NiFe layer under proper illumination and polarization condi-
periments reveal strong changes in the magnetic properties tions [Fig. 3(b)]. The correlation between the patterns in
of the NiFe layer. A significant increase of the NiFe coercive Figs. 3(a) and 3(b) becomes more explicit when looking at
field is first detected (t_80 e, a value deduced from the mi- Fig. 3(a) at glancing angle after rotating the Kerr micrograph
nor hysteresis loop of Fig. 3c, to be compared to the 1.5 Oc by 90'. Magnetization fluctuations of very low amplituL are
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FIG. 3. Two similar domain structures generated under reverse H field (a) HL..-75 10pm • (b)
(H'-- 14 Oc), observed in the NIFc layer of one spin-valve Cu/Co/Cu/ FIG, 4, Two similar domain structures gencrated undcr reverse H field
NiFe/Cu full period. (a) Plane of incidence i.p.IIH; (h) i~pl-l; (c) is the (H--75 0e), observed in the Co layer of one spin-valve Cu/NiFe/Cu/
corresponding hysteresis loop including the minor loop of the NiFe layer. Co/Cu full period. (a) Plane of incidence i~p,uIH; (b) ip., I01; (c) is ftfi. cor-

responding hysteresis loop.
first detected in the Co layer for applied field values as small
as -15 Oe, a low value in comparison with the coercive field
of the Co layer but close to the NiFe layer coercive field close to 1. Therefore, a regime of strong correlations be-
[,-- 14 Oe in Fig. 3(c)], Fluctuations of higher amplitude are tween anisotropy driven magnetization fluctuations and dipo-
seen for larger field values, e.g., -75 Oe [Fig. 4(b)], a value lar interactions is anticipated to establish itself, even in a
closc to the coercive field of the Co film. single Co film, as illustrated in Fig. 2.

In addition, the sputtering process promotes columnar

III. DISCUSSION AND CONCLUSION growth, implying a high degree of coherence between the
cubic axes of the fcc Co and fcc NiFe layers. ManetizationA clear increase of the coercivity of a "hard-soft"-type fluctuations in the soft layer thus should a ihsc not only from

stack as a function of decreasing spacer thickness was magnetostatic interactions between the soft and hard layers,
brought into evidence by the work of Hill and McCullough. 3  but also from the distribution of cubic anisotropy axes in the
For the system considered, any coupling effect seems to van- soft layer, with potentially different responses as a function
ish for spacer thicknesses above ,-2000 A. Such an experi- of texturing.
ment was not reproduced here. However, the thickness of the Because of an anticipated strong correlation regime, per-
Cu spacer layers used in this work clearly lie above the turbation approaches may hardly be considered as relevari,
threshold for indirect exchange coupling6 and safely under Although this work fails to provide some modeling of the
the limit of dipolar coupling to be inferred from Ref. 3. It observed phenomena, it clearly demonstrates the existence cf
follows that the magnetization fluctuations detected in the macrofluctuations with a specific spatial wavelength .':,ge
NiFe layer may only be assumed to be linked to the fluctua- which appeals to a comparison with numecua i simulatioa,
tions of moderate amplitude detecttd in the Co layer for field data in disordered, dipolar and/or exchange coupled inedi..
values close to the coercive field of the NiFe layer in a
"hard-soft" environment. In more general terms, the ob-
served phenomena appear to result frorm an interplay be-
tween microstructure and dipolar coupling across the 100-A R. Kergoat, M. Labrune, J. Mltat, . Valet, and J. C Ja.quct J MagnMagn. Mat. t2i. 339 (1993).

Cu spacer layer. A random 3D (2D) orientation of the cubic 2 R. Kergoat, M, Labrune, J. Miltat, T. Valet, and J. C. Jacquo, iEEF Trans.
anisotropy axes in a nontextured ([111] textvred) Co layer is Magn. 29, 2533 (1993).
bound to induce magnetization inhomocg-)cities in the hard -'E. W. Ifill and A. M. McCullough, IEEE Trans. Magn. 24, 1707 (1988).
layer, hence magnetization divergences which act as sources 4 M. Okon and Ff. Hloffmann, IEEE Trans. Magn. 9, 503 (1973).

-5T. Shhijo and H. Yamamoto, J. Phys. Soc. Jpn. 59, 3061 (1990).of stray field. One may be reminded that, at least in its hcf, "T. Valet. J. C. Jacquet, P. Galtier. J. M. Coutrllier, L. G. Pereira, R. Morel,
phase, the quality factor K/2'rM2 of cobalt is less than, but D. LoUis, and A. Fert, Appl. Phys. Lett. 61, 3187 (1992).
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Observation of large biquadratic coupling of FeCo through Mn (invited)
(abstract)

M. E. Filipkowski,ja C. J. Gutierrez,b) J. J. Krebs, and G. A. Prinz
U. S. Naval Resew"ch Laiboratory, Washington DC 2037.5-5000

A new system, exhibiting rzmsaaiy large interlayer biqba,,.-, exchange coupling, has been
discovered, consisting of single crystal FeCC,/Mn/FeCo sandwiches epitaxially grown on GaAs
substrates. Normalized re(H) curves yield a temanent inment of approximately 0.5 for all cases
studied, with a number of examples havine satuiation fields as large as several Tesla. This implies
a biquadratic coupling constant as iargC (,r larger than many known bilinear coupling constants.
None of the normalized rn(H) data exhibits a remanence of less than 0.5, indicating the absence of
comparable contributions fr;a, bilinear coupling. Angular dependent FMR at 9 GHz implies a
fourfold anisotropy of opposite sign to that measurcd for single FeCo layers, whereas FMR at 35
GHz agrees in sign with the single layer anisotropy. Detailed analysis of this contradiction shows
that this is an apparent anisotropy revetrSal which emerges within the theory of FMR in the presence
of large biquadratic coupling, requiring values of the coupling constant in excess of -j2=2
ergs/cm 2, where the coupling term in !he energy is written J2L(Mn.m2)/mtnMn 2 . This large
:iqutart 'ic coupling, together with the bhsence of bilinear coupling, appears to contradict existing
theories of inteiayer exchange.

Research supported by the Office of Naval Research,
')Office of Naval Technology, Postdoctoral Fellow.
")National Research Council, Postdoctoral Associate.
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Magnetic dipole mechanism for biquadratic interlayer coupling (abstract)
S. Demokritova)
Institute for Physical Problems, Moscow, Russiv

E. Tsymbal, P. Grunberg, and W. Zinn
IFF, Forschungszentrumn Jilich, Jiilich, Germany

Ivan K. Schuller
University of Calf-)rnia, San Diego, La Jolla, California 92093

A mechanism resulting in biquadratic interlayer coupling is proposed and analyzed theoretically.
This mechanism is connected with the magnetic dipole field, created by magnetic layers with
roughness. This field decays exponentially with the distance from the layer, but it shows oscillating
behavior in the lateral direction. The scale of both exponential and oscillating dependencies
corresponds to the scale of the interface roughness and can reach 20-30 nm. The oscillating
variation of the field makes 90' alignment of the magnetization energetically favorable in analogy
to the Slonczewski's mechanism.' Computer simulations and estimates show that this mechanism
can provide a coupling strength of the order of 0.01 erg/cm2 for Fe films with I nm interlayer
thickness. Th. part of the work done in Moscow and Jilelich was supported by Collaborative
Research Grant CRG 921170 of the NATO Scientific Exchange Programmes. Work at UCSD was
supported by the U. S. National Science Foundation. One of us (E.Ts.) is pleased to thank the
Alexander von Ilumboldt Foundation for support.

"sPresent P.ddress: IFF, Forschungszentrimi J6iiich, J6ilich, Germany.

'J. C. S!onczewski, Phys. Rev. Lett. 67, 3172 (1991).
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Polarized neutron reflectivity studies of biquadratic coupling
in [Fe/Cr] (10n' and [Fe/Al] (100O) superlattices and films (invited) (abstract)

J. F. Ankner
Missou,i University ReM'earch Reactor, Cclumbia, Mis~souri 65211

A. Schreyer and H. Zabel
Fakulttit ffir Physi;.z und Astronomini, Ru/hr Univcrsitat Boc/hum, D-44 780 Bochtum, GerinanY

J. A. Borchers and C. F. Majkrzak
National Institute of Standards and Technology, Reactor Radiation D)ivision, Gaithersburg, Maryland 20899

M. Schiifer, J. A. Wolf,a) , and P. Grbnberg
1 .U;schungszenrrun Julich, D-52425 Julic/, Germany

M. E. Filipkowski, C. J. Gutierrez b) j. J. Krebs, and G. A. Prinz
lNaval Research Laboratory, Washington, DC 20375

Sensitivity to magnetic atoms and low intrinsic absorption characterize the interaction of neutrons
with mad.ter. Consequently, polarized neutron reflectivity pro-ides a unique means of performing
depth-resolved vector matpnetometry. We have used this technique to determine the magiletizati,.n
depth profiles of Fe/Cr superlattices. Superlattices of bilayer composition [55 A Fe/17 A Cr], grown
at 523 K, exhibit biquadratic coupling with large saturation fields (--3 kOc), while those grow'n at
293 K are ferromagnetically ordered. We have directly measured the evolution of the coupling angle
between adjacent Fe layers as a function of applied field and will discuss how bilinear, biquadratic,
and external field terms produce the observed order. The weaker coupling found in the Fe/Al system
makes possible the investigation of a range of spin configurations at temperatures that do not
endanger" 'he samtple. We have mapped the phase diagram of a [42 A Fe/12 A AI/39 A Fe] (100)
trilayer and find evidence of biquadratic coupling at low temperatures and fields (e.g., when H- = 180
Oe, the Fe layer spinls relax away from ferromagnetic alignment below T-170) K). Our
m- asurements agree qualitatively with energy minimization calculations and the results of bulk
magnetometry.

"aPresent address~: Naval Research Laboratory, Washinagtoni, DC 2089).
b)Prescnt address: Southwest Texas State Uniiversity, San Marcos, Texas
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Monte Carlo histogram calculation of the critical exponents
of an FexMgl.xCl2 Ising model (invited)

Laura Hernfndez and H. T. Diep
Groupe de Physique Statistique, Universitý de Cergy-Pontoise, 49 Avenue des Genottes, B.P. 8428,
95806 Cergy-Pontoise Cedex, France

In a previous work, a realistic three-dimensional 3-D Ising model of FeCI2 was studied. It consists
of triangular lattice planes stacked along the c axis of the crystal, with the following interactions: a
nearest neighbor (nn) ferromagnetic one competing with a next-nearest-neighbor (nnn)
antiferromagnetic interaction, which causes some degree of frustration in the plane, the planes being
weakly coupled by an antiferromagnetic interaction. In fact, the latter is a superexchange interaction,
and we have taken into account all the equivalent superexchange paths in the sense of the Anderson
rule, which amounts to 12 neighbors in each one of the adjacent planes. In this work we present the
preliminary results of a study of the critical exponents of this model using the Monte Carlo
histogram method and finite size scaling. The interest of such study lies in the layered structure of
this system, which might have an effect on its effective dimensionality at the transition point, and
also in the effects of frustration, as well as those of superexchange interactions on the critical
exponents. We also show the results obtained by the same method, on the critical exponents of the
diluted system in the zero and low magnetic field.

I. INTRODUCTION In 1979, Aharony and Fishman showed that an aniso-
tropic antiferromagnetic system with bond dilution in a uni-

FeCI2 and FeBr 2 are prototype systems for the study of form magnetic field, has the same critical behavior as that of
magnetic phase transitions since a long time ago. They show the random field Ising model (RFIM),'t ' This statement was
the outstanding feature of Leing associated to the different later extended by Cardy to anisotropic antiferromagnets with
steps in the progress of the knowledge of this field. After the site dilution in a uniform magnetic field (DAFF)." This fact
first results showing their metamagnetic character,I much ef- made FeCI2 and FeBr2 regain interest, as they constituted an
fort has been done to describe their critical behavior. In par- excellent material for the experimental investigation of the
ticular, the experimental works of Jacobs and Laurence2' 3  RFIM.
and Vettier6 have given a detailed description of their phase Since then, a great experimental effort, as well as many
diagram in a magnetic field. Neutron scattering theoretical studies, have been done. For instance, Soukoulis
experiments4- 6 have provided us with the values of the rel- et at. and Grest et a. have tested the equivalence between
evant interaction constants. DAFF's and RFIM in two and three dimensions12't 3 in

Some theoretical Hamiltonian models showing this kind simple square and simple cubic lattices with isotropic nn
of metamagnetic phase transition have also been proposed. interactions. Diep et at 14 and Galam et al. 15 have analyzed
Harbus and Stanley 7 have performed a high temperature se- the existence of a tricritical point (TCP) as a function of

ries expansion on a simple cubic lattice Ising model with dilution in a DAFF consisting of a simple cubic lattice with

in-plane ferromagnetic coupling and antiferromagnetic cou- isotropic nn antiferromagnetic and nnn ferromagnetic inter-
actions. Recently, a simulation on a highly diluted (50%)mgoel" plneis (thegofa simpeta model) and ontte wthe in simple cubic lattice with isotropic antiferromagnetic nn in-

model" consisting of a simple cubic Ising lattice with iso- teraction was performed by Nowak et a!,' with special at-
tropic antiferromagnetic nearest neighbors (na) and)ferro- tention paid to the high field region.
magnetic next-nearest-neighbors (nnn) interactions. In spite of all this effort, many questions still remain

Landau, 9 in a Monte Carlo study of antiferromagnetic open. For instance, while the existence of long range order
Ising simple cubic and simple square lattices with nn antifer- (LRO) is admitted for a three-dimensional (3-D) RFIM,"1. 8

romagnetic and nnn ferromagnetic coupling, has also found a it is still under discussion for some DAFF's because of the
tricritical behavior. long relaxation times involved. 19-21

However, all these models considered only the simplest Experimental studies show, in general, that the state of
lattice structures (square and simple cubic), without taking the system at a particular point of the temperature-field (TH)
into account other features appearing in FeCI2 and FeBr2: space depends on the pro':css used to take the system to that
high anisotropy, triangular lattice planes, superexchange point. It seems reasonable to suppose that some of the un-
paths along c axis, and in-plane frustration due to nnn anti- clear aspects found when comparing theoretical with experi-
ferromagnetic interaction. mental results may stem from the particularities of the real
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system. For instance, the expected LRO as well as the shape
of the magnetic domains (if any) formed while this (LRO) is (- -.- a)
being established, must be related to the kind of lattice con-
sidered, its spatial anisotropy, the existence of frustrated or
competing interactions, its percolation threshold, etc. :.--:

In a previous work,22 we have studied, by Monte Carlo < ..
simulations, the critical behavior of a FeC12 model. This
model, though quite simple, kept the outstanding features of
the system: high spatial anisotropy (triangular lattice planes
stacked along the c axis), the superexchange paths for the C..
interplane interaction, competing interactions, and frustration
in the plane. The results we have obtained with such a model
are in excellent qualitative and quantitative agreement with
experimental ones.

Based on such a good description of the pure system, in
a recent work we addressed our study to some of the experi-
mental resultb on the diluted system that were not well un-
derstood. In particular, we studied the existence of a TCP and b)
its behavior with dilution. We also studied the character of
equilibrium temperature loops in a constant field (whether
they - reversible or not) and the existence of a LRO for a
field-cooling (FC) process. As mentioned above, irrevers-
ibilities in temperature loops have been experimentally re- FIG. 1. (a) Crystallin. structure of FcCI2 . (Ref. 25) 0, FC2 +; 0, CI-. (b)

ported. We have analyzed ,hi.5 fact by performing short simu- Top view of the 12 neighbors of a Fe
2
ý ion. Q-, the considered ion; 0,

lations on our finite systems, showing that such neighbors in the adjacent plane below.

irreversibilities correspond to a nonequilibrium effect. We
have also Investigated the experimental result stating that the
magnetization issued from a FC process (mFC) is greater than = - j 2 "
that issued from a field-heating (FH) one (MuFa). 20'21 We have (nn) (nnn)

determined the irreversibility line ',rcm the first temperature,
where mFc>mr in a FC process, and we tried to elucidate -J' 1 rihsist-g/zHJ -hSi, (1)
the kind of magnetic domains formed in this irreversibility (nn') i

region that are responsible for that result where si= ± 1 is an Ising spin; (nn) and (nnn) denote the sum
We are now interested in determining the critical expo- over the nearest and next-nearest neighbors in the plane, re-

nents of this system. Different questions may be asked on spectively, and (nn') indicates the sum over the ititeracting
this topic. First, one may think that the layered structure of spins belonging to adjacent planes. As the latter is a super-
this system might affect its effective dimensionality, even in exchange one, we have taken into account all the equivalent
the pure case. Concerning the diluted system, the Harris magnetic paths for the coupling of iron planes via the ehlo-
criterion23 states that when the specific heat exponent of the rine ones. Following Anderson's ruc, this leds to 12 neigh-

purt, system is a>O, a small dilution may modify the critical bors in each one of the neighboring planes as is shown in

behavior. In addition, renormalization group e expansion Fig. 1,22

treatments 24 show that a sharp transition may still exist, but in olqs

withexpnens dffeent romthoe o th pur cae. inaly, In order to simulate a given quenched• disorder, wve chose
with exponents different from those of the pure case, Finally, the sites at random and assigned to each site i one of the
the application of a small uniform field to the diluted system values of the corresponding occupation variable 77=0 ,1,
in the strong concentration limit allows us to model an ex- with a probability .A( i=3)=p, until we got N,=pxN
perimentally studied RFIM. "vacancies" (N being the total number of sites and p = 1 -

The article is organized as follows: in Sec. II we sum- the desired amount of dilution),
marize the results obtained on these systems in our previous The values of the interaction constants have been taken
works; in Sec. III we describe the technical details concern- from Vettier's work. 6 As we. have discussed in a previous
ing the present work; in Sec. IV we present the results on the work 22 those values have been obtained atting experimental
critical exponents. Finally, in Sec. V we present our conclu- data to a Hamiltonian that is different from Eq. (1). Thus, the
sions and discussions on forthcoming work, relevant quantities are th, ratios of the interaction constants,

and not their absolute values. To simplify the comparison
II. PHASE DIAGRAM OF THE Fe, Mg1 -xCI 2 SYSTEM with experimental results on the diluted system, we have

normalized these constants in the following way: we have
A. Description of the model performed simulations on the pure system. varying the val-

Figure 1(a) shows the crystalline structure of the system ues of the interaction constants but keeping their ratios fixed,
determined by Wyckoff.25 The Hamiltonian of the system until we reproduced the value of TN given by Vettier.' Hence,
may be wri:.en26 as we have a ferromagnetic nn interactioni 1 = 6.74 K, in com-
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FIG. 2.Detailed cuts of the phase diagram along planes x = const. AF: antiferromagnetic phase; SP: saturated paramagnetic phase; P: paramagnetic phase; M:
mixed region. (a) x=l, 0 hT, Oh.. (b) x=0.9, • FH, 0 FC, El hl, * hT. (c) x=0_8, OFFl, 0 FC, *hT, 0 hi. (d) x=0=7, 0 FH, 0 irreversibility line,
*•h 1, Dl hI,.

petitIon with a frustrated antiferromagnetic nnn one, The diluted system was studied by means of simulations
J2 =- 1.01 K, and a superexchange antiferromagnetic inter- of loops in i,,mperature (FC-FH) at a constant field and
plane interaction, P' = -0.07 K. loops in the magnetic field at a constant temperature (h 1-

In the following we will use the notation h 1). We have determined the phase diagrams in the (T,h,x)
space for conctotrations x=0.9,0.8,0.7. Our results show the

h=gktBH / k11 . existence of a '1CP that iý, shifted to low temperatures as
dilution increases. The values obtained for T, as well as

B. Summary of previous results those cbtairned for TN, compare quite well with experimental

In general, we studied the following quantities: global
magnetization per site m; staggered magnetization along the
c axis ms; energy per site E; specific heat c; susceptibility X; TABLE I. Variation o)f .t and 7 "tN as a functim. of dilution, Comparison with
staggered susceptibility xt; and Edwards'-Anderson order experimental values.

parameter q. We also keep the last configuration of the lattice X Tý'P(K)' 7,"'K) T`W(K)" Tmc(K)
obtained at each point of the (T,h,x) space for further analy-
sis., 051. 42,

For the pure system, we have shown that the transition is 1 20.5 19.9 24 22.9

i-ontinuous for low fields, but becomes first order at a tric- 0.9 16.5 15 20.5 20
ritical temperature T, that can be estimated as the tempera- 0.8 13 12 176 16.75
ture where hysteresis in field loops disappears. We have
found the ratio between the TCF temperature and the N6el 0.7 '2 7 13.6 14
temperature to be TITN=0.87, in excellent quantitative 'Reference 27.
agreement with the experimental va'ue T,/TN=0.886.6 "Refe-cice 28.
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ones.27'.28 The width of the hysteresis cycle is also found to d In "id n )____ - )E;
decrease with dilution. 79- 1k (6)/ (

Figure 2 summarizes these results. It shows cuts of the

phase diagram for different values of concentration x. second-order cumulant of the order parameter,
Table I gives the comparison of our results with experi- d ln(ms 2 )_ (1s,2 E)

mental ones obtained by Wood and Day27 and Bertrand V 2 = " IkT) 7( 72' *-(E)" (7)et al.2s 
(11,T 7

We have also studied fast FH+FC cycles to simulate, on The mean values, which are functions of in, and of powers
a finite system, the long relaxation times observed exper, of E, may be calculated as a contnuous functions of tern-
mentally, and we have found that, for low fields, the cycle is perature using the histogram obtained at To as follows: 31

still reversible, while for h-ho(x), irreversibilities appear YE"(f)(E)H(E)exp[-AK E
giving rise to mnFC>/tFH, in agreement with experimental (E"f((8n t) =)

results.21 The irreversibility line Ti,,, defined as the highest YIEH(E)exp[ - AK E] (8)

temperature where mrC=n FH, is coincident with T,(h) for where H(E) is the histogram measured at T0 and (f)(E) are
low fields, but lies above it as the field approaches ho(x), in the mean values of the corresponding function of mes, calcu-
agreement again with experimental measurem.nts. This line lated at T0 for each fixed value of the energy.
is shown in Fig. 2 for the x=0.3 case. For large values of the system of linear size L, these

We have also investigated the shape of *he magnetic do- quantities are expected to scale with L as follows:
mains formed in the irreversible region. Here the domains VxL - (9)
look like distorted pipes that are placed one beside the other,
trying to keep an antiferromagnetic order along the c axis. In V2 cxL - "u, (10)
each plane, cOusters of opposite orientation are separated by
vacancies in order to avoid losing exchange energy.26  cjt,,,, = Co + C IL'a/ (11)

Xst nax', L YP, (12)

IIl. CRITICAL EXPONENTS mn.[T,,(o)]cL-]L ", (13)

A. Technical description TC(L) = Tc(C) + CAL- (14)

The Monte Carlo histogram method29-3 1 is known to be Having a certain knowledge about the location of T,. helped
a very accurate way to determine critical exponents. It does us to neglect, in this first approach, corrections to scaling. In
not need a previous knowledge of T, with an overwhelming addition, as our smallest size is L = 12, corrections to finite
precision, as it was the case with traditional Monte Carlo size scaling have also been neglected.
calculations of critical exponents. We have estimated v independently from Eqs. (9) and

We have used our previous results on this system to (10). With these values, we calculate y from Eq. (12). We
locate the temperature To where the Monte Carlo simulation have then estimated T,(-) by extrapolating Eq. (14) for each
is performed. We have calculated the following quantities: observable. Using this value of T,(oo), we calculate 8 from
staggered magnetization, Eq. (13). The Rushbrooke scaling law a+23+y=2 allows

us to obtain a. Finally, using the hyperscaling relationship,
mnt= (ist)i, (2) we can estimate the effective dimension of this model, d = (2

1 Nk 1 - a)v.
Nk=T 7 1+ _ j (3) ofB. Analysis of results

where i,j are th.; sub'scripts in the plane and k is the sub- 1. The pure system
script corresponding to the c axis. In the following, we will We have performed a Monte Carlo histogram calculation
consider systems of equal number of sites in each direction, for lattices of linear sizes L = 12, 18, 24, and 30 at the tem-

andwer poer spin sperature To near the TN obtained in our previous study. Fig-
ure 3(a) shows the finite size scaling study of staggered mag-

E = (,k); netization cumulants done over the first three lattices. The
specifi,; heat, value obtained is v=0.59±0.03.

Figure 3(b) shows the fit of Eq. (12) to our data. We get
7 1 a value y=1 19_0.08.
Ck-•T((, )(. ); (4) The determination of 8 needs an estimation of the criti-

cal temperature of the infinite lattice. It has been extrapolated
staggered susceptibility, from the behavior of the extrema of different observables as

I a function of L- We have found 23.12 ±-0.03 K. The fit
Xst= k"•((/.(St- 2 ); (5) shown in Fig. 3(c) gives 6=0.27±0.04.

Using the Rushbrooke relat"jnship, we obtain a-0,27

first-order cumulant of the order parameter, ±0.10.
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FIG. 3. x=1, h=0. (a) In V,(O), In V2(0) vs InL: determination of v, (b) FIG. 4. x=0.9, h =0. (a) In V1(O), In V'2 (0) vs In L: determination of v,
In X, vs In L: determination of y. (c) In 1,[T7' N(°)l VS In L; determination (b) In X,, vs In L: determination of , (H) Ih 'n,,1 TN(W)] vs In L: dc'wrmina-
of P. tion of 8,

With these values, the hyperscaling relationship gives an for systems of linear sizes L = 12, 18, 24, and 30. The fit of
effective dimensionality of dcff- 2.93. This shows that the V, and V2 , shown in Fig. 4(a) gives v=0.56±0.03, lower
layered structure of the system does not affect its effective than the value obtained for the pure :;ystem.
dimension, even in the case of a quite weak interlayer co - From the fit shown in Fig. 4(b), we get y=1.07_O.O9,
piing. again lower than the value obtained above.

The set of critical exponents obtained above does not The 'xtrapolaied value for the temperature of the infinite
exactly correspond to that of the 3-D Ising model,24 although diluted lattice is TN(.)=20. 2 7 _0.03 K, which gives/3=0.36
some of them are rather close to it within the error margin. ±0.07 [Fig. 4(c)].
Surprisingly, this set is found to be similar tc the results When applying a uniform magnetic field to the diluted
obtained for the frustrated 3-D Heisen!erg spin systems. 32 33  system, the correlation length exponent is clearly increased.

On the contrary, the other exponents are less affected, for the
studied fields, h =0.25 K and It =0.5 K, which correspond to

2. The diluted system a quarter and a half of the co."responding threshold field for
this dilution.

In this first approach, we have studied a system with a Figure 5(a) shows the fit of Eqs. (9) and (10), which
smal! dilution p=0.1. The results shown have been obtained gives 1=0.68±0.005 for the case h =0.25 K. The fit of Eq.
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8 I I I magnetic interaction and dominant nn in-plane interactions,

as well as the suk)erexchange between planes, are enoulgh to
7.5 v0.68 T 0.004 -" cause a deviation of the critical exponents from those of the

> .. 3-D Ising model, even in the pure case. These exponents are
4- 7 . - closer to those of 3-D frustrated systems (antiferromagnetiv
> ."stacked triangular lattices with I eisenberg spins) than those
-6.5 - of the nonfrustrated 3-D Ising model.

"S We have also found that for this system of weakly
6 X=0.9, h=0.2ý K coupled layers, the effective dimen,,sion remains 3. As soon

* as additional disorder is added to the system by means of
5.5 I I I I simple dilution, critical divergences are reduced. This is seen

2A. 2.6 2-,8 3 ,32 3.4 3.6(a) In 3 . by examining the values of v, y, and a given in Table II.

When applying a uniform mag,,tic field the diluted qys-
tern is expected to behave like a RFIM. However, the results

2.8 I I I A obtained do not correspond to those pedict:'d for the 3-D
2.6 1 RFIM.35 '3 6 This work shows that it is not obvious that the
2.4 FexMg 1 _.-CI2 system belongs to the RFIM universality class.

2.2 Further work concerning higher dilutions at different
S2 fields is in progress.

1.8 .' We summarize the previous results in Table II.
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Simultaneous surface and bulk magnetic properties investigations
by using simultaneous gamma, x-rays and conversion electron
M6ssbauer spectroscopy: Method and experimental results

A. S. Kamzin, L. A. Grigor'ev, and A. F. loffe
Phy'ico-kTchnical Instiute RAS. St. Petersh•urg 9)41121, Russia

The surface and bulk phase transitions in , microscopic antiferronmagnetic Fc1l3O(, crystal was
investigated by mecans of new method: Simultaneous gamma rays, N-rays, and electron Mi-ssbauer
spectroscopy (A. S. Kanizin, V. P. RuseIkov, and L. A. Grigor'ev, in Proceedings of the Iniernational
Conference "Physics of transition metals," USSR-1988, Part 2, p. 271; A. S. Kamzin, and L. A.
Grigor'ev, Pisma Zh. Tekh. Fiz. 16, 38 (1990) [Sov. Tech. Fiz. Lett. 16, 417 (1990)]). which makes
it possible to study simultaneously the surface and volume properties of a bulk crystal.

I. INTF4ODUCTIOIN II. METHOD OF SIMULTANEOUS GAMMA RAYS, X
RAYS, AND ELECTRON MOSSBAUER

At the spin-reorientation phase transition (SRPT), it was SPECTROSCOPY

observed that (1) the tirst-ordtr SRPT transition in) the vol- In the "classical" MI'vssbauer spectroscopy (MS) in the
urne of the crystal is acconipanied by second-order reorien- transmission mode (TMS) the y rays permeating the sample
tation of spins on the surface of crystal; (2) toard the sur- are detected, thus giving information on 'he whole volume of
face of the crystal the temperature interval of the SRPT are the bulk samples. After absorption, the deexcitation radiation
increasing and no displacement of the center of the transition of nucleation in the absorber are the y rays, the conversin,
.egion is obscrved; (3) outside the SRPT region, the direction and Auger electrims (CED), and charactei istic x rays (CX).

of the magnetic moments on the surface are different from in Missbaucr spectroscopy CX (CXMS) allows us to study the

the volume of the crystals, and differences are increasing to properties of a few /rin thick layer of a bulk crystal. In the

Ith surface in thae limit of the "transition" layer, case of oMssbaut r speictd rscompy with detection CE (CEMS),

It was found that (I) the Noel temperature for the surface the information is extractd froy a -300 ni (for Fd C57) sur-X

is lower than for the bulk; (2) there exists a surface layer (f face layer on the bulk sample.
"criticil" thickness, within which the transition temperature The method of simultaneous gamma rays, x r::ys: and

TN(L) increases with a distance from the surface and reaches electron MW~ssbauer spectroscvpy proposed in Ref. I corn-

hines these three modilications of MWssbauer effect measure-
at the lower (from the surface) boundary of the "critical" ments. The universal detector 2 anid M(i-ssbauer spectrometer
layer the value of Ned temperature for the volume of the constructed around the universal detectui (Fig. 1) makes itcrystal, possible to obtain thl'. MWssbatv.ýr spectra immedviately by de-i

In order to understand surface phenomena, so as to de- tecting the )/ rays, characteristic x rays, and secondary clec-
termine how surface and bulk properties are relateu to each trons, thereby simul tancously studying the properties of the
other, it is nece.sary to investigate the surface of bulk crys-
tals in comparing with investigations of vAlunie prop'rties of __I

that material, as well as the profiles of the prvperties (layer
by layer analysis) of the suface layer. For this airn the ex- C XE G
perimental methods are very useful, which give us the pos-
sibility to study the surface and the bulk properties of mas-
sive crystals simultaneously. We have showni that the IV H
IM sbauer effect measurements are simultancous by detect- e
ing gammn rays in the transmission geometry, and (conver-
sion x-rays and conversion electrons in the backscaltering
mode i.rc very suitable in each case.

In the present paper, we describe (I ) new method (simul- SCSC C SCA ESCA

taneois gamma ravs, x rays, and electron M(isshaue:r sp)ec- Ca s "L
troscopy), which have been offered and used in Ref. I .nd ...nd....

that iives us the possibility to investigate the surface and IBH PC
bulk properties simultaneously; (2) results of investigations
of ti:w surface magnetic system behavior at th,: phase transi-

i,,.)s (tile Neel temperature as well as the spin-tcorineitation FI . ( hi Universal detector and bltck diagram ol1 the .system for tile .Mc l-

phase trausition) in the i;-ilk of crystal. tanuwius p11nniIa, x rtys. and ctcc'ra MOsslImuer spectroscopy.
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volume and surface layers of bulk crystal. The y rays emitted signal. A given motion is provided with the accuracy of not
by a Mfssbauer source (S) pass through the sample (C), greater than 0.03%.
through a hole in the heater (H), and are detected in chamber Tile impoltant advantage of thli method, of simultaneous
G. The sample is located in chamber E, and CE emitted from gamma rays, x rays, and electron MWssbauer spectroscopy, is
the sample are detected right in that chamber. The CX rays, that information from the bulk and surface of a macroscopic
after leaving the sample, pass through a beryllium foil (W) crystal is extracted: (1) simultaneously under identical con-
that separates counters E and X, and are detected in chamber ditioni of the sample; (2) by using one method of investiga-
X. Therefore chamber E detects only the conversion elec., tion (tile Missbauer effect), which makes it possible to com-
trons, counter X detects only the conversion x rays, and pare expcrimental results on surface and bulk properties
chamber G detects only gamma quanta. This mnthod of in- strictly.
vestigation was later called simultaneous triple radiation
M6ssbauer spectroscopy. 3  IIh. INVESTIGATION OF THE SURFACE AND BULK

It is known that the energy of an electron that has go out SPIN-REORIENTATION PHASE TRANSITION
from the sample depends on the distance from the surface of I1 ANTIFERROMAGNET Fe 3BO 6
the atom in which this electron was formed. Our electron
,':ounter has quite a good resolution, and by u:,ing discrimi- We have studied the magnetic structure and SIlPT in a
nators (SCA in Fig, 1) we have the possibility to choose the surface layer and in a volume of a bulk crystal Fe3,1

30, by

electrons in a definite energy group 4-6 Taking into account using the new experimental method described above in Sec.

the probability that art electron reaches the surface of the I1 and in Ref. 1,

crystal, it is possible to investigate the properties of a thin Surface stuteies were conducted on crystals chemically

layer located at a definite depth from the surface, When a polished for -50 h at room temperature in 1:1 mixtures of

proportional detector is employed, the location of t'oe layer H3P0 4 and 112S04 acids, The experimental M6ssbauer spec-

and its thickness are not determined as accurately as with the tra obtained below and above the SRPT temperature

electrostatic, or magnetic energy analyzer. However, a pro- iu=-415 K consist of two sextuplets, corresponding to

portional detector is much more efficient, and thus has cer- iron ions in 8d and 4c positions. In the SRPT rgion, experi-

tain advantages, mental spectra consist of the sur.nrposition of lines obsvirved

It is not difficult to detect electrons at room temperature, at the temperatur" below and above the SRPT temperature.

but difficulties arises when the rneasurements are made The lines corresponding to different phases are well re-

above or below room temperature, because the sample is solved, which ma!es it possible to investigate the behavior

located inside counter E. In the universal detector, the fur- of tile magnetic moments of each position and phase.m

"nace heats only the sample, but n',t the ambient gas. This is The angle O determining the direction of the magnetic

achieved by the multilayer heat insulation of the heater and moments, with respect to the wave vector of the y rays, were

also by its housing on needle supports. Liquid nitrogen vapor found from the ratios cf the intensities rof the second and first

passes along the heat guide to take measurements at tile re- (fifth and sixth) lines of tile Zeeman sextuplets, using for-

gion below room temperature. Thus, we have possibility for mula 1zI1.•,(4 sin'0)/3(l+cns 1!). The temperature do-
measurements in the interval from 100-750 K, vth the ac- pendence of this angle is displayed in Fig, 2.

curacy of 0.030-0.2", depending on the measuelments re.- It is evident from Fig. 2 that the magnetic moments in

gion. the volume of tEac crystal are oriented only the two values, 0

To diminish the dead time of the storag, system (MCS) or ir/2. In the SRPT temperature range, thest: two phases

we set the input pulse duratior lcss than two buffer counters coexist. This resuIts prove convincingly that SRPT in tie

with checking before switching.7 The form of mo'ion of the volume of Fe3B30, crystals occurs as a first-order phase tran-

M6ssbauer source is controlled by tie standard feedback sition in a temtw -ature range from T, up to T.,.

(FG) signal. We have offered 7 to use at, other opt~on:.i con- The magnetic moments on the surface layers outside the

trolling signal (CC), which is generated by adding the error legion of SRPT tilt away from the directions along which the

signal averaged over 100-1000 periods to the current error moments are oriented in the volume of crystal. The tilting
angle, increases as the surface or the 3RPT is approached. In
the SRI'T region, in a surface layer, the angle 0 varies cott-
tinuously from one value to another,

The theoretica0 studying of the problem of a spin-
- reorientation phase transition (SRPT) on a surface showed

•*0 ," -. 1that the shape of the temperat:, hysteresis loop must
change.9 Comparison with theorctica results) reveals that the.
experimental data are in good agreement.

20

__44V IV. THE SURFACE AND BULK MAGNETIC,3- o oPROPERTIES OF THE ANTIFERROMAGNET Fe 3BO 5

NEAR THE NEEL TEMPERATURE
1Ic1. 2. Experimental plots of the angle 0 versus temperature in the volumc
(CJ) and surface layers of tile FBc11)0, crystal. Layer thickness (± 10 111): Analysis of the experimental spectra of Fe3130(, near the
0-40 ant (O) 50-90 nm (V); and 150-2(X) nm (x). Neel temperature showed that they can be divided into four
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In summary, analysis of the experimental results has
shown that as the temperature increase in some sections42- P,• / x, l paramagnetic regions arise direcutly on the surface of the

'\ P crystal. As the crystal is heated further, the paramagnetic
CA regions on the surface expand and penetrate deeper into the

crystal. At a certain temperature below the Neel point for the
Of bulk of the crystal, the enifire surface becomes paramagnetic,

40[ and with increasing temperature, deeper layers transform into
20[ the paramagnetic phawe. At the Neel pohit the magnetic order

1,0 J2.__ destroys the ontire remaining volume of the crystal. Thus,
440 400 40 0 TV) there exist a surface layer of "critical" thickness, in which

the transition temperature TN(L) increases with a distance L
from the surface and reaches at the tower (from the surface)

FIG. 3. Phase diagram of FeBO(, near tht; Nee! temperature, One-boundary boundary of the "critical" layer the vaue of TN, correspond-
line Tw(L); 2-T,(L); and 3.-TN(L). ing to the volume of the crystal.

characteristic groups:10 M, W. S, and P (see Fig. 3, where L 'A. S. Kanizin, V. P. Rusakov, and L. A. Grigor'cv, " Phvwics of transition

is distance from the surface). The M spectra consist of two metals," Proceedings of the International USSR Conference, Part 2, p.

Zeeman sextuplets, P spectra---of iwo quadruple doublets. 271.
2A, S. Kamzin and L. A. Grigor'cv, Pismn Zh, Tekh. Fiz it, 38 (1990); A,

This means that the material in the M region is magnetic, in S. Kamnzin and L. A. Grigor'ev. Prib. Tokh. Eksp. 2, 74 (1991).
the P region-in the paramagnetic state. In region W, the -u. Gonser, P. Schaaf, and F. Aubertin. [,yperline Interact, 66, 95 (19')t).
widths of the outer lines of the sextuplets increases up to the 4 A. S. Kamzin and L. A. Gdigor'cv, Pisma Zh. Tekh. Fiz, 19, 50 (1993); A.

S. Kamzir, and L. A. Grigor'ev, Pisma Zh. Tekh. .iz. 19, 32 (1993).TN(L), the width of the inner lines do 5nt change. The ex- sM. Inabs, Hi. Nakagava, and V. Ujihire, Nucl. hnstrum. Methods 180, 131
perimental spectra observed in the S region consist of a su- (1981).
perposition of lines of the paramaginetic doublets of the P 6A. S. Kamzin and V. P. Rusakov, l'rib, Tckh. EAksp. 5, 55 (19t38).

phase on the spectra of the W phase. As the temperature 7 A, S. Kamzln, S. M. Irkaev, Yu., N. Mal'tscv, and L. A, Grigor'ev, Prib,
Tekh. Eksp. 1, 8(0 (1993).increases from T,(L) to TN(L), the intensities of outer lines X A, S. Kamnzin and L. A. Grigor'ev, Zh. Eksp, Teor. Fiz. 104, 348( (1993),

decrease and at the TN(L) thesc lines vanish. In thoke tern- q I. Kaganov, Zh. Eksp. Thor, 1;z, 79, 1544 (1980).
perature intervals, intensity of inner lines increases. "'A. S. Kionzin and L. A, Grigor'ev, Zh. Eksp. Teor. Fiz. 105 (199A).

Publlshcd without author carrvt.Iions
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Magnetic prope~rties of FexCul _x granular alloy films
Pang Chubing, Chen Hayiyng. LI Guozhong, and Dai Dalosheng
Depar~tmeunt of Phiysics, Peking Un~iversiy, Beijing 100871, Peoples~ Republic oj'( 1mw

The magnetic properties of the Fe,Cul--., granular system, as functions of iron particle size, were
studied, Using high resolution transmission electron microscopy, iron particle size was determined
to be ranged from 1-4 nm in as-deposited samples as .%:=0)6-0.34. Magnetic me asu re mentts
revealed that samp,'es exhibit superparanmagnetic relaxation tbclow 3(00 K as v--0.22. At 1.5 K, the
average magnetic moment per each iron atomn is reduced as thle average number N of iron atomis in
a particle is less than 450, and approaches tile value of bulk iron as N->600. Moreover, the
temperature dcpý-,dence of magnetization for Fe-Cu granular alloys was found to obey the Biloch's
,1,1/ law below 30(0 K as x>0.22, We suggest that spill wave excitations of long wavelength occur
due to the weak exchange coupling among iron particles as x>').22. This behavior was confirmed
by the ferromagnectic resonance study,

1. INTRODUCTION fraction pattern, (I 11), (20(0), (221)), and (311) reflections of

Thle studies of surface nmignetism of ferronmagnetic ma fcc Cu and (201)), (211), and (220) reflection,; of lbcc Fe
terials have discovered that the magnetic moment of surface aippear, indicating that iron parti.les have precipitlivcd from
atomis such as Fe( 110) and NiCl 1l) is enhanced, 1,2 This be- thle filmi and formi tY, bee structure. In ilic TEM image, oIIC

havior was also observed in multilayered thin films (eon.. canl see that iron particles are wcry small, about 2.3 tim in
Fe/Ag,3A Co/Pd,5' and Co/pt 4"). It is very interesting whether diameter, and dispeised homiogeneously in thle film.
magnetic moment of the ferroniagnetic particles., such as Fe, Figure 2 shows magnetization curves for FeCul _. filmns
Co, and Ni, is enhatictd when its size is reduced. In recent with x =0. 10, 0. 1 6, and 0.22. It is seen that samples exhibit
eXpr.1_iMentS,7-9 the magnetic behavior of Fe and Co clusters supcrparaniagnc,,,w relaxation below room temrperatures as
containing several tens to hundreds of atomis has been inves- x--0,22. In the suaperparaniagnctic state, the effective mag-

tigated by using the Stern-Gerlach method. It was found that neti tmomenature 7' isr gie-C bamlesi h mgeifed
the average effective moment in Fe and Co clusters was be- atem rtue7isivnb"
low ihat of bulk Fe and Co, respectively. Chiein ei al, tO) have
studied the magnetic properties of iron particles in the
Fe- SiO2 granular filmns, and pointed out that the coercivity
of those films was enhanced. It was also reported that the e20
ferromagnetic, superparamagnetic, spin-glass, and cluster- F(
glass behaviors exist in granular alloys.' In this paper, the
magnetic properties of Fe.,Cu 1 ,granular films, including F(0.
supc rparamagne tic behavior, effective exchange coupling,FeI10
and thle low-dimiensional effect, were discussed.

1I. EXPERIMENTS u20
FeCu I- films were prepared by thermal co-

evaporation method in a vacuum of 2X 1(),- torr Onto giass CI20

siubstrates cooled by liquid nitrogen. Thicknesses of films are 31
about 500 nm. The iron volumne fraction x was determined to
be 0.06, 0.10, 0.13, 0.16, 0.20, (1.22, 0.24, 0.26, (0,28, 0.3(1,
and 0.34 by electron energy spectrum analyses. The structure
of films was characterized by electron diffraction and high
resolution transmission electron micrograph (TEM). Magne-
tizdition curves for all samiples at different temperatures were
measured by a LDJJ 9500) vibrating samplc magnectometer
(VSM). The ferromagnetic resonance measurements for
samples with x =0. 16 and 0,30 were carried out by using an
electron paramlagnetic resonance spectrometer working at
x-band (9.8 GI-z) at room temperature.

III. RESULTS AND DISCUSSIONS

Figure I displays the electron diffract ion pal--i ani~tid FIG. I Plectrotni tiffnict in piltu ni mid titrk-iictd inicrogr~ipli toiitsai-

central dark-tk~ld micrograph for Fe0 .22Clu117H filml Inl thle dif- prepared Fe,('Ii titin. Thle irni ctiistcr% iire iiidiciaed by arrows.
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FIG. 3. The size dependence of the magnetic moment per iron atom for
FIG. 2. Efftctive magnetic moment /Apff per iron atom as a function of Fe-Cu film at T= 1.5 K.
magnetic field for Fc-Cu films with x=0,10, 11,16, and 0.22 at T=160, 236,
and 300 K, respectively. The solid lines are the theoretical curves obtained
with Eqs. (1)-(2) with D=11.3 A, nr=1,05 forx 10.10; i)=1316 A, a=1,10 3
fun x=0.16 and =22 A, and a=1.255 for x=0.22. /.A(T) =/0o(1 --BT3 /2), (3)

which describes the thermal spin-wave excitations (Bloch's
7,3/ 2 law). Obviously, it is hardly possible to excite a long-

etf = L(v)f(v)dv, (1) wavelength spin wave in an individual iron particle with size
J of about 3,0 nm. As iron concentration x is Iirger thian abou,

where L(v) is the classical Langevin function, f(v) is the 0.24, a inagnetic percolation effect sets i:n. 13y fitting the
sizf, distribution function, u is the volume of iron particles, experimental data to Eq. (3), the Bloch constant B is ob-
and A is the magnetic moment per iron atom in a cluster. For tained to be 1.34X 10-4 K- 3 '. This B value is much larger
simplicity, the lognormal distribution function for spherical than that for the bulk iron (about 3.5X 10-6 K-312), We sug-
iron particles with diameter D is assumed, gest that an effective exchange interaction among single-

domain iron particles appears for a Fe-Cu granular system
f(D)= exp[- (In D-In D))/2(ln o-)2]/J2 In o-. (2) with x,-0.28, leading to the excitation of a long-wavelength

By fitting the experimental data using Eqs. (1) and (2), the spin wave in the whole film. Since the Bloch constant is
average diameter D and the width (r are estimated. For the related to the exchange energy constant, then we deduce that
x = 0.22 sample, 5 = 22 A and Tr= 1.155, in agreement with the effective exchange constant is about one order less than
the TEM observation. From the 5 value, the average number that of the bulk iron. There is other evidence that may sup-
N of iron atoms in a cluster for Fe--Cu samples can be de- port the above suggestion. Figure 5 shows resonance field
termined and listed in Table I. Hra vs the orientation 'kl of the applied dc meg.,etic for

Figure 3 plots the average magnetic moment / at 1.5 K Fe-Cu samples, with x--0.16 aid 0.28 at 300 K. For the
as a function of the average number N for Fe-Cu samples. It x =0.16 sample, the magnitude of H,,, is almost independent
can be seen that the magnetic moment of iron atoms in- on the orientation, reflecting very little shape anisotropy.
creases rapidly with ?i as N<450, and approaches 2.2ýuy as This very small angular variation of F!,,., results from the
N>600. This reduction of A as N<450 may result from the uniform precession of individual iron particles with spherical
d-s electron hybridization on the interfaces between Fe par- shape in the film. However, at x =0.28, the Hrcs value in-
tides and the Cu matrix. t 2 Since the ratio of surface iron
atoms to volume increases with the decreasing particle size,
the average magnetic moment of iron clusters is hence re- i.4
duced.

Figure 4 gives the temperature dependence of magneti- X 0.28.
zation ,,(T) for Fe,.Cuý . sampl,: with x=0.10, 0.13, 0.22,

and 0.28, As x--0.22, pAT) decreases linearly with the in- 2ý2
creasig temperature below the blocking temperature. Such a 0 1.2

linear dependence of magnetization is often associated with "-Z 0. I
two.dimensional (2-D) magnetic behavior. At x=0.28, A(T)
can be fitted to the equation • 0.4-. .. .

0.4 . . L

TABL.E 1. The average number N of iron atoms in a ,!uster at eaclr volume 0 150 1) 0 1 ] 200 ,)0 ;to()0

fraction x. 'rC IIII , (K)

x 0.06 0.10 0.13 11.201 0.22 01.24 0J'.7 01.311 01.34 FIG. 4. The temperature dependence of tic effective magnetic imomrenlt of
N 34 103 297 396 471) 495 651 7411 940 iron clusters for Fe.-Cu tilms with x=0.1(0. 1.13, 0.22, and 11.28. The solid

lines are the fitted curves.
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behavior exim.z, in a Ve.tCut x granular sy:iem below 300 K
as x O0.22. At 1.5 K, the average magn,-tic moment of iron
atorrs decreases rapidly as iron particl,ý size dec,'-cesý,s. ThisS6 behavior is understood by the hybridization of the d--; elhc-

tron on the surface of iron cluster The appearance of iong-
4 16 - wnwel(ength spin w:.ivc excitations at low temperature and the

.. -. ferromagnetic resonipcc experiment confirm that the weak
2 Le exchange coupling exists among iron particles as x>0.22.
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New possibilities offered by high resolution Fourier transform spectroscopy
in studying magnetic phase transitions

M. N. Popova
Institute of Spectroscopy, Russian Academy of Scieacc's, 142092 lroitsk, Moscow Rcgion, Russia

High resolution optical absorption spectra of an intrinsic R3 ' ion or Er 3 ' probe were measured in
cuprates R2CuO 9 and R2BaCuO5 related to high T, superconductors of the 123 type and in
low-dimensional nickelates R2BaNiO5, We have registered for the first time phase transitions, some
of them not detectable by other methods, in RBaCuO. with R=Y, Lu, Nd, Dy, Yb, and Lu, in
R2BaNiOs, with R=Nd, Sm, Eu, Dy, Ho, Tm, and Lu. Coexistence of two different magnetic phases
in Y2BaCuO 5 and Lu2BaCuO 5 in a broad temperature range was demonstrated. Fine splitting of the
low temperature magnetic phase transition, possibly caused by the interaction of critical
fluctuations, has been observed in Dy 2BaCuO<,. Low-dimensional correlations at temperahares
higher than the temperature of three-dimensional (3-D) magnetic ordering have been analyzed in
quasi-2D compounds R2Cu20 5 and quasi-I-D R2 BaCuO.5 . We developed the method of the Er3 f

probe in P. series of isostructural f-d compounds to select the right magnetic structure of an ordered
d subsystem from several structures that fitted neutron scattering data equally well.

I. INTRODUCTION Cu2 ' ions not interconnected by direct bonds through oxy-

The method of the rare earth (RE) spcctroscopic probe gen. Various Cu-O-O-C-. or Cu-O-R-O-Cu superex-

has earlier been shown to complement substantially other change paths, low dimensional in particular, may dominate

methods of studying magnetic phase transitions (see, e.g., in these compounds, depending on a particidar Rý' iou.
Ref)Thods ofstudinter magnetic phiel thansitionp s (ue, tmg. R2BaNiOs with R=Lu and Yb are isostructural to the green- Ref. 1). Thle internal mag;netic field that appears due to mag- phases, while the other members of this f'amily with R=Y,

netic ordering in a system splits the Krainers doublets of a Nd -s d, while the sother b y of this amily plet ely

RE on.Thedetctin f a apropi-ac secrallin spittng Nd-Gid, Dy-Tin (also studied by US 1
4 ,'

1 ) have at completelyRE ion. The detection of an appropriate spectral line splitting different structure, containing 'solated -Ni-O-Ni- chains.
versus temperature delivers information ott a magnetic order- Polycrystalline samples of the mentioned compounds,
ing in a system. T'ypically, the spectral resolution of grating pure or with y at. % of erbium introduced as a spectral probe,
spectrometers used foi such studies is (1.5-1 cm°• in the pr rwt t febu nrdcda pcrlpoe

isetrimetArs wsed hav suhown udreenly, inho.5-1mo inou the were prepared from oxides by solid state reaction in air. Tihe
of som e halelines-ecetlyasnsmal nca s width powder samples were carefully ground, mixed with ethanol,some RE spectral lines may be as small as 0.0 li7 ini. and put on the sapphire platelet directly before the window
The most intense allowed in free ion optical transitions lie in of the hl;. detector. The whole assembly was inside an op-
the infrared and occupy broad spectral regions for a majority tical cryostat, either in liquid helium or in cold helium vapor.
of RE ions. It is advantageous to register such spectra by a Near infrared spectra due to optical transitions in the intrinsic
Fourier transform spectrometer rather than by a classical R3 ion or Er34 probe were registered at 2-12 K, with a
one.3 

1

In this paper, by the example of the RE-transition metal spectral resolution down to 0.06 csm 1 employing -the

magnetic compounds related to high-T,, superconductors, we

demonstrate that high resolution Fourier transform spectros- we measured diffuse transmittance spectra. Absorption spec-

copy combined with some special technique proposed by us4  tra were then calculated by the appropfriate computer pro-

broadens considerably the method of a RE spectroscopic gram. The width of some spectral lihm.:; in our samples at 2 K
was as small as 0.1 cm.

probe and offers new possibilities in studying magnietic com-

pounds. The work of the author's group is summarized. Ill. DETECTION OF MAGNETIC PHASE TRANSITIONS

i .AP SN E E High resolution spectrum of R3, Kramers ion in a crvs.
II. SAMPLES AND EXPERIMENT tal is extremely sensitive to the changes of the local magnetic

We have carried out the spectral studies of RCu,0.•Ot, field at the place of this ion. This gives us a possibility to
(here R stands for rare earth or yttrium), R,BaCu.5s- 2 and register unambiguously magnetic phase transitions, even
R2BaNiO 5 (R-l.u,Yb)13 magnetic cuprates and nickelates, those not detectable by other methods and, in some ý,;scs, to
which are related to high-T,. superconductors of the 123 determine their nature. We have aound, for the first time,
type. It is interesting also to study these compounds in con- magnetic ordering in YBaCuO5 ," LuEaCuO,'t

nection with the problem of low-dimensional magnetism. NdBaCuO,,12 RIBaNiO,, with R',Lu. Nd, Smi. Eu.
There are CuO planes in the structure of R2Cu 20 5 (R= Y,Tb- Dy, lio, and 'I'm,,'l3 5 'Ind specitied the temperatures T,. of
Lu,Sc,ln), with intraplane Cu-Cu distances considerably appropriate phase transitionm. Spin reorientation first-
smaller than interplane ones. The so-called "green pthases'" order phase transitions riot known before have been
R2BaCuO5 (R=Y, Sm-Lu) and "brown phase" NdBaCuO5  detected in YLaC'()uO,'li" Dy,2Ba('uO."' Iu,13a(LuO,
of R-B,t-Cu-O superconducting ceramics contain isolated and Yb,2 a('uO5..'
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FIG. 1. Low-frequency part of the 411512 411312 absorption of the Er3 + FIG. 2 Reduced splittings of tl,,! Er3, probe spectral lines in Y2Cu2Os and
probe in Y2BaCuO, at different temperatures. Er2Cu:O..

On the other hand, our spectral method permits us to V. SPECTRA OF EP+ PROBE AND MAGNETIC
verify the interpretation of magnetic susceptibility (X) and STRUCTURE OF d SUBSYSTEM
specific heat (c) measurements. Thus, we have shown that We have shown that in thc cuprates studied (1) the split-
the maxima in c(T) and X(T) curves for Er-.BaCuO 5 and in tings of the Er3+ probe spectral lines are:, mainly, due to the
the X(T) curve for Er2BaNiO,, which had been attributed to interaction with a d magnetic sul:system, while the interac-
phase transitions within the erbium magnetic subsystem, tion with f ion't (RE ions) contributes little; (2) Er-C,, inter-
were, in fact, caused by the population changes within the actions are highly anisotropic. On ,hese grounds, we pro-
ground Er 3- Kramers doublet split by an exchange interac- posed the met'.iod of the Er3+ probe irt a series of
tion with an ordered d subsystem.14,t1 isostructural f-d compounds to select the right magnctic

structure of an order.,,d d subsystem from several structures
IV. COEXISTENCE OF TWO DIFFERENT MAGNETIC that fitted neutron scattering data equally well. This method
PHASES has been tested on R2Cu2O5 cuprates,6'7 where reliable neu-

tron scattering data exist and applied to some of the
In the region of first-order spin reorientation phase tran- R2BaCuO5 compounds. t The analogous work -)n the

sition, two magnetic phases coexist, usually, in a small inter- R2BaNiO5 chain nickelates is in progress now.
val of temperatures. The spectrum is a superposition of two
different spectra with temperature-dependent relative intensr- VI. LOW-DIMENSIONAL MAGNETIC CORRELATIONS

ies. High spectral resolution and precise temperature controlns
(-0.02 K) enabled us to separate these spectra and to regis- AT T>T 0
ter the temperature dependence of their intensities.8-ti For T>T,. the splittings of spectral lines •v do nut

We have found that in Y2BaCuO 5 and Lu2BaCuO 5 , two vanish-a "tail" is obs',rved due to short range orde-,'. We
different magnetic phases coexist in a broad range, starting have compared the depeidences Au (TITJ) for the Er3 4

from the temperature of spin reorientation transition TR probe in two R2Cu20 5 compounds with identical structure of
(TR-1 2 K for Y2BaCuO5 , T7-15 K for Lu2BaCuO.), and copper magnetic moments /tcu (ferrc.imagnetically ordered
down to the lowest measuring temperature of 2 K.t1'tt Evi- ab planes coupled antiferromagnetically with one another,
dently, various links Cu-O-O-Cu compete with each other /Acu aligned along the b axis), but with strongly different T,.
in these compounds. temperatures, namely, in Er2Cu20 5 (T,. =28 K) and Y1 Cu1 Os

Figure 1, showing the lowest-frequency lines in the (T,= 14 K).7t6 Figure 2 shows these dependences. Both de-
.415/2,-4113/2 spectral transition of the Er 3

1 probe in pendences have a point of inflection at T= T, but the "tail"
Y2BaCuO 5 at different temperatures illustrates our research, is about two times tonger for the second one. This fact can be
The line splitting above 16.5 K manifests magnetic ordering naturally explained if wc assume that two-dimensional (2-D)
of copper magnetic moments. At about 12.5 K, the spectrum magnetic correlations within isolated CuO planes take place
changes abruptly. These changes are best seen for the high- below the same temperature in both compounds, while
frequency line in Fig. 1, namely, two components of the split Er2Cu 20 5 , where these planes interact through magnetic
line diminish in their iptensity, whiie a new line appears Er3+ ions orders three dimensionally at a two times higher
between them. Such a behavior cannot be explained by temperature than Y2Cu20 5 wih ntonmagnetic y 3 l ions.
population redistribution withit the sublevels of the split We have observed in Nd2 3'bCuO5 an unusually long
Er ' ground Kramers doublet, when changing the tempera. "tail" extending until about 10T,. :uld have explained it by
ture. It clearly shows the appearance of a new magnetic quasi-l-D magnetism in this compound.12 Such an explana-
phase with a different exchange field for the Er3+ probe. It is tion was confirmed later by .he neutron scattering
worth mentioning that neither magnetic susceptibility notr measurements.17
specific heat measurements suggested any magnetic phase Various manifestations of low-dimensional magnetic
transition in Y2BaCuO5 . correlations have been observed in the spectra of the erbium
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How does mean-field theory work in magnetic multilayer systems?
Xiao Hu and Yoshiyuki Kawazoe
Institute for Materials Research, 7Whoku University, 2-1-I Katahira, Aoba-ku, Sendai 980, Japan

Phase transition and critical phenomena in magnetic multilayer systems are studied in terms of
Ginzburg-Landau mean-field theory. Detailed calculations are carried out for a system consisting uf
a layer of finite thickness coupled to a semi-infinite bulk magnet. Correlation functions are derived
and the shift in critical point with the overlayer thickness and coupling between the neighboring
layer is evaluated. A new critical exponent i= 1 is derived for the divergence of the effective
extrapolation length at the interface with temperature and/or layer thickness,

I. INTRODUCTION m (x11 , z= + 0) = m(x1 i,z= -0). (2)

Magnetic multilayers are known to be very useful for
magneto-optical recording.12 The state-of-the-art technolo-
gies are so sophisticated as to resort to the difference among The thickncss L will be kept finite but large on the scale
the critical points in the individual layers and the detailed of the atomic lengths, The areas of the surfaces anO the in-
temperature dependences of magnetization and anisotropy. terface, on the other hand, are taken to be infinite. The coef-
Among the problems that have been raised from the experi- ficients of the quadratic terms are given by
mental side in the recent years, we would like to call the
attention to the shift of the critical point and new critical
phenomena in magnetic multilayer structures coming from
the finite thicknesses of the individual layers. For example, A I=A '(T'- T,.,),
in the bilayer system for the magneto-optical recording, the (3)
thickness of the layer with in-plane anisotropy is typically of
order of 100 A.2 Therefore, the thin layer can neither be
treated simply as the surface to the bulk medium, nor be A2 =A2(T- T,-2 ),
approximated as a semi-infinite bulk, both of which have
been studied extensively.3- 8 One has to treat a system con-
sisting of a layer with finite thickness coupled to a semi- where T, and T. 2 are the mean-field critical points for the
infinite bulk.9- 

1 2

Since this structure is the simplest one that exhibits the layer in the infinite-thickness limit and the semi-infinite bulk,

most important aspects of multilayer structures, we concen- respectively, and A 2and A are positive constants. The co-
trate on it in the present study. The geometry of the system is efficients Bi and C1 for i = I and 2 are taken to be positive
schematically shown in Fig. 1. The magnetic constants are with weak temperature dependences. The parameter X is
taken to be uniform in the individual subsystems and to adopted to describe the surface condition of the thin layer. In
change abruptly at the interface, the present paper, we consider the case of 7,.1>T,. 2 and

X>0. The free-energy functional studied up to tne present 4-6

II. FORMALISM AND RESULTS can be obtained, puttih, L=O0 in (1).
The differential equations for the correlation functionsThe Ginzburg-Landau free-energy functional 3 for the ardeidfom()nd2)s

present system under an external field can be given as

f= dxj ft 2AI,2+ 4- Bli 4 -4 H xtn

" Ci- 'V) dz+ f dxii - CIX ,nm2(zýL)

A A1 B1 C1 thin layer
" dxII.-/ A~tn2+ B,?4 B2'n-H1t:X11

"" I ' 2(I)\ , 
A2  B2  C2 bulk

Fl. I. (;t •n ty tf ithe p.'csc systei ., tihin layer coaplcd to Se .mrli-
with the following interface condition: inlinile bulk.

7108 J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/`6(10)/7108/3.$6.00 © 1994 American Institute of Physics

- -. - -- - - - - - - - - .-.- - -



I~_ Y2SS(Q11;zZz') &(Z--Z'), O<z<L,

c92S(Q 1 1:z X') (4)
,9 -+-2 ---- y2S(Q11 ;z,,z)-O , :,<O,

for z'>0, and

( - -~-----+YS( 1 1 ;~'~ O<z<L,

1 2.,,(Q1;z9z/) 2  1<O (5)

for z'<0, where

Srr)f 7rISQ;Z)~~ji.Xi~l) (6)

Y ý -+ 2ý_A I Q9 2j-+ 2_A2 2
11 YQ + Q (7)

The boundary i2anditions are

dS(Q1 1;z,z') -XSQ 1 zO'1 1  S(Q11 ;z,z') (.

dz~~- L.- d

S(Qij;z,z') + 0 = S(Qii;z,z')j=, -)(i~zz) = z_+u I d Z,)18)

It is not difficult to obtain the solutions to the aibove equations, and the corielation function is given explicitly for (4),

S(l~zz) I (C I Y1-C 2 Y2 )cxp(- YIZ)+()C1 ~ I± +C2y,)i.ýx IjZ)

xlexpL- 71(2L,-z )]+:ý Iep yz (9)

At first glance., the above correlation function in the layer becomes singular at the critical point 7Tj. Cueo finds, howe-ver,

1 (C IY1 -C2 Y2 )CXP[ - y 1(2L + z-z')]
2 Vi (CIYI±C2 'y2 )(Y1 +X (Yl )/(y A- '77C lYj- C 2 Y2 )eXP(-2-y1 L)

(~dk -exptik(L+z-z')tiA+id 2 ] I cos[k,,(z -z')] ~0
J 27r (k 2+)2isin(kL+01+Ol02) ~ 2 ,.. d d9.

arid tzhree other similar relations, where the summation is on
the solutions of the following equation:k,±y

kL +tan-' -k +tn'kXrn7r, for n=4l,2,...

(11) -1 sin(k,,z-:1- 01)sin(k,,z'+ 01) 1

graphically solved in Fig. 2, 01 = tan-'(k/C7y2) and Ld 1 d~~d ~
to2 -ýtan-1~.k). The integrall terms, which show singularilics 2 12)
at T~j, cpncel completely with each other, and thus the cor-
relation function S(Q11 ;z,z' ) in (9) is equiv;,1ent to

S(,Q11 ;z,z') The abow,'c ompicte cancellationi among the integral

1I cos[h',,,(z-z')]-cos[k,,(z4 z')-l-20, terms is the mecharuisni responsible foi- the shift of critical

C l1 ~ O~kd 2 d point In the layer of finite thickness.
C1 ný12....The~ correiation function' in reaf space is Owncu gico as
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Y semi-infinite bulk can be expressed effectively by an ex-
trapolation lcmgth ýI,2. The effectivc extrapolation length atF the interface in the present system shows a clear temperature

4 n dependence, forming a contrast to the ones in previous
studies4 -6 and that on the top surface of the present structure.

3 ~ __________Furthermore, it diverges with a new exponent V,

L±,2_11l-TIT.I.l~ T---T, , (15)

with i~1, where T * < T, is given by

This critical exponent should be compared with the well-
7r known v=1~ for the correlation length,

The divergence of the effective extrapolation length can
also be observed as the thickness of the layer increases,

0 while the temperature is fixed. The critical exponent is also
ki' 1 in the present mean- field theory.

It can bt; shown, within the present approach, that as the
FIG. 2. Graphical tiolutions for (ii1): Solid curves are from (11), the dashed thickne"'; L of "hle layer approaches infinity, the effective ex-
line is for y ýkU. trapolation length becomes CAI1 C I It diverges oit T= T,:

with the critical exponent v~ i for the correlation length.
Therefore, the divergence of the interfacial extrapolation

2 sin(fc,,z± O,)siu(k,,z' + 01) length with the c~xponent ý=l is a characteristic pheno.i-n
'2(r -, 11i1 L +dO1 Ildk+d0 2 ldk enOn in systems where a layer with finite thickness is

-1 1=t'2...coupled into the structure, such as the one discussed in the

'XG,j -1(xl1-x1 l ,k'+ 2 ). (13) present paper.

where the function Gd(r,t) is defined in Ref. 6. The critical Ill. SUMMARY
point is determined by k 2+ 42 f rom (13). /ks k2>O0, it is Magnetic mulilayer structures are studied within the
now clear that T, <T,1  Ginzburg-Landau free-energy functional formalism. The

Incorpurating the defiintions of the correlation lengths ýj shift of critical point is discussed, and the effects from the
and 62 in (7), one arrives at the following equation for the finiteness of layer thickness and from the coupling between
critical point T,: neighboring layers P~re clarified for a system consisting of a

F-A, magnetic uverlayer on a bulk ferromagnet. The present result
L\I~~ot1ct (14) is expected to be important for the practical znultilayer-disk

cot A2 C2  fCco- 1  design.
Comparing with (12) in Ref. 8, it becomes clear that the first 'M. Kaneko, K. Aratani, Y. Mutoh, A. Nakaoki, K. Watanabe, arid H-.
term on the right-hand sice in the above equation expresses Makino, Jpn. J. Appl. Phys. Suppl. 28-3, 927 (1989),
the effect of interfavial coupling. Thk;rfore, the shift of criti- 2S. Ohnuki, K. Siuimazaki. N. Ohitar, and Hi. Fujiwara, J. Magn. Soc. ipt).

cal point of a layer depends on the magnetic properties of the 15 Suppl. No. S 1, 399 (1991).
-1V. L, Ginzburg and L. 1). -aindau. Zb. Rkeji. Teor. Fiz, 20, 1064 (1950).

neighboring layer to which it is coupled in a fashiion given in 4 D. L. Mills, Phys, Rev. B 3, 3887 (1971).
the above relation. The critical point T, is also the tempera- 5 K. Binder and P. C. Hohienberg, Phys. Pow. B 6, 346 1 (1972); K. Binder,

ture at which spontaneous magnetic ordering occurs in the in Phase Transitions ind Critical Phenomena, edited by C. Bomib U.-d J.
thinlayr. e nte hat ths cincilene i ro trvia inthe L. Lebowitz (Acadcrnuic, New York, 1983), p. 1; references therein.thinlaye. W not tht. tis cinc-Jene i nottrival n th 6. C. Lubensky and M. H, Rubin, iVrys, Rev. 13 12, 3885 (1975).

pesent inhomogeneous system. 7'A. Bray and M. A. Moore, J. Phys. A 10, 1927 (19 /7).
As .L --ý, the minimial pole k I approaches zero and the " M. 1. Kaganov and A. N. Ornel'Yanchiuk, Soy. Plhy~i. J EAT 34, 395 (1972.).

priia point is th,:n restored to T~1 , as it shou'd be by deli- 9 X. Hu and Y. Kawazoe, Phys. Rev. 1 119, 3294 (1994).
nition. ' .HT.YrDY. Kawaz.oc, S. fluk and N. Ohima, MRIEEEPoc 13 1 Tress3.

tion.X ''y, 1.YrzY Kawazoc, X. fluik and N. Honma, MREE TyprPo. 1, 1 n(s3.
As for the correlation function within the semni-infinite Magn. 29, 379(0 (199.1).

bulk, it is fouiJ that the effect from the thin layer to tK.- 12X, Hu and Y. Kawazoc', I Appl. Phys. 75, 6r'"96 (1994).
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Magnetic properties of the one-dimensional Heisenberg compounds
(ý'-X-aniI'niUM) 8[CUCl6JCi 4; X=Br, I

Gayatri Vyas and Leonard W. ter Haar')
Department of Chemistry, Universiiv of Texas,, El Paso, Texas 79968-0513

Recent x-ray diffraction studies have suggested that (3-Cl-anilinium) 8[CuCl1jCI4 exhibits
compressed [CUCl16 4  octahledra. 'We report here the synthiesis of the (3-Br-anilinium),JCuCI6JCI 4
and (3-l-anilinium)JICUC1IJC 4 analogs. Their magnetic behavior is quite similar to one another, and
in comparison to the c/dowo compound, the only similarity is that they all exhibit chain magnetism,
as evidenced by their broad maxiriia in the region of 9-12 K. The br-omo and iodc.) compounds do
not exhibit the field dependence of ýhe chlioro compound, and in this respect, the chiciro compound
remains unique. For all three compounds, magnetic susceptibility data can be analyzed by the
aittiferromagnetic one-dimensional Heisenberg model.

1. INTrIODUCTION ethanol solutions. Second crops of ctystals typically yiek~ed

Bright yellow needle-like crystals with the composition higher quality product, Both products cac bright yellow

(3-chloro-aniliniumn),CuCIIto were first reported to consist of lleedie-likc crystals. Elemental analysis, Atlantic Microlab:

discrete [CUCe16 4
- ions in a tetragonal compressed -netahic- C4HH.56ClI(uBrgN8Cu, expected (actual) H1 3.13 (3.08), C

dralcoodintio gemety.1 We ubsquctlyreprte an 31.99 (31.99), N 6.22 (6.21), Cl 19.67 (19.63), Br 35.47
idepenoodenatio x-ray etructure d ster enatinatl298 K hat re- (35.42); C48, 5H5 Cl,018,NgCu, expected (actual) H 2.59 (2.52),
produpend tipaent xrysucotprestemiaion, and29 prvie structure- C 26.47 (26.5 1), N 5.14 (5.11), Cl 16.28 (16.30), 1 46.61
prdueterintins atpparnd 110resiK, carrid outviindtworintupe- '46.30),

detemintios a 15 and110K, arred ut il to idepll- All attemonts to perform a single crystal x-ray strueture
dent laboratories, that revealed no significant c~hanges con-
cerning tile compression versus elongation d~iernma. 2 To determination have so far been unsuccessful. Thle lvwbit of the

date, all crystal structure determinations (293-110 K) have aiua rsasi hto ude ies hrb edrn
revedled a tetragonally contpressed octahedron with four most crystals as too small for diffraction, or too fragile with

longCu-l bnds f iterediae lngt (2. A)andtwo respect to cleavage when trying to cut thie larger crystals to
short Cu-Cl bonds of 2.28meda.the [CuCgth io6 )ns fwora size. X-~ay powder diffraction) has been utilized to character-
linert chantruhailC-Cl cbntact (3.9 2A) bete. iz C~,]-in fre th-V Materials for comparison to thle chloro derivative,

lier -a)truhailC-lcnat 39 , ewt Data were collected on a Rigaku D200X) and a Seintag
the [CuCIJ4)' ions, with thle axis of tetragonal compression XDS200() ai 2193 K. Powder spectra for th)I e bromo and iodo
parallel to the axis of chain propagation.deiaieweesprm sblanwreftoa crgnl

In addition to tile low-temperature structure determina- delvai:e weBre slinupinposabule, and.9 wer ft to.3 attA;oa
tions, we demonstrate~d with low-temperature (down to 1.7 cl:(3-1-anianilinin1)1uC I, 1, a 8,892 A, c 11.38! 38AA
K) single crystal magnetic susceptibility and F EPR data that MagnetniciniusCcepibilit me8

.
2 a, ~cirt 11 .3 ehl pr.

the material revealed a complex magnetic problem with s antcsscpiiiymesvmnsonfehypo
eral key questimils concerning Jahn-Teller related lattice dy- pared powder sampl'es were collected Iin the temperature

namics and disorder?2 More recently, low-temperature elec- range 1 .7-300 K using, a Quantum Design SQUID-basud

tronic spectral data have been invoked in conjunction with Magn-,tonictcer utilizing modifications and procedures de.
the magnetic and EPIR data to suggest that at the local level, scribed elsowhere. 4 Data wl.re cor;-ected tor temperature in-

each [CC~ 4  inis tetriogooally elongated, and that the[Cj4io dependent magnetism (X=-lBr:*- 1012 X 10 eru/niolk and
anierdsotvy" over K I~~X~ : --1124)< 0- erno/niol) usi ng, PascalI's conistai its for thle

axis of cehngation is "nierdsotvl di-,ordcied ovr diaragnetic com1ponenits 5 and a T.IP. per Cu~il) ion of
two possible sites, thereby leading to the crystallographicallv 60X 10 '( enmu/nmolc Fig;ures in this paper are based onl the
determined bond lengths that correspond to intermediate mlclrwihso 0, /il(r n 17~3gno
long bonds avcraged over the unit cell and suggestive of moeua(egt if103gncl(3r)td273glo
conpirc-sed geometry.3 These possibilities have stimulated ()

additional synthetic, theoretical, spectroscopic, niagriieti, '1.RS rk)AD ICU IO
and EPR studies In this paper, we report the synthesis and ~RSL~ N IJUSO
magnetic characterization of (3-broniio-aniililiunm) 5 Cu('l,,, All of the crystal structure deterniinations'' 2 oi (3-Cl-
and (3-iodoaniliniu.m) 8 CuCI ,)* al1niUlnun1)CuCl11jCl4 hav'.' indicated that discrete

:t-chloroaniliniuni ions, uncoord~natc'J chloride ions, and

11. EXPE~RIMENT [CuC'l(,1 ions comprise the -riclinic unit cell. Tile [ 1CI,
4

(3-D-anlinunis~ailand 3-1aniinim)8LIC1() ionis are linked into a quasilinear chain by way of axial
were prepared by) 5 u~ atiho n dt react niio n iuof 8 utIe aprorit 0-0 interactions: this lattice arrangement leads to thle char-

werepreare bystociiomericreatio oftheappoprate acteristic '1hain nagnetisni that Ias now been repeatedly
3-X-anilini. with- CuCI12 21-120) in saturated 60/40) 1-1(/ verified.1 3 Since we have only been able to collect pov. ulr

di Ifraciiomi data for ihe Toronio and indo dc rivatives, the no-
"~Author to whoml atll coii ý,pondecn" shavud be add ressed. table observation is t ho't th Ipc iowde r diffraction I 'atte rn of the
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Y cell, 2 and could very well lead to a temperature-dependent
0 X` Heisenberg exchange. This distance is slightly greater than

the van der Waal's contact of 3.c0 A.6 The next closest con-
tacts for the axial -hlorides are to the uncoordinated chlo-
rides at over 4.0 A.

Since the structure of the [CuCI,]4- ion may be a time-
CI(7b C 0 Ulc C b averaged structure in which the four "long" equatorial

Cu-Cl bonds (of intermediate length, 2.6 A) are actually an
average of two long Cu-Cl bonds of 2.9 A and two short
bonds of 2.3 A; then the crowded equatorial-coordinated-
chloride to organo-chloro distai~co of 3.45 A may be easily

z affected by chemical modificaticn of the aniline nm'tasub-
stituent, With the bromo and iodo derivatives, we have ef-
fected such a change. With the larger organo-halogens, the
overall structure has clearly adjusted in order to accommo-

FIG. 1. View perpendicular to the chain structure in (3-X-an- date the larger atoms. Given that the general nature of the
illnium) 8[CuCl6]Cl4; the superexchange pathway is the Cu-Cl.. Cu-Cl lattice packing is preserved, the tetragonal a axis (8.92 A) for
contact, both the bromo and iodo derivatives may reflect a Cu-Cu

separation along the chain axis that is increased, relative to
chtoro derivative (triclinic) is noticeably more complex than the 8.55 A of the chloro compound, Precisely how the larger
the diffraction patterns of the bromo and iodo derivatives organo-halogens result in a structure of higher symmetry
(which are superimposable on one another within experimen- must await a complete structure determination.
tal error). In view of the elemental analyses, which confirm The magnetic susceptibility data provide the strongest
that the molecular composition of all three compounds cor- evidence that the quasichain structure in (3-Cl-an-
responds to the general formula (3-X-anilinium)8[CUCi 6]C1 4, ilinium)S[CuCl6](l 4 is also present in the bromo and iodo
the tetragonal unit cell parameters for the bromo and iodo compounds. SQUID-based temperature-dependent magnetic
derivatives equate to a smaller unit cell with a smaller vol- susceptibility data were collected for the bromo and iodo
ume and a higher symmetry. derivatives, with applied magnetv. fields in tire range 0.1 mT

On this basis, the general packing arrangement of the to 1.0 T, and in the temperature range !.7-300 K. Represen-
[,CuCI6]4- ions in the bromo and iodo derivatives is expected tative data for the bromo derivative are plotted in Fig, 3 as
to be similar to the chloro compound, i.e., a quasilinear chain X,., I/X,., and A.Ler=2.828(xmT)" 2 ; the iodo data are
arrangement similar to the chain structure of (3-Cl-an- nearly identical. Several dominant features are noteworthy.
ilinium)8[CuCI6]Cl4 , shown in Figs. 1 and 2. The copper- The Xn of the bromo material exhibits a susceptibility maxi-
copper separation along the chain is 8.55 A in thL; chloro mum at a temperature of 11.5 K (iodo: 10.5 K) and /xff drops
compound. Antiferromagnetic superexchange interactions from near 1.8 B.M. at 300 K toward 0,4 B,M, near 2 K.
along such a chain arise from the -CI(7')-Cu- These data are in qualitative agreement with the previous
CI(7)--CI(7')-Cu.-CI(7)-pathway, where the only close con- susceptibility studies on the chloro compound and suggest
tact from an axial CI(7) is to another axial CI(7') on a neigh- the presence of antiferromagnetic exchange interactions in a
boring complex along the chain direction. This contact has one-dimensional magnetic system.
been shown to be temperature dependent [3.995 (293 K)/ In view of the observation that a quasichain structure is
3.805 (110 K)], as a result of thermal contraction of the unit maintained for the bromo and i`do ik:. ivatives, it is reason-

able to fit the susceptibility data to the uniform S 1 Heisen-
berg spin chain, given by the Homiltonian

H=-2Ji11 S1.Sj,

where. q is the isotropic intrachain exchange parameter. The
theoretical treatment of such a uniform chain was first pro-
"vided by Bonner and Fisher.7 Hall 8 later provided a useful
analytical expression for the temperature dependence of the
magnetic susceptibility as

XBF (Ng 24/kaT)[A + Bx+ Cx 2]/[ 1 + Dx i

+ Fx3], (I)

where the coefficients8 are given as A = 0.25, B = 0.149 95,
C=0.300 94, D=1.9862, E=0.688 54, F=6.0626,
and x = iJl/kB' ; N is Avogadro's number, / is the Bohr mag-

FIG. 2. Packing view along the chain axs in (3-X-anilinium)M[Cu('J 6 Cl4. neton, k is the Boltzmann constant, and g is the gyromag-
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FIG, 3. Magoetic data for (3-Br-anIliilu m)8[CuCl5]Cl4 ; cuyves arc drawn using ;hc best-fit parameters given in the text (O--XM, V-1/X, t-Aff).

netic ratio for th.1 electron. Inteicihain interactions, denoted have a divorging susceptibility at low tempiratures. It is clear
zJ', can be :-ccounted for by applying a molecular field cor- however., that the magnitud& of the bromo uind iodo ex,change
rection to the x, e;xpression, thus obtaining cnergies are less thiin the -9,3 cm- 1 found for the chloro

(2) compound, with that of the lodo material being slightly less
Xcorr=Xbei(/ - 2zJ'x 1 I/Ng2p.), B than that of the bromo material. The decrease in the megni-

where P' is the interchain exchange parameter and z is the tude of the exchange energy correponds well with the cx-
number of nearest neighbors. A best fir of the X,,rr expression pected increased distance of the Cu--Cl'.Ci.-Cu superex-
to the X,,, data using nonlinear regiesso,•• ),ieldcd best-fit change pathway, give.n that the larger organo-halogens
fitting purameters for bromo: J = - 6,9 c:m- , z' = - I .64 increAse this distance, as siggested by the powder diffraction
cm-1 , % impurity=0,20 and g--2.13; and for lodo: J data. Single crystal studes continue to be addressed.
=-6,6 cm-1, •J'=-1.35 cmn', % impurity=0.26 and ACKNOWLEDGMENTS
g=2,13. The impurity fitting parameter was obtained by
adding a monomeric Curie term to Eq. (2); this helps to Support from the Robert A. Welch Founda, tion and the
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Comparison of two-dimensional Heisenberg and two-dimensional XY
model behaviors in Pd(1.2 at. % Fe) films

J. D. McKinley
Physics Department and Rice Quantum Institute, Rice University, IHouston, Tex'as 77251-1892

Multilayer Pd/Pd(I.2 at, % Fe)/Pd thin films were prepared by dc magnetron sputtering and
characterized with de SQUID magneiom•ctry. Evidence for two-dimensional (2D) Heisenberg and
2D XY niodel behaviors was found in two different regions of temperature. In these temperature
regime,, our data agree with the predicted form for magnetization M and susceptibility X as
functions of field and temperature. Both mot!.:!'s susceptibilities were found to fit our data. M and
X exhibit discontinuities at magnetic layer thickness-dependent temperatures which separate the
different model behaviors.

I. INTRODUCTION Model predictions for 21)11 and 2D XY behaviors are corn-

The t'd/Pd(1.2 at, % Fe)/Pd random quenched thin film pared to these data in two separate regions of temperature.

trilayers were originally prepared as a model system for II, 2D HEISENBERG AND 2D XY MODEL BEHAVIORS
.studying two,-Jimensional Heisenberg (7i)1-t) model magne-
tism in a single magnetic layer.1 2 We were motivated by Tile 2D l-eisencberg and 21) XY models predict"''10 simi-
previous studies of bulk dilute Fe-doped Pd alloys 34 showing lar field dependence of the magnetization and temperature
Fe concentrations in Pd above 0.1 at. % to be 3D Heisenberg dependence of tlhe susceptibility, as shown below:
ferromagnets; dimensional reduction sb,)uld result in two-
dimensional behavior. Thick Pd layers provide good crystal X•I(T)-Xp(I/I)' M2 i~it(lI).A(T)ln(ll/*),
growth, prevent oxidation in the Pd(Fe) l:;yer, and ensure X21t) X((7")-exp(B'/Ir), MA2 ,yt,(I)'-'I'', 8= 15,
"bulk" lattice constants in the magnetic layer. The Pd(iFe)
magnetic layer thickness L was varied over the range 5 A<L where l is the externally applied fiel, I!* is a thXckness-
<500) A. Polycrystalline Pd(30t) A)IPd(Fe) (L A)/Pdcno A) dependent constant, '' the ambient temperature, and<500•. olyrysallie~d300•)/d(F)(L •,)Pd(OOA 7"(T- TK, r)TKTI is the reduced temperature using the

films were grown on Si(llI) substrates at room temperature t - Thouless tempeduced temperature,

using dc magnetron sputtering, at rates of -I A/s in a LUHV Kosterlitz-Thouless temperature us the Curie temperature,

chamber in pressures P<5X I0_ Tbrr. The films were char- The prefactor A (T) is a function7 of temperature T, and ex-

acterized in a parallel applied field using a dc SQUID mag- ponents BI and B' depend on the magnetic layer thickness.
actoeteri Tin rlel appiemdeld magneticg baviors were S oU - Because the susceptibility model predictions are similar, thenetometer. The 21)H model magnetic behaviors were oh- different model behaviors must be carefully distinguished,
served in each film over a range of temperatures belo~w the dfeetmdlbhvosms ecrflydsigihd
bulk Pd(Fe) T,i-40 Ke Physical reasons are given for interpreting the low- and high-

Theulktil Pd(Fe) fs Ke a temperature regions as corresponding to 2D XY (see below)
The magnetic properties in the Pd(Fe) films indicatie a and 2DlI' behaviors, respectively. Interestingly, thle 2D XY

phase transition or c, ossover to a different model behavior,

possibly 2D XY,I at a thickness-dependent temperature. This prcdiction for equation of state critical exponent 6= 15 is the

-,behavior persists to an even lower temperature, where finite same as for the 2D Ising model.

magnetizations and hyste,'esis loops are observed. We also III. RESULTS AND DISCUSSION
observed peaks in the low-field magnetization versus tem-
perature dependence. In Figs. l(a) and l(b), the susceptibility data are fit to the

It is well known"5 that there is no long-range ferromag- 2131I and 2D XY predictions, respectively. Both models lit
netic order in 4 fully isotropic 2DH)1 ferromagnet. Real physi- the whole range o( data. InI Fig. I(a), the 2DH1 model
cal system,, have anisotropies, which are often temperature X2iHI(i) is plotted as In(X) vs 1/i', The high- and low-
dependent. The Pd(Fe) layer has a slightly smaller lattice temperature regions ate divided by a fairly sharp "kink" in
constant4 tnan the pure Pd layers, and this produces in-plane the curve, as indicated by the lines drawn onto the data. The
anisotropy. lines themselves are not the fits to the data, but separate fits

Thf.e dimensional reduction of the Pd(Fe) layer also re- to each region show that both portions are very linear, with
suits in Uinite size 2 effects, At some temperature the percolat- correlation coefficients RI -. t)999. A line drawn from the hi-
ing magnetic cluster in the Pd(Fe) layer reaches the finite tersection of the extrapolated tits indicates a kink tempela-
thickness of the magnetic layer, constraining it to grow lat- ture Tkik--36 K. The 2!) XY model X2t) xy( r) is fitted to
erally at lower temperatures. Other finite sizes possibly af- the data as In(x) vs r-"' in Fig. I(b). Remarkably, for the
fectinl magnetic percolation arc the ctystallites from 100 to 500-A Pd(Fe) film data a single line cani lit the susceptibility
301 A in size, closely packed into islands with 0.1- to over the full range of temperatures. T\vo regions in the data
0.2-Arm lateral diameters, as deterained from x-ray crystal- can be determined with slightly diffe2rent slopes, as the drawn
lography and transmission electror microscopy. lines indicate, but the diffci, nces ire within uncertainties.

Finite field magnetization M(I'!) data and susceptibility Magnetization data for the 500-A-thick iPd(Fe) film is
X(T) data are presented for a 500-A-0iick l'd(Fe) layer film, fittcd to the 21)-1 model in Fig. 2(a) anid to the 21) XY model
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FIG. 1. Susceptibility X vs temnperature 'I' plots for it 5(M-A-thick 1'd(Fe)0. 1U 12 13 14 1. 16 17

mlagnletic layer. P'lots (it) and (b), respectively, assurne 2DBi antd 2D XY H 1/( l-15) , H In Oe
model behavior over thie full range of temperatures front TI, [.bulk Pld(Fe)] PIG. 2. Magnetizaioin M vs applied fildh If plots for a 500-A-thick I'd(lFc)
-40 K down ito T1.,k(W)M A) =32.4±0.2 K. Both linecar regions iti (a) fit the mgei ae.Po a vrtmeaue 247*4, ilsgo
2DII prediction well, with the slope merely increasing -50% at the "kink" magremnetwich layer blotha)iovr at fnitefieulds. Plot7 (b) K yunelds goD X
temperatture Tklnký 3 6 K. The 2D XY assumption in plot Mb fits the entire getei ih2)- eaira ltt ils lt()asn'g2)X
temporitturc region; it slight change fin slope near kik lies Witthin tile uncer- behavior indicates the onlset of 2D) X' behavior near 7'k1Ak-36 K. IHoth

tainty of the 5W-iA filint data, 'The chtanges Int the Slope at 7'i arc it functioni model behaitvors cast he said to Ilit tle data, but eacth s,.,cts ito fit one tecon-

of mnagnetic layer thickntess. p'urature region slighttly better.

The 2D XY model is consistfmnt with the presence of
magnetization versus temperature peaks obsorved in very

in Fig. 2(b). Here, differences between the two models are small field measurements. A magnectizatf10t1 vetsti; tempera-
more arparetit. The data were origitnally taken to study the ture peak for the 500-A, sample was observed around 32.4 to

2DH- behavior at higher temperatures, but enough data at 33.0 K. Although the lowv fields were~ probably nonuntiform,
lower temperatures was taken for a useful compari~son. The they were constant. Since the miagnetizvtion is proportional
2DHi prediction is only expected to apply for finite fields, and to the field in sufficiently low fields, a peak probably 'vjem-
the Fig. 2(a) curves are linear at higher fields up to magnetic onstrates a finite temperature susceptibility divergence. It is
saturation. In lower fields, the magnetization is linear in the not prominent, and is superimpused onl a large mono~tonically
field, and was used to obtain the zero-field susceptibilities increasing magnetization curve, At present only the approxi.-
already discussed. The 2D XY model equation of state pre- muate location of the pealk is reliable. An exponentially di-
diction (using the predicted critical exponent &= 15) is verging shape is expccled of at Kosterlitz-Thouless transi-
shown in Fig. 2(b). It fits the data fairly well over the entire tion, instead of the usual power law divergence. Stronger
temperature range, hat especially near the kink temperature. evidence of such a peak shape is seen in data for the thinner
Despite the absence of intermediate data, the 30 and 35 K M films (L K500) A), but consistent reproduction of IN' results
vs H curves indicate a Kostcrl itz -Thou less transition could will require a miagnetotreter measuring in cotitrolkibly uni-
have occurred between them. form low fields. Confirmation of the peak and peak shape,
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coupled with demagnctization-limited susceptibility below ACKNOWLEDGMENTS
Tp,Cflk would indicate 2D XY model behavior prevailing be-
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netometer and F'. Kiavins for help in preparation of the
IV. CONCLUSIONS Fd(Fe) targets and measurements of the films. This work

represents an extension of my dissertntion, and I thank my
The 2D Heiseiaberg and 2D XY niod'i behaviors are thesis advisor D. 1. Webb for discussions and R. It. P. Singh

functionially similar, Consequently, magnetization M(H) and for theoretical discussion of the 2D Heisenberg model.
susceptibility X(T) for both models can be fitted to all the
data. however, the model behaviors are distinguished by the
kink in the 2DH plot of 1n(X) vs 11T. Also, no susceptibility
or magnetization peaks ati seen at the temperature for which 1D. J. Webb and J. D. McKinley, Phys, Rev. Lett. 70 509 (1993).
the su&.;eptibility kink occurs, whereas a magnetization peak 23J. D. McKinley, Ph.D. dissertation, University of Celifornia, Davis, i993,

isobserved at a lower temperature that could correspond to a 3 1. A. Mydosh and G. J. N ictuwenhuys, in Ferrornag eit. Materials, edited
is ~by E. P. Wohlfarth (North-Holland, Anmsterdami, 1980), p. 71.
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filmn also has the advantage of sufficient signal strength to 75 1.3, Khoklilaehev, Soy. Phys, JETPT 44, 427 (1976). This prediction in-
dicates the prefactor A Is proportional to 7'. The l'd(Fe) thin filmn dataobserve its behavior up to and somewhat above the bulk show a temperature dependecne which is roughly linear over it iestrieted

Pd(l.,2 at. % Fe) T,.-40 K, thus connecting it to bulk Pd(Fe) range of temperatures.

results. The filhrs described here were polycrystalline. Better 8A early review by V. k.. l'okrovsky, Adv. Phys. 28, 595 (19/')).
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The effects of frustrated biquadralic interactions on the phase diagrams
and criticality of the Blume-Emery-CGriffiths model (abstract)

Daniel P. Snowman and Susan R. McKay
Department of P/Iysicy and Astrono~ny, Univer itt, vi 1"taine, Orono, Mainec 04469

The Blume -Emery .-Griffiths model, a spin- I Ising model with bilinear U.), biquadratic (K). and the
,crystal field (A) terms, provides a general system for the study of both density and miagnetic
fluctuations. Previous work has show.n that a rich variety of phase diagramns occurs inl case's of,
positive' or negative2 biquadratiQ coupling. Ini this study, we consider an exactly solvable system ill
which frustration is present duc to competing biquadratic interactions. Thius, this calculation models
a dilute ferromagnetic material with two types of nearest neighbor site pairsi, distinguished by
whether or not simultaneous occupation is energetically favored. lb deternmine the effects of th:ýs
competition, we have constructed exacivy solvable frustrated hiierarchical models simiilar to thlose
introduced to study spin glasses.3 The resulting phiase diagrams shiow that, whien frustration is
present, the dense disordered and dilute disordcivud phiases canl become separated by a phase with
chaotic resealing of K' and A. Ini the .1 =(0 plane, this chiaotic rescaling is directly linked to that
previously reported in ,.pin glasses 3 via the (iriffliths symmectry. g

A. N. tBerker laid M. Wortis, t'tmvs. Rev. B 14, 4946 (1V76).
2W. Hostoi laid A N. Ilerker, Ptiys. Rev. Lett. 67, 1027 (1 tJ9 1!
-S. R. McKay, A. N. IBrker, and S. Kirkpatrick. 1tiys. Rev. tLm 48, 76t7
(1982).

Magnetic phase transitions In CsEr(MoO 4)2 and KDy(MO 4)2-chain-layered
IsIng compounds (abstract)

E. N. Khats'ko and A, S. Oherny
Institute for Low kin~fperatureL lp/ics~e & Engineering, UkrainellAcw(!ttftmu oS tttitA. 417 Ix--l '(oit/mt

Kharkov .310164, Ukraine

The crystals investigated be long to the tam ilIy of' the o rt horl iionhibc la yerecd ao vca rdi d mubhic
mrolybdates. These crystals have aroused interest because of' Owi. diversity oti structurald miagneicit

phase transitions, which are due to the crystalline structure antd Ih tc lecit m cniegy ,1 -111111 0t1'ii
rare-earth ions. These ions are distinguished for their Isitig hehiaviomi 'Illu inaiaieti iiim ot and

susceptibility measurements were performed at temperatures between 0.', anut 300t 1K im cagitetic
fields up to 0.4 T1 along three principal magnetic axes, The 3D magnetic toiterming is towidit) occur

ai TI,.=0.84 K for CsEr(MoO 4)2 and T(. = .1 K for KDy(MoO 4)2 - '1. 'l~m agnet it' P"1t'Cruc
Irctigly anisotropic bothi above and below T,. In the magnetic ordered staie srlmti iiciittm totgmal

1,ansldions were found in both of these compounds. For CsEr(Mo( ~.m a iy ;i I tiut~imialieti.
transit ion was observed along one magnetic field direction (I)). There is a n1ole jilt licatev ýillmiont illimji
the ease of KDy(MoO 4)2 , The spin-orientation phase transition has a rather compiplx chaircicl; it is
anitferromagnetic along the a axis, and ferromiagnetic along the b and c axes. lime Imagnet e
structures of these complounds were determined. In the ease ol Cs~r(MoO.,1  a cotlitteut
two-sublattice structure of antiferromiagnetically ordered ferroniagnedeL ':liains iy, ict ittd. t-o

KDy(MoO 4)2, the magnetic structure is defined as a complicated noncollinear lotut miiflikilicc
structure with magnetic moments, rotated 350 inl the ac plane and 10' in the be platte.
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Na-doping effect on the magnetic properties of the YBCO ceramics
"T. Nurgaliiev, S. Miteva, I. Nedkov, A. Ver,'da, and M. Taslakov

:Institute of Electronics, Bulgarian Academy of Sciences, 72 Blvd. Tzarigradsko Chaussee, 1784 Sofia,
Bulgaria

The ac magnetization and' the microwave surface resistance (at 12 GHz) were measured on a series
of Na-doped YBCO ceramic samn~ies at 77 K. Their magnetic bi,2,vior was explained on the basis
of the modified critical state midel by taking into account the existence of a field-dependent
component Jr, (due to weakly linked grains) an( a fi.ld-independent component J,,( (due to
perfectly linked grains) in the bulk criti, -curreni density of the samples. The Na and Cu remaining
after the heat treaittnent of the samples changed the intergranular medium p1rameters and inipedA
the correlation between the grains. As a result, an increase of the Na concentration led to a decrease
of the specimens critical current density and an increase of their surface resistance. At small Na
concentrations, a certain increase of J~, was observed, which can be explained by taking into
account the possibility of partial pinning of Josephsop voidK'es in the "weakly seeded" places in the
intergranular meir..

I. INTRODUCTION and the response signal was registered by an almost flat coil

The magnetic behavior of the YBCO ceramics is largely `10 1.5×0,5 mm ') l.;catcd at the center of the high-

dominated by processes in the intergranulat medium, and rtemperature superconducting (HTSC) pellet. The screening

described in the framework of the modified critical state parameter N was found by taking the ratio of the signal's

model' 2 by taking into account the field dependence sf the amplitude measured at superconducting (f::77 K) -tnd nor-
odel y kn int or critical ccurrent tidedensity J, Aparticular trial (T=295 K) state of the specimen. The surface resistance

mean intergranular critical current dedsity ,d. A particnlar at 77 K was measured by means of Cu resonatov itruct.res
form for the field dependence is usuay a,,,umcd, and then formed on a thin dielectric substrate, with the HTSC pellet
the fitting parameters, corresponding to the com.ponents of
the critical current density and the scaling field, are obtained serving as . ground plate. 7

To perform the cri&cil current rea:,urenent;t, b 1X9from a comparison of the model calculation with the mea- mm 2 cylinders were cut frun; -TSC disks. The pick-up coil
sured data.3'4 The microwave losses in such samples are wa tinders wo u t around thesa d a pick-sencil

mainly determined by intergranular coupling whose effi- was tightly wound around the sample, and a phase-sensitive

ciency depends on the properties of the intergranular device was used to record the response signal.

medium.5'6 The presence of some metals during the YBCO
synthesis affects the properties of the intergranular medium 7

of the end product. One should expect as a result a inodili-
cation of the magnetic and microwave parameters of these To interpret t",e m-agnctc behavior of the ceramic sample
samples as compared with the undoped ot,:. at low magnetic fields (*3 mrT) the existence of two kinds of

This paper deals with experimental investigation and in- the intergranular contacts in the sample must be taken into
terpretation of the changes in the magnetic and microwave account.-'- The local macroscopic intergranular critical cur-
characteristics of YBCO ceramic samples prepared in the rent density Je, for the weakly coupled grains nearly expo-
presence of a Na additive. nentially decreases with increasing of the local magnetic

field 3'4 H, while the local macroscopic "bulk" critical cur-
II. EXPERIMENTAL rent density .c/) remaun.4 unchangeable for the perfectlycoupled grains.9 By taking into account this, we assumed the

The samples were produced using the general formula following field dependence for the critical current density./,.
Y,-o.2xBa 2 _(.2xNao.4xCu3+0.3xOy, wherex varies from 0 to in our samples
2.00, which allows an overstoichiometric pieý:ence of Na 20
and traces of CuO on the grain boundaries in the YBCO
ceramics, where H,. is the scaling field. When the external magnetic

The presence of Na2CO 3 during the siw,,ring process field I/, decreases from its maximum H,,, to its minimum
enabled us to obtain a highly homogeneous structure with -H., Jte following solution of the critical state equation
low grain size. The physical measurements were carried out can bc ,-t;i ,cd:
on disk-shaped samples with a thickness of nhout 1 mm and It1 -h -C' 1[( A )(vI +D)/( ,+D)(eWI +A)]
a diameter about 9 mm. To study a sample's sciecring prop-
erties, we placed the sample in an ac magnetic field (1 kHz) =J (x - I ) 0- i %j, (2)

7118 J. Appl. Phys. 76 (10). 15 November 1994 0021-8979/94/76(10)/7,18/3/$6.00 wu 1994 American Institute of Physics
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FIG. 1. The !.creening parameter N vs the magnetic field amplitude H. for FIG. 2. Dependence of the response signal modulus (2) and the out-of-phase
Na-doped YBCO pellets (iklX9 mm2) measured at 77 K. Curves 1-7 cor- component (1) on the external-field amplitude H,, for a Na-doped (x=0.4 )
respond to samples with initial Na concentrations x =0, 0.4, 0.75, 0.95, 1.2, YBCO sample (• :X9 mm 2) measured at 77 K. The theoretical curves I and
1.5, and 2, respectively. 2 (solid) are obtained by taking into account the J, vs H deV..ndence de-

scribed by Eq. (1). The values of the fitting parameters are given itt Table I.
Curve 3 presents the JVJ vs H,. dependence for a sample in normal state

h 2-ha-C ln[(eha+A)(eh2+D)I(eh. +D)(e112+A)] (100 K).

= -J(x- 1) xj<-•xl, (3)

where h 1 =H1/H, and h2 = H2/H, are the dimensionless in- properties of the central zones of the pellet. At stronger fields
ternal magnetic fields: h,=H,H/IHe; h,=H,,/Hc; OH2-/>2.0 mT, the screening effect is only due to the small
J=JcoR/Hc ; A =k+(k2 - 1)1/2; D=k-(k 2 - 1)1/2; number of "loops" consisting of perfectly linked grains and
C=k/(k2-1) _ ; k=Jcl/Jco>1; x=rIR, r is the radial coor- to the diamagnetism of the grains. The field starts penetrating
dinate; xi=ri/R is the dimensionless coordinate where the the grains at ajoHgI> 4 .5 mT. An estimate of the critical cur-
shielding current changes its direction and H1 (xi)=H2(xd). rent density for the grains Jg using the above value for the
By solving Eqs. (2) and (3), one can find the magnetic field field Hg (for YBCO at 77 K, the London penetration depth is
profile in the sample and calculate the total magnetic flux 0 -'0.3 ,u.m) yields Jrg.Hg1/XI,'6 A/cm2, a value typical for
which penetrates it. For a harmonic external field single-crystal YBCO samples. A worsening of the pellets
H,,= r1, cos(wt) (where w is the angular frequency), the ba- screening properties is observed for higher initial Na concen-
sic component of the total magnetic flux 0. can be expressed trations (x->0.75), but no noticeable drop of H9 is seen. This
as follows: means that within the concentrations interval indicated

-, s(0-_x-l.5), the Na affects mainly the electrical parameters
W cos(wt) - dZ sin(ot) of the intergranular boundaries. At x =2, however, the sample

= 7rR 2H (A' cos(wt)- -" sin(wt) becomes "transparent" to the magnetic field (N',0.97) due
to the strong suppression of the superconductivity in the

7TR 2HRH[(X' + 1)cos(wt)- X" sin(cot)], (4) grain themselves.

where ~and 01 are the in-phase and out-of-phase compo-. To determine the critical current density Jc, we used

nents of the magnetic flux, which can be obtained from •(t) cylindrically shaped specimens with R-0.5 mm. The depen-

by means of a Fourier transform; A',/ g, X', and x' are the dences of the pick-up coil voltages modules

real and imaginary components of the specimen's dynamic jV(Hj)KI.wHm)I and the out-of-phase component

permeability and susceptibility. Signals proportional to V"(Hm)•,bZ(Hm) on the amplitude Hm of the external mag-

I0w(m)I and <,'(Hn1 ) are registered experimen- netic field was experimentally registered (Fig. 2). The values

tally. Further, by comparing such theoretical and experimen- of the specimen's effective static permeability A, usually are

tal dependences, one can find the optimal values of the pa- 0.5-0.6. The initial value of J,0 was then found through

rameters J,, Jet, 11c corresponding to the real specimen fitting the theoretical dependence IV(H.,)I (calculated for

characteristics. Jl =0, the expressions are given in Ref. 8) to the experimen.
tal one measured at relatively large H,, values so that the

IV. RESULTS AND DISCUSSION contribution of the weak links current to the response signal
is small but, at the same time, the field does not penetrate the

Figure 1 pres;nts the dependence of the screening coef- grains. For the initial H,. value we assumed half of the field
ficient N of HTSC pellets with various Na-additive amounts value which totally suppresses the weak link current. Further,
on the amplitude Ivf of the external ac magnetic field. In the initial value of J,.l was obtained by fitting the theoreti-
specimens with small amounts (x--0.75), the magnetic field cally calculated IV(H, )I dependence [Eqs. (1)-(4)] to the
begins to penetrate the intergranular medium at pA)H-0.5 experimental one. The last procedure was then repeated with
mT. A field of 1i•H1.0 mT leads to a decrease in the inter- each of the parameters J,o, J,.,, H, varying within certain
granular critical current density and destroys the screening limits until good agreement was reached between the theo-
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TABLE 1. Characteristics of YBCO samples, resistance at weak fields will be proportional to o'_(r1/X,
where X- is the Josephson penetration depth." On the other

A/' /l,. R, hand, kj 112, and, therefore, the surface resistance of the
x (A/cm 2) (A/cm 2) (mT) (mfl) (fo= 12 Gtlz)

samples should increase as their critical current density de-
0 45 145 0.70 45 creases. Such a relationship is well observed experimentally
0.40 45 180 0.70 50 in samples with x O0.75; at smaller Na concentrations the R,
0.75 36 140 0.70 55 variation with x is not significant.
0.95 30 123 0.55 65
1.20 20 83 0.40 78
1.50 10 28 (.20 100 V. CONCLUSION

In the present work, the results are presented of measure-
ments of the screening parameter N, the critical current den-

retical and experimental IV(11t,)I and V"(,,,) dependences. sity J,, and the surface resistance R,. of YBCO samples pre-
The satinple characteristics found as described are presented pared from itital batches containing various amounts of Na.
in Table I. The behavior of the intergranular critical current density J,. is

Specimens with small Na-additive amounts (x-0.4) ex- interpreted by taking into account the presence of both
hibit some increase of the weak link critical current density weakly linked grains and of a small number of perfectly
J,-, while the other two parameters J,( and H, stay practi- linked grains. The values of J, and the behavior of its de-
cally unchanged. A further increase of the Na amount results pendence on the field are determined by solving numerically
in a decrease of all YBCO sample parameters and in their the critical state equation and comparing the results with the
complete degradation at x=2, The behavior of the bulk experimental data. It is demonstrated that the Na and Cu
sample electrical parameters is related to the properties of the compounds remaining in the samples after the heat treating
intergranular boundaries. The critical curent density J, for a process are predominantly located on the surface of the
single-tunnel Josephson junction is proportional to the junc- YBCO grains and impedes the correlation between the
tion parameters A (the energy gap parameter) and R, (the grains. As a result, an increase of the Na concentration leads
normal-sate tunneling resistance). 6  A2R. The R,, pa- to a decrease of the specimens' critical current density and an

rameter is strongly affected by the distance between the junc- increase of their surface resistance, However, at low Na con-
tion boundaries. 6 After the heat treatment, the Na and Cu centrations (x<0.75), a certain positive effect is observed in
compounds are predominantly located on the surface of the what concerns the critical current density J, ; this is probably
YBCO grains and form a "suri-ce layer" that can be char- related to the possibility of partial pinning of Josephson vor-
acterized by a dielectric constant e and a conductivity cr. A tices in the "weakly seeded" places on the boundaries.
rise in the Na concentration leads to a drop in the critical
current density at the expense of either an R,, increase (for an tHt. Dersch and G. Blatter, Phys. Rev. B 38, 11391 (1988).
intergranular medium with cr,0) or a gap parameter suppres- 2V. Calzona, M. R. Cimberle, C. Fcrdeghini, M. Putti, and A. S, Siri,

sion (for an intergranular medium with '>>O), Such a behav- Physica C 157, 425 (1989).
iwv'. B. Doyle and R. A. Doyle, Cryogenics 32, 1(119 (1992).

ior of J, Jo, and Ho was in fact observed in YBCO for Na 4 G. E. Gough, M. S. Colclough, D. A. O'Connor, F. Wellhofer, N. McN.
concentrations x>0.75. For small Na concentrations Alford, and T. W. Button, Cryogen.:s 31, 119 (1991),

(x--0.75), this "seeding" of the intergranular boundaries by 'N. MeN Alford, T. W. Button, G. E. Pcterson, I'. A. Smith, L.. E. Davis, S.
Na compounds is insignificant. The small increases of the J. Penn, M. J. Lancaster, Z. Wu, and J. C. Gallop, IEEE Trans. Magn.

MAG-27, Part II, 1510 (1991).
critical ý,urrent density i,. fe latter case can be explained by 'K. K. L.ikharev, introduction to thte Dynamic of the .Iosp/thlon J.unctiOns
the possible pinning of Josephson vortices at the "seeded" [Moscow, "Nauka" (in Russian) 1985].

points in the intergranular space. 71. Nedkov, A. Veneva, S, Miteva, T. Nurgaliev, and V. Lovchinov, ItiEEI
The surface resistance R., of the pellets increased with Trans. Magn. 30, 1187 (1994).R8 R. B. Goldfarb, M. Lelental, and C. A. Thomson, Alternating-Field Sus-

increasing x. It one assumes that the sanmple consists of weak cepltometry and Magnetic Susceptibility of Superconduciors (l'lenum, New
links (i.e., the grain contribution to R, is small), its surface York. t992).
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Properties of polycrystalline samples of Nd2 _xCexCuO 4 _y obtained
from a sol-gel precursor

V. B. Barbetaa) and R. F. !ardim
Instituto de Fisica, Universidade de Sao Paulo, CP20516, 01452-990, Sao Paulo, SR, Brazil

L. Ben-Dor
Departmeri. of Inorganic and Analytical Chemistry, Hebrew University, Jerusalem 91904, Israel

M. B. Maple
Department of Physics and Institute for Pure and Applied Physical Sciences, UCSD, La Jolla, Californ.",
92093.0075

Polycrystalline samples of Nd,_,CeCCuO4 -,(O.0O<x(I.17) obtained from a sol-gel precursor were
sintered below the cutectic temperature and reduced under different conditions. From the results of
x-ray powder diffraction, the tetragonal T' structure is preserved for Ce content up to x=0.17. A
decrease in the lattice parameter c and a small increase in the lattice parameter a are observed with
increasing Ce concentration. Electrical resistance R(T) measurements performed on reduced
samples with x--0.12 reveal superconducting behavior below T-25 K. We also found that all
reduced samples display a striking double resistive superconducting transition and that the zero
resistance st.te is achieved through two distinct drops in R(T) at upper and lower transition
temperatures T,7 and T,.j. The upper transition temperature T,. has a maximum for Ce concentration
x=0.4, which is independent of the reduction process. The lower transition temperature T,,q is
observed in reduced samples with Ce content x -0. 14 and decreases monotonically with increasing
Ce concentration. Magnetic susceptibility measurements confirm bulk superconductivity in several
reduced samples, and a significant diamagnetic contribution is only observed for temperatures below
T,.j. The results are discussed within the framework of a granular superconductor model.

The discovery of superconductivity in compounds of for this feature assumes that the sample is composed of small
Ln2 _xMXCuO 4 ._y(Ln=Nd, Smi, Pr, Eu; M=Ce, Th)-' 5 has superconducting islands connected through Josephson
stimulated an intense effort in the study of their physical coupling."'-12 By assuming this picture, the first transition is
properties. Many features of these oxides a.e well known, related to the intragrain transition while the second one is
although some fundamental aspects are either still not under- believed to be due to the coupling between the islands
stood or controversial through Josephson junctions. The present work provides

One of the doubts about these compo.,n,,s concerns the sonic new information regarding structural, magnetic, and
quality of the samples studied. Usually, high qu.ility samples transport properties of these electron-doped superconductors.
with the same starting composition and subject to almost the Polycrystalline samples of Nd 2 _.Ce.CUO 4 _y were pre-
same reduction process behave differently.' Sonic important pared with a wide range of Ce concentrations 0.0-x_-0.17
questions regarding this situation are related to the doping by means of the sol-gel process. Details of this chemical
process, i.e., the replacement of the Ln by Ce and the re- route for producing polycrystalline samples arc discussed
moval of oxygen which are necessary to induce supercon- elsewhere.' 2 The samples were sintered at 1000 'C, which is
ductivity. As far as Ce doping is concerned, it is still some- below the eutectic temperature of -1050 'C. Reduction was
what controversial whether materials prepared in the range carried out und.:r different conditions. This step is important
0--x-0.17 actually form a solid solution. Based on x-ray in order to induce superconductivity in these materials, and it
diffraction analysis, Cava and collaborators' concluded that was performed in flowing He gas for 20 h at 950 °C, fol-

samples of Nd2-,CexCuO 4 ,y (0.().() 0.17) are true solid lowed by fast cooling. We have prepared three different

solutions. On the other hand, Lightfoot anid collaborators 8  batches of samples: (1) unreduced samples, (2) samples

believe that there is only one superconducting phase in this cooled in 1 Ii after the reduction process, and (3) samples
range with a Ce content close to X=0. 165. cooleo in 2 h after the redaction process. Unreduced samples

Besides this structural issue, other points remain to be showed no evidence of superconductivity, while reduced

addressed. One of them is related to the nature of the double samples showed superconductivity for CG.. concentrations in

resistive superconducting transition which is frequently oh- the range 0.12<x<0.17. All samples were analyzed by x-ray
sereived isup meronduremnti t and is identified by two sharp powder diffraction using a Rigaku RU-200B diffractometer.served in R(T) measurementsidti fie by two starp The x-ray patterns showed that the tetragonal T' structure
drops in the .:1ectrical resistivity befo~re the zero resistance (Nd 2,CnO4 type structure) is preserved for Ce content up to

state is attained. It has been proposed by Peng et al." that the x -).17 and no vestiges of additional phases have been

double superconducting transition is due to the presence of fou nd n n estied Th itica paames were
two istnctsuprconuctng hass, ach itha dffeent found in any sample studied. The iatticc parameters were

two distinct superconducting phases. each wis; a different obtained through the refinemewn of the corrected peaks uti-
superconducting critical temperature. Anothcr explanation lizing a least-squares program, M'agnetization measurements

were performed using a commercial superconducting quan-
")On a CNPq (Brazil) fellowship. tuni interference device (SQUID) magnetometer from Quan-
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TABLE 1. Lattice parameters a and c as a function of Ce concentration in 2.0 - 0,25

polycrystalline samples of Nd 2 -,CcCuO 4 _,, 0.0<<x •0. 7. 0 ' ooo 0 o
T , o 0.00

X a(A (). 8 8lo~

0.00 3.948(1) 12.17(4) 1 -0,25 ,

0.05 3.948(9) 12,15(4) 1.0
0.08 3.949(4) 12.12(9) -0.50

0.10 3,949(7) 12.11(8) 0.5
0.14 3,950(4) 12,09(9) 0 -0.75
0.15 3,950(6) 12.08(9) ,
0.17 3,950(9) 12.07(7) 0.0 ... ...... 0. 1.0

0 5 10 15 20 25 30

TEMPERATURE (K)

turn Design. Electrical resistance measurements were per-
formed with a Linear Research LR-400 ac impedance bridge FIG. 1. 1.Typical curves of R(T) and x(T ) obtained on polycrystalline

operating at 16 Hz with variable excitation current. samples of Nd 2 .. CeCuO 4. .vThese curves correspond to measurements

The x-ray diffraction patterns for polycrystalline samples verformed on the sample with x=O. 17 and cooled in 2 I1 after the reduction

of Nd 2 xCeCUO4 -..y, 0.0-x <0.17, showed, within our process. Arrows denote T,., and T', obtained trorn electrical resistance

resolution, no vestiges of additional phases. The powder dif- curves.

fraction data have been used to extract the lattice parameters
a and c for different Ce concentrations. These results are
summarized in Table 1. A careful observation of these results sition in whkh the electrical resistance shows two abrupt

shows that the lattice parameter c decreases with increasing drops in magnitude when the sample is cooled below 25 K.

Ce content from c=12.17(4) A for Nd2CuO4 to c=12.07(7) Such a feature has frequently been observcJ in these

A for the highest Ce concentration x=0.17. Also, from the electron-doped superconductorsl°-1 2 for samp'es with

results of Table I, one can see that the lattice parameter a is x 0.14. For the sample shown in Fig. 1, the first drop in

almost insensitive to the replacement of Nd by Ce. The de- R(T) occurs at an upper temperature T,.' 17 K. At this tem-

pendence of the c lattice parameter on Ce concentration sug- peraturc, a broad decrease of about 30% in the magnitude of

gests that Ce substitutes for Nd in the T' structure. €'uch a R(T) is observed down to a lower temperature T,.j1 6 K,

replacement seems to be in complete agreement with the where a second si,:•rper decrease in I?(T) occurs. This fea-

formation of a true solid solution and not, for example, with ture has been explained by assuming thaý these samples are

phase separation. This is supported by the fact that no drasti, comprised of two different phases: one which is supercon-

change in the lattice parameter c is observed, i.e.. it de ducting and another one which is believed to be nonsuper-

creases smoothly with increasing Ce content. This conclu- conducting. When the temperature falls below 7',j, the su-

sion is in agreement with the proposition made by Cava percondueting transition takes place and a drop of about 30%

et al.,7 who have observed behavior similor to that showr, in in R(T) is frequently observed. Below this temperature, -he

Table I for both lattice parameters. In addition, a very broad system does not attain the zero resistance state because the

distributio,, of values for the lattice parameter c for x-0. 15 superconducting volume fracticn is below the percolation

has been detected. If one assumes that there i; no phase threshold. In the temperature range between T(., and T,., tlt•

separation when Nd is replaced by Ce, as proposed by Light- satmples are b),'ieved to be comprised of superconducting

foot, et al.,8 this means that the presence of the nonsupercon- islands embedded in a nonsuperconducting host. lt a lower

ducting phases in these compounds needs to be explained by temperature T1.j, Jose'phson coupling takes place and the

invoking ano.-her variable of these systems: the removal of zero resistance state is usually achieved.f-t't

cxygen. It is possible that the removal of oxygen of about We believe that the brief discussion given above invali-

0 02 per formula introduces a defect structure in this scrii:s, dates the presence of two superconducting phases in these

generating two different regions within the samples, one of electron-doped superconductors. If this; were the case, the

which is superconducting and the other of which is nonsu- transition at T,. should not be very sensitive to changes in

perconducting. Similar structural defects have been observed the excitation current and tile application of a small magnetic

in polycrystallinc ;amples cf Laj.8SrCa1 .2 .,Cu20Ov,13  field. However, several experimental rvsults for these com-

La2NiO4 __y,t4 and La2CuO4 _, I., pounds reveal that below T,li, p(T) is strongly dependent on

The presence of at least one superconducting phase in these variables.' t0- 2 These results suggest that Josephson

these polycrystalline samples is somewhat reflected in mac-. coupling develops at T,., and yield no evidence of two stper-

roscopic measurements such as electrical resistance and conducting phases in this series.

magnetic susceptibility. In order to place this in perspective, Figure I is also useful for discussing the temperature

the temperature dependence of the electrical resistance and dependence of the magnetic susceptibility in these com-

magnetic susceptibility has been measured in ;ill samples de- pounds. Careful inspection of Fig. I reveals that significant

scribed above. Ty'pical curves of R(T) and X(T) are dis- diamagnetism only occurs below T,.* In tact, it is observed

played in Fig. 1, which shows data for NdI.H3Ce(,.17 CuO4 y that the magnetic susceptibility is still increasing below I',.i,

cooled in 2 h after the reduction process. It is evident that the showing a paratnagnetic-l~kc behavior. When the tempera-

R(T) curve displays a double resistive superconducting tran- ture Tj is reached a transition occurs and the diamatgnetic
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30) --- -r~- -- -'---- drop is not uiiough to .Irivc tile system to the zero resistance

25 L'State, probably due to the very lowi superconducting volume,
Additional dlecreaise inl temipcraturc promotes the coupling of

2()0 t~iese superconducting islands below T,. At this teniea
mpra

15 tui*ý, the superconducting regicons are b-lieved to be coupled
Q by Josephson effect and usually the system shows zero rc.sis-

U103 T,, (2 h) ¾*tance. lDue to ih- small size o'f these islands, coinpa-ii-ble to
17 .5 A the Londlon penetration depth, an insignificant diamagnetic

~ F f, ~ (h)I contribution to thle susceptibility is observed between Taj an
(.0 0.12 I.4 (.6 01 These superconducting islands becomie coupled together

0.10 0.12 0.14 0.16 0.18 through Josephson ' wrctions below Ti' and the diamagnetic
x nN -eXCI -Y contributions is appreciable.

In summary, wec have performed x-ray powder diffrac-

VIG, 7. Cornposit lonial dependence of T',., and Tit, a0 IIscriL or polycrys- tion, electrical resistance, and magnetic susccptibility tinca-
tattine saniples of Nd2 ,Cc,C'u0 4 -~, 0.12-.e-t1,I7. I'll. tiguie di~phlys surements onl polycrystalline samples of Nd,.-,CeCUo 4.. 1
results obtainied irl ýwu series cooled Ili either I or 2 It after the reduction O0.0-x_-0,.17, prepared tromn a sol-i' l precursor. All of out
prces x-ray results seem to agree v~ith the proposition of Cava

etI a!.,*' since we have found no evidence oif phase separation
conribiton ecra apreiabe.Thle absence of appre- iii ihis series. In aditicn, the macroscopic behavior of R( T)

ciable diamagnetism between T,1 and 7',j indicates that su- ample arT) compried ofll smpainl syuperonducrting islan con-

percondluce.iiig properties must be confined to small regions, sapearco ridofmllspronutg lnrsco-

companiOle with the Lo~ndon penctratt:on deptO., In Iitct., sev- .eced through Joscphson junc~tiozts.
eral res~ults on polycrystallinc F~impies of electron-doped su- IV, have benefited from stimulating discussions with D.
percondluctors are satisfactorily explained by assuming that Stroud, This work was sup~luorted by the Brazilian Agency
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Magnetic ordering of Pr In Pb 2Sr2PrCu 308

W, T" Hsieh, W.H. LI, and K. C. Lee
Department of Physics, N,!ional Central Universihy, Chung-Li, Taiwan 32054, Republic of China
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J. H. Shieh and H. C. Ku
Department of Physics, National Tsing flua University, Hsinchu, Taiwan 300, Republic of China

The magnetic orderirg of the. Pr ions in Pb 2Sr2PrCu3Og has been studied using neutron-diffraction
and ac-suspectibility measurements. An imperfect three-dimensional magnetic ordering of the Pr
spins was ohserved at a temperature well below its Neel temperature of TN',, K. The magnetic
intensities observed at T= 1.4 K can be explained by assuming long-range order in the ab plane
with short-range correlations, of correlation length e,= 2 0 A, along the c axis and a moment
directed along the c-axis direction. The magnetic ordering is 2D in nature, and the basic magnetic
str'.cture consist-. of nearest-neighbor spins that are aligned ointiparallel al'ng all three
crystallogfaphic directions. The magnetic transition is also evident in the ac-susceptibility versus
temperature measurements, where a cusp that is typical of antiferromagnetic ordering is clear):'ly
observed, which matches the TN obtained by neutron diffraction

Just like other high-T,. uxides, Pb 2Sr2l-rCu3O8 (Pr diffraction were used to characterize the sample. The nearest-
2:2:1:3) alro possesses a layered structure, From the crysual- neighbor distances between the Pr atoms that we obtained at
lographic structural point of vicw, the major difference be- room tenipcriture were 3,815(1) A and 15.765(4) A in the ab
tween Pr 2:2:1:3 and PrBa2Cu.O, (Pr 1:2:3) is the number of plane and along the c-axis direction, respectively. The nomi-
layers stacked along the c-axis direction. The structure of the nal oxygen concentration determined from neutron profile
former can be obtained( by replacing the CuO-chain layer in relitement analysis was 8,0!(2). During the course of the
the latter with two PbO layers and one Cu layer,t This re- low-temperature neutron-diffraction experimem, the sample
placement results in even more anisotropic physical proper- was sealed itc a cylindrical holder filled with helium ex
ties for the 2:2:1:3 systems than for the 1:2:3 systems. The change gas to promote thermal conduction at low tempera-
rare-earth atoms in the 2:2:1:3 systems form an orthorhom- tures. A pumped 4He cryostat was used to cool the sample,
bic sublattice, where a - b and the nearest-neighbor distance and the lowest tcmperature achieved was 1.4 K.
along the c axis is more than four times ihat in the ab plane. Neutron-diffraction measurenicnts were performed at the
It ir thus clear that the crystallographiic anisotropy naturaliy Research Reactor at the U.S, National Institute of Standards
leads to highly unisotropic magnetic interactions, and two- and L¢;chreology. The data were collected using th. M13-9
dimensional (21)) behavior can be expected. triple-axis spcctrometer operated in double-axis mude. The

The 3D long-range ordring of the Pr spins has been incoming neutrons had a wavelength of 2.352 A defined by a
observed in both the Pr 1:2:3 and TIBa2 "rCu2O., (Pr 1:2:1:2) pyrolytic graphite PG(002) monochromator, with a PG filter
systems with anomalously high ordering temperaturecs,' 3 1.'u- placed after thr- mooochromator position for suppressing
merous observations have indicated that hybridization plays higher-order wavelength contn- inataions. The angular colli-
an important role in the Pr magnetism, It this is the case we mations uised were 40' in front of the monochromnator, and
should then expect the effect along the c-axis direction to be 4,'-48' before and after the sample position, respectively.
much reduced in the Pr 2:2:1:3 system compared to the Pr No analyze" crystal was used in these nmeasuremcrts.
1:2:3 and P, j.:2:1:2 systems, simpiy because of its wider The magnetic signal was isolated from the nuclear one
spacing along the c axis. Tne Pr 2:2.1:3 system is -!1en a hy subtracting the dati collected at high temperatures from
better candidate fbio ob:serving the 2D character of the Pr the data taken at low tt:mperatures.5 Figure 1 shows the rag-
ordering. In this paper we report an imperfect 3D ordering of netic Bragg peaks thus obtained at T= 1.4 K, where the
the Pr spins observed in Pr 2:2:1:3. The Pr spins ordered at 7 diffraction pattern taken at T= 15 K, serving as the nonmag-
K, nevertheless evwn at T=: 1.4 K, the correlations between netic "background," has been subtracted from the data. The
the Pr spins alc. ng the c-axis directiGn are still short range. indices shown are based on the Pr chemical unit cell. The
The basic ma.,netic structure consists of Pr spins that are underlying spin structure of Pr hence consists of the nearest-
a~igned antiparallel along all three crystallographic direc- neighbor -,Oinst that are aligned antiparallel along all three
tions. The antiferromagnetic orderhig of the Pr spins is also ci-ystallographic directions. This is the same type of spin
evident in the ac-susceptibility versus temperature measure- structure foutd in Pr 1.2:32 and Pr 1.2.1:2.3
merits, where a cusp, typical of antiferromagnetic ordering, The widths of the observed m.-agnetic peaks ý,re much
in the X,c vs T curve is cl;arly evident, broader than the instrumental resolution, whil h indicates a

A powde," sample of Pb 2Sr2PrCti30 8 was prepared by the short-range ordering of the Pr spins. Short-range correlations
standard solid.-state reaction, technique and the details can be along the c-axis direction and long-rvrnge correlations within
found elsewhere. 4 Both x-ray and high-resolution neutron the ab plane c•an be expected, since the nearest-neighbor dis-
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FIG 1. Magnetic intensities ob~served in Pb,Sr,PrCu.,Og at T= 1.4 K, where T
the indices shown are based on the Pr chemical unit cell. The Pr spins order 2 24400

antiferromagnetically along all three crystallographic direction:,. The solid [1 -I---, .curve is a fit to the data assuming Ionia-range order in the ab plane and ashort-range corre'saioa length ,'c=20J along the c axis. 24200
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Temperature (K)
tance along the c axis is more than four times that in the ab
plane. The solid line shown in Fig. 1 is a fit to the tht.-oretic-',a FIG. 2. Temperature depeodenLU 0' the (ýj} ptak initnsiy. 'The data re-
curve, as-,,ming long-range correlations in the ab plane ano veal a typical order parameter with an ordering temperature of Th,-7 K.

short-range correlations, with a correlation length e, = 20 A, The solid curve is only a guide to the eye.
along the c axis and a moment pointed along the r-axis di-
rection. I a generating the fitted curve we adopt Warren's ap-
proach "•of averaging the scattered intensity for a 2D powder netism and superconductivity is the subject in a separate
sample over all possible orientations in reciprocal space, and study.9
in additin allow for the presence of finite correlations along In conclusion, we have studied the magnitic ordering of
the third axis.7 In comparison with the Pr ordering in Pr 1:2:3 the Pr spins in Pr 2:2:1:3 by neutron-diffraction and ac-
and Pr 1:2:1:2, the Pr-Pr coupling remains antiferromagnetic susceptibility measurements. At T= 1.4 K, v, hich is well be-

and the 2D character becomes more pronounced in Pr 2:2:1:3 low the observed ordering temperatre of TN- 7 K, an im-
likely due to the larger spacing between the Pr-Pr atoms
along the c axis. This crystallographic character results in a
reductinn of the hybridization between the Pr ions that are 7 .-- -- T-' - 1-T-'-T--r--T-1
mediatcd through the copper-oxygen layers between them. a -

Figure 2 shows th: temperature dependence of the 1_} " •1 - Pb1Sr2erCu 08

peak intensity, and reveals a typical order parameter with a ,
0 3

Neel temperature of TN- 7 K. This ordering temperature of Q 2

the Pr ipins is a factor of 2 smaller than that found in Pr 0
1:2:3:7 (TN -1 7 K) and is close to that found in Pr 1:2:1:2 0
(TN-8 K). The ordering temperature of Pr is still much too I-t
high for purdly dipolar interactions to explain. _-2 .. _ -" 1 1J I I

The ac-susceptibility measurements were performed us- , -''
ing a Lake Shore 7221 ac susceptometer. Data were collected 0_- . .
with an alternating magnetic field of strength 1 Oc and fre- a "
quency 250 Hz. A portion of the re al part of the measured -2
Xa,(T) is shown in Fig. 3(a), and the temperature depen- -3 "
d,..nce of its derivative d-,c /dT is shown in Fig. 3(b). The -4 -
magnetic transition is, clearly seen with a TN-7 K deter-
mined to be aw the relotive minimum in the, dxac/dT vs T -8 _

0 -6 ILL i~'
plot. A cusp in the X,0 -" curve, which is typical of antiferro- 4 6 a 10 12 14 18 18 20
magnetic ordering,8 is also evident. These results are consis- Temperature (K)
tent with that obtained from neutron-diffraction measurp-
ments. We note that negative values for xa, were obtained on FIG. 3. , poirion of the measured ac susceptibility X,,(7') a:oJ its terapera-

the high-temperature side shown in Fig. 3(a). This is due to ture der:0 alive dxc1dT plotte,1 against temperatuie. The transition tnmpera-
lure is determined to be at the relative minimum in the dx/,JdT vs 7 plot,

the Meissner diamagnetism (if the superconcucting state which g!,cr TN,
7 K. This TN is cniisistent with ihe ordering tempe'ture

present in the compound. The interplay between the Pr mag. obtained from the data shown in Fig. 2.
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Annealing temperature and 02 partial pressure dependence
of Tc In HgBa 2CuO.4 +

Q. Xiong, Y. Cao, F. Chen, Y. Y. Xue, and C. W. Cnu
Departonent of Physics, k'as Center for Superconductivity' at the Unit ersitv of Ulodston,
Houston, kivas 77204-5932

Samples of 1lgBa 2CuO.1,i (Hg-1201) were annealed under various conditions. After carefully
controlling annealing time, annealing temperature (T,), and 02 partial pressure (1)), we were able
to find the reversible annealiug conditions for -ig-1201. Under 1 atm 02 at 260 °C•T",, •4(f3 OC, the
obtained T, is nearly the same (-97 K). Hlowcver, it d;creases quiCkly with T,, > 300 '( in high
vacuum (P1) 10-8 atm), and reaches zero at T,, =400 *C. On the other hand, T, decreases with the
decrease of Ta in high-pressure 02 (-500 atm) and rcachr~s -20 K at about 240 'C. In the entire
annealing region, the oxygen surplus varies significantly from 0.03 to 0.4, and a wide range of 7,.
variation (0--+97 K-20 K) was obta;ned with onion doping alone.

Hg-1201 has a very simple crystal structure1 and the tures between 25(0 and 500 'C for 20-80( h. Ovcrdoped
highest T, (-97 K at the optimal doping level) among all the samples were obtained by heating the as-synthesized corn-
single CuO2-layer high-temperature superconductors (HTSs). pound for 10-240 h at temperatures beiween 240 and 400 'C
Its simplicity makes it an ideal system for use in verifying and at an oxygen pressure that was between I and 500 bar.
theoretical models, For this purpose, doped samples with a the structure wtts characterized by x-ray powder diffraction
wide T,. range to cover both the insulator-superconductor (XRD) and neutron powder diffraction (NPD). T,. were de-
transition on the underdoped side and the superconductor- ternmined by both the de magnetic susceptibility method us-
metal transition on the overdoped side are desirable. Many ing a Quantum Design superconducting quantum interfer-
groups around the world raced to achieve that by annealing ence device (SOUID) magnetometer and the electrical
the as-synthesized samples in reduced or oxygenated gases. resistivity method using the standard four-probe technique.
However, only limited results have been reported so far, par- We knew beforehand that there are two -things which
tially due to Hg kiss in this compound at elevated tempera- may Lcffect the T',. of Hg-1201, oxygen content and mercury
tures, Wagner et al.2 reached T,.-50 K through reducing an- loss. We tried to find annealing conditions which allowed
nealing in Ar at 5010 'C. Itoh et aLt. report at high-pressure any changes in sample structure and 'T,. to remain reversible,

02 annealing only produced a moderate change of T,. (-85 We found that long annealing times and high temperatures
K on the overdoped side). The search for a wider T', range lead to mercury loss and sample decomposition. Figure l(a)
has been obstructed by the decomposition of the compound
above 500 (C. By studying the stability and the oxygen bal-
ance conditions, %e explored a much wider annealing
temperature-oxygen pressure region. The reversible anneal- -
ing conditions were establishtr.d. We obtained underdoped
samples with fr, as low as zero (insulator) and heavily over-
doped samples with T,.-20 K. In other words, the obtained , :
samples cover nearly the whole insulato,:-superconductoi-- I _
normal metal phase region. This enables us to further study I .
the superconductivity of this compound in detail.

Hg-1201 samples were prepared by reacting a precursor
peliet of Ba2CuO, and a composite Hg soutce. The precursorping appropriate amounts of BaO and -
pellet is otamined by inixin approwig amounts of-AO and
CuC in an amlumina crucible in a flowing mixed gas of Ar:O)i I~I
at a ratio or 4:! at 930 'C for a total of 24, n with intermittent . . . . .--.

grinding once every 8 h• The composite Hg sourc,; used in _
this study was a prereacted Hg 1:2:0:1 pellet made by corn- |
pacting the thoroughly mixed HgO and pulverized precursor , -
powder. A small precursor pellh.t and a large compos-it, Fig Fig
source are sealkrd inside ar, evacuated quartz tube, heated to
about 810 'C and kept at this ten.iperaturc for 8 11 before MI 20 30) 40 5(0 60
being cooled to room temperature. Samples with different 2,,
oxygen content were obtained by hcating the as-synthesized
samples at different temperatures and oxygen partial prcs- I; .y pu2wdr diffr'cti t pat lur n o ( ai typical i ts-

synthlesized }{gt- 12O sample. 0b) The XPDI) patein )fii Ilg-1201 samiple
sures for appropriate pevi(ods of time, Underdoped sampilcp after 20 h of 511(1 '.a' Ar atncai g. (c)The XPI) patIern r 1 Ig-I2111 smplLe
were prepared by heating the sample in vacuum ;.t tempero- :dcir Four days ot ';00 "'' Ar attn :;iling.
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V 10 .ipia resistivity data11 takeni fromoi ur I1g Ig 1201 samnples. Line I waus
taken aituredlately aifter tile sample w11s synthesized, Line 2 shows dataj~jJ(~OR taken after a 240T0 , high-p essure (I' 50( bar) anneal. Line .3 was taken

20 30 - '~"~ ---- ~after an3 anineal 113 I 1133 it of xygenl at 300' 0C.

2o
vironnient. The T,3 corresponding to thle desired T,,- log PO1

VIC). 2. (it) Thc %I'D potter33 of at 14g. 120 1 samiIe befoic annealing. (h) The conditions are obtained by interpolation, Fromn the thiermoow.-
MIDl pattern ot a 1-ig- i201 sample afte tc hrme days oif v1Icuufi annfealinilg at namic viewpoint an increase in annrcaliitg temperature. should
400j 1C. result in a decrease in oxygen content if the oxygen partial

pressure is held constant, An increase in oxygen content
i,% he ata ake fro a ampl imediaelyafto itwas should result from an increase in oxygen. partial pressure if

synthesized. it is almnost single phase. Pigure 1(b) is data ise annealding vepacuure (10 kep cosat,) Whdraes when tampe

taken front a sample after annealing in Ar at 500 'C fo, 20 Ih. isanlei vcu (1'8tn)7.draesw nth

A small amount of impurities show up. Figure 1(c) is data oxygen content decreases. This indicates that the gample is in
takn foina srtileaftr aneaingin r t 50 ' fo abut its underdoped region, T(. increases with increasing anneal-
takeiing fromraur ahnh sample aitc anneauig in Arat50gh-orabu

four days. Many imipuritieq now appear. After carefully con- ipr es praure whene th5 s 2aimple T is mansmthatted inahpgh
trolling annealing timve and temperature, we were able to find prssur te oxyende region2atm. Th.is nearlsyha the sam pl o erh
the reversible annealing conditions~ for Hg-12t)1. Some typi- isangte 2 v5rdop0 reio. 3 i s tto nueal th.e were ovler the
cal x-ray data are shown in Fig. 2. Figure 2(a) was taken oti ,' rangen 250-40 0 in tmhf ue 02. Woed wreg abln to 9
before annealing and Fig. 2(b) was taken after three (lays of' oti '.srnigfo nteudroe eint '

annealing invcu kt400 .Teedt niaeta h (optimal), Ow3.n back down to 20 K in the overdoped region.

sample still bad a single lig- 1201 phase after fthe anneal. The Accrd ishngedfo to an earie stdy4 h the oxygen partial .ts
slight shift in the peaks was caused by the change in. lattice suei change d yaou .foro Y13 to i mean tatm the (oxygencntt
parameters that arose from tile change in oxygeni content of chante~is byeabotiv.4 for tihie mxy eans pathat thesoxygen
the sample. It is clear that the change in structure is revers- cnt'tiseiiv to he xynpailprsu n
ible under these. conditiorls.

Figure 3 shows resistivity data for one of our samiples.
Line I is data taken from ilhe s~ample immediately after it was
synthesized. Line 2 is data taken after a 240 'C, high- o
pressure (P-500 bar) anneal. After this, we annealied the
sample again in one atmosphere of oxygen at 300 "C. Resis- ~ -

tivity data taken after this second arnnealing are plotted here
as line 3. These data show that the change in T,. was revers- 5 I

ible and the T(. drop was caused by oxygen doping alone. _ 4 r,

The smiall transition bioadening arid change in resisti-;'ity2 V0
were probably due to mercury loss between boundaries. The -0 0
Meissnenr effect of this sample, which is shown in the inset of -

Fig. 3, is also consiistemit with this point. 50400 5- -6

The reversible annealing conditions are sumimarized in 2;0

Fig. 4. The annealing tiime t, which should be long enough to rv
le! oxygen reach an equilibrium state but avoid significant
Hglr loss, is about 10-240 h, depending, on the annealing en.- FiU. 4 3- 1) T, vs 7 Ing Po1 for Hg- 1201.
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YBa 2Cu30.7-,5 (Y123). Comparing the annealing conditions This work is supported by NSF Gifant No. DMR-91-
with our thermogravimetric analysis and NPD results,5 we 22043, NASA Grant No. NAGW-977, Texas Center for Su-
found that when PO changes from 5 X 10' 2 to 10- atm, 6 perconductivity at the University of Houston, and the T.L.L.
changes by about 0.4. This shows that the & range is 0<6 Temple Foundation.
<0.4, which is similar to that in Y123 but depends only
weai:ly on P0 , which contrasts with Y123. The carrier con-
centration p has been determined, based on the room-
temperature thermoelectric power and roughly follows
p-0.728; details will be published elsewhere. 5  1S. N. Putilin, E. V. Antipov, 0. Chipwissem. and M. Marezio, Nature 362,

226 (1993).
In summary, we have explored the reversible annealing 2J. L. Wagner, P. G. Radaelli, D. G. Hinks, J. 1. Jorgensen, J. E Mitchell,

conditions for Hig-1201 and obtained a T, that covers the B. Dabrowski, G. S. Knapp, and M. A. Bena, Physica C 210, 447 (1993).

widest variation ever by anion doping only. Though the 6 3M. Itoh, A. TIkiwa-Yanaamoto, S. Adachi, and it. Yarnauchi, Physica C

range in Hg-1201 is similar to that in Y123 we found that the 212, 271 (1993).
4'r, B. Lindermer, 3 F. Ilunley, J. E. Gates, A. L, Sutton, J, Brynestad, C. It.

sensitivity of 8 to, changes in oxygen partial pressure is much Hlubbard, and P. K. Gallagher, 3. Am. Cerane. Soc. 72, 1775 (1989).

smaller than in 7123. •O. Xiong et al. (unpublished).
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Penetration of electromagnetic fields into superconductors with gradual
resistive transition

I. D. Mayergoyz
Electrical Engineering Departnient and Institute for Advanced Comnputer Studies, University of Maryland,
College Park, Maryland 20742

The penetration of electromagnetic fields into superconductors is studied for the case of gradual
resistive transition described by the. "power law." Simple self-ttimilar solutions are first found,
which are then used to further generalize the Bean (critical state) model of superconducting
hysteresis.

It is weid known that models for superconducting hyster- current density for arbitrary monotonically increasing bound-
esis are based on the analytical study of penetration of elec- ary conditions. This will result in very simple analytical so-
tromag'aetic fields into hard superconductors. In the critical lutions.
state model,' 2 this study is performed und.r the assumption The initial-boundary value problem (2)-(4) can be re-
of ideal (sharp) resistive transition. However, actual resistive deced to the boundary value problem for an ordinary differ-
transitions are gradval and it is customary to describe them ential equation. This reduction is based on the dimensionality
by the following power law: analysis of Eqs. (2) and (3). This analysis leads to the con-

clusion that the following variable is dimensionless:

= (tI, (5)

where E is electric field, J is current density, and k is some
parameter which coordinates the dimensions of both sides in where
expression (1). p(n*- I)+ I

The exponent "n" is a measure of the sharpness of the m (6)
resistive transition and it may vary in the range 4-1000. 2
Initially, the power law was regarded only as a reasonable By using this dimensionless variable, we look for the self-
empirical description of the resistive transition, Recently, similar solution of initial boundary value problem (2)-(4) in
there has been a con-iderable research. effort to justify this the form
law theoretically. As a result, models based on Josephson-
junction coupling, l sausaging,4 and spatial distribution of J(zt)=ctP[('), (7)

critical current5 have been proposed. In the paper, the power wh-re f(4) is a dimensionless, function of ý. By substituting
law is used as a constitutive equation for hard superconduct- Eq. (7) into Eq. (2), after simple transformations we end up
ors. It is easy to show (by using Maxwell's equations) that witi: the following ordinary differential equation:
this constitutive relation leads to the foillowin'g nonlinear par- d2f" df
tial differential equation for the current density: d + In -ff-p-= 0 (8)

(V ,It is apparent that I(z !) given by expression (7) will satisfy
(2) boundary and initial conditions (3) and (4) if f satisfies the

boundaty conditions:
We shall first consider the solution of this equation for the

following boundary and initial conditions: f(o) = i (9)

J(0,t) ct"k, (t > )O,p > 0). (3) f ) 0

J(z,0 )= (z>0). (4)

It is worthwhile to note here that the choice of the above
boundary conditions is dictated by considerations of finding
simple analytical (,oludions. It may seem at first that these
boundary conditions are of very specific nature. lhowevcr, it (
can be remarked that these boundary conditions do describe
a wide class of monotonically increasing functions as p var- jI
ies from 0 to - (see Fig. 1). It will be shown below that for I
all these boundaiy conditions the profile, of electric current
density as a function of z remains practically the sarne. This
observation will suggest to use the same profile of electric FIG. i. Boundary conditions for th. current dn.asivy.
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'Thus, the i nit ial -boundary value problern (2)-(4) is reduced i(z,t) t3 H(z~t)
to the boundary value problem (8)-(10) for the ordinary dif- I
ferential Eq. (8). It can be proven that this nonlinear differ- 2 1

ential equation has the following group property: if f(ý) is at\2
so~ution ',c Eq. (8), then I

is also a solution to this equation for any constant X. This zt_0 ~)z t- .t)-ý(

property can be utilized as follows. Suppose that we have (a) (b)
solution f(bl) to Eq. (8) which satisfies the boundary condi-
tioni (10.), however

FIG, 2. Distributions of electric current density and magnetic field inside tile
f(0)= a 0#1. (12) superconducting lialf-space.

Then, by using X-'a` , we find that

f ý If(a (ii_-1_/2__(13f() fa 1 "~ 2  (13)I - 2n(n - 1)' (21)
is the solution to Eq. (8) which satisfies Eq. (1.0) as well as

Eq. (9). Thus, we can first find a solution toi Eq. (8) subject to Ib2IJ6n-_ + (22) n ( - )
boundary condition (10), then, by using transformation (11), 6( (22)2 -O 8n1 t
we can map this solution into the solution which also satis- Fromn the above inequalities, for ns -4 we (Vnd
fies the boundary condition (9).

It can be shown(' that a solution to Eq. (8) satisfyfing the lb 11--0.042, Ib2I--0.006. (23)
boundary condition (10) has the form This suggests the following simplification of solution (20):

f~ b(I-,Dt't ' 1)[ 1 + b 1(1 - ý) +b 2 ( I-- 42 -. ] ((1 ( -1)n) t t- 1

ptý)= I if 0_-1,I
0o, if C14 10. fOf _< n/nn1,(24)

(4o'if ý>n/nn1)

By substituting Eq. (14) into Eq. (8), after simple but lengthy By substituting Eq. (24) into Eq. (7) and taking into account
transformations, we find Eq. (5), we end up with the following analytical expression

"for the current density:

J(z,t) = \ t"'ifzdt (25)

b=Pn tt(16) 10,O if z_-dt"',
2nin it - ) 'where

1 ± !bl[(2n-1I)(3n--2)-4n] J(c /[~kmn 1)1] (26)
b,- h 3(2ns - 1) (17) The close examination of self-similar solution (25) leads to

It is clear that the following conclusion: in spite of the wide range of varia-
tion of' boundary conditions, (3) (see Fig. 1), the profile of

f(0)ýb( +bI b+ b 2 + V*-! 1. (18) electric current density J(z,t) remains approximately the

This difficulty is overcome by using traiistoiiat~on (11) with sam.% For typical values, of it (usually n--7), this profile is
very ciose to a rectang!lar one. This suggests that the actual

X =[b( 1 +b + b 2-I- .. )(fl - 1 )2. (19) Profile -)f electric curreat density will be close to a rectangu-
Th!,leas t th folowig sluton f th bonday vlue lar one for any mnonotonically increasing boundary condition

Thtb lead 10s to te flow n oui n fte b u day vle 0(0 =J(0,1). Thus, we errive at the following generaliza-
prohl~m ().-(0):tion of the critical state modc.M

[(I x0')Ifl 1) b( X)b(1-~ 2 I . Cui rent density J('z, 1) ha.ý a rectangular profile with the
1 + b j±b,+... he~ight equal to the instantaneous value .4(/t) of electric cur-

' ~ if 0 - Xý< 1, (20) rent density on tire' boundary of superconductor (see Fig. ?).1 ,if X C>M.Aagnetic field ;;(z, 1) has a linear profile with a slope de'cr-
mined by instantaneous value of.Io(t).

The istexpression can be simplified by exploiting the fact Tn better appreciate the above general ization, we remind
that the exponent it in the power law is usually greater than that in the critical state model the current has a rectangular
4. This simplification can be accomplished by u.-ng the fol- profile 4 constant (in time) height, while the magnetic field
lowing inequalitiv er lb I~ and b 2 Which can be ei~sily derived has a linear profile with constciit (in time) slope.
from Eqs. (6), (16) and (17): For the zero fro.'t of the-- profile we have
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(27)• 2(+) t"(t). (32) !Zo (t) = Ho(t) (27) d-" (+1 1(t(2
Jo( W dt ýuj n 0

However, Ho(t) and !0(t) are not simultaneously known. By integrating Eq. (32) and by using Eq. (31), we arrive a'
For this reason, we intend to find Jo(t) in terms of Ho(t). To the following expression for J0(t):
this end, we multiply Eq. (2) by z and integrate from 0 to H'(t)
zo(t) with respect to z and from 0 to t with respect to t. After Jo(t) = (33)
simple transformations, we arrive at the following expres- {[(2(n + 1)/ 1AOk")]f'nH"(r)dT}t /t"( ()

sion: By substituting Eq. (33) into Eq. (27), we find the following

o0(t) p expression for zero front zo(t) in terms of the magnetic field,
iAokn fl zJ(z,t)dz= Jo(r)dr. (28) Ho(t), on the boundary of superconductor:

2( t] ll(n4- 1)

By using in Eq. (28) the rectangular profile approximation z0 (t) =H0 (t) ( I+o H"(7)dT I (34)
for J(z,), we obtain A k/.S o J 0

I k" 2 This concludes our discussion of penetration of electromag-
J( netic fields into superconductors with gradual resistive tran-

sition.
By substituting Eq. (27) into Eq. (29), we find The reported research has been supported by the U.S.

k dH 2(t)] (30) Department of Energy, Engineering Research Program.
2 Wt- L[ J-(T) (30)

By introducing a new variable C. P. Bean, Phys. Rev. Lett. 8, 250 (1962).

2H. London, Phys. Lett. 6, 162 (1963).

°(t ) (31) 1C. S. Nichols and D. R. Clarke, Acta Mctall. Matter 39, 995 (1991).
t 4J.(t)' W. Elkin, Cryogenics 2, 603 (1987).

5C. J. 0. Plummer and J. E. Evetts, IEEE Trans. Magn. MAC.23,
we can represent Eq. (30) as the following differential equa- 1179 (1987).
tion with respect to y(t): 6 I. .Barenblatt, Priki, Math. Mekn. (in Russian) 16, 67 (1952),
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Study of the frequency and low-field dependence of ac susceptibility
in YBaCuO

M. Zazo, L. Torres, J. Ihiguez, C. de Francisco,') and J. M. MulOZa)
Departamento de Fisica Aplicada, I]niversida I de Salamanca. E-37071 Salamanca, Spain

The frequency dependence of the ac sus.eptibility in polycrystalline samples of YBaCuO has been
studied at the ac field range 0.06-1.2 0e. Tile curve of the real part of the susceptibility X' exhibits
two drops, the first one close to 7', and the other well below T,. which could correspond to screening
behavior of the grains and gain boundlaries, respectively. The imaginary part of the susceptibility
shows only a peak below T, which is related to hysteresis losses at the grain boundaries. The peak
corresponding to intragraiis hysteresis losses is very smal! and appears masked by the losses of the
intergrains. In the range of 1 -20 kHz, the onset temperature of X' showed no frequency dependence.
However, the width of the transition decreases lightly and there is a small shift in the peak of A" to
higher temperature as the freqruency increases. This behavior could be explained in terms of the
thermal!y activated Anderson flux creep. The shift depends on the amplitude of the measuring field.
The activation energy for flut creep ranges from 6.4 eV at 0.02 de to 3.23 cV at 1.2 Ge in the
zero-field-cooled measurement:; and from 3.41 eV at 0.02 de to 1.41 eV at 1.2 Oe in the field-cooled
.measurements.

I. INTRODUCTION II. EXPERIMENTAL DETAILS

The ac-susceptibility method is cne of the conventional Polycrystalline samples of YBa2Cu3 0.C were prepared by
methos auseditistuymetho the propertiesonv high pentional the usual solid-state sintering method using CuO, BaCO3 ,

methods used to study the properties of high-T, supercon- and Y20 3 as precursor materials. The ac susceptibility was

doctors (HTCSs).z--5 In this p~perl we present measurements measured by the mutual inductance method with the applied
of the zero-field-cooled and field-cooled ac susceptibility of ac magnetic field parallel to the long axis of the specimen by
HTCS samples as a function of the temperature, frequency, means of a controlled current of variable frequency in the
and ac magnetic field amplitude. The real part of the suscep- coil (5). Secondary voltage of a mutual induction is related to
tibility N' shows two drops and ihe imaginary exhibits only a the susceptibility X of the sample under test. Both the real X'
peak. This peak is attributed to hysteresis losses at the inter- and imaginary part x? comporonts of the complex suscepti-
grains. The peak corresponding LO the intragrain is masked bility can be determined from the coil signal by phase sen-
by the intergrain losses or is negligibly small in the fre- sitive techniques, such as a lock-in amplifier detector. How-
quency and tield measuring range. The susceptibility shows ever, we have measured directly the complex mutual
strong dependence with ac magnetic field as well as with the inductance by a LCZ bridge:

measuring frequency. There. is a small shift in the peak to- -- I / Zl/
w",rds higher temperatures with increasing frequency in the M -sen p-4-E +j--coso+- j, (1)
S1--20 kHz range. However, the peak shifts to lower tempera- W

tures when the ac magnetic field ini'cases from R.02 to 1.2 where IZI is the module of the impedance and p is the phase

de. These propertiz: seem related ýo the dynamics of mag- angle measured by the bridge, and w is the angular fre-
netic field flux motion in I ITCS naterials which is not yet quency. We can derive the two components of the ac perme-

completely understood. ability as

"The variation of the susceptibility with the frequency IZI
c01-i be explained in ter'ns of the flux creep at the grain . -- -sen w , (2)
bo indarv-s. We have studied the behavior with the frequency
foliow :ig the Anderson theoryt' fol conv(entional type-ll su- IZI
perconductors. in wf ;ch a flux vortex can jump the pinning A (3)

harrier (flux creup) by means of the thermia.ly activated phe- where K is a calibration coetfi-ient for the coil geometry.
nomena. This effect is thought to be small in conventional The ac pericability components are related to the suscepti-
type-Il superconductors with lower critical temperature, but hility tentms as A'= I +,y' and sus-t".
"at the considerably higher temperatures of wrTCs it can be Zero-field-coo!od measurements were made by cooling
important. We calculate the flux creep activation energies at the sample at 7/ K without any field while in the field-cooled
'lhe grain 

atoundaries in polycrystalline YBaCuK bywt'Yhe measurement the sample was cooled under dc magnetic fieldAnderson's model. As a reference point for specifying the (22( Oe) parallel to the long axis of thee (220raur sh0t parlle tho trqu n long axis of' the sp ci enavet e

temperature shifts with the frequenak y nd the field we have the field was switched off. In both cases the measurements

used the temperature of the peak ii X were taken while warming up the sample from 77 K to tem-

-.... pcraturc over T( in an ac field ranging from 0.12 to 1.6 Ge
"•'ipto. de Ehctricidad, Univ. de Valladotlid. F-47071 Valladolid, SpJn. for freqtr..:nc iCs f,,Gln I to 20 kliz.
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FIG. 1. X vs temperature at different frequencies (hc=0.06 Oe). 1.1325,2
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Ill. RESULTS AND DISCUSSION = 1.1310 \

The susceptibility of the samples shows a typical depen- 1.1305

dence on temperature in which we can see two drops in the 1.1300
curve of the real part of the zero-field-cooled susceptibility 10 104

Xzfc (Fig. 1). In its turn, the curve of the imaginary part
exhibits a peek corresponding to the drop in the lower- Frecuency (Hz)

temperature region of xf,, while the peak close to T,. asso-
ciated with the intragrain losses is masked by the intergrain
peak or it is very small (Fig. 1). The field-cooled suscepti- .11530
bility Xf, presents similar results but the width of the diamag-
netic transition in x' increases, the peak broadens and the 1-1520
maximum of the X" shifts to lower temperatures. 1.1510 - .- Oe

S1,1500
Frequency dependence has been studied in the range

1-20 kHz at different ac magnetic fields parallel to the long N 1.1490

axis cf the specimen. The onset temperature of X' was not E 1.1480

modified by rising the frequency, however, the width of tran- 1.1470

sition 'n X' decreased lightly and there was a shift in the peak 1-46"-- 1.1460

x" to higher temperatures (Fig. I). This seems a clear 1.1A50

ii.dication that the amount of magnetic flux penetrating the 1.1440 -

superconductor decreases with increasing frequency. 1.1430

We have also studied the dependence with the ac mag- 4

netic field of the susceptibility of the samples in the range 103 104

0.02--1.2 Oe. The critical onset temperaturc of the diamag- Frequency (Hz)

netic transition does not change when increasing the mag-
netic field. However, the saturation of diamagnetic transition FRI. 3. 7I ' vs frNuency iat different ac magnetic fields.
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and the peak shift towards lower temperatures when the Nikolo and Godfard"' and by Dhingra and D4s'" with other
magnetic field increases, and furthermore the peak gets measuring conditions. As the field increases, the Loreniz
wider, force (JXB) increases, the thermal activation t:nergy de-

As was stated above, we have used the temperature of creases and more flux vortices get depinned during the field
the peak (T,) of X" for specifying the shifts with the fre- cycle which is according to the Anderson-Kim model.
quency and ac magnetic field. Figure 2 shows the frequency In a similar way we have measured the activation energy
dependence of T, at different fields. T1, increases with the corresponding to Xfc. In this case, the activation energy var-
frequency and decreases with the magnetic field. This behav- ies from about 3.41 eV at 0.02 Oe to 1.41 eV at 1.2 0e. The
ior could be explained by the thermally activated flux creep activation energies are lower than in the zero-field-cooled
phenomenon proposed by Anderson for conventional type-II measurements due to the effect of two contributions: the ac
superconductors.6 It is to be remarked that flux creep is magnetic field and the dc magnetic flux trapped when the
thought to be a small effect in conventional type-lI supercon- sample was cooled.
ductor while in HTCS the thermally activated creep could
have a significant effect. IV. CONCLUSIONS

According to the Anderson theory the jump over the pin- The width of the diamagnetic transition decreasc.. and
ning barriers is given by the usual Arrhenius expression the peak related with the intergran losses shifts lightly to

v= vo exp( - U/kBT), (4) higher temperatures with increasing frequency. This could be

where Pt) is a characteristic frequency and U is an effective demonstrative that the magnetic flux in the grain boundaries

thermal activation energy, which includes a barrier height decreases with the increasing frequency. The shift of the

and a field-dependent force. Anderson and Kim 7 used the peak in J' has been studied by means of the Anderson's

linear relation theory of the flux creep. The activation energies take values
in the range of 6.4-3.23 eV for appiied field 0.02-1.2 Oe.

U= U0 - I F1 Va, (5) These values of the activation energies decrease when the

where U0 was presumed to be the effective height of the sample is cooled under a dc magnetic field,

energy barrier for thermally activated motion, IFl is the Lor-
entz force (JXB), V is the activation volume, and a is the H. Kdipfer et al., in High-T, Superconductors. edited by H. W. Weber

effective geometrical width of the energy barrier. (Plenum, New York, 1988). p, 293.2 D.-X. Chen et al., J. Appl. Phys 63, 980 (1988).
In Fig. 3 we plot I/T,, vs In v for a field of 0.02 and 1.2 3 R. B. Flippen et al., Physica C 201, 391 (1992).

Oe, respectively. We have fitted these curves according to 4X. C. Jin et al., Phys. Rev. B 47, 6082 (1993).
expr -ssion (4) to calculate the activation energy as a function 5 M. Zazo et al,, Appl. Phys. A 57, 239 (1993).
of teP. W. Anderson, Phys, Rev. Lett. 9, 309 (1962).of the magnetic field. The energies vary fror 6.4 eV at 0.02 7 P. W. Anderson and Y. B. Kim, Rev. Mod. Phys. 36, 39 (1964).
Oe to 3.23 eV at 1.2 Oe in the zero-field-cooled measure- 8M. Nikolo and R. B. Goldfarb, Phys. Rev. B 39, 6615 (1989).
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Effects of Ga doping on the magnetic ordering of Pr in PrBa 2Cu 3O 7

W-H. Li, C. J. JciL, S. T. Shyr, and K. C. Lee
Department of Physics, National Central University, Chutg-l., 'Tlanan 32054, Reputlic of China

J. W. Lynn
National histitUIC of Standards and Tchnology; Gaithersburg, Mart'land 2089'0

H. L. Tsay and H. D. Yang
Department of Physicv, National Sun Yat-Sen University Kaohsiung, 7ivwan 80424, Relmhlic of China

Neutron-diffraction and ac-susccptibility measurements have been performed to study the effects of
Ga doping on the magnetic .idering of the Pr in PrBa 2(Cul_ ,Gax) 3OT. The Ga atoms prcfo"entially
replace the Cu atoms in the CuO-chain layers, and this substitution is found to decrease the
antiferromagetic ordering temperature as the Ga concentratioa is increased. In addition, the spin
arrangement along the c axis is found to change from nearest neighibors being antiparalle! fOr x =(
to nearest neighbors being parallel for x =0.08 (24% Cu chain substitution)- for an intermediate x of
0,04 a mixture of the two spin structures is observed. The susceptibility results exhibit Curie-Weiss
behavior above TN, and departures from this behavior in the ordered state.

Among high-T, oxides, PrBa2Cu 30 7 has attracted con- oxygen ,'oncentration, determined from neutron profile re-
siderable attention bcc'usc of its unexpected electric and finement analysis, 7 is 6.98(4) and 6.96(4) for the x-0.04 and
magnetic properties. The introduction of Pr in YBa2 Cu30 7  0.08 compounds, respectively. Neutron-diffraction measure-
suppresses superconductivity,1,2 the Pr ions have a Neel tem- merits were performed using the BT-9 triple-axis spoctrom-
perature as high as 17 K, and an ordered moment as smnall as eter at the Researclh Reactor at the U. S. National Institute of
0.74/UB .3 It is thus clear that interactions other than dipolar Standards and Teconology. A pyrolytic graphite PG(0)2)
are responsible for the Pr magnetism. It superexchange is the monochromator was ,:mployed, with a PG filter placed after
dominant key, then those atoms located between the Pr atoms the monochromator position to suppress the highcr-oider
may also play important roles in Pr magnetism. An under- wavelength conw.minations. The energy of the incident ntu-
standing of the coupling between the Pr atoms and the inter- trois was 14.8 ineV (2.352 A), and the angular collimatioris
mediate atoms located between them is then essential to a before and after the monochromator and after the sample
full understanding of the interactions involved, were 40', 48', and 48' full width at half maximum (FWI-IM),

There are three different types of layers of atoms that are respectively. No analyzer crystal was used in these measure-
located between the Pr atoms in PrBa2Cu 3O7 : the Cue-chain ments. For the low-temperature experiments, the sample was
layer, the CuO 2-plane layer, and the BaO layer. Metallic dop- mounted in a cylindrical alumintum can filled with helim
ing with Zn atoms, which substitutes for the Cu atoms lo- exchar;ge gas to facilitate thermal conduction. A pumped 4He
cated in the CuO 2-plane layers, causes the spin arrangement cryostat was used to cool the samples, and the lowest tem-
of Pr along the c axis to realign from antiparallel to parallel, perature obtained was 1.36 K.
without affecting its ordering temperature significantly.4 On A standard subtraction techniqueg was used to isolate the
the other kiand, a full replacement of the CuO-chain layers by magnetic si-mal from the nuclear one, where the diffraction
TIO layers, i.e., PrBa 2(TICu1 )0 7, does nut alter the spin pattern taken at a temperature well above the ordering tem-
structure of Pr but reduces its ordering temperature by a fac- permture ws subtracted from the one tal.en at low tempera-
tor of 2!5 ture. Figures l(a) and 1ib) show the magnetic Bragg peaks

In this paper we report neutron-diffraction and ac- observed at low tcmpera•tures; for the x=0.04 and 0.08 com-
susceptibility measurements made on tile pounds, respectively. The indices shown are based on the
I!rBa 2(Cu1 ...,Ga )3O y- compounds to examine the effects chemical unit cell. Both the {IU01 type and the _{'';. type of
of Ga doping on the ordering of t',, Pr spins. The Ga atoms reflections are needed in explaining the data shown in Fig.
replace the Cu atoms lov,!ted in the CuO-chain layers. Two l(a), If only on: reflection is assumed for the peak that oc-
systems with x=0.04 and 0,08 (12% and 24% replacement, curs at around 20= 250, it turns out thalt not only the ,idth of
respectively) were studied, and we found that both the spin this peak is 'muICh too broad in comparison with the instru-
structure and the ordering temperature of Pr ions are sensi- mental resolution Out the peak position also would (it neither
tive to the presence of Ga atoms. The ordering temperature to the 1{9') reflection nor to the { j' reflction. In addition,
decreases with increasing Ga doping, and the nearesyt- the ;dircsencc of the I{U,'1 and { U• reflections suggests the
neighbor spins along the c axis have the tendency to ,calign existence of the {•)} and {*.} reflections, respectively. The
from antiparallel to parallel. cXpectL'd separatiowt of the peak positions betweei the J {I{)}

Powder samples of PrBa2 (Cul •Ga,)3O7 were pie- and the (11 reflections is Yj.7°, which is beyond our resolu-
pared by the standard solid-state reaction technique; the de- tion limit. A calculation assuniing the presence of both thir,
tails of the sample preparation techniques can be found {)}.. type and the {.tI•} type oft re',lections gives _,xcellent
elsewhere." Both x-ray and high-resolution. neutron diffrac- agreement for the peak positions :and widths consstcnt with
tions were used to characterize tihe samples. The nominal thw instrumental res dution. The resuits of this calculation are
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20 . . .... ... . As the Ga doping is increased the effect becomes ntore pro-
I8 .DPr 2 (Cji'xGax) 3rj7 "30 neunced and hence the effective moment is much reduced.
14 effectively reduced by Ga doping, while it is not affected by

12 Zn doping. The Ga atoms substitute into the CuO-chain lay-
: " -ers, and the Zn atoms into the CuO 2-plane layers. It is then

" 8 "clear that the CuO-chain layers are more responsible than the
" - CuO 2-plane layers fur the high ordering temperature of Pr

a) observed in PrBa 2Cu307,0 4 I
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Galvanomagnetic properties of quasi-one-dimensional superconductors
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A. A. Nikolaeva
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The 'ransport propertics of thin single-crystalline tin and indium filaments in glass cover were
studied. The lengt.h of the samples was much gý'eater than the quosipariicle relaxation length. The
width of the resistive transition and the elect-on free path of the samples studied were comparable
with the corresponding values of the perfect whiskers. The observed step-like current-vqltaoe
characteristic could be described by the model of noninteracting phase-slip centers.

I. INTRODUCTION glass, temperature, cooling, and speed of the wire spinning it

The sudden destruction of superconductivity by the is possible to produce filaments with diameter of metal core

transport current of a homogeneous bulk sample could be from 0.6 to 40, j.m. X-ray analysis showed thot all the wires

described by the model of a spreading "hot spot" when the studied are single crystals. The obs,,rvation of the samples

normal phase nucleates within the re.gion of reduced super.- with the scanning electron microscope (SEM) displayed no

conducting parameters. It is not obvious whether the above cuts.

model could be applied to a homogeneous one-dimensional The filament with length - 1 cm was glued to a sapphire

filament. A sample could be considered as a quasi.-one- substrate excluding narrow -20 Am regions for electrodes

dimensional superconductor vit, a uniform current flowing where the glass was reniuved with hydrofluoric acid. The

in if the cohvcrence length ý(T) and the field penetration deplll current probes were prepared by direct placing silver paint or

X(T) are not small compared to the transverse dimensions. Wood's metal above the glass-free ends of the filament. The

Due to strc ng temperatur,: dependernces of 6(T) and X,(/) the best results for potential probes were obtained by placing a 8

requirement of quasi-one-dimeinstonality for clean 1-type su- Am copper wire covered with a thin layer of conducting

nerconductors holds within few mK below T, for the epoxy across the sample.

samples of several microns in diamieter. The samples were mounted inside a niassive vacuum

For small measuring currents the resistive !ransi.ion calorimeter with an internal heater. The temperature was sta-

curves i/(F) for thin whisker, is very small (-1 inK) and bilzed with a double-level PID controller system with an

show the typical smooth shape of a fluctuation governed accuracy ±0.1 inK. All measurements were performed using

phase transition.' However, for high measuring currents the a conventional four-probe method. External magnetic field
transition width rises and the voltage steps build up which was geiierated with a double..layer solenoid. The Earth mag-

become more distinct for larger fixed currents.1 The voltage netic field was reduced to . 1 mOe by the superconducting
"steps art, also observed in the V(I) characteristic. at fixed shield.
temperatu:es few niK below the critical temperature T,. .2

At the present moment we may state that the step-likc . THEORY
rculiarities of the voltage-current characteristics in quasi-
one-dimensional supofconductors could be qualitativcly de- Soon after the expezimental obsernation of a stcp-like
scribed by the essentially nonequilibrium process of the. V() structure of tin whiskers2 Scocpol, Beasley" and
phase-slip centers (PSC) activation. 3 Still there !re some TiuAkham (SBT) proposed a model' which can qualitatively I
questions which are a.,t clear enough. One of them is ,he describe the observed phenomena. The SBT rnode) associ-
problem of the interaction of the PSC on a disti'nces compa- ates the voltage steps with activation of PSC along the one-
rable with the length of qu-siparticle charge imbalance relax- dimensional superconductor. The PSC ;s a region of weak-
ation. ened superconductivity (S-S'-S boundary). The idea of PSC

In the pre;,ciit work we present the experimental -tudy of is related with the assuiiiption that the phase 9 ( 1) of the
galvanomagnetic properties of bong tin and indium filamerts superconducting order paranmeter I(,,t)=,2 cxpii¢( jJ

in a glass cover. The process of filament draw~ing permits us is periodically reduced by 2ff to compensate tile monotonic
to produce a homogeneous wire of hundred meters in length growth of the time-dependent phase due to the cxi'ztence of
with highly uniform parameters. However, the existence of nonzero voltage across the PSC: deo/dt= 2 eV/h. In order
tho glass cover along with considerable reinforcement of the the process could be stationary in time the period of the
metal core initiates several problems with the partial temoval phase-slip events should be equal to rjj t,=h/(2e( V)), where
of the glass for voltage and curre.-t probes. That is why in the (V) is the time-averaged voltage across the PSC.
present work special attention is paid to contact effects. SBT postulated that the phase-slip eveut occurs within
II. EXPERIMENT the range -- ((T) of the PSC core, while the nonequilibrium

quasiparticles charge imbalance relax on a length scaile
The filameats were prepared by drawing of molten meml A=(l/31v,..'r,.)•12, where I is the mean-frc,ý. pathi, u.. tie

in glass capilary. 4 Dependiij, tvpoo the n'etal, type of the Fermi velocity, and .,, is the elastic electron relaxation time.
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"I he currcnt-voltage characteristic of a single PSC could be C'.0 8 .8. ..........-...........

described by 3 Oy ~0.0 16l

dV 0.0121 J= in-F

where 1 is the excess current and the differential resistance E "
(dV/dI) is associated with the resistance of the normral.-like 0
section of length L (1) 2 A. 0.008.

Later, Tinkhami applied the ideas of SBT to describe the o.a06 I
current-voltage characteristics of an ideal homogeneous fila- 0 1

ment. The resulting step-like V(I) dependence was wssoci- °°.004
ated with successive activation of N independent PSC at 0.00?2-1
critical currents I = ,( 1) < I,(2) <"' <[l1(N). The interac- .. O -J H,225 n e .. H:0

tion of the PSC is reduced to the activation of the successive 3.1 3.2 3.3 3.4 3.6 ..
PSC midway between existing ones. For -aifficiently long T,

filament L/21NA> 1 the PSC are well separated and weakly
interacting. The general spacing of the predicted steps is in a FIG. 1. Resistance vs t.mperaturo for the sample In-F1 tor ze.o magnetic
•easonable agreement with experintental results,6 but the po- field and for applied transverse (HIJ) rnagnetic field H=22.5 Oc. Arrows
sitions of the first steps are separated ty inevitable inhomo- indicate the direction of the temperature variationt.

geneities, which overwhelh the exponentially weak. interac-
tion of the ideal model.-

Kadin, Smith, and Scocpol (KSS) developed a detailed playing small hysteresis even for zero magnetic field. The• ,] model of a charg imaance wave equato fov SCcn
ge imbaa w tion for PSC con- kinks are related to the existence of weakened superconduc-

nected to a transmission line,1 Th, KSS model includes the tivity in the locus of the potentiai probes. Joule heating leads
SBT as a limit of a diffusive decay of a charge imbalance, to a small hysteresis. The application of the external mag..
However, KSS showed thit under some conditions the relax- netic field H<H1bcU, may efficiently suppress the weak 5uper-
ation of charge imbalance rm.ruits in propagating of charge- conductivity resulting in smooth R(T) dependences at least
imbalance waves on the scales much greater than the A of at a high-temperature region. We suppose that the increase of
the SBT model. Therefore, the KSS model predicts the long- number of kinks at a low-temperature limit is due to the
distance interaction of the PSC. 3 ,7  generation of the intermediate state in the weakened region

Alon emods involving the phase-slip event by the magnetic field. The suppression of superconductivity
the generalized time-dependent Ginzburg-Landau (TDGL) in the locus of contacts is a reversible process. Careful re-
model was introduced to describe the transport properties of mounting of potential probes of the sarne sample may sig-
one-dimensiot.:a superconductors.8  nificantly smooth out the form and decrease the width AT,

However, taking inio account the inevittble inhomoge- of the resistive transition.
nettles of the actual :upe,,conducting filaments and restricting However, along with the discussed above "contact"
attention to the first voltage steps of the V(1) transition one broadening of the R(T) dependences, the increasing of mena-
can use the SBT model to rationalize the experimental re- suring current increases the width of the resistive transition
sults. A T, , displayin:g a step-like structure and hysteresis. 'We sup-

pose that the observed phenomenon is related not only with
IV, RSULTS AND DICUSIJSlON the inevitable thermal heating,0 but also with the details of

nonequilibriurit quasiparticle relaxation.7

For all the sample's swudied the relation of resistance at The voltagc.current characteristics at fixed temperatures
room temperature R(room) to the one at 4.2 K R(4.2) is display a wide transition with pronounced step-like structure
used for calculation of the mean-free path I utilizing the (Fig. 2). Each V(1) curve could be approximated by a set of
well-known values for the product (pl) and p(room) for tin voltage jumps V(i) at currenits 1,(i) and linear plateaus with
and indium.(' It was found that the mean-fiee path 1 mono- "constant" differeitial resistance (dV/dl)i. The finite cu,-va-
tonically increase with increasing of the filament diamiter, Lure of the actual V(1) characteristics iudicates the existence
reaching the maximum value of 1=6 i.m for X pm indium of heating. As one may expect, because of the existence of
filarment and 1=3.4 Am for the thick 13 Am tin wire. the glass cover, the heating effects are observable, but not so

The width of the superconducting resistive irinsition sign~ficant to smear out the step-like structure of the V(I)
AT,. varies from 0.01 to 0.15 K. Measuring the samples. pre- transitions.
pared from different parts of the same filament it was found According to the rondel of noninlteracting, ,SC5 the in-
ihat the broadening of the resistive transition is greatly de- crements of differential resistance for all voltagc steps are
,ermined by the quality of the contacts. An exa,mple of the equal: (dV/dl)i-(dV/dl),.. I=-(dV!dl) =const. Dee to the
wide resistive tiansition is shown in Fig. 1 for indium sample heating effects mentioned aboye, we caonot state that the
In-Fl. It is clearly seen that there are at least two kinks on above relation holds for all steps of V(!) transition. But from
the RT) dependences at H=0. The form of the transition Fig. 2 it can be clearly seen that (dy/dl), increases with an
depends upon the direction of the temperature variation, dis- increase of the transport current 1.
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FIG. 3. (a) Critical current 1,.(1)21- as a function of the empcra-ure
AT=7"-T,. for the sample Sn-Ol, The lines are the theoretical calculations:

In the SBT model,3 the quasilinear plateaus of the V(1) the "3/2" law /,.- (7,.- i')312 and the SiP!'ee rule I,.(- -- 7)2. (W) Rela-
transition are associated with activation of PSC with normal- lion 11/l,. (+) and thei: ormal-like length,, L( I) (0), L(2) (U) vs tempera-

like lengths L (i)=2A: ture A T= 7-- T,, for ti', sample Sn-Ol. The solid line corresponds to the
value I?/I,.=0.8.

L(i)=[(dVldl)i- (dV/dit, -It(L/RN), (2)
SI.( 1,T) at temperatures close to critical valuc T, follows

where L is t'e length of the sample and RN the normal re- the "3/2" law for a on,:-dimensional filamett:
sistance. Figure 3(b) shows the temperature dependences of I.(T)-(T,.- T)31/2 [Fig. 3(a)]. For low enough temperatures
1.(1) and L(2) corresponding to V(I) transiton of Fig. 2. there are deviations from the "3/2" law and the I,(T) fol-
Significant dispersion (f L(i) experimental values is related lows the Silsbee rule for a three-dimensional superconductor
with the problem of (dV/dl)i correct definition of the actu- [Fig. 3(a)]. It is remarkable that, nevertheles',s, the sample
ally curved V(1) plateaus. Within experimental errors no displays qualitatively the same step-like V(I) transition at
teimperatute dependence could be ohberved. The absence of low temperatures (T7,.-T->20 inK) being not one-
temperature dependence and the values L(i, T) correlate well dimensional (Fig. 2). The low-temperature behavior of super-
with existing results for tin whiskers." conducting filaments is a subject for future investigations.

It is remarkable that the height of the first voltage jump
V(1)= V[ .(1)] follows a straight line (Fig. 2, inset), which
holds for all tin and indium samples. Since according to Eq. %w W. Webb nttd R. J. Warburton, Phys. Rev. Lett. 20, 461 (1968).
-' (1), V(1 )= (dV/dl)t[1 ~-lol1l)]l,.(l ) this observation in- 2J. 1). Meyer, AppI. Phys. 2, 303 (1973).

"3W. j. ScoCpol. M. R. Beasley, and M. Tinkliam, 1. Low Tenmp. Phys. 16,
dicates that the temperature dependence of (dV/dl), and 145 (1974).
[ 1 -lolc(1)] compensate each other so that their product is 4N. B. Brandt, D. B. Gitzu, A. M. Josher, B1. P. Kutrubenko, and A. A
independent of the tmperature and, therefore, is constant for Nikolaeva, Soy.: "Pribory i Tlecinika Experimenta" n.3, 256 '91976).

different critical currents I, I, T). -
5

M. Tinkliam, J. LOw Temp. Phys. 35, 147 (1979).
Sc' R. Tidecks, Current Induced Nonequilibriurn Phenomena in Quasi.OOne-

According to the SBT model 3 the relation of exces.; cur- Dimensional Superconductors (Springer, New York, 199(,q.
rent to the critical value is a constant equal to I/I)/O.-0.6. 7 A. M. Kadin, L. N. Smith, and W. J. Scocpol, J. tA)w Temp. Phys. 38, 497
Within experimental errors our results give the value (1988o).

, for the first step IFig. 3(b), right axis] which cor- 81.. Kranmer and R. Rangel, J. Low Te'mp. Phys. 57, 3)1 (1984).
itai 0 8 ftr'W. J. Scocpul, M, R. Beasley, and M. Tirnkham, J. Appl. Phys. 45, 41154
relate with the TDr3L model." (1974).

The temperature dependence of the critical current 'X. Yang and R, Tidc'd-,, Phys. Rev. Lett. 66, 2822 (1991).
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Remanent magnetization of layered and Isotropic superconductors
(abstract),

Yu. V Bugoslavsky, A. A. Mlnakov, and S. 1, VaSyuirin
General Physics Institute 117942, Vavilov st. 38, Moscow, Russia

There are contradicting data on the anisotropy oil rernanent magnetization of high-temperature
superconductors.-3 To clarify the mechanism of this anisotropy We Performed a comparative study
of thermoremaneont (TRM.) and isothermal renianent (IRIM) magnetizat ions. We report on the results
obtained on layered single crystals of LaCrSuO and Rl~aCuO (R=YGd) famrilies as well as on
isotropic soft alloy B,,:Pb:Sn and nontextured ceramic YBaCuO samples. The experiment's were
done by means of a vibrating-sample magnetometer. The external mnagnetic field up to 8 k~Ce was
applied to magnetize the samples at arbifrary directions. It was found that all the studied plate-like
sam~ples show the effect of "easy remnanent magnetization axis:" the vectors of IRM and TRM tend
to point along the normal of the plate at any magnetizing or cooling angle. In tlie case of TRIM this
effect can be well described consideriag the influericd of the sample shape. This fact was proved by
measurements on samples with substantially different aspect ratios. Thus, we argue that the

niotropy of TRM is not related to anisotropic fluax trapping. Thie anisotropy of IRM is a more
complex phenomenon, as it involves inhomogencous flux distrib~ution in the sample. Nevertheless,
it was found that the dependence of IRM direction on 'he magnetizing angle is also governed mainliy
by the samnple shape. The corrections to the effective dema.-netization factors were calculated, which
arise due to the flux distributioil. The analysis of the absolute value of IRM on the magnetizing angle
allows one to distinguish between the influence of the critical current anisotropy and thc sample
s~hape.

'U. Jaron et al., Phys. Rov, B ,44, 531 (1991).
213. 'Kviesnik et tL:., Cryogenics U2, 979 (0992).
3T. Hatbisreuthcr et al., Proceedings of the European Coaffsrencc on Ap-

plied Superconductivity, Gottingcet, 1993.
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Two types of additional maxima in magnetization curves of layered
superconductors (abstract)

Yu. V. Bugoslavsky and A. A. Minakov
General 1Physics Institute, 117042 Vavilov St. 38, Moscow; Ru.s.ia

We report on magnetic measurements of LaSrCuO and YBaCuO single crystals in order to clear up
their anomalous behavior and to attribute it to the crystals' anisotropic properties. Magnetization
curves were obtained by means of a vibrating sample magnetometer at temperatures from 4.2 to 90
K. The magnetic field up to 8 kOe was applied at various angles with respect to the crystal c axis.
Cur main findings are that thern are two physically different types of additional maxima, as ruled out
from the evolution of magnetization curves with varyin, : the tilt angle- of the external field. One type
of the maxima is attributed to anisotropic flux penetration into a sample and flux-line-lattice rotation
with increasing the field. We provide an experimental justification of this explanation. The second
type of maxima is rclated to an anomalous increase of the critical current in magnetic field which
is often referred to as the "fishtail" phenomenk.,. It was found that the existence of the fishtail is
closely related to the anisotropy of flux pinning. On this basis a qualitative model was developed to
describe this phenomenon. The model takes into account vortex) interaction with stretched pinning
sites and thce vortex bending due to stray fields in the sample. The formation of staircase flux lines
is also assumed, as specific for layered superconductors. The qualitative explanation of the fishtail
is as follows. At low fields the flux lines are strongly curved. When increasing the field, they
straighten and fit the linear pinning sites better, which giver. rise to more effective flux line fixing.
The proposed model a'llows to describe the angular and temperature dependencies of Lhe additional
maximum position.

"Effective radius" of the 4f electrons in REBa 2Cu3O 7, RE=Dy, Ho, Er
(abstract)

Yu. A. Koksharov and P. K. Silaev
Department of Phý'vjics, Moscow State University, Moscow 119899, Russia

it is well known that in most high-temperature superconductors rare earth (RE) ions and.
siuperconducting copper-oxygen planes coexist as rather isolated subsystems. It would be expected
that the "'magnetic" 4f electrons are to be strongly !o.:alized as it t.kes place in many oxide!,.' On
the other hand, significant crystal-field (CF) splitting of RE ground states is evidence that the
"effective radius" of thf, 4f electron wave functions (WF) could be largc. - 4 This matter could be
responsible for the disappearance of the superconductivity in Pr 123 since the "effective radius" of
the 4f clectron WF increases from Yb to Ce. There is the adequatc, complete information about CF
splitting in HioBa 2 Cu30 7 (Ho 123) from inelastic neutron scattering experimeaits. The energies otf
low-iying levels are known also for Dy123

34 and Er123.3 To compute CF splitting in RE123
conipounds the hydrogen-like one.electron radial WF R(r)=(rN)exp(-alpha r) are used. Only five
parameters arc taken into account to accord the calculated and experimental data: alpha, N, and
effective charges of nearest oxygen, copper, and barium ions. The minimal discrepancy for 110123 is

small e;nough for such simple approximation. The minimum is observed with enough magnitude of
alpha than the one in the case of free Ho3 , ion. The same is true for DyI 23 and Er1 23. This fact points
out the strong localization of the 4f one-electron radial wave function and pru'lably on the small
covalent mixture of 4f ("magnetic") and 3d-2p ("superconducting") orbitals.

'G. T. Trumrniell ,,t al., Phys. Rev. 92, 13F7 (1195,53
2A. |unew et al., Phvs. Rev. B 38, 46!16 (1IWN8).
3. D. Dunlap et al., J. Magn. Mag;. Mlaicr. 68, L.139 (1987)
4 A. Furrt; et al., J. Malgn. Mage. Maler. 70-i77, 594 (19H8).
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Helicoidal, magnetic vortex in a current-carrying superconductor
in a longitudinal magnetic field: New exact solution (abstract)

Yuri A. Geneniro
Donetsk PIhystech, 340114 Donetsk, M-iraine

A resistive state in a ýype-lll superconductor (SC) is conditioned by the Abikwisov -vagnetic vortex
motion in them. In absence of external magnetic field the entry of vortex rings of a transport current
self field determines the resistivity onieset.1 Being applied along the current-carrying SC cylinder the
magnetic field does iiot affect the entry of %elf-field vortex loops, because of foice-free geometry:2
In a latter cuse. other vortex configurations, more likewise a field line pattern, seem to face less edge!
barrier against vortex entry and determine the resistivty onset. in this work an exact solution for
helicoidal magnetic vortex is found in a LAondon approximation, similar to magnetic helicoidal
configutations known in magnetism. The Gibbs free energy of the current-carrying SC cylinder in
a parallel magnetic field is constructed and thu edge. barrier problem of irreversible entry of helicoid
into the SC sample is solved. An optimal parameter of helicoid is chosen by mimmnization of critical
SC parameters (current or field) for vortex entry.'The phase diag~ram of resistive state in coordinates
current field' is evaluated. A,1n essential difference of magnetic behavior between thin (of radius
R< 1, London penetration depth) and thick (R>J.) samples is 4hown. Thu latter exhibit the
field-dependent er-tical current J,, due to the helicoid entry in almost all of the field region 11< I/,.
the thermodynamic critical field, while for R< I J,, almost field-independent, I's detercmined by the
vortex ring entry.

'Yu. A. Gcmn'zko, IPhysica C 215, 343 (1 N3); Ptiys. Rev. B3 (-,i prers.).
2A. M. Camnpbell jnrd J. E~ Lvens, Critici; Currents in: Sujperconductors

(Taylor & Frnucin. London, I 972).
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Magnetostriction II A. E. Clark, Chairman

Ga substitution effect on magnetic and magnetostrictive properties
of TbFe2 compounds

Y. J. Tang, Y B. Feng, and H. L. Luo
Institute of Physics, Academia Sinica, Beijing 100080, Peoples Republic of China
S. M. Pan
Gt-neral Research institute for Non-Ferrous Metls, CNNC, Beijing 100088, People ',; Republic of China

In the present paper magnetic and magnetostrictive properties of Tb(Fe_.,.Ga,.)2 (x=0-.0,2)
compounds were investigated. It was found that the iron momea of the compounds does not scern
to vary much for x_0. 12. The Curie temperatures of the compounds decrease continousily by
substituting Ga for Fe, which was attributed to the decrease of the R-T coupling strength dite to Ga
substitutionm The intersubiattice coupling consta;it JkR: was evaluated by muiecalar field model. The
decrease of JRF, with increasing Ga content was found and related to the decrease of the number of
the Tb-Fe interaction pairs when replacing Fe with Ga. By using an x-ray diffractometer the samples
were step scanned with Cu radiation at a higher Bragg angle 20 ranging from '71 to 74' to study
the cubic (440) reflection. The splitting of (440) reflection for X-< 1 2 was clearly seen and the easy
direction magnetostriction X111 of the compounds was calculated. It was found that \,,, decreases
with increasing Ga content. This was attributed to the decrease of magnetic properties of the
compouads. The polycrystal magrietostriction X, of the compounds has also been studied.

I. INTRODUCTION relative importrhnt role io improving the magnetostriction of
RFe2 compounos through R-T interaction, espL.cially at low

Substitution of Fe with other transition metals, such as fied&.
Mn, Co, Ni, Al, etc., in RFe, cubic Laves compound,. are of Although the theory of anisotropy and magnetostriction
considerable interest because in some cases such substitution is well developed for t!, rare-earth sublattice in RFe2 Laves
can improve the magnetostriction of the compounds. t -4 Ac- compounds, a detailed understanding of the effect of the
cording to Clark et al.3 the magnetostriction of such corn- transition metals on magnetostriction proved to be elusive. A
pounds are highly anisotropic, exhibiting different magneto- better knowledge of such an effect both from experimental
strictive characters depending on their easy magnetization and theoretical poitits of view may lead to some discoverics
direction, i.e., Xt 1 1>\J). The huge kill's are allowed be- of new giant magnetostrictive materials at relatively low
cause two inequivalent tetrahedral rare earth sites exist in the field.
C15 structure while the potentially buge values of Xl00, are In the presen' study magnetic and magnetostrictive prop-
shori~ed out because of the high tetrahedral symmetry at the erties of Tb(Fe ...,Gax) 2 (x = 0-0.2) compounds were mea-
'are earth site, which means that only transitica metal con- sured in order to reveal the substitution effect.

tributes to Xi(x). It was found2 that the magnetostricdion of
nTo.3Dy0.7(Fe- I J)2 decreases when replacing Fe with Ni or II. EXPERIMENT
Co. Teter et al.3 also found that the low Th cn•m'itratio, 1

samples with Mn substitution do show a tendency to have a The TblFe_ -. Gaý) 2 (x 0-k0.2) compounds were arc
lower AHIX ratio than the pure iron ones in a twinned single melted in t magnetocontrolled arc furnace under an atmo-
crystal of Mn substituted Terfenol-D. Recmt studicsl-6 have sphcre of very pure argon, and annealed at 900 'C for a week
found that substituting Fe with Mn in Tb•,Dy, _,Fe conM- under a parified-argon atmosphere. X-ray analysis showed
pounds could shift the magnetocrystalline anisotropy com, that all samples were single phAse of cubic Laves structure
pensaticn composition to higher Tb conteilt and was effec- (C15). Curie temperature was obtained by extrapolating the
tive to improve their magnetostriction because of 1he Mn (Tr-T curve to (r2=0. Saturation magnetization (rr,) was I
influence on the magnetocrystalline anisotropy; and Mn :.ub- measured in the extraction magnetotneter wil, field tip to 60
stitutoion in DyFe2 incre;•ses the niagnetostriction at ro(,m k~e at !.5 K. Polycrystal magiletostriction X, was measured

temperature, especially in low fields, which is suggested tc., by using the strain gauge method in applied field up to 20

be caused by X1,, increase. It was ,lse found" that the mag- kOe at room temperature and was obtained by using parallelstrain !' And perpendicular strain Xa, to applied magnetic
netostriction shows a significant increase, with substituting a as p e c sa t pl gt
small amount of Mn in Y).1'Ib0.,,tFetxMn,) 2 compounds.
S These results suggested that transition metals could play a . •(Xl- X, ). (I)
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TABLE 1. Lattice constant a, Curie temperature T,, and intersublattice cou- Tb(Fei~~ Gapling constant JRFc for Tb(Fcj,~Ga,) 2 compounds, 'The values Z51j0 l x
- 12, Zj, 6, Sp,=0.78, gx3I2, and J=6 are usc.! in the calculation. x=.0 X=0

_______________________________________X=0.1

K a (,k) T, (K) in (10-223J) X=0.2/ N~

0 7.346 694 2.1/
0.03 7.360 662 1.6//
0.06 7.370 614 0.9
0.09 7.383 593 0.6 X=O.O6 x03
0.12 7.391 545 0.3X=0.9Xo

X 0. 1 2Aý

By using an x-ray diffractonetelr, the samples in powder
form were step scanned with Cu radiation at a higher Bragg
angle 20 ranging from 71' to 74' in order to study the cubic 71 72 73 74

(440) reflection. The absolute error of the measurement for 20
the lattice constant is less than 0,002 A. The easy direction
magrietostriction XIII (;f the cioiipounds as calculated by: 8  FIG., 1. X-ray spectra for Th(Fel. c.d3 ompounds.

X1II=A, (2)

where Aa is the deviation of the angle between neighboring mated fromn M6ssbauer spectra for RFe2 COMPouidS 10 and
edges of the distorted cube from ir/2. somewhat smaller than 19.1 K for .11, IR k (y-'dds a v ilue of

2.6X10-22 J) derived from high field mca,.urementQ:, and

1111. RESUL,7S AND DISCUSSION 2.93 X10-22 J evaluated by ab initiv calculations."t The de-
The attce onstntsof b(Fc._.Ga,2 (x0-012) crease of JRre with increasintg Ga content is apparently seen
The attce onstntsof b(Fe.X~A.) (x=0-012) fromn Table I. This can be related to the decrease of the num-

compounds were rneasuied by x-ray' diffraction and listed in beofteTFeierconprswnrpligFeihGa
Tabl I.It oul befoud tat tey ncrasewit inreaing ThFe2 , whose easy direction is parallel to [Ill ], presents

.Pa content, obeying Vegard's law. Studying the magnetic a rhombohedral distortion at room temperature. We suppose
behavior of TbFe2 compounds both 5as a single crystal and that no easy direction change occurs tor the enitire concen-
volyc~ystal from previous research, we. found that eve, at tration range for 'lb(Fel ,,Ga,, Q (x =0-0.2) compounds. In
.120 kOe it wac- impossible to saturate the polycrystal this study XIII was determined from the splitting of the high
samples at 4.2 K. ýIff the present study, the polycrystal mo- Bragg angle (440) reflection. The splitting of the (440) re-
ment is reduced by about 10% below the si ngle- crystal Icti' u otedsoto s ftesm re fmgi

va,,Flu._, ) s om poudg thesa e redutaioed fof the motenatfor tude as the one dm; to thle doublet Ka 1 , Ka2 ; actually a
Th(F1 .Ga~2 cmponds weobtanedfro th sauraion triplet is observed. So the reflection created by Ka 2 is de-

data an iron magnetic contribution ( 1.5ti±0.03)p.B for the ducted from the whole reflection using a standard method.
entire concentration range. Figurti- 1 shows the x-ray spectra after deduction for the corn

Although tVie iron moment dues not seem to vary mucht pounds. For TbFe., the calculated distortion is 0.0024, which
in the studied eompoý.ition range, the Curie temperatures T: corresponds to a rhombohedral angle aR (39.86 '. This re-

of ,(' - Ga.,)-. compounds decrease continuously by sub- suit shows a good agreement with single crystal data5 and
stituling Ga for Fe. This is evidence that the greatest contr.-
bution to T, values is given by the intecactions invnlving the
iion atoms. T~, reduction can be attributed to the decriease of
the R-T coupling strength dut. to Ga substitution. On the 2500
baris of nio&1,cului 11seld theory the R-T intersublattice-
c,)upflng :onstan~t JRr, can be obtained by: 9

9 -'T,. TY.) T, 2000

where T, and TY' represent the Curie temperatures ci the 1500

cc.-nipounds in which R is magnetio (J0~ 0) or R is nonmag-
netic (J=0), respectively; k is Boltzmann constant, Somc;
parameters usvd in the calculation arc listed ini Tabnle 1. l-lerc: 1000
Y' 'e, was used as the J = 0 compound '.o the cal-ulation. The P 0.03 0.06 009 0.12
magn~tic-coupling. strength constants derived from Eq. (X
are listed in Tabic. I. For Th:Fec, 'Iiis2. X1-:1 hd
agrees well with 15 3k (y ields -"ývaue v t 2.3 X 10 `2 j) cSti- 1116. 2. (ia concentration diependenice olh toI, Im b1(FI c1 ') Copuns
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100 -- compounds.' This suggests that substitution Ga cannot im-
1,o0 prove the saturated magnetostriction for TbFe2 compound.

12001200 -IV. CONCLUSION
ce 1000

r- In conclusion we would like to point out that:
"> 800 ,x (1) while the iron moment does not seem to vary much

600 x=0.03 in the studied composition range for T"h(Fe IGa,)2 (x .ý 0-
400 .!-x=0.06 0. 12) compounds, the Curic temperatures 7, decrease con-

Tb(Fe Ga ) --x=0.09 tinuously by substitting Ga for Fe, which was attributed to
200 the decrease of the R-T coupling strength due to Ga substi-

0 tution. The decrease of J•:, with increasing Ga content,
0 5 10 15 20 which was obtained by molecular tield modlel. :.an li- rclated

Magnetic field (kOe) to the decrease of the number of the Tb-Fe interacton pairs

when replacing Fe with Ga.

FIG. 3. Magnetic field dependence of polycrystal magnetostriction for (2) The splitting of (44) reflection Im x -- I 2 "as
Th(Fe1 -XGaX)2 compounds. clearly seen and the easy direction magnetostriclion h Xl1 of

the compounds was calculated. It was found that hX1 de-
creases with increasing Ga content, which was attributed to

previous x-ray studies for TbFe2 ,-1 The splitting of the (440) the decrease of magnetic properties of the compounds. By
reflection is clearly seen from Fig. 1. It decreases with in- using the strain gauge method, we found that substimttional
creasing Ga content. When X=0.2 the splitting disappears, Ga cannot improve the polycrystal magnetostriction lot the
which means that the distortion becomes too small to be TbFe2 compound.
measured at room temperature. It could also be found from
Fig. 2 that XII decreases linearly with increasing Ga content, . Funayama, T. Kobayashi, 1. Sakai, and M. Sahashi, Appl. Phys. IA'It.
which can be attributed to the decrease of magnetic proper- 61, 114 (1991).

ties of the compounds. It is well known that the large mag- 2 A. E. Clark, 1. P. Teter, and 0. D McMasters, IEEE Trans. Magri. MAC,
netostriction in RFe2 compounds is due to the interactions of 23, 3526 (1987).

the anisotropic cloud of the 4f electrons with the crystal field -J. P. Teter, A. E. Clark, M. Wun-Fogle, and 0. I). McMasters, IEEE Trans.

and transition metals. According to the single-ion model, the 4 Magn. MAG-26, 1748 (1990).
and tra ition varietls. Accodit tempertue asig-i model, (T. 4A. E. Clark, J. P. Teter, and M. Wun-Fogle, J. Appl. Phys. 69.5771 (199 1).

magnetostriction varies with temperature as oc(T). Assum- 5A. E. Clark, Ferromagnetic Materials, edited by E. P. Wohlfarth (North-

ing that the R sublattice moments decrease with decreasing Holland, Amsterdam, 1980), Vol. 1, p. 531.

Curie temperature, the rapid decrease in T, with increasing 6M. Sahashi, T. Kobayashi, and T. Funayama, Proceedings of the Tenth
International Workshop on Rare-earth Magnets and Their Applications,Ga content results in a strong decrease of O-R(T) at room Kyoto, Japan, May 16-19, 1989, p. 347.

temperature, which in return leads to a marked reduction in 'H. Y. Yang, H. 0. Guo, B. G. Shen, L. Y Yang, J. Yuan, and J. 0. Zhao,
magnetostriction. Figure 3 shows the polycrystal magneto- Phys. Status Solidi A 129, K107 (1992).

striction X, versus applied magnetic field at room tempera- R. Z. Levitin and A. S. Markosyan, J. Magri. Magn. Mater. 84, 247 (1990).
9 J. P. Liu, F. R. de Boer, and K. H. J. Bushow, J. Magn. Magn. Mater, 98,

ture for the compounds. It can be seen that the magnetostric- 291 (1991).

tion of the compounds are not saturated even at 20 kOe, We t"13. Bleaney, G. J. Bowden, J. M. Cadogan, R. K. Day, and J. B. Dunlop, J.
note that the magnetostriction at 20 kOe drops with increas- Phys. F: Metal Phys. 12, 795 (19821.

ing Ga content. This situation is not the same as that for 'M. l.iebs, K. Humnilet, and M. Fhihllc, J. Magn. Magri. Mater. 124, 239
ing (1993).
Y0.1Th0.9(Fel -,Mn,) 2 compounds in which the magnetostric- 1

2 B. Barbara, J. P. Giraud, J. Laforest, R. Lemaire, E.. Siaud. and J.
tion shows a significant increase with a small amount of Mn Schweizer. Physica 86-88B. 155 (1977).

J AppD Phys . Vol 76. No 10 15 K_.•.mher 19q44 Tang et al 7147



Comparison of the dynamic magnetomechianical properties
of Tb0.27Dy0.73Fe2 and Tb0.30Dy0.70Fe2

D. Kendall") ar d1 A. R. Piercy

C omparison is, iade betweeni tile 111.gn ict otcc h~iill cal propi tw c' (itt 'l1 .1)%, 1-e 11) I 7 b ilk
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P rilsotropy in twinned terfenol-D crystals
0. G. Lord and D. Harvey
Joule Physics Laboratroy and Sucice Research Institute, Uni 'e sitY of Salfor,d Salfored A5 41V!;
United Kingdom

The highly magnetostrictive cubic compound Terferiol-D (ThbOPy0.1Fel2) solidifies via a 1211l}
dendritic growth front when grown by a free-standing zone technique. The resulting material is
usually composed of dendritic plates often containing crystallographic twins, the predominant plate
and twin plane being the (I111) oithogonal to the (21 1) growth plane. Results of room temperature
magnetic torque analysis from (01l) disk specimens, having differing twin densities, are presented
which yield both the magnetic anisotropy constants, K,=-l,6X lO5 Jim,3 and K 2 = -0.16><10O'
Jim3. and the relative parent/twin volume. Magnetic susceptibility data both parallel and transverse
to the applied field are presented which, in conjunction with the anisotropy results, emphasize the
importance of twin density onl magnetoelast ic response for typical application geometries,

1. INTRODUCTION long direction parallel to the growth axis and the faces mu-

The cublic Laves phase ternary compound Tb1 , ~Dy,,-,Fc, t oally' orthogonal and parallel to the (011I) and (Ill1) planies.
(Terfenol-l)l is of significant interest tech nologicallIy f .or ac- All plainar Surfaces, aligned by x-ray back- reflect ion, were

luator and transduce ,r applications as it possesses a large diamond polished to at 1/4 ,uni finish.
Inaricosticton o aisorop raio earroo tepertur. .Torque curves were obtained from antiiclockwise rota-

Commiercially available material, grown by at fice- standing to fi 5 Ammgei il ntepaeo'te(10
zon tehniuesoldifes iaa { IIdenritc gowt frnt disks using a Plenoyer-type torque nlagnctomncet-r in which

producinechniques olidifieosd via 21 dendritic grotswhih ftent thle specimen torque wits balanced by an opposing torque

contain crvstallographic twin boundaries, the predominant rdcdyaknw cuetpsinthog acila-
plate adtibonaypaebigt jIllIý rhooa to tached to the specimen suspension, which wats located in at

ah d go twil bro undpary." plane b aeriag t xhe biorthigonical t field from a fixed pc. nianient magnet. All datai reported here

mnagnetoelast ic strain, (of' the order of' 1 5W) ppmn in moderate were taken atl a room temperature of 293 K. D~ifferential

applied fields around 1(N) kAhn. the development of which magnetic susceptibility data were obtained by subjecting the
wit inreaingfied, s harcteize 1wdisoninuou bar specimnirs to) a die and superimposed ac magnetic field

cihane increasing ateldrtiscularafeieds, isotiuu directed along thle long bar axis. Thle ac field of' 5 kA.Irm and
Thanes manestric anipartipyla fedetrindbte.'atra frequency 82 itz was constant. while tile dc field was ranmped

coipo sitio, i suh ifit a~ iotrpycolil eilil io is al it ratte of' 2 kA/m/s. T'wo pa irs of' imut uall oIvrt hogonal

achievecd at about 281) K:" above this temperature, the easy p~ick-up coils were placed around the specimen to detect thle
dirctins or ill manetzatonirea~og te ýI 1) aes.It -S transverse magnietizaitioni changes in both the [I IlI and 10111I

dihectnios fotro y inle c db the diinfztolaefc ~d n athre ( f ill e naxes. ti directions aind one colil. with in~ assolciated air-flux cotilpeti-

rial , which in tilie maini determine!; tilie forml of tie strani i silt Ii ol, wis placed to detect sLIsc( p ib iIi ty parale, o i

evolution whetiher thiis is bly domanii i wall moiont ( or mai'gn applied fields and thle 1 2 i11 Ii rectiou. S ignalIs in -phase withI

liizitionl roltationl. The presence f(If tIll) twin boundaries leads tilie ac nmagnetic field were dete :Iud by ai lock-iii amplifier.

to at comnpl icat ion ill that not1 all filie eaiy axes are cont in uous All niecisureniiieis reported ' IC Abtainled at Zelo applied

across either the twiti or the dendrite houiidari-s. llt lrdef to stress and at roomi telnperaloie.

gain a better understanding oif tile interactieni of the Inagne- Ill. RESULTS AND DISCUSSION
tization and the strain, this article repoits rloirn temperature Thsptadeneceo'il agcory-aieaio-
measurements k4f the anisotropy in such twinned Terfenol-l)tesaildpnec tth areorsaln nst
samples which, along with susceptibility and transverse sus-- ropy Lnergv, E( F i. can he cxpiessed phenomenologically for

ceptibility observations, demonstrate the importance of tile ai Cubic crysi-, as

parent/twin concentrationl onl sample responIse. E( K) K, K 1( ar( 1K 'o (4- (r~/ 4-k, aa)

11 XEIETwhere K,, are thle ani iso Itr( 11 conlstalt:ts and ar, are thle Ii rec-
Samples used in this investigation were prepared in the !ion cosines of the magnetiz~ation relative ito tile cubic axes cot

form of' 8-nmm-diam rods by Edge Technologies Inic. by at the crystal. pli~rrese nec oif' bohoi parent 1/) atnd tw i lilt orin-
free-standing zone technique using a zonie rate of' 39 cm/h. ented material in thle specimenls iS accountdI iocr by assunming
Disk specimens for torque curve analysis, 3 mmn in diameter ait lative fractional pilrelt-lo-tWill volume, (-. such 'hatl

and I mm thick, were produced by spark erosion1 with disk c 0(.5 for equal p and tvolunie content. Trhe magnetic anl-
faces parallel to the I(011I ) plane orthogonal to) the ( 21 i sot ropI' e ncr4'v alid nmagne ti zation)1 in bothI pitrenit anid twin
growth plane. Bar specimens used in mneasure-nenis of' the are if' iccecssmy the sanic: only their relative crystallographic
magnetic susceptibility, 51 m nin in length and 5 min by1 5 i1l111' oneientat ions differ. lIn Fig. I we sho w theit aiiisotlropy Ctenergy

in square cross section, were similarly prod~uccd with the profilw; for both twin and plrcit material superimiiposed onl
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2ý symmetry of the anisotropy energy about the [2i 1] bar axis,
dK' as seen in Fig. 1, would yield zero transverse magnetization

r/ as there would be equal populations distributed symmetri-
a) 211 cally witn respect to the bar axis, even accounting for the

anisetropic effect of the magnetostriction.7 The small trans-
verse susceptibility signals from the [011] and [1il] are
therefore due to the asymmetry in the anisotropy energy in-
troduced by the inequality in parert and twin volumes. In-
deed, the variations show excellent agreement both in field
dependence and magnitude to the magnetostriction data ob-

W,, , 1_ tained in these directions3 and indicate that the magnetization
.20H -15 .0 5 0 15 20distribution, as a function of applied field, is far from

L straightforward.

" . IV. CONCLUSIONS

The mag-aetic anisotropy constants in twinned
, Ii t Terfenol-D materials have been obtained from room tem-

perature torque curve analysis from (011) plane disk speci-
mens of varying twin content. Consideration of the anisot-
ropy energy as a function of twin content clearly
demonstrates the potential symmetry of currently available
float-zone material for the case of equal parent/twin volumes.
Where any inequality exists, the anisotropy, and hence mag-
netoclastic strain, will be asymmetrically disposed to the
growth direction. The only crystal direction in which behav-
ior is symmetrical in twinned or untwinned material is the

FIG. 5. Differential magnetic susceptibility data measured parallel to (a) (11) normal to the predominant twin plane. To manufacture

[211] growth direction, (h) [0ll]. and (c) [111] where applied de and act

fields are parallel to [211]. Sensitivity for (b) and Ic) is approximately ten device material using such a geom-etry would yield large

times greater tha.t for a. strains with exceptional strain coefficients as seen from the
(Ill) data in Fig. 5.

shown in Fig. 4, wheie the twins correspond to the lower 'A. E. Clark, J. I'. Teter. and 0. D. McMasters% J. Appl. Phys. 63, 391(1
reflectance areas and the straightness of the twin boundaries (1988).

are clearly observed. Excellent agreement has been found for 1M. Al-Jitxxry, 1). G. lA)rd, Y. J. B!, J. S. Ahll, A. M. V' Ilwang, and J. R.

values of c between 0.3 as in Fig. 4(a) and 0,46 (the more T'eter, J. Appl. Phys. 73, 6161( (1993).
'I. P. Teter. M. Wun-Fogle, A. E. Clark. and K. Mahoney, J. AppI. Phys. 67.

typical material) as in Fig. 4(b). 5(X)4 (1990).

Differential susceptibility and transverte susceptibility 'M. AI-Jibtxxry and D. G. L.ord, IEE1 Trans. Mag. 26, 2583 (199,)).

data in the mutually orthogonal [(2i 1], [011], anid [I Ill di- 'R F:* Penoyer, Rev. Sci. Instruni. 30, 711 (I1959).

rection from a bar specimen with an optically estimated "Y J. Bi, J. S. Abell, and A. M. If. tiwang, J. Magn. Magn. Maier. 99. 159
(a091).

parent/twin density of c =0.45 is shown in Fig. 5. For a 'j. 1. Teter, A. E. Clark, and 0. 1). McMaster, J. Appl. i'hys. 61, 3887

specimen with c=0.50, it may be expected that the high (987).

I'uhlished wiithout author acJrr•'ction.f
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Device oriented magnetoelastic properties of TbxDyj ..,Fe1.q95 (X=0.27, 0.3)
at elevated temperatures

K. Prajapati, R. D. Greenough, and A. G. Jenner
Department of Applied Physics, Uniiversity of h1ull, Hull HU6 7RA' United Kingdomn

In cider to assess the potential of the highly magnetostrictive compound lcrfenol-D (composition
Tb.,Dy, -.Fe1 'J5, wher x =0.3 or 0.27) for device applications in the temperature range 20-300 'C,
measurement of magnetostrictive strain (X), differential strain coefficient Wd33 ), and
magnetomeclhanical coupling coefficient (k33) have been made against applied dc field (--120
kA/m), uniaxial pressure (-_20 MWa), and temperature. Comparing the two compositions at elevated
temperatures has shown that large grain oriented material of the composition Tbh,,,DY0. 7Fce),~ has
higher strains and d coefficients, at elevated temperatures than small grain oriented material of
composition TIb0.2 7Dyv,, 7 3Fe I )5 but for optimium coupling efficiency Tb0.27Dy,, 7 3Fe 1.9 is- prefe:,able.

1. INTRODUCTION stresses <-20 Mila applied along the [I112) axis. Thle Inagne-
The seuobiaryrarecarh~ion ompond erfnol131 tostrictivc strain coefficient (133(= dk/dH) were obtained by

( T hepsud biay ra e1 5 h re earsthpironl comp oun 0.3) fenerate differentiating the static \-If curves. Coupling coefficients

lahrge -gne wheric e strins typially0.2 op r 0.) gchcn berae (k ,I) were obtained from the roagnetornechanical resonance.
lare mgneostictve trans ~- 50 pp) wichcanbe Thle measurements were undertaken in a noninductively

used in a variety ofl applications. For a particular composi- wound furnace to obtain temperatures •ý30( 'C' (4- 'C
tion, the magnetomechantical properties depend on three With, samnples contained in an argon atmosphere. Approxi-
principa! factors: the applied field. temperature,. and espe- naey5 aito l esrtitt rmsml osml
cially in grain oriented material, the applied stress.' Although wateexpectevaraind iondmaueet.rm apet ail
somne measurements have been made at elevated waexetdndfu.
temperatures,3 previous work has concentrated mainly onl the
room temperature properties. However, operation at higher WI. RESULTS AND DISCUSSION
temperatures is desirable for some application% and the D~ata have been collected for X. dl, and k,, as functions
present work was conducted to provide a mtore comprehen- of' app~lied field, stress, and temiperatutre. For each magneto-
sive assessment of' magnectoniechanical performance to tern- striction isothermal in Figs. I and] 2, the uniaxial pressure

p hertrsu two 3mai consrit ntl aneoeprtr and applied field have been chosen to yield thle maximum di
1'hetwomai costrint on he ang oftemeraure coefficient. At room temp~erature for x-0.3, after a sharp

over which Terfenol-1) can be used are Wi the mnagnetocrys- i ncre ase inl strain at low fields (known as tile "burst
talline anisotropy, because at low temperatures the cornpjet- effect''), at 120 khno the strain is ailmost doubled. TIhe
ing, anisotropies of the '11 and lDy ions causes- thle easy axis iso)field contours decrease slowly with temperature at low
of magnetization to switch from the (I I !) to the 0I WX) axes.'I
and 00i the exchange energy which decreases as thle temperat-
ture approaches the ('uric temperature. T, , aitd causes the
magnetostriction to decrease otionotonlically ill accordance to
single ion theory.' Within these coinst ra int s lies at useful
range of' temperature and the followintg results indicate how
the performance of'l'erfenol- I) canl bie optimized in this
range.

The two conmpositions chosen for com1parative pupoe
are x =0.30 (grain oriented. large grains). whicht is particu-
larly susceptible to the application of' applied uniax ial pre-
stress along the 1I121 grain growth axis," and x (10.27 (grain
oriented, small grains), chosen to minimize miagnetocrvstal-
line anisotropy at room temperature.' Tlhe grain strucutur inl
hoth compositions is typical of corntnercially available mna-
terial. lm

1I. EXPERIMENTAL TECHNIQUES

Commercial grade samples. prepared by at tree float z~one
process, were in the forn of rods 50 to 100)( mil long and fi

mmn diameter, with the I1I12 1 growth direction along thle rod 1:6 1 s~ratir prlit'l ii alptitliiutn Ils t~irehi c,,ilittiltis I'll tn aviinlin d
axis. Magrietostrictive strain, X, measured with strain gauges, its it Iictjion ,il ic ipc rat tre and miciii al rmmagtmctic licid fill % I 0 U -i pl
were measured in de fields -c 1 20 kA/m and with uniaxial '%iwuo.
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FIG. 2. Strain profile at optimum pressure bias conditions for maximum d113
as a function of temperature and internal magnetic field for x =0.27 compo- FIG. 4. Variation in optimum d.13 with pressure and temperature for
sition. x=0.27.

fields (<30 kA/m) but the decrease in the 120 kA/m contour anisotropies of the Th and Dy ions. For x =0.3 the aiisotropy
in this sample is clearly not monotonic. Although magnetic minimum is at T=-10 'C with maximum strains at 25 'C;
saturation has not been achieved, it is expected that these and for x=0.27, the minimum in anisotropy occurs at ap-
strains should decrease with temperature approximately as proximately T=20 °C, with the maximum strain at -60 TC
"1n3 [where M is the reduced magnetization (MT/Mo)]. 5 The (comparable with findings by Clark et at.3 ).
maximum at - 140 'C interrupts this pattern and is evident in Along each isothermal contour for d 33 (Figs. 3 and 4)
fields as low as 30 kA/m. For practical applications this ef- fields have been applied to give the largest d coefficient for
feet at 140 °C is an added bonus because unexpectedly larger each applied pressure. For x=0.3 in the range
strains can be generated. For the sample with x = 0.27 the 20-7'--200 'C, an enhanced d coefficient is present at low
decrease in isofield strains with temperature are almost pressures due to the combined effects of applied stress and
monotonic for any field strength. The different behaviors of grain orientation.4 The level of stress becomes less critical
the x=0.3 and 0.27 samples is explained by the competing for T>200 'C, where the small magnetocrystalline

anisotropy 5 renders the applied stress less effective in regu-

40 ,

d3A- x-0.27
-~a- 1 x-0.30

30- x-0.27
k33 o- x-0.30

E 20

0
10 10

S0 50 100 150 200 250 300
, ,? , , Temperature (C)

FIG. 5. dc Hias fields required to obtain maxiniumn d 1 , and k 1 as a funtction
FIC. 3. Variation in optimum dj with pressure and te mperatute for of temperature forx -- t.27 and 0t.3tt.
x = 0.3"1.
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FIG. 6. Surface plot showing the variation in optimum k33 with pressure FIG. 7. Surface plot showing the variation in optimum k, 3 with pressure
and temperature for x=0,30. and temperature for x.=0.27,

lating the magnetization processes. This is the case for IV. CONCLUSIONS
x=0.27 at most temperatures until an imbalance between the For practical applications the present results show that
Tb and Dy anisotropies emerges at low temperatures large grain oriented material with the composition
(T<40 °C). Due to the magnetocrystalline anisotropy, undu- Tb0 .3DY0,7Fet.95 produces better strain and d coefficients at
lations occur in the d 3 3 surface for x=0.30, whereas this elevated temperatures provided the applied field is con-
surface for x=C.27 is comparatively smooth. The oscillation trolled, For optimum coupling efficiency at elevated tem-
on the room temperature isothermal for x =0.30 have been peratures, the small grain oriented material with composition
observed in other samples with the same composition and are
reported elsewhere. 7 From the application point of view there Tb0.27Dy 0.73Fe1.95 is preferable.

is a clear advantage in employing Terfenol-D with x =0 30
for T-< 100 *C. Provided pressure loading is kept in the range ACKNOWLEDGMENTS
2-10 MPa. Larger fields are required compared with x =0.27(Fig. 5) and some control will be needed to maintain th~em in The authors wish to thank EPSRC and Gee Measure-
(ithe range 10-17 kA/m. ment Systems, for the financial support given to K. Prajapati

The surfaces representing optimum magnetomechanical and staff in the Department of Applied Physics who assistedwith this work.
coupling as a function of temperature and pressure are very
irregular for both compositions (Figs. 6 and 7). This is not
surprising because k 3 3 depends on d coefficient, permeabil- 'A. E. Clark, R. Abbundi, and W. R. Gillmore, IEEE Trans. Mag. 14, 542

ity, and elastic compliance.2 At elevated temperatures (1978).
(T- 300 °C), for x =0.30, k 33 is very strongly dependent on 2 R. D. Greenough, A. G. 1. Jenner, M. P. Schulze, and A. J. Wilkinson, J.
pressure. It decreases from -0.5 to -- 0.35 between zero and Magn. Magn. Mat. 101, 75 (1991).

-'A E. Clark and D. N. Crowder, IEEE Trans. Mag. 21, 1945 (1985).
7 MPa, representing a reduction in transducer efficiency 4 A. E. Clark, J. Teter, and 0. D. McMasters, J. Appl. Phys. 63, 3910
from 25% to 12%, For x =0,27 the lowest observed value for (1988).

k33 , regardless of pressure or temperature is -0.45. It is 5 E. Callen and H. (allen, Phys. Rev. 129, 578 (1963).

concluded that pressure dependent effects on k 33 in large 'J. D. Verhoeven, E. D. Gibson, 0. D. McMasters, and H. H. Baker, Met.
Trans. A 18A, 223 (1987).

grain oriented material are a disadvantage and small grain 7 N. Galloway, R. D. Greenoug', A. G. Jenner, and M. P. Schulze (these
oriented material (x =0.27) is preferable. proceedings).
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Influence of hydrogen on the magnetic properties of Terfenol-D
L. Ruiz de Angulo, J. S. Abell, and I. R. Harris
School of Metallurgy and Materials, Univetrsity of Bimuinghamn, Birminghan, United Kingdom

The reactions with hydrogen of the CIS-type Laves phase Tb,., 7Dy,,73Fe, have been studied by
differential thermal analysis and the influence of this hydrogenation upon the magnetic properties
was observed with a Curic-Faraday balance and a vibrating samplc magnetometer. It has becn
found that a slightly rare earth rich composition allows the hydrogenation to take place at room
temperature. Two cndothermic peaks observed on heating under 1.2 bar of hydrogen are attributed
to hydrogen desorption, due possibly to the form of the pressure isotherms. At a pressurc of 1.2 bar,
the amorphization and disproportionation peaks are combined as a single peak, but a higher
pressures these two phenomena separate into two peaks. After the first absorption/desorption cycle,
the hydrogenation occurs at temperatures as low as -75 'C, and is highly exothermic and very rapid
in nature. The magnetic susceptibility of the compound suffers a dramatic drop when it is hydrided,
and the magnetization at 1100 kA m-1 falls from 77.5 J T ' kg I to 9.2 J T ' kg 1. When heated
in hydrogen, a peak in susceptibility was observed at about the same temperatures as those of hlie
amorphization/disproportionation reactions. The Curie point of the amorphous hydrided rmaterial
was found to be around 68 'C, with a magnetization a! room temperature and 1100 kA r I of 46
J T--t kg-1. The fully disproportionated material had a magnetization of $2 J T kg I at 1100
kA m 1, which was related to the proportion of a-Fe formed during the disproportionation reaction.

I. INTRODUCTION shows the HDTA trace of lumps of RFcl 1,3 heated in a hy-

The RTM, (R rare earth, TM=transition metal) type drogen atmosphere at 1.2, 3, and 5 bar initial pressure.
Three exothermic peaks and two endlothcrrnic peaks

Laves phase compounds have been studied in the last few Three ixotheric pespand to thermi1 paksyear fo thir nteestng agneic roprtis ad hdroen- were seen in the trace, corresponding to the run at 1.2 bar ofyears for their interesting m ag netic properties and hydrogen- H .A i h r p e s r s f u ,e o h r i e k ,b t o l n
absorption capacity, see, for example, Refs. 1-2. Upon hy- H2 , At higher pressures four, exothermic peaks, hut only one
drogenation, these compounds exhibit substantial changes in endothermic peak, were observed. X-ray diffraction exama-

their magnetic properties. In addition, the pseudobinary nation of the material was carried out after each peak of the
Terfenol-D (Tb0.27Dy0.73Fe,) has outstanding magnetorestric- 1.2 bar run. After the first exothermic peak, the material had

an expanded cubic structure, indicating hydrogen absorption
tive properties combining a low crystalline anisotropy with a at
huge magnetorestrictioi at room temperature. 3 In the light of in the crystalline state. The x-ray diffraction (XRD) patterns

these studies, it is therefore interesting to investigate the hy- of the samples hydrogenated after each endothermic peak

drogenation behavior of this compound. showed different rhornbohedral structures. On hydrogenation
at 400 'C, very broad x-ray peaks corresponding to RH, and

II. EXPERIMENT a-Fe could be seen. At temperatures above .500 'C, much
sharper peaks, corresponding to RI-I2 and a-Fe were ob-

The material used in the present work was served. When heated under 5 bar to 3010 *C, no x-ray peaks,
Tb1,2 7Dy). 7 3FeL.3 (RFe. 3). Lumps (a single coarse particle but a broad maximum, can be observed, thus indicating
of -200 mg) were introduced to a specially constructed dif-
ferential thermal analyzer (DTA) with a hydrogen atmo-
sphere (HDTA), and were subjected to different pressures - - .

with a heating rate of 3 'C pet min. The material obtained -
was used for measurements on a vibrating sampler magne- -j - --- _
tometer (VSM), and for x-ray diffractomctry using Co K,,
and Cu K, radiation. Curie-Faraday balance measurements
were performed by hydrogenating freshly cut lumps of , ii

around 30 mg, in situ. In this case, a hydrogen prý:ssure of I E " . I3 bar

bar w as em ployed. !3 .. . ......... . ..............

A. Hydragen absorption I- K+
HDTA was performed in order to investigate the influ- 1.2 / ba

ence of the rare earth grain boundary phase on the hydroge- , . ..-
nation process. It was found that, when the material was II

single phase and in lump form, the hydrogenation process
took place at about 280 'C, and at about 120 'C when in the 0 o00 200 300 4W0 5W3) 6o0

form of crushed powder. However, the compound RFe1. 3  TemperatureCT)

(3.5 at. % of free rare earth) reacts very rapidly at tempera-
tures close to room temperature, even its a lump, Figure 1 FIt;. 1. IIDTA traces ef th11,.,lI)v,, 7Tc ),(R|Fc1 ,,,) at different pressurcs.

J. Appi. Phys. 76 (10), l November 1994 0021-8979/94/76(10)/7157/3/$6.00 Q 1994 American Institute of Physics 7157



amorphous material. Finally, the diffraction pattern of the 90

sample heated under 5 bar to 400 °C is very similar to the [
one heated to the same temperature at 1.2 bar. The endother- 75

mic peaks move to higher temperatures with increasing pres-
sure, and this could indicate that they are related to the form - 60

of the pressure isotherms rather than to any change in the ~.
structure. or state. This data are consistent with the work of 45-

others researchers .2,4

These results indicate that, below 280 'C in this range of 30

pressures, Terfenol-D absorbs hydrogen while maintaining a
crystalline structure. The second exothermic peak observed is
at 1.2 bar can be ascribed to the combination of the hydrogen
induced amorphization and the disproportionation reaction. 0 - .. . _
These two reactions separate at higher pressures due to a 0 200 400 600 800 1000 1200
lowering of the amorphization temperature. Tilis lowering of Field(kA/m)

the amorphization temperature with pressare has already -5 ,-'... 70"C

been reported in other Laves phases such as TbFe2 (Ref. 5) ,0o'c -4 25c
6---- 160'C -T- Amorphous

and GdFe2 .
It was observed that, when cycles of absorption/

desorption were performed, the initial hydrogenation reac- FIG. 2, Magnetization of RFc).,3 samples hCatCd in 1.2 bar H2 to different
tion would take place immediately at room temperature. To temperatures and in 5 bar H, to 300 TC (amorphous).
investigate if this could be done at lower temperatures, a
lump of RFe1 .93 was hydrided, and then desorbcd by heating
under vacuum to 350 'C and then cooled. At room tempera- C. Curie-Faraday balwace experiments
ture, 5 bar of argon was introduced, and the sample chamber The results of the Curie-Faraday balance experiment are
was cooled with liquid nitrogen. When the temperature was shown in Fig. 3. Upon hydrogenation, there is a sudden drop
- 125 °C, the argon wos replaced by 1.2 bar of H2. At around in magnetic susceptibility, which is consistent with the VSM
- 75 T, a sharp and strong exothermic peak (A T=52 'C) measurements. Between 350 and 520 °C, the susceptibility
was observed. From this point and apart from the hydrogen increases as the hydrogenated materi:il starts to dispropor-
absorption peak at 40 °C, the trace was the same as that for tionate, with the formation of a-Fe. On cooling, the suscep-
1.2 bar H2 shown in Fig. 1. One possible contribution to the
low hydrogenation temperature is the very clean surface ob- tbiyincree s abd
tained in this material after hydrogen decrepitation. This be-
havior also indicates very rapid hydrogen diffusion in this After the initial drop at 57 'C, the susceptibility de-

creases slowly with the temperature up to around 180 'C,system. after which the temn'erature exhibits an increase. Another

interesting feature is the peak between 260 and 350 "C,

B. VSM measurements which is approximately the temperature range where
the HDTA displays the cembined amorphization/

Figure 2 shows the magnetization obtained for RFe1.,9 3  disproportionation peak. The increase in magnetic suscepti-
material heated in hydrogen at 1.2 bar to different tempera-
tures. It can be seen that the cubic hydride is still unsaturated
at 1100 kA/m, giving a magnetization of 9.2 J T-1 kg-'. The
rhombohedral hydrides (70 'C and 160 'C) exhibit a behav- -----

ior close to paramagnetism. These observations agree with ,| L 0.3/ T

work by Annapoorni et at.2

The sample heated to 400 'C is easier to magnetize, and - Hydrogen absorption

a magnetization at 1100 kA/m of 50 J T-1 kg--1 was ob- A!
tained. From the experiments on the HDTA, this value Disproportion-tion

finely disproportionated material. To measure the real value

of the amorphous materi.l, one sample was heated under 5 2
studies confirmed the amorphous state of the material. The Hteating rate = C/n t

amorphous material was found to be easy to magnetize, and .... . ,_ .....
a magnetization at 1100 kA/m of 46 J T--' kg-1 was ob- 0 1 200 300 400 50o 600 700

tained. The sample heated to 500 °C at 1.2 bar had a magne- Temperature CC
tization of 82 J T-1 kg-1 at 1100 kA/m. This value is close to
the theoretical value of 86 J T•I kg-t expected for a fully FIG. 3. C(uric- Faraday balance trace tit RFel0 3 heated under I bar of hy-
disproportionated material consistin, of a-Fe and RH,. drogen.
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curve). On cooling, another Curie point can be observed at• N•N I Mass = 39.8 mg i

latingrate=5"C/min around 370 'C. These results show that, when heated under
vacuum, the hydrogen amorphized Terfenol reverts to its
original crystalline structure.

Curie point of Terfenol-D
D. Conclusions

A 7: The pseudobinary Laves phase, Terfenol-D, exhibits in-
Cur oitr ,s'¢•of• teresting and complex reactionp with hydrogen. The initial

A,, nmorphous Inol H. hydrogenation can take place at a very low iemperature un-
der low hydrogen pressure. A, i. the case with other RTM 2

A- -compounds, it is possible to induce amorphization with the
introduction of hydrogen in the structure. The transformation
of the rhombohedral hydride structure to the amorphous state

0 10o 200 300 400 .500 60o 700 is accompanied by a recovery of magnetization at room tem-

"lemperatwe('c) perature. This amorphous material has a Curie point close to
70 °C.

FIG. 4. Curie-Faraday balance trace of hydrogen induzcd amorphized ACKNOWLEDGMENTS
RFel.93 heated under vacuum.

Thanks are due to the School of Metallurgy and Materi-
als for the provision of student grant support for L. Ruiz de

bility from 180 to 300 °C could be rel~:d tc i~e Iots of Angulo. Thanks are also due to Rare Earth Products for the
hydrogen prior to amorphization, as suggested kiy anwar- provision of material.
ing et al,7 What is not understood at this stage is the reason
for the decrease in susceptibility fiom 300 to 350 *C. 1K. Aoki, X-G. Li, and T. Masurnto, Acta Metall. Mat. 40, 1717 (1992).

Finally, 39.8 mg of RFel.93 were hydrogerated in the 2S. Annapoocni, Markandeyulu, and K. V. S. Rama Rao, J. Appl. Phys. 65,

Curie-Faraday balance, heated to 380 'C, and then cooled. 4955 (1989).

After this treatment, the resulting material should be mainly 3A. E. Clark Ferromagnetic Materials, edited by E. P. Wohlfarth (North-
Holland, New York, 1980) Vol. 1.

amorphous. After evacuating the chamber, the sample was 4 D. G. R. Jones, P. J. McGuiness, J. S. Abell, and I. R. Harris, J. Less-

heated under vacuum. The resultant trace is shown in Fig. 4. Common Met. 158, 153 (1990).

On heating, it can be seen that the Curie point for the amor- 5 K. Aoki, X-G. Li, and T. Masumoto, Mater. Sci. Forum 88-89, 439
phous Terf-nol-D hydride, under these conditions, is around (1992).
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Control of Terfenol-D under load
A. G. Jenner, R. D. Greenough, and D. Allwood
Department of Applied Physics, University of Hull, Hull HU6 7RX, United Kingdom

A. J. Wilkinson
Department of Electronic Engineering, University of Hull, hlull 11U6 7RX, United Kingdom

A vibration control case study is described which demonstrates the application of magnetostrictive
(Terfenol-D) actuators. The fi~agnetomechanical properties of the material suggests that when
incorporated in devices for applications a nonlinear response will result. This case study compares
the performance of two kinds of control strategy (both discrete), a conventional proportional and
integral (PI) algorithm and a variable structure algorithm (DVSC) in both servo and cancellation/
regulation roles. Both strategies were implemented on an INMOS 7 transputer based microcontroller
with a sampling period of 300 kts. The results presented show thai the control behavior of the DVSC
strategy offers significant advantages over the P1 strategy when control litng actuators with nonlinear
characteristics, i.e., the rejection of a 5 Hz disturbance with a gain of -36 dB compared to a gain
of -15 dB when using the PI strategy.

I. INTRODUCTION region of the strain (k)-field (H) curve, a drive coil to imple-
ment actuation signal, and a complete magnetic circuit to

The exceptional magnetomechanical properties of the reduce flux loss.3
rare earth compounds generically known as Terfenol-D, have The actuators in the system can be used as individual
been ihown to offer a great potential for a variety of trans- units to implement servo tests or together with the lower
ducer and actuator applications,"12 This potential is now be- actuator causing a disturbance of the level two table for an-
ing realized with the development of linear and rotary actua- tivibration (AV) tests, The aim of the AV control is to mini-
tors but such devices usually require advanced mize the impact of any disturbance on the level one table
instrumentation to implement servo controlled loops, for ex- using only the measurement of the position via linear vari-
ample, linear micropositioning or active vibration control. 3  able displacement transducers (LVDTs), type GTX2500

Actuator/transducer performance is sensitive to operat- (RDP, Ltd., Wolverhampton, UK) of the two tables to create
ing conditions and requires device designs to take into ac- a drive signal for the top actuator. Two control algorithm
count the specification and working conditions that are types, a conventional proportional and integral (PI) type, and
unique to each application. This sensitivity is due to the non- a variable structure control (DVSC) type, both discrete, were
linear response of Terfenol-Dl. 4 To achieve control over op- implemented on a INMOS5 transputer based microcontroller
erating performance, strategies are employed that cater to with a sampling period of 300 us.4

both the nonlinear magnetomechanical material properties
and the responses from the associated mechanical compo- Ill. RESULTS AND DISCUSSION
nents. At best, the overall system response can be considered
linear with a gain that varies with the operating point. 3  The overall response of the level one table/antivibration

Herc, servo actuators that achieve predescribed displace- actuator system must be linear and of appropriate speed and

ment wave forms (i.e., triangle, sine or step) are described. character in order to cancel the vibration of the level two
These form the basis of an active vibration control (AVC) table. This must be achieved in spite of the nonlinear behav-
system in which two types of contiol algorithms (both dis- ior of the Terfenol-D material. The presence of sensor two

crete) are incorporated, a conventional proportional and in-
tegral (PI) type a.,d a variable structure control (DVSC) type.
A vibration control case study is presented to compare these SENSOR I

two types of control algorithms. LEVEL I ' I

ANTI V[BRA1 [ON ACTUJATOR - Dr~ive ,j~II CNROLLER

II. EXPERIMENTAL TECHNIQUES
SENSOR 2

In order to demonstrate the potential of Terfenol-D in LEVEL -

servo actuators and in active vibration control (AVC),
Terfenol-D based actuators were constructed and two of VIBRATION ACTU•TOR--

these incorporated in a system arranged in the form of one D ...... 2

table carried by another (Fig. 1). These actuators have _

built-in odjustable prestress to place the material on the op-
timum ý,,ain magnetostriction curve, permanent magnets to FIG. 1. Schematic of vibration experiment consisting of a vibration table in
bias tht material in the middle of the approximately linear the form of one table carried by another.
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level one di.placeteat under IVS" contrl as : rle - - ).

offers the possibility of using feed-forward control strategies
to reduce the effects of the disturbance on the level one able. s

T o test the actuators and the control algo rithm s servo c n r l t e l v l o e a t a o a o u e a c m u e a e

coto h evloeataorwst s cmue ae

experiments were implemented with the use of predeter- form of VSC with a discrete form of the switching line.7 In a
mined demand displacement wave forms. The response of I dn. i e such as th rep e o actuaor adtutiondilevel one actuator to both triangular and step demand (fre- cotin sal. dIev n a tledislc st ete vel to ensutr and panaelrd

quecy 0 H) sgnas sppled o te DSC nd 1 cntrl- elonedmpenactinc udynamiVcs m ostro be sed toernsure go- Ieror

treuce th eHff ignacs of thed dstuo trb e sn and tol- mance, such as the incorporation of integral action to prevent
iratis shown actuator (ig e 2 ) and thes. N o priv e ntssupp d t o te steady state errors w hich m ay cause the D V SC to act inap-

vibatin atuato (leve 2)S alointhmeshow exsperimets sItgcna be propriately. If in certain situations the dynamics of the device
Towi tt the partiuaorsan them sontro algoritnms so are suspected to be higher than second order, then lead com-

ex eimn ts wro erey partimplem n w ihe usig of st p rdem nd ,itr- pensation in the form of discrete zeros must be incorporated
has the ability to suppress the excitation of unwanted me- into the feedback signal path. This prevents highier order
chanical resonances whilst responding to the demand in a resonances from bei-,g excited by the DVSC control.mined dan. The response of pracica devc sc a level ono a tuat tionalVariable structure control (VSC) is a modern nonlineare-
quetchingcyo10Hz)signtrols suppliqed t hi e dscriand , P fonro Hz drive signal applied to the vibration actuator when the

iwthigcnto Fehigs. ean wh. ano drie isesuppibed, tor tha acsc steicroaio fitga cintrvn

seco isshowr pDVSC controller is used to drive the antivibration actuator isbaticon order tocess, as a des firstr the re- shown in Fig. 4. The difference between using either PI or

senm tehatvthe Dt tagrthmf showsiaesuperitorde signals fol- pVCcnropitly If incrtine stuantionsratheodnamcsuaof the dcvncela

sponse using switched feedback control, i.e., switching be- are speted to de hhe an secon order tn leadecom-tween positive and negative feedback. In the implementation tion is highlighted in Fig. 5, using the same input drive levels
of this control approach, the feedback gains which are shown in Fig. 4, with the resulting amplitude reduction for
switched are typically much larger than those used in PI each type (from spectrum analysis at 5 Hz) as -15 and -36
control. Thus, there is an equivalent increase in control sys- dB for the PI and DVSC algorithms, respectively.

0.0600.20 o so i F . 4. T f b u e

S0.00 A os oo
41 .1 A .

-- 0.20 • •1 -0.050 ;

-02 200 400 600 800
0200 400 600

Numbr o SamlesNumber of Samples

FIG. 5. Relative "canceled" level one table d'splacements under DVSC
FIG. 3. Displacvmint of level one table position under DVSC rend PI (--) and VS I (.' control stowing reduced effects of a 5 cz vibration actuator
(sp.) control in response to a step demand sienal (-s). drive sighal using the samei drive levels as shown in Fig. 4.
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Trtcnol-D hased actuators incorporated in a device ef.nmist Applied Phv',yic and I'l:ctrtnmc 1islgi•nersi.ng % ho asistcd

ing of one table carried by another. Two impIcentation% of ', Al•, this. w44ltk .and it-, prcsentation
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bration and demand signal following prop'rties, with a re- Illn

suiting -36 dB in amplitude cancellation fosr a . II, ( -irl. IMdhl . St( miAt "•.iii , Vol 6,S -II N, hl. (,I mdn. i I S) I

vibration signal. 1'he DVSC approach showed particular %.u- H l) I ( .iie i5uLth. N1 I' %:hult,-. ,A I Jit'li . anid A J \k.ilk'inol. 1II 1

perior behavior in its response to a step demand. It appeated 1, .in% SM.sin 27. 'ý14 ,, 1- I11
'INM(S I% tni llv ( ii ih t I t 11w i SC iS- I lu,,snsass group li ,to he able to suppress lhe excitation of unwanted mcchanical VINN( I 11kin. At t Rem.ite ( wi",l 44. 1 Ii l 01'0)(1

resonances while at the same time responding to the step Ri I) Oirtcougi. A (; JMinci. A I Wilk issnw, ,nd A t'nrviltl'cht. .'.,.A

demand in a desired way, I'Ptent No 81)1 1028e.63 'Appl I'1•0)
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Pressure depende~ncies of magnetostrictive strain and d coefficient
in Tertenol-D after thernia! cr magnetic annealing

N. Galloway," R. D. G :inou- & G. I. Jenner, and M. P. Schulze
I )cpat In,.lten t/p I ifi Apo:ft I'l lu wh ll. Hu /I Y) -RX I 'Pttc i E sn)sdom

1 hec prck ýLJIV cp aer~ 01 thc miap -. i It '' I VC ýi rai ni ci w flici I.~ dii anid ma xinmum strains iii
applicd o; 1 ~I20 'K (-i r ha% c tic ri ncas% red it, s..a pSe s (it le tienol - ) be fore and after therm al
or maginetic annecaling. Applicait~on tit an annecaling field. //,, . parallel to thle ( IllI axes which aire
inormalS to grains or iented alon g lthe 111 521 ax is, le ads ito air increase in (II (ita in% mich as 8 11.4, withI
applied un0ia xia.r prcst rcsss, its low ats 3 Nfi .s. The varilation~r oS op)ainlurnl (, v alus tis as function of,.
st rc,.s applied a mgl- tilt I I I 2ý I ax.,% '.b(w 'iWSd lInitalo h m sc ifaioSn i s after magnetic annealing. The
thernmal arid magnetic efftects of thle annalc ing ota ccdutre, are dIi scussed and aiti mcchan ism to explain
magnetic annfeali ng is pro posed.

INTRODUCTION crate annealing fields, Ili , -1000t kA tin The sample en-
Investigations Shave heeni made previously into lthe ef- closure was evacuaied and repeatedly flushed with argon.

fects of thermal' and magnetic ,- annealing oil thre mlagneto- hefore filling to a pressure of -~ V 2 atmn. Samples were
strictive properties of Terferiol-1.. Of' these. the nmost con- w'rapped in tantalum foil to minimize oxidation. Cooling
prehiensive study was made by Verhoeven Onl grain oriented rates of' --25 'C/min were used.
samples with the annealing fields applied parallel it) the ( IllI) Commercial grade samples of material were prepared by
axes which are perpendicular to fhe [112] grain growth di- a free float zone process, -140 min long and -6 mm diam-
rection. After heat treatment followed hy magnetic anneal- eter, grain orientated with the [ 112] axes parallel to the rod
ing, one particular sample (nh.,I xDyj)6 82 Fe 1.q,,i) subse- axis. polishing and etching were used to reveal grain struc-
quently produced an increase in the maximum anisotropic ture at each end for the purposes of orientation, Gross mis-
magnetostrictive strain, X,.measured in anl applied field (if orientation of grains along the. lengths of the samples were
3 kOe and, more striking, an unusually large magnetostrie- detectable with a nondestructive scanning technique.' The
tive strain coefficient, d3~3 ( =dSXdJId) in the absence of any nominal compositions of each sample provided by the manu-
applied uniaxial stress. The appiication of at prestress is usu- facturers are given in Table 1, together with their individual
ally considered essential to generate such a response in heat treatments and magnetic annealing conditions. Sample
samples which have niot been subjected to magnetic anneal,.4  "C" was cut into four equal lengths Cl,..C4. Prior to treat-
As part of the same investigation, other samnples still required merit, these tour sections did not display any significant dif-
- 1.7 MPa to obtain enhanced levels (of and d33, even ferences in magnetostrictive behavior,
after magnetic annealing. Room temperature magnetostrictive strains in DC fields

The response to a rnagn':ýtic field ialdepends on the 1'~20 kA m t ) were measured using strain gauges with
conditions of the samples prior to the imi.eal. Grain oririlta- fields, applied uniaxial stresses, and strain measurement di-
ticin is clearly essiential and while the tare earth (REt-iron rections along the [ 112ý] direction of the orieiited grains. Data
ratio regulate s thL- magnetoelastic coupling, the Th:Dy ratio were differentiated numerically to obtain values for the d
controls the magnetocrystalline anisotropy. The conse- coefficients.
quences of these two compositional factors are not unrelated;
the application (If a uniaxial prestress induces additional an-
isotropy via the magnetoelastic coupling which, by virtue of TABLE 1. Sample comuposiriomns with annrealing conditioins anid anricedirig
the sign oif the magnetostaict ion, causes magnetic moments procedures'.
to rotate away from the stress axis. The purpose of the _______________________________
present work is to investigate the effects of thermal anneal- sampte Cormpositionr Measurement stages
ing which can induce compositional changes and magnetic (i As received
annealing which induces magnetic anisotropy. Of particular 00i Thiermal arnneal 950) T 7 h
interest are the resultant inagnetostrictive properties gauged A 'lb. 1IDYR7Fe1,)j Magnetic anrneal I-II~[ I ilI
by the pressure dependencies Of X ,,,. and d33 Whbile provid- (iii) Therniilt arnreat 950t T 7 It
ing some insight into the magnetization processes which ~Thernioa arnneal [/.III I 10t]
generate the magnetostriction, the results are of potential Thy 13e,, As for sarupte A
value for practical applications.C

EXPERIMENTAL TECHNIQUES CI 01 Magnetic annrala 9)50'C'
8 t1 !I,,LI[ It I I

A furnace capable of reaching -i~000 'C was situated C2 Th11o.t.-yo mic1 ) 60i Thrermal anneal 950t T(
between the 8 in. diameter poles (If atn electromagnet to gen- 8th

U3 (iii) As received
C4 (iv) As tor sarmple CI

"DRA, Holtotn Hetath, Poolte, Dorset, UK.
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FIG. 1, Sample A: pressure dependence of the maximum strains at 12(0 IlC. 3. Sample 13: pressure dependence of the d coefficient for as received
kA m- for material composition Tb,)3Dy0 7FcL,,5 as received (0), magacti- 0.)). magnetically annealed with I,, applied parallel it) the I ItM1 axis (A)
cally annealed with H. applied parallel to the [110] axis (0) and I 1I I axis and I I I I axis (4).(,).

of this procedure was to identify how much of the subse-
RESULTS quent magnetostrictive response was due to the application

For sample A, the maximum strains at 120 kA niI and of H,, rather than thermally induced compositional changes.
maximum d coefficients as functions of pressure in "as re- The effects of the magnetic anneal over and above the ther-
ceived" material are compared with results after the sample tral effects are clear. Heat treatment aMoe (Fig. 4) moves the
was magnetically annealed twice, once with H,, applied ap- peak in the d13 to a lower pressure ( 8 MPa) but the mag-
proximately parallel to the [11l] direction and then along the nitude is not increased' magnetic annealing doubles the
[110] direction (Figs. I and 2). Both annealing directions maximum d coefficient and reduces the required prestress
improve Xx, slightly at low pressures but the response of from 14 to 3 MPa Sample (4 shows ;n almost identical
d33 to m,,gnetic annealing is more pronounced than Xnx. An change in behavior to sample C(I (Fig. 5).
exceptionally large dj- 260 nm A- 1 is observed with a pre-
stress of 10 MPa when annealed with H1,, along the [t Ill DISCUSSION
axis. Sample B, having the same history of treatment as It is observed that magnetic annealing has a more
sample A, exhibits the same kind of response. viz., a small marked effect on the pressure dependent behavior of di%
increase in n at low pressures after magnetic anneal, re- than on A reduction in uniaxial prestresses to achieve
gardless of the direction of H,.- The change in d-coicient imaximum de1 indicates that magnetic annealing introduces
response is far greater, with d 3 3.- 190 nm A 1 at -3 MPa extra anisotropy which assists in the preferential distribution
(Fig. 3) but in this sample an oscillatory variation of d3.3 with ofemomenis along the IIt] axis prio to the r pplication i ft' it
pressure is very strong after applying Ht,, along the [ I I II agnetizing tield." Magnetization then proceeds by the i ifa
axis. Simila, oscillations can be seen in the results from
sample A, but much weaker.

Sample C1 and C2 received identical heat treatments ex-
cept the annealing field was not applied to C2. The purpose

300. . . . ,. . . . . . 120

250
E

200 =E 80
E
.= 150

100 40

50

0 . .0...... 1 0

0 5 10 15 20 0 5 10 15 20
Pressure IMPa] Pressure [MPaJ

FIG. 2, Sample A: pressure dependence of the d coefficient for as received FIG. 4. d., vs pressure for the composition '"l-',.,l)y0.,MF1`,,1 thernmially
(0), magnetically annealed with H,, applied parallel to the [11(1] axis (0) annealed sample ('2 (0) o I r magnetically annealed sample ('I ( * ), com-
and [Ili] axis (@). pared with the "as received" perforltances for ('I (I ) and C2 (0).
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160 .... .only from the initial distribution of moments but from pres-
sure induced periodic undulations in the energy surfaces.

The effects of magnetic annealing could be of value for
120 practical purposes (for example, to reduce the level of pre-

stress required to gain maximum d coefficient) provided the
response of any sample to post production processing can be
predicted. In the present work, no correlation is evident be-

S80 tween the pre- and post-annealed d coefficients. However,

the magnitude of the prestress required to achieve an opti-
mum d coefficient is lower for material containing a higher

40 Tb:Dy ratio (Table !1).
In the absence of an annealing field, changes occur at

elevated temperatures causing, for instance, a reduction of
the bias pressure for optimum d coefficient in sample C2.

0 5 10 15.20 Compositional changes such as the diffusion of RE ions from

Pressure [MPa) the grain boundaries maximize interatomic magnetoelastic
coupling, which enhances the pressure sensitivity. Only if

FIG. 5. d 1 vs pressure for the comioxsition "1'i.,ly.,1 qc I, magnetically the magnetoelastic coupling ik strong enough will a sample
annealed samplhs CI (4 ) and (C4 .-' ) compared with performances prior to of material be susceptible to magnetic annealing. Then, in

annealing, CI (01 and ('4 (0). cooling from T, to room temperature, the annealing field
retains the moments along a particular (i11) direction and
the maximum macroscopic contraction will develop along
the aligned [112] grain axes as the spontaneous magneto-

jority of moments rotating away from the [ llj direction striction develops. This lowers the free energy and after an-
towards the [I 12] axis and thu corresponding magnetostric- nealing is completed the contraction will then be retained, as
live response, as gauged by the magnitude of d33 , is maxi- observed in practice, until sufficient energy is supplied to
mized. The maximum strain , depends on the final state redistribute the moments among all the (11l) axes. In other
of magnetization rather than the processes through which it words, magnetic annealing could be magnetostrictively
is achieved. Henc,, the magnitude of , as expected, is driven.
virtually independent of anisotropy induced by magnetic an-
nealing (Table 11). CONCLUSIONS

In addition to the initial distribution of moments The d coefficient is particularly responsive to magnetic
amongst the (11l) axes, the subsequent magnetization pro- annealing as seen in both its magnitude and the optimum
cesses which determine the magnitude of d13 are also influ- pressure bias. The thermal element of a magnetic anneal pro-
enced by the shapes of the anisotropy surfaces.7 The comn- cess is important in controlling the composition, which maxi-
bined effects of three anisotropies, mangetocrystalline and mizes the magnetoelastic coupling. A spontaneous magneto-
induced anisolropies from the application of stress or mag- strictive deformation that accompanies magnetic annealing
netic annealing, will regulate the surface shape. When could be the origin of the extra anisotropy which subse-
uniaxial pressure is applied the balance of the three energy quently causes moments to align preferentially along the
components is perturbed and the surface modified. It is con- field anneal direction.
sidered that the osciliations in d13 as a function of pressure ACKNOWLEDGMENTS
in samples A and B after magnetic annealing originate not The authors are grateful to the SERC, DRA, and staff at

the University of Hull for their support, in particular K.P.

TABLE It. Increases in the d coefficient (d.1 ) and maximum strains at 121) 'J. 1). Vcrhoeven, J. E. Oslensort. E. D. Gibson, and 0. D. McMasters, J.
kA nt (K...) observed in each sample and maximum d coefficients inca- Appl. Phys. 66, 772 (198M).
surcd with optimum applied stress (or) and field (H). 2 N. Galloway, M. P. Schulze. R. D, Greenough, and 1). C. Jiles, Appl. Phys.

___Lett. 63, 842 (1993).
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Sample d3 (%) M mai t%) (inn A 1) (MPa) (kA m 1) Magn. Magn. Mater. 119, 117 (1993).

4A. E. Clark. J. P. Teter, and 0. D. McMasters, J. AppI. Phys. 63, 3911)
A 44 17 26(0 9.5 12 (1988).
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Effect of bias magnetic field on the magnetostrictive vibration
of amorphous ribbons

Naoshi Asuke
Toppan P'rinting Co., Ltd., Sugito Saitana 345, Japan

Tatsuru Namikawa and Yohtaro Yamazaki
Tokyo Institute of T'echnology Nagatsula, Midori-ku, Yokohama 227, Japan

Electromagnetic waves generated from the magnetostrictive vibrations of amorphous ribbons under
nonuniform bias fields were investigated. The sample ribbon 80 mm in length was placed on a
plastic support board where both edges of the ribbon were free. In a uniform bias field generated by
a Helmholtz coil, four resonance peaks of 27, 54, 81, and 107 kHz were detected. The nonuniform
magnetic fields were generated by single-pole magnetic heads. Two single-pole magnetic heads with
3 mm spacing between the ribbon were moved along the ribbon. When the heads were located at 1)
and 70 mm from an edge of the ribbon, the frequency of the detected response was 54 kliz. i.e., the
detected response was the second resonance peak. The other resonance peaks (81, 107, and 12')
kHz) could also be separated by adjusting the positions of the heads. Therefore, the electromagnetic
response of the magnetostrictive vibrations of amorphous ribbons could be controlled by applying
appropriate nonuniform bias magnetic fields. From the results, it is suggested that a magnetostrictive
amorphous ribbon not only send% one bit data but also sends multiple bit data with the aid of bias
magnetic fields.

INTRODUCTION bon was not fixed and both edges were free. The position of

Some amorphous magnetic ribbons have large magneto- the ribbon was adjusted so that an edge of the ribbon was

strictive coefficients and they have been applied to many located near the center of the figure-eight coil. In order to

devices.' When an ac magnetic field is applied to a magne- apply a uniform bias field to the sample ribbon, a Helmholtz
coil was added.

tostrictive ribbon with a uniform de magnetic field, a me- Fi 2 added,

chanical vibration is induced. Through the analysis of me- Figure 2 shows tie schematic diagram for generating

chanical resonance, the magaetomechanical coupling factor nonuniform field patterns by using single-pole magnetic
k of the material isdetermined. 2- The vibrations have many heads, The single-pole heads were made of soft steel platesresonance points which depend on the sample's shape and 50X 15)0.3 mm3, and a copper wire of 0.2 mm was wound
resnance electromagnetis which capendo n bhe damplet b and 2W turns, The space between the single-pole heads andinduce electromagnetic waves which can be detec'ted by an amorphous ribbon was 3 ram. The magnetic field from the
antenna. It is expected that, through amorphous ribbons, we amorpous ribo was 3 mm the mage f the
can send multiple bit data by separating the resonance mode. single-pole head was 60e at the surface of the amorphousribbon.

In this study, we observe the resonance peaks of amor-
phous ribbons for uniform and nonuniform bias magnetic
fields, to investigate the separation of the vibration modes.

EXPERIMENT r

The schematic of the experimental setup is presented in loulpilUt
Fig. 1, An exciting coil of 34 mm in diameter and 2(K) turns .,Mi'I..._1MR.
was placed 35 mm apart from the detecting coil. The signal
from the sample was detected by a figure-eight coil, so as to
eliminate the exciting signal. The measurement was made in i
the frequency range from 10 to 2M8) kHz. The exciting cur- 11V,,ht41V.,il
rent was from 44 to 2 mA. The exciting coil generated ac
magnetic fields of about 3.0 to 0.2 Oe rms, at the center of i.iing coll figure c Coil

the coil.
The figure-eight coil consists of two rectangles with a I

size of 80X25 mm 2 and 10 turns. The signal from the figure-
eight coil was measured by a network/spectrum analyzer.
The wave form and phase of the exciting voltage were moni- "
tored by an oscilloscope. L.uIi.Y__

A MetglasTM 2826MB (Fe40Ni.1Mo 4Bi5 ) (Refs. 6 and 9) Sampl.e

amorphous ribbon with size of 80X 12 mm 2 and thickness of
0.03 mm was used, as a sample. The sample ribbon was as
cast and placed on a plastic support board. The sample rib- F[I. I, Schematic diagram of experimental appaitraus.
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FIG. 2. Schematic diagram for generating nonunifoirm field patterns by us- 0 40 80 120 1 60 200

ing single-pole magnetic heads. Frequency k itlj/)

RESULTS AND DISCUSSION IFIG. 4. Power spectrum with a uniform magnetic field for a confined amor-

phous ribbon, "two positions (if the rihbon were fixed to the support board hy
Figure 3 shows the power spectrum measured with a using a pair of thin plastic plates.

uniform magnetic field of 4 Oc. The frequencics of the peak
points were 27, 54, 81, and 107 kHz, and correspond to the
first, second, third, and fourth harmonics, respectively. The uniform field nor nonuniform field were applied. The follow-
peak observed at 116 kHz was expected to be a resonance of ing results were obtained with nonunif)rm magnetic fields.
the transverse mode. We use the relationship between the Curves B-E were obtained by using a pair of single-pole
resonance frequency and the length of the media as magnetic heads. The spaces between the heads are shown in

f = "Uj), (1) the figure. The distances from the edges of the ribbon to the
heads are equal for both ends. The frequencies of the highest

where ,, is the nth resonance frequency, I is the length of the peaks for the head di.,tances and polarities were 54, 81, 107,
media, and v is the velocity of sound. We calculate the reso- and 129 kHz for 60, 30, 40, and 54 mm, respectively. Curves
nance frequencies from the first to the fourth as 27, 54, 81, B and D were obtained with magnetic heads having different
and 107 kHz by using Eq. (1) and v =4320 m/s. polarities. The peaks in curves B, C, and D correspond to the

In other amorphous ribbons, Metglas 2605SC
(Fe8 lB1.j.,Si3.sC2),'

t t 2605S-2 (Fei7SiBBt,), t ( and 2605CO
(Fe 67Co18B14Si0),11 the power spectra did not generate sharp
peaks provided the sample ribbons were as cast. I I I I

Figure 4 shows the power spectrum with a uniform mag- A

netic field of 4 0e, where the two positions of 20 and 60 mm
from an edge of the ribbon were fixed to the support board //.,ts,,
by using a pair of thin plastic plates (0.2 mm thick). Only
one peak of 54 kHz was detected in this case. Considering U I
Eq. (1) and the result of Fig. 4, this peak is expected to be the . _ I__
second harmonic resonance, and the fixing positions corre-
spond to the nodes for the vibration. Therefore, other har-
monic modes were suppressed.

"Figure 5 shows the separation of the resonance peaks U U
using nonuniform magnetic lields, The power spectrum with- C U U
out peaks, shown as A in the figure was obtained when no =

-40

.4--5.

-50 .K.E
.55 ,) 40) Stt 12tt 16t0 200

0 40 80 120 160 200

Frequency(kliz) 
Frcquency(k'tz)

FIG. 5. Separation of resonance peaks. A: without magnetic field, B-E:
FIG. 3- Power spectrum of magnetostrietive vibrations with a uniform mag- nonuniform magnetic fields are applied with magnetic heads. Magnetic
netic field, polarities of the heads arc indicated by black and white,
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second, third, and fourth resonance peaks in Fig. 3. The peak appropriate nonuniform bias magnetic fields. From the result,
in curve E is not observed in Fig. 3, however, we estimate it is suggested that a magnetostrictive amorphous ribbon not
the fifth harmonic frequency as 135 kHz using Eq. (1). only sends one bit data but also sends multiple bit data with
Therefore the peak can be assigned to the fifth resonance. It the aid of bias magnetic fields.
is noted that the intensities of the highest peaks are almost
equal, compared with Fig. 3. ACKNOWLEDGMENT

The power spectra tfl.t we obtain by the measurements
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