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INTRODUCTION

The Materials Research Center (MRC) at Northwestern University was
founded in 1960, under the auspices of the Advanced Research Projects
Agency (ARPA) of the Department of Defense, for the purpose of conducting
an expanded and coordinated interdisciplinary program of basic research
and graduate education in the materials science area. The MRC is an
association of professors, their graduate students and postdoctoral
research 1ssociates interested in various facets of materials science.

During the 12-month period covered by this Report, there were 43
professors, 22 postdoctoral research associates and 176 graduate students
associated with the MRC, mainly [rom six academic departments within two
major colleges of the University. In addition, various other professors
and graduate students from the Medical and Dental Schools and the
Departments of Biology and Geology made use of the major research equip-
ment and services which are provided by the seventeen Central Facility
Laboratories operated by the MRC.

The Scientific Advisory Committee composed of
D. H. Whitmore, Director of MRC and Professor of Materials Science
J. Dundurs, Professor of Civil Engineering
M. Epstein, Associate Professor of Llectrical Engineering
A. W. Ewald, Professor of Physics
J. E. Hilliard, Professor of Materials Science
F. E. Stafford, Associate Professor of Chemistry

is the working faculty committee ot the MRC which makes decisions regarding
funding of individual research projects, determines future directions for

its scientific and technological activities and establishes the day-to-day
operating policies of the MRC. The MRC Director is responsible to the
Administrative Committee comprised of all interested Departmental Chairmen,
the Deans of the College of Arts and Sciences and the Technological Institute
and chaired by the Pruvost of the University. This latter committee is
concerned mainly with establishing broad-range policies for the Center.

All faculty participants in the MRC receive some direct support of their
research programs with funds derived from the ARPA Contract. Other funding
agencies provide financial support for some of the research reported on
here; sources of support other than ARPA are indicated, where applicable,
on the individual project reports. ELven in these latter cases, ARPA support
plays a significant role in providing the MRC central facilities and/or
space essential to the achievement of the research objectives of the project.

This Annual Report is a condensed account of the total materials
research activities of all members of the Materials Research Center at

-1 -



Northwestern. Presented herein are brief descriptions of the various
individual research programs active during the 1969/70 year, arranged
alphabetically by the name of the principal investigator. Also included
are lists of publications and invited talks stemming from the research and
the names of research associates and graduate students affiliated with
each project.



DOCTOR OF PULLOSOPIY DEGREES AWARDED IN ‘11IE FLELD OF MATERIALS

JUNL COMMINCEMENT 1970

Teruaki Acki. Materials Science. "Anomalous ‘lransport Properties of
p’ -Phase 3rd-Transitional-Metal Alloys™. AP, ARPA.

Mahendra S. Bapna. Materials Scicnce. "Plastic Deformation of Quench-
Hardened Gold"™. AEC, ARPA.

Melvin Budzol. Chemistry. "The Radiation Chemistry of Polyethylene
and Polypropylene Oxide". AEC, ARPA.

Dipankar Chandra. Materials Science. "Spinodal Decomposition in Fe-Cr
Using Mossbauer Spectroscopy'. AISI, Inlaud Steel, ARPA.

Bernard A. Coyle. Chemistry. "The Structures of Three Inorganic
Complexcs". TA, NDEA, NSF.
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Paul D. Hambourger. Physics. '"Size-Dependent Oscillatory Magneto-
resistance in Cadmium". NUF, ARPA.
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at Low Temperatures'. TA, ARPA.
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Arsenic". NSF, NI, TA.

Michael G. Kovac. Electrical Engineering. "Enhanced X-ray Photoelectric
Emission from Metal-Insulator Layers". NIH, AEC.

Lawrence L. Mack. Chemistry. "Molecular Beams of Macroions". TA, NIH, ARPA.
Donald A. Miller. Electrical Engineering. "Dielectric and Dilatation Studies

on Single Crystal Phenantlirene in the Temperature Range of 24 to 82°C",
TA, ARPA.



N, Nagasubrasanian. Chemical Engineering. "Effect of Residence Time
Distribution {n Branched Polymer Formation". Phillips Petroleum,
Monsante Company, NSF, ACS, ARPA.

John A, Oberteuffer. Physics. "The Chemical and Magnetic Structure of
Single Crystal Alpha Manganese". ARPA.

V. R. Parameswaran. Materials Science. "Dislocation Mobility in Lead
and lead-Indium Alloy Single Crystals™. ARPA.

Jolm W. Rau, I1II. CElectrical Engineering. "Some Optical and Galvano-
magnetic Properties of GeAs and CeAsg". ARPA.
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CINCl- and BriiBr-". TA, ARPA.

James L. Sickles. Materials Science. "Threshold and Production of
Length Change Introduced into Pure and Doped MgO Irradiation Below
90°K". NDEA, ALC.

Judith K. Stalick. Chemistry. "Some Structures of Five-Coordinate
Transition Metal Complexes”. NSF, TA.

Jacob J. Stiglich, Jr. Materifals Science. "Interdiffusion and Defect
Structure in NiO + CoO Solid Solutions". AF.

Basil 1. Swanson. Chemistry. "Structures, Molecular Vibrations, and
Bonding in Boron Trihalide Adducts of Acetonitrile™. TA, NSF, NDEA.

Pugan Turhan. Civil Engineering. "A Dynamic Theory of Directionally
Reinforced Composites™. ARPA, IIE.

Akfo Urakami. Materials Science. "Effect of Li Additions on Mechanical
Properties of Mg Base Single Crystals in Basal and Prismatic Slip".
WPM, ARPA.

William C. Uy. Chemical Engineering. 'Viscosity and Normal Stresses in
Linear Polyvinyl Acetate Systems". WPM, ARPA, NSF, ACS.

Leonurd €. Voelker. Civil Engineering. "Transient Stress Response of a
laminated Composite to a Transverse Loading". NASA, AF.

Ernst D. Von Meerwall. Physics. "Nuclear Magnetic Resonance and Magnetic
Susceptibility Study of the Vanadium-Manganese Alloy System™. ARPA.

Duonald E. Weber. Physics. "Electron Microscopic Study of Heavy Ion
Irradiation Damage of Thin Gold Film". TA, AEC.

Research supported by agencies as indicated:
ACS, American Chemical Society

AEC, Atomic Energy Commission
AF, Air Porce Office of Scientific Research



AISI, American Iron and Steel Institute

ARPA, Advanced Research Projects Agency

I1E, International Institute for Education

NASA, National Aeronautics and Space Administration

NDEA, National Defense Education Act

NIN, Natiovnal Lnstitutes of licalth

NSF, National Science Foundation

NUF, Northwestern University Fellowship

Inland Steel, Inland Steel Company Fellowship

Monsanto, Monsanto Company Fellowship

Phillips Petroleum, Phillips Petroleum Company Fellowship
TA, Northiwestern University Teaching Assistantship

WPM, Walter P. Murphy Fellowship, Northwestern University



APPLICATION OF CONTINUUM THEORIES TO DESCRIBE INHOMOGENEOUS AND ANELASTIC
BEHAVIOR OF MATERIALS

J. D. Achenbach
Professor, Department of Civil Engineering

J. C. S. Yang
Postdoctoral Research Associate

V. Varatharajulu
Ph.D. Thesis Research

Objective

To evolve suitable continuum theories to describe phenomenologically
the dynamic gross properties of inhomogeneous materials. Particular
attention is devoted to the influence of thermal and viscoelastic effects,
nonlinear material behavior and large deformations. Inhomogeneous
materials such as directionally reinforced composites are used more
frequently in a variety of systems, particularly in aercspace and deep-
submergence technology. This study will supply information on the
bd\n:vior of directionally reinforced composites under dynamic loading
conditions.

Approach

The fundamental balance laws of mechanics and the theory of
thermodynamics of simple materials, in conjunction with a smoothing
principle, are used to develop a continuum theory which describes on
& phenomenological level the dynamic behavior of directionally reinforced
composites.

Progress

Studies were completed on the thermodynamics of a continuum with
microstructure and on the interaction of electromagnetic fields with
deformable bodies. A theory was developed to describe the dynamic
behavior of a viscoelastic laminated composite, including the effects
of temperature variations. A nonlinear theory was derived to describe
the mechanical behavior of a laminated camposite consisting of alternating
layers of two hamogeneous materials subjected to large deformations.

PUBLICATIONS

"Relativistic Continuum Theory for the Interaction of Electromagnetic
Fields with Deformable Bodies,” R. A. Grot, J. Mathematical Physics,
11, 109 (1970).



"Large Deformations of a laminated Composite,” R. A. Grot and J. D.
Achenbach, Int. J. Solids and Structures, 6, 641 (1970).

INVITED TALXS

"The Dynamic Behavior of Directionally Reinforced Composites,” Science
Center/Aerospace and Science Group, North American Rockwell
Corporation, Thousand Oaks, California, November 1969.

"waves and Vibrations in Reinforced Camposites,” Michigan Techno-
logical University, Houghton, Michigan, December 1969.



DYNAMICS OF VISCOELASTIC AND REINFORCED SOLIDS

J. D. Achenbach
Professor, Department of Civil Engineering

Y. S. Lai
Ph.D. Thesis Research

This research is supported by the Office of Naval Research.

Objective

Current research is concerned with waves and vibrations in plates
&nd cylinders fabricated of laminated media. The objective is to
establish those conditions for which dynamic effects arising from the
internal structuring of the solid, i.e., the lamination, predominate
effects due to the overall geometrical configuration of the body.

Approach

A continuum model is employed to describe the mechanical behavior
of the laminated camposite. In deriving the governing equations for
the continuum model, approximate displacement expressions for the
discrete elements are used to compute potential and kinetic energies
for a volume element of the laminated camposite. By means of a smoothing
operation, energy densities for the camposite are derived. Applications
of Hamilton's principle, where certain subsidiary conditions enter
through the use of Lagrangian multipliers, yields displacement equations
of motion, constitutive equations and boundary conditions.

Progress

Various versions of a new theory for laminated media, the effective
stiffness theory, were investigated. For certain simple cases results
were compared with exact solutions. It was found that the effective
stiffness theory describes in a satisfactory manner the dynamic behavior
of laminated media.

PUBLICATIONS
"Field Equations Governing the Mechanical Behavior of Layered Circular

Cylinders," F. H. Chou and J. D. Achenbach, AIAA Journal, 8, 1444
(1970).



"Crack Propagation Generated by a Horizontally Polarized Shear Wave,"
J. D. Achenbach, J. Mech. Phys. Solids, 18, 245 (1970).

"Wave Propagation in Laminated and Fiber-Reinforced Composites,” in
Mechanics of Composite Materials, Pergamon Press, p. 237 (1970).

"Propagation of Second-Order Thermomechanical Disturbances in Visco-
elastic Solids," Proc. IUTAM Symposium East Kilbride (ed. B. A.

Boley), Springer-Verlag, p. 1 (1970).

INVITED ALK

"Fracture Generated by Transient Waves," University of Notre Dame,
Notre Dame, Indiana, May 1970.



TRANSIENT WAVE PROPAGATION IN FIBER REINFORCED COMPOSITES

J. D. Achenbach
Professor, Department of Civil Engineering

S. J. Fang
Ph.D. Thesis Research

This research is sponsored by the Air Force Materials Laboratory,
Air Force Systems Command, Wright-Patterson Air Force Base, Ohio.

Objective

The propagation of transient stress waves in composites is
investigated both analytically and experimentally. Particular attention
is devoted to local dynamic effects and short-time phenomena. The
causes of delamination at the interfaces are investigated for dynamic
loading conditions.

Approach

For loads of short duration and for short times the reflection and
transmission are traced through the discrete elements of the composite.
For longer times a continuum model is employed to describe the dynamic
response of the camposite body.

Progress

It was shown that due to the inhomogeneous composition and for the
ratios of material properties of the constituents that are used in
actual composites large tensile stresses and thus delamination through
tensile failure may occur.

PUBLICATIONS

"Stress Waves in a Laminated Medium Generated by Transverse Forces,"
L. E. Voelker and J. D. Achenbach, J. Acoust. Soc. Am., 46,
1213 (1969).

"Separation at the Interface of a Circular Inclusion and the Surrounding
Medium Under an Incident Compressive Wave," J. D. Achenbach,
J. H. Hemann and F. Ziegler, J. Appl. Mech., 37, 298 (1970).

"Agymptotic Analysis of the Modes of Wave Propagation in a Solid Cylinder,"

J. D. Achenbach and S. J. Fang, J. Acoust. Soc. Am., 47, 1282
(1970).
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INVITED TALK
"Methods Based on Dynamic Similarity for Problems of Elastic Wave

Propagation,” Illinois Institute of Technology, Chicago, Illinois,
February 1970.
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CLEAVAGE REACTIONS OF GROUP IV-M METAL-METAL BONDS

A. L. Allred
Professor, Department of Chemistry

C. Frank Shaw, III
Ph.D. Thesis Research (Completed)

Objective

To investigate the cleavage of unsymmetrical metal-metal bonds
with unsymmetrical reagents including iodine monochloride, hydrogen
chloride and trifluoroiodomethane. Of interest were factors which
determine the mode of cleavage:

(CHo )aM-M"(CH, ), + x-\ - (CHa)aMX + (CHy)aM'Y

Bnd/oE . (ciy)oMY + (Clg)sM'X

Approach

The reactions of (CH)sM-M’(CH,),, where M and M’ are C, Si,
Ge and Sn, were carried out in sealed tubes and/or a high vacuum
system. Products were identified by gas chromatography, nuclear
magnetic resonance and infrared spectroscopy.

Progress

The iodine monochloride cleavage reactions of M-M' bonds lead
in each case to the products predicted by the generalization of Hard
and Soft Acids and Bases and not in general to the products having the
larger bond polarities. For example:

(CHy )3SnGe(CHy )3 + IC1 ——> (CHy)aSnI + (CH,)yGeCl

The other conceivable products ((CH; ),SnCl + (CHy)sGel) of this

reaction would be predicted from a consideration of bond polarities.

While thermmodynamic data are scarce, the experimental results indicate

that the products are thermodynamically controlled and not kinetically
controlled. The silicon-germanium bond is surprisingly stable toward
hydrogen chloride. For HC1 and (CH; );GeSn(CH, )3, carbon-tin and germanium-
tin cleavages occur to about the same extent.



DIASTEREOTOPIC NONEQUIVALENCE IN ASYMMETRIC TIN COMPOUNDS

A. L. Allred
Professor, Department of Chemistry

D. V. Stynes
Ph.D. Thesis Research

Objective

The goals of this are (a) to determine those factors which
influence rates of inversion at tin, and (b) to synthesize and resolve
asymmetric tin compounds. Despite a tremendous amount of work in-
volving optically active carbon-containing compounds, no asymmetric
compound of tin has been resolved.

Approach

Classical organometallic procedures were employed for the
syntheses of benzylmethylneophylphenyltin, methylphenylbenzyltin
iodide, benzylmethylneophyltin iodide, benzylmethylneophyltin chloride
and methylneophylphenyltin iodide. Diastereotopic nonequivalence
was investigated by nucelar magnetic resonance.

Progress

A comparison of the NMR spectra of the above asymmetric tin
compounds indicates that the large anisotropy of the phenyl ring is
important in establishing a sufficient difference in shielding for
diastereotopic nonequivalence to be observed. All three diastereo-
topic groups in benzylmethylneophyltin chloride are observably aniso-
chronous in nonpolar solvents. Analysis of the coalescence of all
three sets of diastereotopic peaks provides definitive evidence for
a rapid inversion of configuration of the asymmetric tin center in
trialkyltin halides. The concentration dependence of the mean life-
time of the asymmetric tin center indicates a second-order process.

A five-coordinate halogen-bridged intermediate apparently is involved
in the observed halogen exchange accompanying inversion.

INVITED TAIK

"Electron Spin Resonance Studies of Organometallic Compounds,"
Ohio State University, February 1970.

- 13 -



HIGH (NIDATION STATES OF ZINC, CADMIUM, AND MERCURY

A, L. Allred
Professor of Chemistry

M. 0. Kestner
Ph.D. Thesis Research

Objective

The goal of this research is to stabilize and investigate the
properties of the Zn*®, Cd*®, and Hg"® ions both as dopants in
oxide lattices and as the central element in complexes.

Approach

Attempts are being made to obtain high oxidation states by
"valence inductivity". It is well-known that if certain metal oxides
are either deposited on the surface of a different oxide or dissolved
in the second oxide, the crystal structure of the film or the solid
solution tends to be detemmined by the structure of the host oxide,
and the added metal ions on the surfacc or in the crystal tend to have
the same oxidation states as the metal ion of the host oxide. A
second approach to high oxidation states involves the use of ligands
which tend to stabilize the tripositive ions of silver and nickel.

Since Zn*?, Cd*® and Hg*® are d® ions, isoelectronic with Cu*3?,
electron spin resonance is the choice tool for the detection of these
ifons.

Progrees

The cogrecipitation of A1,0, and CdO, followed by heating from
500° to 1000 in an oxygen atmosphere, gave a material which exhibit-
ed a weak electron spin resonance spectrum reminiscent of the e.s.r.
spectrum of Cu*?. Attempts are being made to maximize the concentra-
tion of Cd*® in A1;0,. A comparable e.s.r. signal was observed for
the product of the persulfate oxidation of ethylenebisbiguanidezinc
sulfate. The tripositive ion, ethylenebisbiguanidesilver(III) is
well-known and preparable by a comparable oxidation of silver(I) complex.
Currently, attempts are being made to oxidize marcocyclic-tetranitro-
gen complexes of nickel, zinc and cadmium both with persulfate and
by electrochemical techniques.

PUBLICATION OF RESEARCH DESCRIBED IN PREVIOUS MRC ANNUAL TECHNICAL REPORTS

"Isotope Exchange in the GeH,-KOD-D,O0 System,”™ A. L. Allred and R. L.
Deming, Inorg. Nucl. Chem. Letters, 6, 39 (1970).

- 14 -



SYNTHESIS OF GLOBULAR MOLECULES

A. L. Allred
Professor, Department of Chemistry

S. A. Kandil
Research Associate (Completed)

C. F. Shaw, III
Ph.D. Thesis Research (Completed)

This research was partially supported by the National Institutes
of Health.

Objective

To synthesize the large, spherical, highly hindered molecule,
tetra-t-butyltin and to observe physical and chemical properties of
this compound. The general goal is the synthesis and characterization

of new materials.

Approach

The planned synthesis of tetra-t-butyltin involves the reaction
of tin tetrachloride and t—butyllithium. The cryoscopic constant
will be measured by the standard sealed tube technique and also cal-
culated from delta H fusion. Heat capacity measurements will be used
to infer the temperatures at which (1§ molecular rotation begins,

(2) phase changes, if any, occur, and (3) methyl and t-butyl rotations
are important, if they are important. The second moment and the spin
relaxation time, T, , will be measured as a function of temperature.
The crystal system will be determined by x-ray diffraction.

Progress

Several t-butyltin derivatives including the tri-t-butyltin
chloride and iodide were synthesized. Experiments designed for the
synthesis of tetra-t-butyltin by the reaction of tri-t-butyltin halide
with t-butyllithium led to the isolation of hexa-t-butylditin. On
the other hand, other organolithium and Grignard reagents yielded
the expected products. A critical study was undertaken to establish
the structural requirements in the organotin derivatives for the normal
substitution to occur preferentially over the coupling reaction.

Two series of monomers of the type R,R’/SnX were synthesized for this
purpose: Series I, where R = tBu; R’ = CgH;, p-CHaCgHs , CoHs CHz,
n-Bu; and Series II where R’ = t-Bu; R = CBHg CBHBCHQ, n-Bu; X = Cl,
Br, I. Coupling was observed with Series I 5 and Series IT yielded
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the nomal products. A description of these results is in press
(J. Chem. Soc. A.).

PUBLICATIONS

"Nonbonded Interactions in Organometallic Compounds of Group IVB,"

C. F. Shaw, III and A. L. Allred, Organometallic Chem. Reviews,
5, 95 (1970).

"Apparatus for Crystallization at Low Temperatures in an Inert
Atmosphere,' C. F. Shaw, III and A. L. Allred, J. Chem. Ed.,
47, 164 (1970).
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SOME LXACTLY SOLVABLE PROBLEMS IN MAGNLTISM

M. Bailyn
Professor, Department ol Physics

J. Chen
Ph.D. Thesis Resecarch

This resecarch is jointly supported by the National Science Foundation
and the Advanced Research Projects Ageney.

Objective

The objective of this project is to sec if" something can be said
rigorously in the theory of spin magnetism, and in so doing, gain some
insight into the general features of the phenomena and into the usual
approximations made.

AEEroach

We start from the limiting case of a one-dimensional loop of atoms
with one electron per atom all with the same spin, the ferromagnetic limit.
With this as a reference state, we consider certain classes of excitations,
the simplest being a one spin-flip excitation, the next simplest two spin-
flips, and so on. The general prucedure is extremely simple: expand the
wave function of the excited state in a complete set of Wannier spin-flip
states, substitute into the Sclhrddinger equations, and set up equations
for the coefficients in the expansion. The resulting equations are then
Fourier analyzed. Alternatively, the resulting ecquations are solved by a
method generalized from the Bethe method used in the problem of an anti-
ferromagnetic chain.

Progzess

Last year, the one-spin f1lip problem was completely solved for two
cases: (1) the linear loop with one-band with nearest neighbor Wannier
interactions, and (2) the two-band loop with nearest neighbor inter-
actions in a band and on-site interactions between the bands. These two
cases have been published this past year. Since then, we have worked
the problem of a one-band loop with long range interactions, and some
nearest neighbor two and three dimensional problems. The long range
calculation has been completed and accepted for publication, the many
dimensional problem is still being calculated. We have also looked at the
case of the two-clectron, one lole excitation, and the two spin-flip
excitations, but these are orders of magnitude more difficult to solve than
the one-spin flip case. To investigate these more complicated excitations
we looked into the feasibility of solving the problem by the Bethe method.
This method enables the wave functions to be put in a simple form, and has
been used in other related problems. We have been able to re-solve the
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one-spin flip problem by this method and as complicated as the spectrum
is, the Bethe solution in its completely different form gives precisely
the same result, as must of course be. The other excitations have been
studied now by the Bethe method, but as yet the formulation gives
rosults still too complicated to be satisfactory.

FUBLICATION

"Ferromagnetic Spin Excitations in a One-Band Metallic Loop,™ J. Chen
and M. Bailyn, Phys. Rev., B, 3030 (1970).

PUBLICATIONS ON COMPLETED RESEARCH PREVIOUSLY REPORTED IN MRC ANNUAL

TECHNICAL REPORT

"Kondo Effect in the Ruderman-Kittel-Kasuya-Yosida Interaction,' R.
Bresemann and M. Bailyn, Phys. Rev., B, 334 (1970).



STRUCTURE SENSITIVE PROPEKRTIES OF SOLIDS - CALVANOMAGNETIC EFFECTS
IN B’ -PHASE INTERMETALLIC COMPOUNDS

J. 0. Brittain
Professor, Department of Materials Science

T. Yoshitomi
Ph.D. Thesis Research

Objective

The objective of this research is to study the electronic trans-
port properties of equiatomic sd-transition-metal aluminides, (B’-
phase), which have CsCl type crystal structure, and to ascertain the
nature of the magnetic elements in the compounds.

Approach

Noting the anomalous galvanomagnetic effects of NiAl such as
resistance minimum phenomena, negative magnetoresistance and field
dependent Hall coefficient, which can be explained qualitatively in
terms of so-called s-d interaction, we measure electrical recistivity,
magnetoresistance and Hall coefficient on CoyNi ,s.xAl ¢ and
FeyNi_g.xAl ¢ as a function of- temperature and composition
(0« x £0.5).

In the case of these alloys, the mechanism of the anomalous
transport phenomena would be more directly attributed to the
localized magnetic moment at the transition metal atoms in the alloys
rather than to the deviation of caomposition from the stoichiometry
which was employed to explain the existence of s-d interaction in
B’-NiAl systems.

Progress

Electrical resistivity measurements have been made on the alloys
described above. All samples containing Co showed the resistance
minimum phenomena at low temperatures. The depth of the minimum
increases as the Co concentration increases. No resistance maximum
phenomena were observed in this system. The resistance minimum
phenomena was also observed in the alloys with Fe additions of less
than 0.4. The depth of minimum was largest at x = 0.05 and resistance
maximum following the minimum was observed in some alloys of this
system. For both systems the temperature dependence of the resistivity
exhibited Kondo-type logarithmic dependence, but deviated from it at
very low temperatures.

PUBLICATION

"Electronic Structure of p’-NiAl," Y. Yamaguchi, T. Aoki, and J. O.
Brittain, J. Phys. Chem. of Solids, 31, 1325 (1970).
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STRUCTURE SENSITIVE PROPERTIES OF SOLIDS - MECHANICAL BEHAVIOR OF
COMPOSITE MATERIALS

J. 0. Brittain
Professor, Department of Materials Science

P. Golumbovski
Ph.D. Thesis Research

Objective

Composite materials are a developing class of materials with
improved properties at high temperatures. An investigation of the
temperature and structural dependence of the mechanical behavior of
composites is the main objective of this research.

Approach

Controlled directional solidification will be utilized to prepare
composites in eutectic alloys. This technique will produce a distri-
bution of rods or lamellae in a continuous matrix. The nature of
the distribution can be varied through control of the growth rate and
the temperature gradient at the solid-liquid interface during solidi-
fication. The structures will be characterized by quantitative metal-
lography techniques in conjunction with optical and electron microscopy.
The mechanical behavior of suitable prepared and characterized specimens
will be determined by tensile testing at various temperatures and strain
rates. Some effort will be devoted to elucidate fracture processes.

Progress

A directional controlled solidification apparatus has been
designed and is under construction. Means for controlling the
solidification rate and the temperature gradient of the eutectic alloys
have been incorporated in the apparatus. Apparatus for the elevated
temperature tensile tests have also been assembled.
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STRUCTURE SENSITIVE PROPERTIES OF SOLIDS - OPTICAL PROPERTIES IN
B ‘-PHASE INTERMETALLIC COMPOUNDS

J. O. Brittain
Professor, Department of Materials Science

K. Tamura
Ph.D. Thesis Research

Objective

This investigation is directed toward discerning the influence
of the defect state in intermetallic compounds upon various properties.

Approach

The optical properties have been evaluated from intensity data
on a specially designed reflectometer and polarizers in the wavelength
range of approximately 0.25 to 2.5,. Moreover an InSb detector for
wavelength range of 1 to 5. and vacuum UV spectrophotometer for wave-
length range of 0.1 to 0.3y are being used to work for normal reflec-
tance measurements to extend the range of measurements. Since the
optical properties represent superposition of free electron behavior,
interband transitions and plasma effects, a separation of the individual
contributions is a desired objective.

Progress

The optical properties of B’-NiAl, and -CoAl, NiGa and CoGa
have been investigated, and it has been reported that only NiAl had
a compositionally dependent interband tramsition at photon energy of
2.5eV. The optical prOperties of ternary alloys Ni Co Al,_y_,,

Ni) o yu yALxCay, NiyFe -x-y and Ni,Cu,Al)_y., of mainly stoichio-
metric compo ition (x + y =0.5) have how beeh measured in the wave-
length range of 0.1 to 2. Su. The three peaks in e, observed with

Nij e g leay alloys are linearly compositionally dependent. However,
measurements” with NixCoyA11_x_ and NixPe§A11_x_ alloys revealed
that all three peaks in” e, , 4.1 and 5.3 eV) are campositionally
independent when they are not masked by free electron behavior. In
NiyCu,Al, _x. alloys, the 2.4eV peak moved to a lower photon energy
with increasing copper content.

PUBLICATION

"The Optical Properties of B’-Phase CoAl, and NiGa," D. Kiewit and
J. O. Brittain, J. Appl. Phys., 41, 710 (1970)
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STRUCTURE SENSITIVE PROPERTIES OF SOLIDS - PRISMATIC DISLOCATION LOOP
FORMATION AND GROWTH IN B ’-NiAl

J. 0. Brittain
Professor, Department of Materials Science

G. W. Marshall
Ph.D. Thesis Research

This research is partially supported by Northwestern University.

Objective

This work aims at gaining an understanding of the nature and
origins of the dislocation structure observed in B /-NiAl as a function
of camposition and thermal history.

Approach

Thin foils fram oriented single crystals and polycrystals of
representative compositions of B’-NiAl are examined using transmission
electron microscopy to detemmine the variations in structure resulting
from different thermal treatments. Experiments designed to control
thermal conditions and composition are used to characterize the
dislocation source and mechanism of dislocation loop growth.

Progress

Prismatic dislocation loops and spirals on (100) planes with
Burgers vectors of a (100) type have been observed in near stoichio-
metric and Al-rich alloys of p/-NiAl. The critical thermal history
for the development of the prismatic dislocation loop structure in
single crystals has been determined. The structure can be explained
in terms of the operation of Bardeen-Herring dislocation sources.
The phenomenon has not been observed in Ni-rich alloys or in alloys
of small grain size. Attempts to control dislocation sources by
varying the heat treating atmosphere in Al-rich single crystals has
failed. Impurities in the starting material for crystal growth
apparently are responsible for the presence of the dislocation sources,
although selective additions of suspected impurities to melts of high
purity Ni and Al have not produced the Bardeen-Herring dislocation
sources.

Research is being carried out to determine the following:
1) the spatial distribution of loops produced as a function of heat
treatment and composition; 2) if the loops are of vacancy or intersti-
tial type; and 3) the factors detemining the shape of the loops and
the mechanism of loop growth.
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STRUCTURE SENSITIVE PROPERTIES OF SOLIDS - STRUCTURE AND PROPERTIES
OF POLYMERS

J. 0. Brittain
Professor, Department of Materials Science

W. W. Graessley
Professor, Departments of Chemical Engineering and Materials

Science

F. S. Myers
Ph.D. Thesis Research

This research is partially supported by Northwestern University.

Objective

The objective of this work has been to survey various thermal
and mechanical properties of blends of Lexan Polycarbonate and
Polysulfone P-1700 as functions of composition and thermal history and
to relate these results to observed compositional variations in
microstructure.

Approach

Lexan and P-1700 have been solution blended to a number of
intermediate compositions, and the blended material reclaimed from
solution by solvent evaporation from thin, cast films. These films
then were ground to a fine molding powder and molded into bulk form
by compression and injection molding processes.

Thermal expansion and softening temperatures were obtained from
linear dilatometry; tensile tests were perfomed at 0°, 25°, and
65°C at a single strain rate; and a low frequency investigation of
the secondary B peak region of the mechanical relaxation spectrum
was conducted by a free decay technique.

Microscopic evaluation of microstructure was performed principally
by optical microscopy on deformed and undeformed etched material and
on tensile fracture surfaces.

Progress

A marked variation in microstructural texture was found among
material from the three molding techniques. This variation was found
to exhibit considerable influence on the tensile behavior, but the
effects were less evident in the other tests performed.

- 23 -



From the microscopy it was determined that the blends forxmed
a two phase system at all compositions investigated. A phase inversion
was found near 75 wt/o P-1700, and it was also in this region that
notable property changes were observed in softening temperatures,
tensile moduli, and the mechanical relaxation. The thermal and tensile
property changes reflect the transition from Lexan to P-1700 being the
continuous, load bearing component.

The effect of composition on the relaxation process is not as
macroscopically obvious. The broad, single P peak found in Lexan
and P-1700 was found to divide into two peaks in 75 wt/o unannealed
material. With annealing, the higher temperature peak was absorbed
into the high temperature side of the primary peak, yielding in a
fully annealed sample, the single peak found in P-1700. It is speculated
that the occurrence of the second relaxation peak was due to the strain
associated with the intermixing of molecular chains associated with
the inversion composition.

While apparently incompatible in the thermmodynamic sense, the
microscopic investigation of deformed and fractured surfaces indicates
considerable interfacial interaction in all campositions.
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MICROWAVE INVESTIGATIONS OF SEMICONDUCTORS

M. E. Brodwin
Professor, Department of Electrical Ingineering

I, Brodsky
Ph.D. Thesis Research

K. Chou
Ph.D. Thesis Research (IIL Fellow)

S. Kahn
Ph.D. Thesis Research (Northwestern University Support)

W. Tempelmeyer
Ph.D. Thesis Research (Northwestern University Support)

Objective

The purpose of this project is to observe and analyze phenomena
appearing at microwave frequencies in certain solids. Problem areas
are chosen which combine both scientific and applied objectives.
Representative of these areas are: instability in drifted plasmas,
microwave hypersound in paraelectric solids and microwave-acoustic-
transducers.

Aggroach

The theoretical and experimental studies are designed to answer
specific questions about each of the phenomena studied. For example,
our studies in drifted plasma are directed toward developing definite
experiments to resolve theoretical questions. The oscillation in InSb
under pulsed electric field conditions is currently explained by stating
that the emission originates in the high density and high density
gradient regions produced by Suhl effect concentration. An experiment
has been devised to test these speculations and preliminary results
indicate that these speculations are incorrect, and a different
theoretical explanation is required for the observed instabilities. In
the same area, a well known dispersion relation has been used to predict
instability in drifted plasmas. This relation has never been experi-
mentally verified and our study of it suggests that its range of validity
may be quite small. Thus, an experiment is being planned to examine this
dispersion relation.

We are also examining a new plhienomenon: the interaction of microwave
phonons with paraelectric solids. Here we are searching for the first
experimental evidence of a postulated microwave resovnant absorption in
crystalline KC1 with small additions of substitutional hydroxyl ion.

This absorption arises from transitions between dipole energy levels and
is analogous to an acoustic absorption in a paramagnetic system.
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Recent interest in applications of microwave phonons to radar and
commnications has prompted a review of the transducer mechanism at these
frequencies. We have instituted a study of a new, more efficient trans-
ducer structure.

Progrcss

The work on hot electrons in InSb and other semiconductors is at the
point where large area diffused contacts are being deposited on samples.
The instrumentation for this problem has been completed.

The interaction of microwave phonons with paraelectric solids has
reached the point where a rather complex experimental apparatus has been
constructed, samples prepared, and final refinements being carried out.

The microwave-acoustic transducer study is at the point where the
feasibility analyses is being completed.
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ANISOTROPIC ELECTRICAL CONDUCTIVITY IN POLYMERIC SOLIDS

S. H. Carr
Asgsistant Professor, Departments of Materials Science and

Chemical Engineering

S. Deo
M.S. Thesis Research

Objective

A number of polymers have been synthesized during the past
decade with the purpose of creating materials with low electrical
resistivity. In most cases the electrical conductivity was measured
on bulk samples but the solid state molecular organization was not
investigated. Because the electrical conductivity in these polymers
will probably be anisotropic, control over morphoiogy is the likely way
to maximize their usefulness. Thus, it is the aim of this research
to establish principles in the relationship between electrical conductivity
and morphology.

Aggroach

Two lines of pursuit are being followed, the first of which in-
volves the manufacture of microelectrodes suitable for measuring elec-
trical conduction in polymer single crystals. Photolithographic
Techniques for making miniature integrated circuits are being employed
to make an array of many closely spaced gold conductors on sapphire chips.
Single crystals can then be deposited on the chip by drying them from
suspension in xylene. Current-voltage relationships at a variety of
temperatures will be measured to obtain information on the conduction
mechanisms.

The other approach to this project involves the synthesis of
polymer from tetraiodophthalic anhydride and the substitution of pyridine
for chlorine in poly(epichlorohydrin). Each repeat unit in this latter
polymer has the capacity to complex with TCNQ molecules blended into the
sample. A study of morphology by electron microecopy and diffraction
techniques will reveal what levels of molecular organization exist in
both polymers.

Progress
Chips for use as microelectrodes are being prepared. Apparatus

for synthesizing the polymers is being assembled and the electrical
conductivity cell is under c anstruction.
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MOLECULAR STRUCTURE IN POLYOLEFIN FIBERS

S. H. Carr
Assistant Professor, Departments of Materials Science and
Chemical Engineering

P. Fung
M.S. Thesis Research

Objective

Fibers made from crystallizable polymers undoubtedly derive much
of their mechanical properties from the character of their molecular
order. The crystal texture of these fibers is controlled considerably
by conditions imposed on the melt spinning, take-up, and post-drawing
processes. Furthermore, the molecular weight distribution in the polymer
effects the morphology.

The objective of the present research is the characterization of
the morphology of melt spun fibers from polyolefin samples in which
the molecular weight distribution has been modified and the identifi-
cation of all major parameters relating to the strength of these synthetic
fibers.

Approach

Control of the molecular weight is being achieved primarily by
a technique developed in preceeding work on polyethylene crystallization
from solution (see publication). This technique uses a bed of crushed
NaCl to selectively extract the fraction of the sample presumed to
contain the 1: :gest molecules, and another sample is enriched with
the extracted material. Fibers are then formed by extruding the poly-
ethylene through a small diameter capillary in the Instron Melt Rheometer.
Fibers may then be subjected to a variety of post-drawing conditions.
Characterization follows with tensile measurements and electron microscopy.

Progress

Equipment ne~essary to melt-spin and take-up fiber has been
assembled and used. Apparatus for extracting high molecular weight
material has been constructed and polyethylene samples have been made.
Techniques for sur‘ace replication of the fibers, suitable for electron
microscopy, have been developed. Preliminary results suggest a pro-
nounced sensitivity of the fiber production processes to molecular weight
distribution, but dif{erences in the resu’ting morphology and fiber
strength seem subtle.
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PUBLICATIONS

"Relationship Between Self-Seeded and Epitaxial Crystallization from
Polymer Solutions. A Possibly New Technique for Molecular Weight
Separation,"” S. H. Carr, A. Keller, and Eric Baer, J. Polymer
Sci., Part A-2, 8(9), 1467 (1970).
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DIFFRACTION STUDIES OF MATERIALS

J. B. Cohen
Professor, Department of Materials Science

M. Kirk
Ph.D. Thesis Research

J. Gragg
Ph.D. Thesis Research (Campleted)

Objective
X-ray studies of defects in solids.

Approach

Measurements of diffuse x-ray scattering and the intensities of
Bragg peaks.

Progress

Measurements of the diffuse intensity from Al-§ at.pct Ag (aged
at 110°C) in a volume of reciprocal space has pemitted the separation
of this intensity into that due to local order and that due to atomic
displacements. The scattering near superstructure positions, previously
thought to be due to order within G.P. zones, has been shown to be due
to distortions associated with the zones. Computer simulation with the
Warren local order parameters indicates that the zones are octahedra
(containing 68 at.pct Ag), not spheres, as was generally thought to be
the case.

The differences in strength and resistivity of zones formed above
170°C, where these are more nearly spherical, and below 170°C appear to
be due to the decrease in Ag concentration (and hence, the distortion
due to the zones) at the higher temperatures.

With Professor Davidson's group, the radial density distribution
‘of partially crystalline isotactic polystyrene was obtained; this was
compared to our previous results on isotactic and atactic amorphous
phases, and the crystalline structure. It appears that as the regularity
increases (atactic amorphous-isotactic amorphous~isotactic partially
cryatalline-cxyatallins helical portions of the long chain decrease
their pitch and their separation.

Work continues on studies of electron damage of NijgMn, to detect
whether replacement collisions really occur. Single crystals have been
grown and cut, and are being heat-treated. Because little is known of
the diffusion rates or ordering kinetics in this alloy some preliminary
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data on ordering were obtained to guide heat-treatments. An attachment
has been built for x-ray studies of the intensity of superstructure
reflections. In addition to allowing aligmment of the crystal at low
temperatures, it can be attached to a Yan de Graff generator for in situ

bombardment .

PUBLICATIONS

"Optimum Procedures for Determining Ultra-Fine Grain Sizes," J. B.
Cohen, W. Paulson, and J. E. Hilliard, 15th Sagamore Army
Materials Research Conference, Syracuse University Press,
Syracuse, New York (1970) pp. 73-98.

"An X-ray Study of a Possible Phase Transition in Phenanthene,"
J. B. Cohen, K. Chiang, P. Forsyth, L. Morrison, and J. Kauffman,
Phys. Rev. Letters, 30A, 531 (1969).

"The Nature of Long-Range Order in Cu,.xAut.x," J. B. Cohen and
P. Cehlen, J. Appl. Phys., 40, 5193 (1969).

"The Order-Disorder Transformation” in "Phase Transformations,”
ASM, Metals Park, Ohio, 1970, pp. 561-620.
INVITED TALXS

"The Physical Meaning of Local Order,” Gordon Conference on Physical
Metallurgy, Tilton, New Hampshire, August 24, 1970.
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EFFECTS OF THERMO-MECHANICAL TREATMENTS ON THE SUBSTRUCTURE IN METALS
AND ALLOYS

J. B. Cohen
Professor, Department of Materials Science

R. Marion
Ph.D. Thesis Research

M. A. Zemitis
M.S. Thesis Research (NSF Trainee)

This research is supported by the Office of Naval Research.

Objective

Studies of the effects of themmal and mechanical treatments on
faulting, macro-stresses, microstrains and subgrain sizes in metals
and alloys.

Approach
Analysis of x-ray diffraction peak shape and position.

Progress

Work continues on the anomalous effect in residual stress measure-
ments with x-rays. (It is known that in compression, tension, or bend-
ing, a macro-stress is measured when other methods indicate that there
is none; also, the sign of the stress and/or its magnitude can vary
from peak to peak used in the measurement.) We have found a similar
effect after moderate rolling. It has been proposed that this effect
is related to texture in the specimen (F. Bollenrath, V. Hauk, and W.
Weidemann, Archiv fur das Eisenhutt., 38, 793 (1967)); this has been
confirmed qualitatively, and a simple way to include the effects of
texture quantitatively has been developed. This method does not involve
the measurement of a pole figure and is simple enough to be of general
use. Quantitative tests are underway, for Cu;Au and a 1045 steel.

At the same time, we are exploring further the conditions for which
this effect can be serious.

When as cast Al-Si alloys are deformed at roam temperature, the
peaks of the Si phase sharpen, and cortinue to do so with time after
deformation. This effect appears to be due to thermally activated
relaxation of dislocation arrays in the Al matrix around Si particles.
In Ag-Si, the Si peaks broaden extensively; due to the lower fault
energy of Ag, caompared to Al, such rearrangement is» not as easy.
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Quantitative studies with the Ag-Si sysiem are being made with two
different morphologies for the Si phase, spheres and needles. Fourier
analysis of line-broadening is being carr ed out under load in tension
and after release of the load.

A small tensile rig, to be used in both studies, has been
constructed for the diffractometer.

PUBLICATION

"Broadening and Shifting of Diffraction Profiles from Antiphase
Boundaries or Faults in a B2 Structure,"” J. B. Cohen and R.
Rothman. Proceedings of the 3rd Bolton Landing Conference on
Ordered Alloys, Claitor's Publishing Division, Baton Rouge,
Loutsiana, 1970, pp. 149-167.
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LOCAL ATOMIC ARRANGEMENTS IN ALLOYS AND INTERMETALLICS

J. B. Cohen
Professor, Department of Materials Science

P. Bardhan
Ph.D. Thesis Research

H. Berg
Ph.D. Thesis Research (Cabell Fellow)

K. Paavola
M.S. Thesis Regearch

This research is supported by the National Science Foundation.

Objective

Theoretical and experimental studies of local atomic arrangements,
their topology and their effect on properties.

Approach

Inter-relationships between local order parameters and their
control of local atomic arrangements are studied theoretically. Experi-
mental measurements of diffuse scattering, their interpretation in
terms of the local structure, and the role of this structure in determin-
ing properties.

Progres

We have been able to show (without any assumptions) that the
first two or three pair probabilities or local order parameters (a's)
very tightly confine the values for nearest-neighbor triplets or quadrup-
lets in an f.c.c. structure. For example, for CusAu at 450°C the all-
copper quadruplet fraction could range from 0.0 to 0.75, but the known
a's confine the range to 0.11-0.16. The equivalence due to symmetry of
many triplets or quadruplets in any group of ataoms plays a key role in
this confinement, but in the f.c.c. structure there are many more symmetry
conditions than needed for this. We are now exploring whether the
confinement exists also in b.c.c. alloys for which the symmetry is lower.

A program for camputer simulation of a 2-d alloy has been written
to examine the local arrangements of Onsager's exact solution of the
Ising model, and the effects of various approximations on these arrange-
ments.
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Computer simulation of the local atomic arrangements in an
Fe-6 at pct Mo alloy (with pair probabilities from our x-ray study of
this system) has proved particularly interesting. The Mdssbauer spectra
from this system after aging at 550°C had been studied previously
(H. L. Marcus, M. E. Fine, and L. H. Schwartz, J. Appl. Phys., 38, 4750
(1967)). Extra peaks appear due to Fe atoms with different numbers of
Mo atom neighbors. An interpretation in terms of 0, 1 or 2 Mo neighbors
in the first two neighbor shells is given in Table 1 (a); this is the
model the authors employed. It is not in agreement with the computer
simulations. Furthermore, the peak for Fe atoms with no Mo neighbors
should be larger in the actual alloy than for a random alloy, as there
are Mo clusters, but the reverse is true (compare columns 2 and 4). A
more successful explanation was obtained by including Mo atom neighbors
in three shells, Table 1 (b). These simulations should thus be particu-
larly useful in interpreting the complex Mdesbauer spectra from alloys.

The data and simulations also provide some information on the lack of
hardening due to the zones and the alloy "softening" in this system.

Table 1. Comparison of Atomic Distributions with Interpretation of

Méssbauer Spectra in Ref. 2, for Fe-6.1 at. pct Mo.

(a)
Fraction of Fe atoms with Random Clustered, From
indicated number of Mo (Calculated) fram Atomic Ref. 1
neighbors in 1st and 2nd Distributions
shell.
0 0.438 0.498 0.384
1 0.402 0.296 0.561
2 0.160 0,133 0.055
> 2 — 0.072 --
(b)
Fraction of Fe atoms with Random Clustered, From
indicated number of Mo (Calculated) from Atomic Ref. 1
atoms in 1lst three shells. Distributions
0 25 0.36 0.384
1 or 2 (with 1 in each of .64 0.55 0.561
two shells).
2 in either 1st, 2nd, or 11 0.09 0.055

3rd shell.
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Our field-ion microscopy of partially ordered CoPt, has been
completed. (This work was done by Mr. Berg at Pennsylvania State
University with Profs. Mueller and Tsong.) Rods of Pt geveral atoms
in length on wrong sites in <100> and <110> directions have been found.
Also there are at least two dimensional Pt-rich regions and small out-
of-phase regions. We are trying to determine if these larger regions
are three dimensional. Single crystals have been obtained and are
being heat-treated. (When this is done, the diffuse x-ray scattering
will be measured and camputer simulations from the measured pair-
probabilities will be compared to the FIM studies.)

A set of programs have been developed and tested to enable a
PDP 8/L computer to run diffuse scattering experiments. After an
initial dialogue with the operator concerning physical limits on the
angles of tilt of a crystal and other variables of the experiment, the
computer moves three motors to establish a position in reciprocal space,
records counts at this position corrected for dead time, and moves on.
Points outside the physical limits are skipped and a constant check is
made of the direct beam's intensity and any specimen movement. The
data, on paper tape, is then fed to another code which places it in
a format suitable for an other program for the CDC 6400; this separates
intensity into its components due to local order and size effects, and
then performs Fourier inversions for local-order parameters, etc.

PUBLICATIONS

"The Order-Disorder Transformation," in "Phase Transformations,™ ASM,
Metals Park, Ohio, 1970, pp. 561-620.

"A Brief Review of the Properties of Ordered Alloys," J. B. Cohen,
J. Mat. Science, 4, 1012 (1969).
INVITED TALK

"The 'Gestalt' of Local Order," Battelle Conference on Critical
Phenomena, Gstaad, Switzerland, September 9, 1970.
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PHASE TRANSFORMATIONS IN MACROMOLECUIAR MATERIALS

T. Davidson
Assistant Professor, Departments of Materials Science and Chemical

Engineering

T. Natarajan
Ph.D. Thesis Research

A. Scigliano
M.S. Thesis Research (0.A.S. Fellow)

Objective

The mechanism and kinetics of phase changes in polymeric solids
including melting, crystallization and solid-solid transformations are

under investigation.

Approach

Several solid polymers exhibit solid-solid structural transforma-
tions. A prominent example is the pair of transitions at 19° and 30°C
in polytetrafluoroethylene. These transformations result in a change
in crystal structure fram triclinic to hexagonal and an unwinding of the
macromolecular helix. The kinetics of these transformations can be
measured themmogravimetrically by following the change of specific
volume with time.

Melting and crystallization of polymers is affected by a number
of parameters, notably the molecular weight distribution and the presence
in the distribution of both very long and very short molecules. Poly-
(ethylene oxide) has been chosen as a model system in which to investi-
gate the effects of molecular weight on melting and solidification.
Binary mixtures which differ widely in mean molecular weight are being
used to test the hypothesis of fractionation during crystallization.

Progress

A model for the 19 degree transition in PTFE has been developed
and is being used to predict the kinetics of the transition. Experiments
using a recording thermobalance are underway to provide data for a test
of the model.

Measurements of the transition temperatures and heats of fusion

in the poly(ethylene oxide) system are being performed using differential
scanning calorimetry.
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STRUCTURE OF HIGH POLYMERS IN THEL SOLID STATE

T. Davidson
Assistant Professor, Departments of Materials Science and Chemical
Engineering.

W. S. Park
M.S. Thesis Research (Stauffer Fellow)

Objective

This research is directed toward understanding the structure of
high polymers in the crystalline and semi-crystalline states.

Approach

The study of effects due to crystallinity in polymers is usually
complicated by the coexistence of crystalline and non-crystalline regions
in macromolecular solids. We have studied polymers crystallized under
high pressure which leads to extended-chain structures with a minimum
of non-crystalline material. Another class of polymers which exhibits high
crystallinity consists of macromolecules which have polymerized and crystal-
lized simultaneously. Particle-form polyethylene constitutes such a
material.

When this polymer is synthesized over catalysts of supported
transition metal oxides at low temperatures, the macromolecules crystal-
lize during the act of polymerization. Effectively, this is a trans-
formation from gaseous ethylene monomer to crystalline solid polymer.
Since polyethylene crystals are formed directly by this gas-solid
reaction, the usual entropic and kinetic barriers to crystallization
are absent and enhanced crystal growth is the result.

Progress

Through the use of scanning electron microscopy, a series of
unique structural features has been discovered in particle-form poly-
ethylene. Four distinct structural elements have been found in the 0.05
to 10 micrometer range. Helical crystals are present in lengths up to
7 micrometers. Further details of the microstructure are being actively
investigated.

INVITED TALKS

"Extended-Chain Polymer Crystals," Department of Chemical Engineering
Colloquium, Northwestern University, February 2, 1970.

"The Microstructure of Crystalline Polymers by Electron Microscopy,"
State Microscopical Society of Illinois, Chicago, February 27, 1970.
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THE STRUCTURE OF AMORPHOUS POLYMERS

T. Davidson
Assistant Professor, Departments of Materials Science and Chemical

Engineering

S. M. Wecker
Ph.D. Thesis Research

Objective

The principal objective of this research is to characterize the
structural features of high polymers in the glassy state. Particular
attention is given to the effect of solidification conditions and
macromolecular tacticity on the resulting polymer glasses.

Approach

Samples of polystyrene are compression molded from well-characteriz-
ed material. By varying the cooling rate, passage through the glass
transition can be controlled. Structural information on the glasses is
obtained by wide-angle X-ray scattering using monochromatic radiation and
digital counting techniques. The corrected X-ray intensity data is
Fourier transformed to yield a radial distribution function (RDF) which
indicates the spacings between groups on a given macromolecule and the
distances separating neighboring molecules in the glassy state.

Progress

Four distinct X-ray maxima are observed and these have been assigned
to nearest and next-nearest neighbors in the chain, and to combinations
of inter- and intra-chain spacings. Regardless of cooling rate, all
atactic polystyrene samples used in the experiments have identical
densities, scattering patterns, and radial distribution functions. The
quenched isotactic polymer produced samples of greater density but with
the same RDF as that of the atactic material. For comparison to the
quenched glasses, a sample of isotactic polystyrene was annealed to
develop 20 percent crystallinity. The RDF for this semi-crystalline
material shows a sharpening of the diffraction peaks and shifts of the
third and fourth RDF peaks in opposite directions relative to the quenched
polymer. These opposing trends of inter- and intra-chain packing are
being examined by computer modeling to determine whether variations in
macromolecular helicity can account for the observed structural changes.
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SUPRAMOLECULAR STRUCTURE AND MICROPLASTICITY IN POLYTETRAFLUOROETHYLENE

T. Davidson
Assistant Professor, Departwonts of Materials Science and Chemical
Engineering

T. Natarajan
Ph.D. Thesis Research

D. K. Weber
M.S. Thesis Research (Completed)

This research is principally supported by the National Science
Foundation.

Object ive

This research seeks to determine the microstructure of polytetrs-
fluorcvetiylene (PTFE) both "as-polymerized™ and as modified by heat
treatment. The relation between structure and tho micromechanics of
deformation in polymers is being persued using PTFE as a model systen.

Approach

Electron microscopy provides information on the microstructure of
both "as-polymerized" and sintered PTFE through the use of replica
techniques. Specimens are subjected to deformation by rolling and to
tensile testing over a range of conditions from 77°K to ambient temperature.
It was originally hypothesized that deformation in a partially crystalline
polymer such as PTFE would occur by yielding in the non-crystalline
regions combined with plastic defo:mstion of the crystals.

Propress

Our studies on the tensile deformation of PTFE have shown that at
cryogenic temperatures both above and below the "glass II" transition
at 160°K, yielding occurs principally in the non-crystalline regions.
Only when severely deformed by rolling does plastic deformation of the
crystalline phase became an active mode of deformation. These findings
indicate the importance of a two-phase structure for promoting high
strength in polymeric materials at low temperatures.

By means of electron microscopy, a microstructure of fibrils and
large lamellar crystals have been shown to co-exist in as-polymerized
PIFE. This supports the concept fo simultaneous polymerization and crystal-
lization in the synthesis of polytetrafluoroethylene.
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CIRCUIAR DISLOCATION LOOPS AND MOVING DISLOCATLONS IN MULTI-PHASE
MATERIALS

J. Dundurs
Professour, Department of Civil Engineering

N'So lﬂe
Ph.D. Thesis Research

N. J. Salamon
Ph.D. Thesis Research (NDEA Trainece)

Objectivc

The objective is to investigate the behavior of dislocations near
the boundary between two phases with different elastic constants.

Aggroach

The approach is by idecalizing the discrete lattices as elastic
continua.

Progess

Among the various problems under study, significant progress can
be reported on two. First, the elastic fields were obtained for screw
and edge dislocations that move with a constant velocity parallel to the
boundary between the two phases. Presently, the very tedious calculations
required to find the energy are Leing carried out. Second, a key dis-
covery was made which allows one to analyze effectively dislocation loops
and other configurations in the vicinity of the interface between the twn
phases. Thus, it was found that the fields induced by loops in the
inhomogeneous material can be obtained by the straightforward process of
applying certaiin differential operators to the fields caused by the dis-
location loops in a homogeneous material. This result is now being
exploited for circular loops.
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DISIOCATIONS LN LAYERED MATFIRIALS, SURFACE LAYERS AND THIN FILMS

J. hundurs
Professor, Department of Civil Engineering

}'-Sc l""
M.S. Thesis Research (Completed)

Ke C. Tsai
Ph.D. Thesis Research

ob jccti ve

The aim is to derive the displacement field, energy and force for
dislocations in layered materials, surface layers and thin films.

r\gproach

The required elasticity solutions are obtained by use of Fourier
transforms.

Prngess

This study is motivated by the need to know more about the properties
of dislocations in multi-layered materials, such as composites and direc-
tionally solidified alloys, and similarly in surface layers and thin films
because of their use in electron microscopy. The geometry of these
problems dictates the use of Fourier transforms for finding the various
field quantities. This approach yields results expressed in terms of
integrals which can only be evaluated numerically. The solutions for
several problems had been obtained before, and the past year was spent
chiefly to arrive at the numerical evaluation of the quantities that are
of particular interest in applications. Because of the importance of such
results in electron transmission microscopy, particular attention was given
to the displacement field induced by screw and edge dislocations in a thin
layer.
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ELASTIC FIELDS IN COMPOSITL MATERIALS

J. Dundurs _
Professor, Department of Civil Engineering

C. F. Hsieh
Ph.D. Thesis Research (Completed)

Ob]ective

The goal of this research is to study how stresses and related
quantities, such as the interaction energy and furce, acting on a
dislocation in a composite material, depend on the elastic constants
of the various phases.

Aggroach

Assuming elastic behavior, use is made of the field equations
and boundary conditions in elasticity.

Progress
The conditions under which stresses, energy of a dislocation and

the force on a dislocation show a reduced dependence on the elastic
constants of the phases were established and suitable couposite para-
meters introduced earlier. Recently, new composite parameters were
invented. These parameters are preferable because they admit a direct
interpretation in terms of the uniaxial and voluminal compliances of the
two phases. Furthermore, they are convenient for making various results
on composite materials tractable physically, and they have already been
adopted by several other authors in their studies.

PUBLICATIONS
"Dependence on Elastic Constants of Some Residual and Dislocation Stresses
in a Composite," J. Dundurs and C. F. Hsieh, Developments in Theure-
tical and Applied Mechanics, Vol. 4, edited by D. Frederick, Pergamon
ess, ord, pp. 103- (1970).

"Some Properties of Elastic Stresses in a Composite," J. Dundurs, Recent

Advances in Engineering Science, Vol. 5, edited by A. C. Eringen,
Cordon and Breach, New York, pp. 203-216 (1970).
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PLILRLS STRESS AND STABLLLTY OF DISLOCATION ARRAYS

Jo Dundurs
Professor, Department of Civil Engineering

Ne T Adelman
Ph.D. Thesis Research (NSE Trainee)

.\1'50 l“"
Ph.D. Thesis Research

()hjm't ives

The goals of these studies are to improve the expression for the
Peierls stress and to study the stability characteristics of various
dislocation arrays, particularly pile-ups.

\pphuudl

Dislocation theory based on a linearly elastic medium is used.

Prngress

A modified expression for the Peierls stress was obtained by
following a suggestion made by Nabarro and employing a method used by
Huntington in his work on the core of an edge dislocation. The resulting
expression for the Peierls stress yields a much less drastic dependence
of the stress on Poisson's ratfo than the previous results.

When dislocations are driven against an obstacle by applied stresses,
and they pile up, each individual dislocation experiences repulsion from
its neighbors and, consequently, has the tendency to leave or pop out of
the array. Screw dislocations are held in the array only by the Peierls
forces, and the question of whether they will or will not leave the array
is essentially a stability proposition. A pile-up of screw dislocations
was found tuo be unstable if the distance d between the two leading dislo-
cations becomes too small, or

L
d < k (ub/tan @)?

where k is approximately 1/2, . is the shear moculus, b is the Burgers
vector and tan 2 is the initial slope of the Peierls force. Using this
result, one can subsequently investigate the stability of various pile-up
arrays for which the spacing amonyg the dislocations is known from other
work. Thus, for instance, it is possible to derive a simple condition on
the applied stress under which a single-ended pile-up becomes unstable.
Several other types of pile-up arrays also have been investigated. Pre-
sently, the study has turned to the various poss!bilities for blunting of
pile-ups and the relation of pile-up stability to fracture.
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PUBLICATIONS
"Stress Concentrations Due to Edge Dislocation Pile-ups in Two-phasc

Materials,”" J. Dundurs and M-S. lee, Scripta Metall., 4, 313
(1970).
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LIASTIC T'TELDS IN CONTACTING BODIES

Jo Dundurs
Professor, Department ot Civil Engineering

Nu f\o "c -’fl"u”'l.
M.S. Thesis Research

K. Co Tsai
M.S. Thesis Rescarch

This research is primarily supported by the National Science
Foundation.

Ol)jcctive

The objective is to investigate general properties of elastic fields
in contacting bodies and to derive certain specific solutions for purposes
of' iilustration.

:\pprum'h

The treatment is essentially theoretical, but some experiments
involving photoelasticity and interferometry are anticipated.

ProEess

This work is only of peripheral interest in materials science, but
it is reported here because the rather unlikely chain of discoveries
leading to new results in contact problems started with the study of dis-
locations interacting with inhomogeneities. The sequence of observations
from dislocation to contact problems is too long and too technically in-
volved for reporting in brief and, therefore, only the results obtained
will be mentioned. When two bodies are placed in contact, the geometries
of the bodies establish some initial contact. In case the initial contact
is over a surface, the contact may either expand (advance) or shrink
(recede) upon loading. Many examples can be given for contacts that
recede. It was discovered that the elastic fields for receding and
advancing contacts have entirely different properties regarding their
dependence on the level of loading and relation to the elastic constants.
Thus, when the contact recedes, the extent of contact is independent of
the level of loading, and the elastic fields are much less sensitive to
changes in elastic constants than when the contact advances.
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INTERACTION BETWEEN DISLOCATIONS AND INCLUSIONS

Je undurs
Professor, Department of Civil Lngineering

N. T. Adelman
M.S. Thesis Research (Completed) (NSI' Traince)

M. Comninou
M.S. Thesis Research

A. C. Gangadharan
M.S. Thesis Research (Completed)

This research is primarily supported by the National Science
Foundation.

Objective

The general aim of this work is to investigate quantitatively the
elastic interaction between dislocations and various second-phase
inclusions.

Aggroach

Theoretical treatment of the elastic interaction between dislocations
and inclusions requires first the solution of the appropriate elasticity
problem. Once the elastic fields are known, the interaction can be studicd
using either the interaction energy or the force on the dislocation.

Progzess

The elasticity solution for an edge dislocation near a circular in-
clusion with a slipping interface was obtained by A. C. Gangadharan in
1966. At that time, however, the results could not be made physically
meaningful because of the mathematical complexities involved. Using some
later discoveries pertaining to the general dependence of the interaction
energy on the elastic constants, these difficulties have been overcome, and
a complete physical interpretation of the results has been achieved.

To analyze the interaction when a dislocation is in a general position
with respect to an inclusion, one must know how the given inclusion dis-
turbs the rather complicated stress field that the dislocation induces in
the homogeneous material. In contrast, this information is needed only
for a uniform stress field when the dislocation is far away from the in-
clusion, allowing one to study problems for which the general case is out
of reach. The study of the far interaction with elliptical inclusions has
been completed, and the attention has recently been shifted to spherical
inhomogeneities.



PUBLICATIONS

"Edge Dislocation Near an Inclusion with a Slipping Interface," J. Dundurs
and A. C. Gangadharan, J. Mech. Phys. Solids, 17, 459 (1969).

INVITED TALKS

"Elastic Interaction Between Dislocations and Inhomogeneities," University
of Waterloo, Ontario, Canada, July 1970.
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MAGNETIC INTERACTIONS IN SIMPLE MODEL SYSTEMS

D. E. Ellis
Assistant Professor, Department of Physics

F. L. M. A. ll. demat
Postdoctoral Research Associate

H. P. Davis
Ph.D. Thesis Research

Objective

Simple models for magnetic interactions have played a very
useful role in parametrizing expcrimental data; however, relating
the model parameters to the more fundamental charge and spin densities
of even very simple systems has proved to be difficult. These diffi-
culties continue to grow, rather than diminish, as the magnetic
resonance, neutron scattering, optical measurements, etc., improve in
quality and quantity, since simple specialized models cannot describe
both the structure and breadth of the available data. Our objective
here is to study very simple model systems by all means available in
vrder to intercompare the predictions of more or less rigorous calcula-
tions with those of simplified models, and thus to extend their use-
fulness.

Approach

The ring of N equally spaced hydrogen atoms has been used in
a number of previous studies as a vehicle for studying magnetic inter-
actions in periodic systems. One has available the molecular orbital
or energy band approaches to the electronic structure, the Heisenbery
and spin wave models for spin structure, the Anderson model hamiltonian
approach, etc. Our method is to determine the full multiplet structure
of the ring ( for N < 20) in a limited energy interval by a variational
calculation, and to study how the Heisenberg and spin wave models
can best be adapted to fit the true collective excitations of the system.

Progress

The non-orthogonal gaussian orbital program of Professor A.
Frost was adapted for computing states of the H, ring of hydrogen atoms.
Both single determinant and configuration intetgction calculations
(fully optimized) were performed to obtain the spectrum and wave
functions for states ranging between the ferromagnetic and antifer-
romagnetic limits. As a result of the simple form of the model wave
function analytic expressions for magnetic splittings are obtained;
the results have been interpreted in temms of the influence of second,
third, and more distant neighbor interactions. The limits of accuracy
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of the Heisenberg model in describing the magnetic spectra were
analyzed by a least squares fitting procedure; the effect of truncating
the model to nearest neighbors only is investigated. Analytic expres-
sions are given for eigenvalues of the complete Heisenberg Hamiltonian,
including all coupling parameters, for the ring of six atoms. The
variation of effective exchange parameters with bond length is dis-
played in a paper submitted for publication.
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LLECTRONIC STRUCTURE OF TONIC AND COVALENT MATERIALS

b. L. Lllis
Assistant Professor, Department of Physics

G. S. Painter
Oak Ridge National Laboratory

This research is primarily supported by the Air Force Office of
Scientific Research and the Atomic Energy Commission.

Objective

There has been considerable interest in the magnetic and optical
properties of transition metal and rare earth compounds. These proper-
ties have been largely characterized in the past from an atomic or
molecular (ligand field) point of view; our objective is to develop
methods adequate to a reasonable description of the crystal. Methods
for generating crystal potentials and obtaining the energy band
structure of metals are fairly well developed; however, this is far
from the case in ionic and covalent materials. The strongly aspherical
crystal coulomb potential makes the usual "muffin-tin" approximation
practically useless, and the problem of finding a suitable “effective
exchange" potential is unsolved-certainly the free electron approxi-
mation used successfully in metals must be modified. Beyond this is
the most important question of whether one electron orbitals for these
materials are best represented as Bloch waves, localized states, or
a mixture of both.

Approach

Work on the localized or molecular cluster approach to these
problems is described elsewhere in this Report; here we concentrate
on the energy band aspect. Since we must treat rather complicated
aspherical potentials, we are developing a variational-numerical
method of a very general form which is being optimized in the course
of application to specific materials. The approach can be extended to
self-consistent calculations with a given local or two-body potential;
the chief problem being the determination of compact and accurate
representations of the charge density. The solution of this problem
also greatly simplifies the calculation of optical absorption and
x-ray scattering amplitudes.

Progress

The band structure and wave functions for lithium metal, diamond,
and graphite have been obtained (nonself-consistently) and the results
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conpared with experiment and previous calculations; further work on
these materials is aimed toward better understanding of optical
properties and x-ray scattering data. Preliminary fits to the charge
density have been obtained to carry forward these calculations, and to
permit steps toward self-consistency. Results obtained for SiC and TiC
are being analyzed to determine the relative importance of d-bands

in the carbides, and to study their sensitivity to changes in the
exchange potential. The variational-numerical method is used in this
work has proved to be accurate and reliable; some experiments are

in progress to determine the optimum procedure for augmenting the
tight-binding basis, in studying the higher "excited bands.™ Band
structures of the optically interesting LiF and Mg0 have been explored,
and a detailed interpretation of their absorption spectra will be
forthcoming.

PUBLICATIONS

"A Direct Numerical Method for the Energy Band Problem: Preliminary
Results for Li," G. S. Painter and D. E. ¥1llis, Int. J. Quantum
Chem., 35, 801 (1970).

"Electronic Band Structure and Optical Properties of Graphite from a
Variational Approach," G. S. Painter and D. E. Ellis, Phys. Rev.,
B1, 4747 (1970).

INVITED TALK

"Discrete Variational Method For the Energy Band Problem," IBM
Conference on Band Theory, Yorktown Heights, N. Y., August 1970.
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IMPEDANCE CHARACTERIZATION OF TRANSDUCERS

M. Epstein
Associate Professor, Departinent of Electrical Engineering

A. Nalamwar
M.S. Thesis Research

0b Jective

Development of improved techniques in the characterization of
electro-acoustic transducers.

Aggroach

An analytical technique is used to determine the impedance of an
elastic surface-wave transducer from insertion loss measurements. It
is based on Guillemin's Real Part Sufficiency and the properties of

Hilbert transforms.

Progzess

Comparison of analytical results using digital computation with
experimental results shows that the susceptance or reactance of a
transducer can be evaluated with far greater accuracy than is possible
with most refined experimental techniques. Since the static capacitance
of a transducer can be measured quite accurately at low frequencies, it
appears that the present method can become significant in defining
accurately the equivalent circuit of the transducer.
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THIN-FIIM SURFACE-WAVE TRANSDUCERS

M. Epstein
Associate Professor, Department of Electrical Engineering

r-C. Luo
Ph.D. Thesis Research (Institute Research Fellow)

Objective

The objective of this research is to study the possible application
of the strain-sensitivity of thin-film field-effect transistors for
surface-wave transducers with particular emphasis on nonlinear character-
fstics and their utilization in signal detection.

ﬁggroach

Thin-film field-effect transistors, using cadmium sulphide and
cadmium selenide, were fabricated on glass substrates. The acoustic
surface waves were generated by using the techniques of mechanically
variable delay lines (as described in the report on Wideband Transduction
Techniques for Acoustic Surface-Wave Devices??

Progress

Although thin-film transistors with high transconductance were
obtained (gm ~ 10,000 micromhos), it appears that the functions of surface-
wave transconduction and field-effect amplification are incompatible; i.e.,
the characteristics of the material (high piezoelectric coupling and field
effect) cannot be attained simultaneously. Hence, this work has been
discontinued and, instead, another research program was initiated to
develop a surface-wave phonon amplifier using vacuum-deposited and re-
crystallized films of indium antimonide.
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LLECTRON-BFAM SENSING OF ACOUSTIC SURFACE WAVLS

M. Epstein
Associate Professor, Department of Llectrical Engineering

S. Ca J”Shi
IIT Rescarch Institute

R. J. Serafin
IIT Researceh Institute

A. P, van den lHeuvel
1IT Research Institute

N. Zueffle
Ph.D. Thesis Research (Institute Research Fellow)

This research is supported by the Office of Naval Research.

Objcctlvc

The objective of this research is the study of secondary electron
emission from surfaces of’ strained piezo-electric crystals for
applications in the detection of elastic surface waves.

Apnrunch

To utilize the modulation of secondary electron current by the strain-
produced potential on the surface of a piezo-electric crystal.

Progzess

Apparatus commonly used in electronic image storage was designed and
constructed. Experiments with a surface-wave device designed for a 6 Mliz
pulsed carrier frequency show that the secondary electron current is
modulated by the signal envelope of the elastic surface wave. The
apparent rectification of the rf pulse has not as yet been satisfactorily
explained.

PUBLICATIONS

"Clectron Beam Sensing of Surface Llastic Waves," M. Ipstein, S. G. Joshi,
R. J. Serafin and A. P. van den Heuvel, Proc. ILLL, 58, 253 (1970).
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WIDEBAND TRANSDUCTION TECHNIQUES FOR ACOUSTIC SURFACE-WAVE DEVICES

M. Epstein
Associate Professor, Department of Slectrical Engineering

Mo C. Mutamt.‘(“.
Ph.D. Thesis Research

This research is supported by the National Science Foundation.

Objecttve

Study electro-acoustic transduction on piezoelectric crystals
leading to elastic surface-wave devices which are capable of processing
wideband (large information) signals.

Aggroach

Elastic surface-wave transducers were fabricated utilizing photo-
lithographic techniques. Structures consisting of log-periodic arrays
of interdigitated electrodes were fabricated directly on substrates of
LiNbO,; and glass; those with glass substrates were employed in the
investigation of mechanically variable delay lines.

ProEess

Fourier analysis of an approximate electric field distribution at
the interdigital transducer was found to provide a useful method in the
synthesis of filter functions of elastic surface-wave devices. The
analytical model showed remarkably good agreement with experimental
results. The performance of the log-periodic interdigital transducer as
to its frequency response and impedance was shown to be considerably better
when compared with conventional resonant (uniform) interdigital transducers.
Wideband and resonant interdigital transducers fabricated on glass sub-
strates were used to propagate elastic surface waves on LiNbOj crystals.
It was shown that such a technique can lead to the design of mechanically
variable delay lines with additional insertion loss not exceeding 14db per
transducer.

A technique to measure insertion loss (radiation resistance) of
transducers was devised which eliminates the effects of the measuring
apparatus.
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SHUBNIKOV=DE HAAS EFFECT IN N-DOPED GRAY TIN

As We Nwald
Irofessor, Department of Physics

M. J. Horowitz
Ph.D. Thesis Research

Objectivc

To use the unusually large amplitude magnetoresistance oscillations
in gray tin to study the energy dependence of the effective mass, the
electron screening of ionized impurities and the spin splitting of Landau
levels.

Aggroach

The temperature, magnetic field and orientation dependences of the
ampli tude are measured in samples ranging in donor concentration from 10!
to 10*® donor atoms per cm’. Analysis yields the Dingle temperature
(which measures the effect of ionized impurity scattering on the amplitude),
and the energy dependence of the light electron effective mass. Spin
splitting of magnetoresistance peaks in samples having a sufficiently low
Dingle temperature is used to evaluate the effective g factor and its
anisotropy.

Proggess

Improvemerts have been made in the signal detection equipment and
in sample selec ion and handling techniques. The circuit noise level has
becen greatly reduced, optimum etching conditions have been determined,
and re-etching of samples down to ~0.1 mm diameter has been accomplished
through probe re-design and improvement in sample mounting techmiques.
Magnetoresistance oscillations huve been observed in samples heavily doped
with arsenic. The oscillations exhibit spin splitting and other behavior
similar to that of the previously investigated Sb-doped samples.

PUBLICATIONS

"Spin Splitting of Landau Levels and the Effective g Factor in Gray Tin,"
B. L. Booth and A. W. Fwald, Phys. Rev., 186, 770 (1969).
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INTERBAND MAGNETOREFLECTION OF GRAY TIN

A, W. Ewald
Professor, Department of Physics

S. H. Groves
Lincoln lLaboratory, MIT

C. R. Pidgeon
National Magnet Laboratory

R. J. Wagner
Naval Research Laboratory

This experiment was done at the Francis Bitter National Magnet
Laboratory with support from the Department of the Air Force, the U. S.
Air Force Office of Scientific Research, the National Science Foundation
and the Advanced Research Projects Agency.

Objective

To observe the optically induced transitions between Landau levels
in an elemental solid having the inverted (gray tin) band structure and
to make a detailed comparison of the data with theory and evaluate
important band structure parameters.

Qggroach

Magnetoreflection traces were made by sweeping the magnetic field
(to a maximum of 100 kOe) at fixed photon energies. The latter ranged
from 0.05 to 0.55 eV and sample temperatures ranged from 1.5 to 85°K.

Progess

Two sets of interband transitions were observed. One set consists
of transitions from the M's* valence-band Landau levels to the Te* conduction-
band levels. The second set consists of transitions from a lower valence
band, T, to the le* conduction band. The le* - 'y~ separation was found
to be 0.413 eV, and independent of temperature over the measurement range.
The directly determined band-edge masses are 0.028 m_ for the Ie* conduction
band, 0.195_ m_for the I's* valence band, and 0.058 me for the Iy~ valence
band. The k ¢ p interaction parameter E_ and the valence-band spin-orbit

splitting were found to be 24.0 eV and of 80 eV, respectively.

PUBLICATIONS

"Interband Magnetoreflection of a~Sn," S. H. Groves, C. R. Pidgeon, A. W.

Ewald and R. J. Wagner, Proceedings of the Ninth International
Conference on the Physics of Semiconductors, Nauka Publishing House,
Leningrad, p. 43 (1968).
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"Interband Magnetoreflection of a=Sn," S. H. Groves, C. R. Pidgeon, A. W.
Ewald and R. J. Wagner, J. Phys. Chem. Solids, 31, 2031 (1970).
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PIEZORESISTANCE AND PIEZO-HALL EFFECTS IN GRAY TIN

A. W. Ewald
Professor, Department of Physics

H. Busta
Ph.D. Thesis Research (ARPA Support)

P. o
M.S. Thesis Research

This research is | imarily supported by the National Science
Foundation.

Objective

To separate the degenerate conduction and valence bands in gray tin
through the application of uniaxial compressive stress and thereby
produce and study typical semiconductor behavior at unusually low
temperatures. Application of tensile stress should cause overlap of the
same bands, and a second objectiIve 1s the investigation of the resulting
semimetal or semiconductor behavior.’

Aggroach

Oriented single crystals are subjected to uniaxial compression or
tension. Conductivity and Hall coefficient are measured in the temperature
range from 1.3 to 100°K.

Progzess

A paper based on B. J. Roman's compressive stress measurements and
analysis has been prepared. The principal results are the following.
Measurements were made on high purity (N.~5x10** cn"®) and lightly-doped
§2x10‘ssNDs2x101’cnr°) n-type gray tin sibjected to oriented stresses

in [001] and [111] directions) up to 3x10° dynes/cm®. Density-of-states
expressions were developed to account for the severe band anisotropies
imposed by the strain, and these were employed to determine the band
splitting at k = O from the Hall coefficient of the high purity sam‘es
above 15°K. Shear deformation potentials of b = -2.3 £ 0.5 eV and
d >~ -4.1 eV were obtained by this grocedure. The Hall coefficient of
three high purity samples below 10°K was analyzed to find the stress-
dependent ionization energy and an independent determination of b = -2.0 eV
was obtained. The stress dependence of the impurity band mobility was found
to be consistent with Sladek's model for exchange jumping between adjacent
impurity sites. The piezoresistance of lightly doped samples was attrib-
uted to the increased effectiveness of ionized impurity scattering caused
by a stress-—-enhancement of the conduction band density-of-states mass.
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Mr. Busta has undertaken the extension of the measurements to higher
magnetic fields, higher purity samples and to tensile (as well as
compressive) stress. Imring the past year he has learned the techniques,
developed by Mr. Roman, for sample preparation and for the measwrements.
Mr. llo has been engaged in material pwrification and characterization,
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MECHANICAL BEHAVIOR OF Mg BASE-Li ALLOY SINGLE CRYSTALS

M. L. Fine
Professor, Department of Materials Science

A. Urakami
Ph.D. Thesis Research (Completed)

Ob]ectiv:)

On adding Li to Mg which is hexagonal, alloy hardening occurs
for basal slip, alloy softening occurs for prismatic slip. The objective
was tu obtain experimental information which would lead to an under-
standing of this difference in behavior between the two slip systems.

Approach

The yield and flow characteristics in tension of basal and prismatic
slip in Mg and Mg-Li alloys to 15.7 at.X Li were measured from 4.2
to 450°K versus the strain rate. Solute-dislocation intersctions
were investigated by strain aging. The dislocation structures after
deformation were observed by transmission electron microscopy. Yield
drop effects were observed and studied.

Progress

This research has been campleted. The experimental details
were reported last year. The interpretation will now be reported.
The alloy hardening and the strain aging yield drop which occur for basal
slip in Mg base-Li alloys were attributed to a sise effect interaction
between Li atoms and dislocation. The prissatic slip alloy softening
in this system was attributed to an interplay of the effect of Li
on the dislocation width and in catalyzing double kink formation, the
mechanism by which the dislocations surmount the Peierls barrier. In
Mg the dislocations are thought to ‘nitially lie on the basal plane and
the dislocation cores are thought tc be split. In order for screw dis-
locations to slip onto the prism plane a constriction needs to form.
Addition of Li is thought to reduce the core splitting, thus it becomes
easier for the dislocations to slip onto the prism plane. Once disloca-
tions have been formed on the prism plane then their flow stress is
thought to be determined by the stress necessary to overcame the Peierls
barrier. This occurs by nucleation of double kinks. A calculation
was made showing that a size effect interaction between screw dislocations
and misfitting solute atoms catalyzes double kink formation thereby
reducing the flow stress. Confimming evidence for the effect of Li on
the dislocation width comes from the effect of Li on the screw disloca-
tion configuration. They are straight in Mg and low Mg alloys. They are
helical in the high Mg alloys.
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PUBLICATIONS

"Electron Microscopic Investigation of Prismatic Slip in Mg-10.5 at.%
Li Single Crystals,"” A. Urakami and M. E. Fine, Acta Met., 18,
87 (1970).

"Influence of Misfit Centers on Formation of Helical Dislocations,"
A. Urakami and M. E. Fine, Scripta Met., 4, 667 (1970).

"Effect of Li on Mechanical Properties of Mg Base Single Crystals in
Basal and Prismatic Slip," 2nd Intermational Conference on
The Strength of Metals and Alloys, Conference Preprints, p. 87,
ASM spongored, with A. Urakami and M. Meshii, August-September 1970.

INVITED TAIK
"Effect of Li on Mechanical Properties of Mg Base Single Crystals in
Basal and Prismatic Slip," 2nd International Conference on The

Strength of Metals and Alloys, Asilomar Confe.ence Grounds, Pacific
Grove, California, August-September 1970.
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MECHANICAL BEHAVIOR OF Ti-BASE Al ALLOYS

M. E. Fine
Professor, Department of Materials Science

T. Sakai
Ph.D. Thesis Research

Oojective

The objective is to detemine the effect of Al on the mechanical
flow properties of Ti in prismatic and basal slip and to develop an
understanding of the mechanisms of plastic deformation and mechanical
strengthening which are operative.

roach

The mechanical flow characteristics in compression and tension in
Ti-Al alloys up to 10 at.X Li will be measured as functions of temperature,
strain rate, and crystallographic orientation. Transmission electron
microscopy will be used to study the dislocations.

Progress

Results in polycrystalline samples of Battelle Ti, Ti-3.9 at.X Al
and Ti-7.4 at.X Al show that the yield stress incresses with concentra-
tion of Al in agreement with previously published results. The yileld
stress in compression was 10 to 30X higher than the yield stress in
tension except in the alloys at 77°K. The strein rate semeitivity
(dr/d 1n ¥, where v is the flow stress and % is the strain rete) in
tension is much higher than that in cospression and there is a consider-
able difference in the tempersture dependence. In the Ti-7.4 at.X
Al the tension dr/d in Y increases on cooling to 77°K while it decreases
on compression.
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ALLOYING EFFECTS IN STEELS

M. E. Fine
Professor, Department of Materials Science

S. C. Kolesar
Ph.D. Thesis Research (Inland Steel and ARPA Supported)

D. Leemans
Ph.D. Thesis Research (Inland Steel Supported)

This research is jointly supported by Inland Steel Corporation
and the Advanced Research Projects Agency.

Objective

Alloy softening in Fe has been widely observed at low temperatures.
A general study of this important phenamenon from an experimental and
theoretical point of view has been undertaken.

In ferritic Fe-base Ni-Al alloys, dilute in Ni and Al, an (Fe,Ni)Al
precipitate phase having the CsCl structure may be formed. An investi-
gation of the precipitate morphology, the precipitation processes and
kinetics in this system is in progress.

Approach

Precipitation processes and kinetics are being detemmined by
dynamic modulus and microchardness techniques. These are being related to
precipitate structures and morphology by transmission electron micros-
copy and electron diffraction.

In the studies of the alloy softening effect in Fe, the approach
is to measure the effect of strain rate and temperature in Fe-Mo, Fe-Ti,
and Fe-Re alloys, in the solid solution range. Since a small amount
of Ti scavenges interstitial atoms, measuring these properties versus Ti
concentration should separate scavenging effects from intrinsic effects
on the flow properties. Theoretical calculations will be made on the
effect of alloying on dislocation motion.

Pﬂreu

(1) Precipitation in Ferritic Fe-base Ni-Al Alloys
Microhardness and resonant frequency data indicate a multi-stage

precipitation process. Alloys quenched from 1000°C to -35°C and sub-
sequently aged at 450 to 590 C show a small, rapid increase in micro-
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hardness, which quickly levels off (Stage I). This is followed by a
continually increasing hardness with aging time to a greater than

100% increase in hardness (Stages II, III). The onset of Stage II

occurs at earlier times for higher aging temperatures and in alloys

of higher Al concentration. Resonant frequency data indicate a third
stage at long aging times. The frequency increases after having leveled-
off at the end of Stage II. Transmission electron microscopy and electron
diffraction show a change in morphology of the general matrix precipi-
tate from "fiber-like" in Stage II to small, distinct particles in

Stage IIl. An orientation relationship between precipitate and matrix
exists (100)||(110), but the exact morphology of the precipitate is as
yet not clear.

(2) Iron-base Solid Solutions

The mechanical properties of polycrystalline Fe-Mo alloys up to
2 at.% Mo were investigated. The heat treatments consisted of wet
hydrogen or vacuum anneals. No straight forward relation between
strength and composition was found at any temperature in that increases
and decreases over specific composition ranges occurred. This varied
in a complex way with temperature. The strain-rate sensitivity of the
flow stress (dr/d 1n %) versus temperature curves, however, all have
the same form, exhibiting a maximum strain-rate sensitivity near 140 to
200°K. The temperature of the maximum decreases with increasing alloy-
ing content so that in the range from 150 to 300°K the flow stress
becomes less sensitive to strain as the Mo content is increased. The
influence of the wet H, treatments, which was designed to remove inter-
stitial elements, decreases with increase in Mo content. Measured
activation volumes seem to be consistent with an internal lattice
friction mechanism as rate controlling process up to 200°K. Strain
aging data seem to indicate a small interaction between molybdenum and
interstitials. Foreman and Makin treated the breakaway of dislocations
from a field of random pinning points using the concept of a breakaway
angle. Computer calculations seem to rule out this concept for materials
where the Peierls stress is controlling because the breakaway angle
computes to a large value (~%) indicating rather straight dislocations
close to the pinmning points.

PUBLICATION

"Temperature Dependence of Yield Stress in Fe-1.67 at.pct. Cu and
Trans., 1, 1495 (1970).
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ALLOYING AND THERMAL TREATMENT OF CERAMICS

M. E. Fine
Professor, Department of Materials Science

J. B. Cohen
Professor, Department of Materials Science

D. L. Johnson
Associate Professor, Department of Materials Science

J. R. Costa-Guimardes
Postdoctoral Research Assistant

A. Krawitz (with Professor J. B. Cohen)
Ph.D. Thesis Research (NDEA and AFOSR Supported)

E. W. Kruse (with Professor M. E. Fine)
Ph.D. Thesis Research (Completed)

M. I. Mendelson (with Professor M. E. Fine)
Ph.D. Thesis Research (Cabell Fellow and AFOSR Supported)

M. Takahashi (with Professor M. F. Fine)
Ph.D. Thesis Research

A. Virkar (with Professor D. L. Johnson)
Ph.D. Thesis Research

This research is supported by the Air Force Office of Scientific
Research.

Objective

This research is a study of precipitation and clustering and
ordering in ceramics. The properties and structures of the parent
and product phases and phases which show clustering or ordering are
being studied. Particular attention is lieing given to the effects
of precipitates and clustering on the mechanical and magnetic properties
of ceramics.

The objectives include a determmination of the effects of dis-
persed metallic phases of various morphologies and interparticle
spacing on the fracture toughness of cerumics, ordering and cluster-
ing of the atoms in ceramic solid solutiims, magnetic anisotropy
properties of ceramics with precipitated ferrimagnetic phases, the limits
of superparamagnetic behavior with precipitates of low anisotropy, and
enhancement of the strength and/or toughness properties of ceramics
by alloying and precipitation heat treatuent.
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Systems currently being studied are Fe-0, Mg-Fe-0, Zr-0, Co-Fe-0,
A1-Ti-0, Mg-A1-0.

Approach

The approach is to obtain desired and interesting structures in
ceramics by alloying and thermal treatment. The structures are studied
by x-ray and electron diffraction, including diffuse scattering, and
by electron and light microscopy. Considerable information about
structure is also obtained from magnetic property analysis which in-
cludes measurements down to 2°K. The structures are related to other
properties such as fracture, yield stress, coercive force and suscepti-
bility in magnetic ceramics.

Fracture studies are being conducted using the double cantilever
technique as well as 4 point bending of beams to determine fracture
surface energy and fracture stress.

Progresa

(1) Effects of MgFe,Q, Precipitates on the Mechanical Properties
of (Mg,Fe)0 with 0 to 0.5 cat.% Fe

This research has been completed. It was reported on in last
year's report. An additional result is that at small particle sizes,
part of the hardening is due to the attendent increase in particle
surface area when they are cut by dislocations.

(2) Phase Decomposition in Co-Fe-O Alloys

Studies of phase decomposition within the miscibility gap in
the CoaQ, -CoFe, 0, system are underway. Occurrence of spinodal decompo-
sition, suggested in last year's report, as well as nucleation and
growth have been observed. The latter occurs on aging a CO, gFe; Qs
sample at 700°C while the former occurs on aging at 500°C. Very high
intrinsic coercive forces have been observed in fully aged samples,
7500 Oe at room temperature and 22,000 Oe at 77°K (in CO, esFe, 080 ).
The best (BH) max observed to date is 1.2 x 10® (in CO,_.;FGI.SQS. This
magnetic behavior is attributable to single domain particles of high
anisotropy resulting from spinodal decomposition.

(3) Fracture of Iron-Iron Oxide Composites Produced by the
Decomposition of Wistite

Wistite hot pressed to 99.8% of theoretical density and 130, grain
sized when aged 2% days at 500°C contained about 12 vol.% Fe precipi-
tated at the grain boundaries. Fracture of double-cantilever beam
specimens of unaged and aged material indicated a more than doubling
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of the absorbed fracture energy on aging. Aging changed the fracture
mode from unstable and transgranular to stable and intergranular.

(4) Fracture Studies of Zr-ZrQO, Mixtures

Preliminary microstructure and microhardness observations have
been made on metal-excess samples prepared by cold pressing and
sintering mixtures of powdered Zr and 2rO,. The excess metal forms
a continuous film between oxide grains, which have grown to ~50u
diameter, with or without intragranular precipitated metal particles.
The oxide phase is apparently in a state of compression caused by the
tetragonal-monoclinic transformation on cooling, balanced by tensile
stresses in the metal phase. These are eliminated by annealing just
below the transformation temperature.

(5) Defect Structure of Wistite

For some time, there has been a debate as to whether Fe, O exists
at high temperatures with a wide range of stoichiometry, or as a
series of microphases with fairly narrow composition limits. Measure-
ments of the lattice parameter at high temperatures do not indicate
the presence of separate phases, indicating a single phase field of
varying stoichiometry.

(6) Clustering in Mg-Fe-O Solid Solutions

Large, uniform single crystals of (Fe, Mg)O have been success-
fully prepared in reducing atmospheres, with Fe contents from 4 to 20
cation percent. Diffuse x-ray scattering from "alloys" with 7 and 20
cation percent indicate clustering and the presence of distortions
due to the clusters. Clustering had been previously suggested from the
curvature of magnetization curves at 2 to 4°K in polycrystalline specimens.
However, the size of the regions, and hence the curvature of the M-H
plot, is much greater in single crystals than for powder specimens. An
unusual surface phase forms during heat treatment of the crystals,
and at certain campositions its extra peaks are similar to those
arising from spinodal decomposition. The thinness of the surface region
containing this phase suggests that it is a product of a reaction with
the atmosphere.

PUBLICATIONS

"Effect of Oxygen Partial Pressure on Precipitation in Titanium-Doped
Aluminum Oxide," T. M. Clarke, D. L. Johnson, and M. E. Fine,
J. Am. Ceram. Soc., §3, 419 (1970).

"Clustering and Precipitation in Crystalline Oxide Ceramics," Vol. 1V,
Advances in Materials Research, Wiley-Interscience, H. H. Herman,

Editor (1970).
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"Clustering and Initial Stages of Decomposition in Non-Metallic Solid
Solutions," Proceedings of the Institute on the "Chemistry of
Extended Defects in Non-Metallic Solids," Scottsdale,

Arizona (April 1969).

INVITED TALKS

"Precipitation Processes in Ceramics and Their Effects on Electronic
Properties," M. E. Fine, Keynote Speaker, Meeting of Electronics
Division of the Am. Ceram. Soc., Philadelphia, Pa., May 1970.

"Kinetics and Modes of Precipitation in Ceramics,™ M. E. Fine, Michigan
College of Mining & Technology, Dept. of Metallurgy Graduate
Seminar, Houghton, Michigan, March 1970.

"Precipitation Hardening of Ceramics,” M. E. Fine, Michigan College
of Mining & Technology AIME Chapter, Houghton, Michigan,
March 1970.

"Precipitation and Clustering Effects in Ceramics," M. E. Fine, University
of Denver Colloquium, Denver, Colorado, February 1970.

"Precipitation Studies in Ceramics," M. E. Fine, North American Rockwell
Science Center, Thousand Oaks, California, March 1970.

"Precipitation in Crystalline Ceramics," Illinois Institute of Technology

Metallurgical Engineering Department Seminar, M. E. Fine,
April 1970.
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STIONG COUPLING THEORY FOR TRAPPED ELECTRONS IN SOLLDS

S. F. Fischer
Assistant Professor, Department of Chemistry

J. Robin
Ph.D. Thesis Research

A. L. Stanford
Ph.D. Thesis Research

Objective

The primary aim of this research is to study the intra- and inter-
molecular electronic transitions and transport properties of low mobility
organic semiconductors.

AEEroach

The interaction of the electrons with the vibrations of the solid
is considered in infinite order to account for local relaxation processes
of the lattice. The introduction of a polaron type quasi-particle is
introduced to describe radiationless transitions within molecules in a
matrix. The rate for electronic transitions and the mobility is
expressed in terms of a correlation function of the Kubo-type. This
correlation function is analyzed for various systems and the coupling of
the electron (or proton) to the vibrations is calculated. A similar
approach is used to study the motion of electrons in disordered systems.

ITogzess

The method of canonical transformations which treats the important
parts of the electron phonon interaction to infinite order has been very
successful in many areas. We applied it to explain the mobility of
excess protons in ice and also to calculate the excess energy dependence
of non-radiative processes. The energy transfer of electronic into
vibrational energy can best be studied by evaluation of the correlation
function. We found that systems with many vibrational degrees of freedom,
in particular solids, lead to rapid convergence of the correlation
function. The application of the saddle point method and a suitable choice
of the path of integration allow us to predict which modes are most
effective in the process of energy transfer. We also find that interaction
of the electron with quadratic terms in the nuclear displacements become
quite important for several hydrocarbons. This type of interaction explains
the unusual temperature dependence of some mobility data.
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PUBLICATIONS

"Theory of Llectron Iransport in Disordered Systems: The Nearly Free-
Clectron and Nearly Bound-Electron Limits,"™ S. Fischer and S. A. Rice,
J. Chem. Phys., 51, 3352 (1969).

"SCP Calculation for Proton-Phonon Coupling in a Linear Model of Ice,"
J. R. Sabin, S. Fischer and G. L. Hofacker, Int'l. J. of Quantum
Chemistry, [II S, 257 (1969).

"Model Approach to Nonadiabatic Reaction Processes,™ S. F. Fischer, G. L.
Hofacker and R. Seiler, J. Chem. Phys., 51, 3951 (1969).

"Energy Dependence of Radiationless Transitions,"™ S. Fischer, Chem. Physics
Let., 4, 333 (1969).

"Theory of Radiationless Transitions for Large Molecules,' S. Fischer and
E. W. Schlag, Chem. Physics Let., 4, 393 (1969).

"On the Sigma-Pi Separability Problem," S. Fischer, Int'l. J. of Quantum
Chemistry, III S, 651 (1970).

"Width of Zero Phonon Line for Frenkel Excitons," S. Fischer, J. of
Luminescence, 1, 2, 747 (1970).

"Spectral Behavior of Hydrogen-Bonded Systems: Quasiparticle Model,"
S. Fischer, M. Ratner and G. L. Hofacker, J. Chem. Phys., 52, 1934
(1970).

"Frenkel Excitons in a Vibrating Molecular Crystal," S. Fischer and S. A.
Rice, J. Chem. Phys., 52, 2089 (1970).

INVITED TALKS

"Correlation Function Approach to Radiationless Transitions"

Illinois Institute of Technology, Chicago, Illinois, March 1970
University of Illinois, Urbana, Illinois, June 1970

"An Analysis of the Correlation Function for a Strong Coupling Electron-
Phonon System"

University of Cologne, West Germany, July 1970
Technische Hochschule Minchen, West Germany, July 1970
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ANISOTROPIC g-FACTORS OF METALS

A. J. Freeman
Professor, Department of Physics

F. M. Mueller
Argonne National Laboratory

D. D. Koelling
Research Asgsociate

This research is also supported by the U. S. Atomic Energy
Commission and the U. S. Air Force Office of Scientific Research.

Objective

In general the treatment of exchange enhancement has used rather
idealized models in which the effect of spin-orbit coupling has been
neglected and the electronic g-factor has been given a constant value
of geff, The objective of this work is to carry out detailed ab initio
calculations of the effective g-factors of states on all sheete of the
Fermi surface of selected metals like nickel, palladium and platinum.

Approach

To determine the effect of the application of an external magnetic
field B on the paramagnetic electronic states near the Fermi energy
for the fcc phase of Ni, Pd and Pt metals using the SRAPW method and
the combined interpolation scheme.

Progress

The Symmetrized Relativistic APW method and the combined inter-
polation scheme have been used to determine the effect on the energy
bands of the application of an external magnetic field. The use of
an outside the muffin-tin spheres potential is found to have a negli-
gible effect on the spin-orbit splittings near the Femmi energy of
the levels Xz (=~ Xg ® X3) and Iy(=I{ ® Iy) consistent with the wholly
d-like character of these states. 7The Hamiltonian we have assumed is

+ H

H=H +H +H

where Hy is the band Hamiltonian, H ., =)L-S is the spin-orbit inter-
action with the d spin-orbit aplit't?ng pi.rameter \ and Hpo, = u(L + 28)-B,
gives the interaction of the bands with the external magnegic field
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B (here taken along z) where u is the Bohr magneton.

Strong spin quenching in all three systems is caused by combina-
tion of the cloge proximity of the dominant Xy and Iy (single group
representation) levels to the Fexmi energy and the raising of their
degeneracies by the important spin-orbit interaction. Comparisons
with the experimental deta, in particular static susceptibility and
dHvA orbital g-factors are encouraging.

PUBLICAT ION

"Anisotropic g-Factors of Nickel, Palladium, and Platinum," A. J.
Freeman, F. M. Mueller, and D. D. Koelling, J. Appl. Phys.,
41, 1229 (1970).
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ELECTRONIC BAND STRUCTURE AND PROPERTILS OF METALS AND ALLOYS

A. J. Freeman
Professor, Department of Physics

F. M. Mueller
Argonne National Laboratory

D. D. Koelling
Research Associate

This research is also supported by the U.S. stomic Energy
Commission and the U.S. Air Force Office of Scientific Research.

Objective

To determine the electronic band structure of metals and alloys
and to predict the electric, magnetic and optical properties.

Appraoch

To carry our detailed calculations of the band structure, density
of states and Fermi surface of metals and alloys using the first principles
Symmetrized Relativistic APW method and the semi-empirical combined
interpolation scheme of Mueller.

Progress

1. A detailed investigation of the electronic structure of
palladium was carried out (in collaboration with J. 0. Dimmock, Lincoln
Laboratory, M.I.T., and A. M. Furdyna, Francis Bitter National Magnet
Laboratory, M.I.T.) in terme of two different band models: (1) ab
initio calculations using the APW method and (2) relativistically
augmented calculations using the combined interpolation scheme. The
width and position of the d-band complex are found to be particularly
sensitive features of the electronic structure of palladium. Highly
accurate density of states histogram estimates for the first and second
derivatives of the density of states at the Fermi energy are derived.
In addition, detailed comparisons were made with Fermi surface,
static susceptibility, and specific heat experimental results.
Estimates for the effects of many-body enhancements suggest that
paramagnons raise the effective mass at the Fermi energy by only about
41%. Due to the strong s-d hybridization in palladium the Fermi
surface is made up almost entirely of d-like states. Because the Fermi
energy in palladium falls near the strongly spin-orbit split levels
at X and L, spin quenching reduces the effective g factor at the
Fermi energy from 2 to about 1.65. This increases an estimate of the
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effective Stoner enhancement factor from 10 to about 15. The use
of a parametrized phase-shift representation in order to obtain im-
proved fits to accurate experimental data is sketched.

2. The energy band structure of the actinide metals and their
compounds is being studied by means of the SRAPW method. Calculations
were done for uranium metal in its low temperature (orthorhombic)
and high temperature (b.c.c.) forms. As starting potential we use
the superposition of atomic potentials calculated by Lieberman, Waber
and Cromer, using the relativistic Hartree-Fock-Slater method. Un-
like the case of the rare-earth metals in which the 4f bands are well
below the (5d, 6s) conduction bands, the Sf bands, which are responsi-
ble for many of the properties of the actinide metals (and the magnetic
properties of their compounds), are strongly admixed into the (é6d,

78) conduction bands. A number of properties of these metals are
being investigated using our calculated bands and density of states.

3. The law Z end of the 3d transition metals display a number
of interesting properties not characteristic of (and different from)
the rest of the group. We have studied Sc metal as representative
of this group in order to understand the generalized magnetic suscep-
tibility, electronic specific heat, photoemission data, Fermi surface
and transport properties. Of particular interest is the role of
dynamic interactions (electron-electron, electron-phonon, and the newly
proposed electron-antiparamagnon) on the observed properties of the
metal and its dilute alloys. To this end we have done a complete
APW calculation of the electronic band structure (four of the bands
having been previously determined by Fleming and Loucks) of hcp Sc
metal using the Symmetrized Relativistic APW method for potentials
made up from two different atomic configurations (3d**s® and 3d%4s')
each with variable Slater exchange coefficients. From these bands
and using the QUAD scheme (modified for hexagonal structures), a full
density of states is being obtained and an accurate Fermi surface
detemined.

4. In collaboration with S. G. Das we have considered the effect
of up to 100 kilobars of pressure on the Fermi surface of palladium
for two experimental situations: de Haas-van Alphen extremal cross-
sectional areas and position annihilation spectra as measured by point
and slit detectors for single and polycrystalline samples. Initially
the energy levels at high symmetry points were calculated using the
SRAPW method and potentials derived from ¢ ingle 4d*°5s° atomic
configuration for seven different lattice spacings. These were used
to fit parameters for the cambined interpolation scheme, from which
QUAD produced densities of states, and FORFIT Fermi surface contours
were constructed. The position annihilation spectra were calculated
uwsing the POSGO technique. Comparisons with the experimental data will
be made where appropriate.

PUBLICATION

"Electronic Structure of Palladium,”" F. M. Mueller, A. J. Freeman, J. O.
Dimmock and A. M. Furdyna, Phys. Rev., 1B, 461 (1970).
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HIGH-FIELD STUDIES OF BAND FERROMAGNETISM IN Fe AND Ni

A. J. Freeman
Professor, Department of Physics

S. Foner
Francis Bitter National Magnet Laboratory, MIT

R. B. Frankel
Francis Bitter National Magnet Laboratory, MIT

E. J. McNiff, Jr.
Francis Bitter National Magnet Laboratory, MIT

H. C. Praddaude
Francis Bitter National Magnet Laboratory, MIT

N. A. Blum
Francis Bitter National Magnet Laboratory, MIT and NASA

Thié research is also supported by the U.S. Air Force Office
of Scientific Research.

Objective

Two models for ferromagnetism have been discussed for many
years -- the localized model and the band or collective (itinerant)
electron model. Although differences are predicted by the collective
models, there are few experiments which permit a clear distinction
between the localized and the itinerant models. These experiments are
difficult to perform with sufficient resolution. The objective of
this work is to study the high field magnetic susceptibility in Fe and
Ni in order to relate the band structure of iron and nickel and band
models of ferromagnetism.

Approach

To measure the high field magnetic susceptibility of Fe and Ni
at 4.2, 77 and 300°K and the hyperfine field at the Fe’” nucleus in
Fe at 4.2°K subjected to high magnetic fields. To relate these
experimental results to the band theory of magnetism.

Progress

The Mdssbauer effect was employed to measure the change in the
hyperfine field Hn at the ®?Fe nucleus with application of an external
field. Assuming H, to be proportional to the bulk magnetization a
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microscopic equivalent to was obtained. The high-field data may
be used alternatively to d’ecgermine the nuclear g factor. Macroscopic
differential magnetic moment measurements were done up to 150 kG.

We find y.. = 4.3 x 10°° emu/cc for Fe and 1.7 x 10°® emu/cc for Ni

at 4.2°K, Ehere xyp 18 averaged from §0-150 kG. The interpretation of
these low-temperature data (when reasonable estimates of Van Vleck
susceptibility are made) indicates holes in both spin bands of Fe

and a full band of one spin in Ni, in agreement with the accepted band
theory picture for these metals and with recent spin-polarized and
pseudopotential band calculations for magnetic Fe and Ni. The differ-
ential magnetic moment measurements at higher temperatures are in
reasonable agreement with predictions of spin-wave theory,

PUBLICATION

"High-Field Studies of Band Ferromagnetism in Fe and Ni by Mdesbauer
and Magnetic Moment Measurements," S. Foner, A. J. Freeman,
N. A. Blum, R. B. Frankel, E. J. McNiff, Jr., and H. C. Praddaude,
Phys. Rev., 181, 863 (1969).
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A. J. Freeman
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This research is partially supported by the Advanced Research
Projects Agency and the U.S. Air Force Office of Scientific Research.

Objective

The objective of this study is to develop a theory of covalency
for molecular complexes containing transition metal and rare-earth
ions. Accurate charge and spin density distributions in magnetic
insulating systems will be determined and both direct and super-ex-
change mechanisms thought to be responsible for the observed magnetic
behavior in ferromagnetic and anti-ferromagnetic systems will be studied
theoretically.

Approach

The unrestricted Hartree-Fock melecular orbital and configura-
tion interaction methods are developed for clusters of atome like
MnFe*" in which all electrons are treated explicitly by evaluating
the Fock matrix directly, using Monte-Carlo integration techniques.

Progress

Self-consistent Hartree-Fock molecular orbital calculations,
including all electrons, for the (MnFs )** cluster, as in KMnFj,
yielded an explanation of the puzzling neutron scattering results
which were in conflict with the simple LCAO theory. The calculations
show clearly that the open eg shell in (MnFg )*~ has a considerable
admixture of ligand density, as is the case in (Niig)*~ previously
studied; however, the open tzo shell orbitals which point between the
ligands have expanded in order to share more fully in the bonding
region between ligand "pn" orbitals. Qualitatively, it appears as
if the metal 3d-t,, orbital had slightly expanded, compared to the free
ion, accounting fo§ the experimental observations. These results
strengthen the claim that the molecular orbital formulation of co-
valent bonding theory can give an accurate description of the transi-
tion metal salts. Further work is in jrogress to improve the efficiency
of the computer codes, and to resolve the optical and magnetic transitions
to several excited states.

-179 -



The effects of covalent bonding on neutron magnetic scattering
factors were studied further by comparing results calculated for the
isolated Sc®* ion with those obtained for diatomic ion (Scy)**, and
with the linear molecule (ScgF)®*. These comparisons are particularly
useful in determining the "shifts" in scattering amplitude caused
by bonding. Both ferromagnetic (M =1) and antiferromagnetic (Mg=0)
states were studied, using a point ion approximation for the metal
cores; some preliminary work has been done to study the (rather weak)
effects of core polarization on the scattering.

The shortcomings of Hartree-Fock virtual (unoccupied) orbitals
in describing the excited states of atomic and molecular systems have
been known for a long time. In an attempt to develop methods which
produce suitable excited state basis functions, we have implemented
the Hartree-Fock-Slater statistical exchange model for molecules,
using the same numerical scheme applied successfully to solids.
Preliminarzv results have been obtained for several hydrocarbons and
the (MnF )*~ complex.

PUBLICATIONS

"Covalency, Spin Densities, and Neutron Magnetic Scattering," D. E.
Ellis and A. J. Freeman, J. Appl. Phys., 41, 937 (1970).

"Covalent Bonding and the Neutron Magnetic Formm Factor of the Mn®*

Ion," A. J. Freeman and D. E. E11is, Phys. Rev. Letters, 24,
516 (1970).

INVITED TAIKS

"Covalency, Spin Density, and Magnetic Behavior of Rare Earth Ion
Complexes," 1970 International Conference on Magnetism, Grenoble,
France, September 1970.

"Covalent Bonding and Spin Density," Third Sagamore Conference on
Charge and Spin Density, Assois, France, September 1970.
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THEORY OF ELECTRONIC BAND STRUCTURE OF METALS

A. J. Freeman
Professor, Department of Physics

D. D. Koelling
Research Associate

This research is also supported by the U.S. Air Force Office of
Scientific Research.

Objective

To develop further theoretical methods for obtaining accurate
electronic energy bands in solids in order to determine their electronic

and optical properties.

Approach

To investigate the validity of various approximations for calcu-
lating electronic band structures using the Symmetrized Relativistic
Augumented Plane Wave (SRAPW) method. To test out ideas, we use the
unique programs of Dr. Koelling which are especially valuable for
calculations on high atomic numbers.

Progress

1. We have developed the symetrized formulation of the rela-
tivistic augmented plane wave method (SRAPW). This method is a
variation of the APW technique which takes account of the relativistic
effects by using the Dirac equation near the atoms and the non-
relativistic approximation when far from the atoms. The resulting
simplification of being able to talk about Pauli spinors instead of
the full 4-component wave functions is of great value when dealing with
the already complicated magnetic materials. The SRAPW method has been
applied to gray tin to test a number of potential approximations, includ-
ing nonself-consistency and the treatment of exchange as well as the
various features of the muffin-tin approximation to the model potential.
The results show that, of the terms left out of the muffin-tin approxi-
mation to the model potential, the additional warping of the potential
outside the muffin-tin spheres has the 108t significant effect.

2. We have also developed an altcrnative approach to the APW
method obtained by focusing on the continuity conditions at the APW
sphere radius. It has in common with the APW method, as well as the
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OPW methods proposed, the use of the energy-variational formalism.
Therefore, what is actually being sought is a prescription for setting
up a set of basis functions in which to expand the trial function.
Our prescription is based on the (truncated) expansion of the radial
function inside the APW spheres in the two sets of functions u and v&
defined by being a solution to the radial equation and eatisfy?ng

the boundary conditions:

X a4t 1. o ) -
up(Ry) = 05 g ur(R) = 15 vi(R) = 13 gz v (R) = O.

Obviously, the matching of the radial function at the APW sphere
boundary is easily done using these functions for each L. We have
developed a formalism required to apply this procedure to a muffin-
tin potential and have performed the small modifications necessary to
apply the method to non-muffin-tin potentials. A test application of
the method to the Chodorow potential for copper has been made with
good success. Further, information on the applicability of pseudo-
potentials has been obtained.

3. Many calculations of the electronic band structure of mater-
ials have utilized the muffin-tin approximation to the one-electron
potential. First introduced by J. C. Slater in his 1937 paper on the
Augmented Plane Wave (APW) method, this approximation offers several
simplifying features in carrying out the numerical calculations.

The crystal potential, which is canstructed by taking a superposition
of spherically averaged free atom charge densities from the neighbor-
ing atoms, is made spherically symmetric within a sphere about each
atomic site. For those metals which have many tightly bound core
electrons and only a few, nearly-free-conduction electrons, viz.

the simple and noble metals, the muffin-tin approximation is rather
inadequate, and the corrections introduced by the nonflat potential
outside the muffin-tin spheres can cause substantial shifts in selected
energy levels. For the intermediate case of the transition and actinide
metals, the effect of the muffin tin approximation has not been studied
and is not well known. We have included the variations of the
potential outside the muffin-tin sphere into relativistic APW calcula-
tions and have shown for the case of transition and actinide metals--
specifically, fcc palladium, fec platinum and bec uranium--the resultant
corrections which are introduced into the calculated energy bands.
These generally neglected contributions induce average energy shifts of
the order of 0.005 to 0.010 Ryd. The high band mass of these transition
metals combined with such shifts can cause errors of the order of

§ percent in predicting the Fermi radii. The splitting of the spin-
orbit doublets is found to be insensitive to the inclusion of the out-
side of the muffin-tin potential. By augmenting a phase shift para-
meter set by 2 or 3 effective pseudopotential coefficients which
represent the effect of the weak added potential an ab initio band
structure may be used to fit accurate experimental data.
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Associate Professor, Department of Materials Science

J. Bloom
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M. Cheng
Ph.D. Thesis Research (NIH Fellow)

R. Nygren
Ph.D. Thesis Research
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Ph.D. Thesis Research
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M.S. Thesis Research (Walter P. Murphy Fellow)

This research is also partially supported by the National Institutes
of llealth.

Objective

The present research program is directed towards determining the
effects of various alloying elements on the allotropic transformation of
cobalt and cobalt alloys. The information obtained on the stability of
various phases, the kinetics and mechanisms of the phase transformations
and the morphology of the resulting transformation products is being used
in conjunction with mechanical property data to determine the optimum
structures for desired properties. In addition, quantitative x-ray
diffraction techniques are being applied to multiphase alloys to evaluate
the accuracy of volume fraction determinations when preferred orientation
exists.

Aggroach

The main tools being used in the investigation of kinetics and
mechanism of the phase transformations in cobalt base alloys are: optical
and electron microscopy, quantitative x-ray diffraction and dilatometric
techniques. Mechanical property data are being obtained from tensile and
hardness tests. Hot rolled sheet specimens of Co-W alloys containing
30 or 35 wt.% W are being utilized as the starting materials for the
electron microscopy and mechanical property studies.

The quantitative x-ray diffraction studies are being conducted on Fe-Ni
and Fe-C martensitic steels containing various percentages of retained
austenite. An x-ray diffractometer equipped with an incident beam mono-
chromator and a sample spinner is being utilized to collect the necessary
intensity data.
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Prog;ess

Electron micrescopy observations of the Co-35 wt.% W alloy quenched
from above 1200°C showed a single phase fcc material containing numerous
stacking faults which is in agreement with previous x-ray data. Upon
aging for short periods of time (< 1 hr) at 800°C, a temperature which
is below the peritectoid reaction isotherm, additional diffuse diffraction
spots are observed on the electron diffraction pattern which can be
attributed to an a-CosW precipitate. The a-CoaW precipitate is an order-
ing of the Co and W atoms on the fec matrix lattice to give an ordered
structure similar to CugAu. At present, it is believed that the a-CoaW
precipitates are completely coherent with the matrix fcc material. After
approximately 1 hr of aging at 800°C, regions of very high stacking fault
density appear. Upon further aging, small regions of hcp matrix material
are observed to form. At the same time diffraction effects which are
attributable to the hexagonal p-CosW are observed. Prolonged aging
experiments are being conducted to determine the morphology relationships
and reaction mechanisms leading to the final equilibrium products.

Tensile tests on solution treated Co-30 wt.” W alloys have shown
approximately 15% elongation up to fracture with little or no necking
prior to fracture. Examination of the microstructure after deformation
shows numerous markings and striations within grains which are believed
to be the result of a deformation induced transformation of fcc material
to hcp material. X-ray diffraction studies tend to confirm this hypo-
thesis. Further studies on these alloys after various aging treatments
are planned.

Quantitative x-ray diffraction techniques developed previously for
studies of aging in Co-WC alloys are being applied to Fe-Ni and Fe-C
martensitic steels to determine the percentage of retained austenite
when preferred orientation is present. By utilizing a sample spinner,
reproducible intensity ratios have been obtained on all samples.

Further, the percentages of retained austenite determined from the x-ray
diffraction data are in agreement with the values obtained by quantitative
optical metallography on the Fe-C martensites.

PUBLICATIONS

"Open-Circuit Potentials and Microstructure of Some Binary Co-Cr Alloys,"
E. J. Freise, A. Acharya and E. Greener, Cobalt, 47, 75 (1970).
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This research is supported by the Office of Naval Research.

Objective

The primary goal of this research is to determine the factors
governing the ductility of intermetallic compounds. Relationships
between crystal structure, bonding and defect structure and the
presence or absence of dultility in intermetallic compounds is being
sought,

AEEroach

Simple hardness tests have been used to determine the primary
modes of deformation in NiSb. Single crystals grown by direct solidi-
fication have been utilized for these tests to permit identification of
the slip planes. lot hardness tests have been used to study the effects
of the defect structure on the deformation behavior.

Work has also continued on attempting to grow single crystals of
refractory metal carbides and borides. Electrolytic deposition from
1 fused salt bath is being examined to determine the suitabil“ty for
growth of single crystals and the conditions under which maxi.wum growth
will occur.

Progzess

Analysis of the hardness tests on NiSb as a function of composition
and temperature has been completed. On the metal rich side of stoichio-
metry, the defect structure consists of excess nickel atoms located in
the trigonal voids of the hcp antimony sublattice. On the metal deficit
side of stoichiometry, the defect structure consists of vacancies on the
nickel sublattice. Both defect structures lead to higher hardness values
at room temperature with increasing deviations from stoichiometry. The
rate of hardness increase is greater for the nickel interstitials than for
the vacancies. At elevated temperatures, the hardness differences become
less pronounced. At 800°C all compounds tested exhibit approximately the
same hardness value indicating that thermally introduced defects probably
override ray defects introduced by deviations from stoichiometry.

- 86 -



In plots of the log of the hardness vs testing temperature, two linear
regions were observed for all crystal orientations and compositions tested.
In the high temperature region, the hardness value was observed to be a
function of loading rate and the time that the sample was subjected to full
load on the indenter. This is taken as an indication that the high temper-
ature deformation is a diffusion controlled process. Furthermore, the slip
line patterns around hardness indentations change from very straight to
markedly curved patterns as the testing temperature is raised. In the low
temperature testing range deformation occurs primarily by slip on the {1010}
planes. Slip is also observed to occur on the {1011} and {0002} planes.
A1l three systems were predicted to be potential slip systems on the basis
of a hard sphere model for deformation in the NiSb system.

Electrolytic deposition from a fused salt bath has been attempted to
obtain crystals of MoBs. The bath composition consists of borax, sodium
fluoride and molybdenum trioxide. Preliminary results from the initial
runs indicate a deposit on the electrodes of a bluish-black crystalline-
appearing material which has been tentatively identified as MoBg.
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ELECTRICAL CONDUCTION IN FERROMAGNETIC METAL OXIDE JUNCTIONS

R. Frerichs
Professor, Department of Electrical Engineering

R. K. Smeltzer
Ph.D. Thesis Research (Completed)

Objective

The purpose of this study is to determine the electrical conduction
mechanisms in thin filin metal-oxide-metal junctions using the three
common ferromagnetic metals and their oxides. The important parameters
of the junctions are the metal-oxide barrier heights and the effective
junction thickness.

Approach

Thin film junctions of the type Ni-NiO,~M, Co-CoO-Pb, and Fe-FeO,-Pb,
where M is Pb, Ni or Ag, have been made. Conditions were established to
thermally grow the oxide films. The oxide layers varied in thickness
from the thinnest solid layer to about 100 Angstroms. Lead (Pb) was used
as the overlayer metal for most of the junctions because it is a super-
conductor with a transition temperature above 4.2°K. By simply dipping
the junctions into liquid He the presence of the superconducting Giaever
characteristic can be used to establish electron tunneling conductivity.
The dc conductivity of the junctions was studied as a function of the
measurement temperature and the junction thickness. The final analysis
of the results was made by comparing the data with the characteristics of
the possible conduction mechanisms in metal-oxide-metal junctions.

Prog;ess

This research is the first work investigating in detail the electrical
conduction in thin film metal-oxide-metal junctions using nickel oxide
grown on nickel as the base layers. A technique was found to grow re-
producible and controllable oxide layers. Quantum mechanical tunneling is
the dominate conduction mechanism at low temperature; near room temperature,
Schottky thermionic emission dominates. The effective junction thickness
determines at what temperature the conductivity changes from tunneling to
Schottky emission. The barrier heights in the nickel oxide junctions are
0.2 eV. It appears that there are broad transition regions at the metal-
oxide interfaces, so that the barriers cannot be localized. Junctions
with oxides of iron and cobalt are similar to the nickel oxide junctions.
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C. Goldberg
Professor, Department of Electrical Engineering

H. Yamasaki
Ph.D. Thesis Research (Completed)

Objective

The main objective of this program is to determine the factors that
influence electrical current: in inhomogeneous semiconductors. Of
particular interest are those regions where high electric fields are
present in equilibrium and the inhomogeneous regions which exist when the
current density is large. The results are directly applicable to the
determination of what occurs within the space charge region of a p-n
junction and of a ohmic contact.

AEBroach

The electric field, current, carrier concentrations and carrier
temperatures in inhomogeneous regions can be determined by solving the
appropriate set of seven simultaneous, non-linear differential equations.
Analytical solutions for this set of equations can be obtained for certain
limiting conditions but, in general, numerical methods must be used.

Progzess

The equations have been solved for n*-n junctions and for symmetrical
p-n junctions. Although some approximations were made, all major physical
phenomena are included. For the n*-n junction it has been shown that a
one-carrier model (i.e., holes are ignored) is satisfactory at low current
levels but at high current levels the effect of minority carriers becomes
quite pronounced and the holes must be considered. This work can be
compared to previous work by considering the limiting cases of very small
energy relaxation times or minority carrier lifetimes. In these limiting
cases agreement with the literature is obtained but the results obtained
with more realistic values for thesc parameters indicate the importance of
solving the problem accurately. It has been shown, for example, that at
an "ohmic contact"” the carrier tempuratures can deviate significantly from
the equilibrium values. Thus, althcugh assuming an equilibrium value for
the carrier temperature at a contac! is very convenient when discussing
charge transport, this assumption i: seriously in error and undoubtedly
leads to the misinterpretation of wlat is occurring in the crystal.

PUBLICATIONS

"Electric Currents in a Semiconductor Space-Charge Region,” C. Goldberg,
J. Appl. Phys., 40, 4612 (1969).
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Oojective

High energy radiation causes crosslinking and chain scission in
solid polymers. Irregularities in the molecules, such as end groups
and branch points, appear to contribute far in excess of what one would
expect from their concentrations. How this happens and how radiation
sensitivity can be conferred, enhanced or suppressed by incorporation
of the proper chemical structures in the molecules is the subject of this
study.

Approach

Linear polyvinyl acetate is crosslinked by gamma irradiation in
vacuum. Polymers can be prepared with small but controllable amounts
of long chain branching (0-2 branch points per molecule or 0 to 0.4
branch points per 1000 repeating units) in the chains. Copolymers of
vinyl acetate (VA) with traces of isopropenyl acetate (IPA) or l-propenyl
acetate (NPA) can be prepared to contain known numbers of small branches
(a-methyl and B-methyl groups). Effects of these structures on radiation
response are being studied by a variety of techniques: molecular weight
measurements, determinations of gel fraction, gas evolution studies, and
trapped free radical measurements. :

Progress

Molecular weight measurements in the pre-gel region confirm a
rapid and preferential chain scission at approximately 15% of the long
chain branch points, the remainder appearing to be no more susceptible
to radiation than ordinary repeating units. According to structural
studies on the parent polymer, this is approximately the fraction of
branching that occurs through the a-hydrogen position in the vinyl
acetate mer. The VA-IPA copolymers, containing a-methyl groups instead
of long chain branches, show enhanced free-radical formation and cross-
linking rates at low methyl group concentrations (1 to 20 methyl groups
per 1000 mer units), a result again consistent with a preferential
scission at a-branches. Electron spin resonance spectra indicate that
the total trapped radical concentrations are the same in the homo-
polymers and copolymers but that the chemical structure of the radicals
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is different. Differences in the molecular weight changes produced

by annealing confirms this structural difference. Studies on VA-NPA
copolymers indicate, however, that isolated p-methyl groups are no

more sensitive to radiation than homopolymer units. Results on mix-
tures of homopolymer and a-methyl copolymers suggest strongly that energy
is quite mobile over large distances within polymer chains but does

not pass easily from one chain to another.

PUBLICATIONS

"Radiation Effects in Homopolymers and Dilute Copolymers of Vinyl
Acetate,” W. W. Graessley and K. Yonetani, Polymer (London),

11, 222 (1970).
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This research is principally supported by the National Science
Foundation.

Objective

Branching occurs in free radical polymerizations by reactions
between growing radicals and already formed polymer molecules. Vinyl
acetate polymerization is a convenient and representative system in
which to study the effects on structure and molecular weight distri-
bution.

Approach

Vinyl acetate is polymerized to various extents of conversion.
Molecular weights are measured by osmometry and light scattering and
used to establish the kinetic parameters of the system. Intrinsic
viscosity, gel permeation chromatography, and ultracentrifugation
provide additional information on structure and distribution.

Progress

A laboratory scale stirred tank reactor was constructed to
polymerize vinyl acetate continuously. As predicted, the distribution
at all conversions is broader than in batch polymerizations, and the
branching density is higher. Earlier difficulties due to inhibiting
impurities have been overcome by scrupulous purification of monomer,
avoidance of contact with oxygen during polymerization and pre-poly-
merization of the feed.



Attempts to correct the gel permeation chromograph (GPC) traces
for axial dispersion have been unsuccessful. Characterization of molecular
weight distribution by GPC is now being done under conditions which
minimize such dispersion effects, and equipment modification to accomplish
this is being made. Complementary studies on the ultracentrifuge
are in progress.

PUBLICATIONS

"Molecular Weight Distribution at High Conversions in Free Radical
Polymers,"” W. W. Graessley, W. C. Uy, and A. Gandhi, I & EC
Fundamentals, 8, 696 (1969).

"Studies of Branching in Polyvinyl Acetate,™ W. W. Graessley, R. D.
Hartung, and W. C. Uy, J. Polymer Sci. Part A-2, 7, 1919 (1969).

"Molecular Weight Distribution in Branched Polymers,” W. W. Graessley,
0. Saito, and K. Nagasubramanian, J. Polymer Sci. Part A-2,
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"Instrinsic Viscosity in Branched Free-Radical Polymers," W. W.
Graessley, K. Nagasubramanian, and O. Saito, J. Polymer Sci.
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"Polymerization Reactor Design and Polymer Properties," AIChE Symposium
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Objective

The work aims to relate viscous and elastic properties of
polymers to molecular parameters such as molecular weight, molecular
weight distribution and degree of chain branching.

Approach

Polymers with accurately known structures are prepared, and
their flow properties are studied. Both concentrated solutions
(15 to 55%) and undiluted polymers are used; the instruments are a
plate-cone rheogoniometer and a capillary extrusion rheometer.
Theoretical studies of relaxation time distributions in entangling
systems are also in progress.

Progress

Recently completed measurements on a series of linear polyvinyl
acetate samples have confirmed the generality of relations (described
in earlier Annual Reports) between the viscosity time constant,
normal stresses, molecular weight distribution, and entanglement density
in polystyrene systems (described in earlier annual reports). These
results on steady shearing flows have prompted a continuation involving
transient flows, especially the build-up of stresses at the initial
stages of flow and stress decay when the flow ceases. Current work
involves modification of the rheogoniometer, mainly replacement of
the slowly responding transducer detectors by piezoelectric crystals.

Additional theoretical studies are underway to clarify entangling
interactions in polymers by means of computer simulation. The equilibrium
interactions between chain pairs are presently being characterized;
time dependent effects will be studied in the coming months.
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Objective

The purpose of this research is to find means of specifying and
estimating the three-dimensional properties of microstructures. The
primary emphasis is on the evaluation of sampling errors and the develop-
ment of optimum procedures for the analyses.

Approach

The approach involves the use of geometrical probability and
statistics. Where necessary, experimental tests are made of the
theoretical treatment.

Progress

A study is presently being made on the quantitative analysis of
scanning electron micrographs. The procedures involved differ greatly
from those used in the analysis of optical or electron transmission
micrographs.

PUBLICATIONS
"Optimum Procedures for Determining Spatial Parameters Related to

Mechanical Properties,” in Quantitative Relation Between Properties
and Microstructure (Ed. D. G. Brandon and A. Rosen) Israel

Universities Press, Jerusalem (1969) pp. 3-15.

"Optimum Procedures for Determining Ultrafine Grain Sizes," J. E.
Hilliard, J. B. Cohen, and W. M. Paulson, in Ultrafine Grain
Ceramics, Syracuse University Press, Syracuse, New York (1970)
pp . 73"98 .
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Objective

The objectives are to study: (1) The effect of extreme conditions
on diffusion; (2) The mechanism of spinodal decomposition; (3) The
properties of solid solutions related to interatomic binding energies.

Approach

(1) Use of vapor-deposited specimens containing short wavelength
(7-40} units) composition modulations for diffusion measurements.
(2) Use of x-ray diffraction and electrical resistance measurements to
follow the growth or decay of the modulations.

Progress

(1) An investigation in collaboratiun with Professor J. W. Kauffman
has been completed on the effect of electron irradiation on diffusion in
gold-silver alloys at liquid nitrogen temperature. For an electron flux
of 2 pA cor? with an electron energy of 2.0 MeV the effective diffusivity
was found to be 1.5 x 10722 cm® gec™®. All the evidence suggests that this
mixing during irradiation was due to the migration of interstitialcies.

It was also found that the diffusivity was directly proportional to the
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beam current and that, over the range of electron energy studied
(1.0-2.2 MeV), the diffusivity increased with increasing energy. On
heating up to room temperature after irradiation, further mixing
occurred at approximately -50°C. This is attributed to the migration
of vacancies that were formed during irradiation but did not become
mobile until the higher temperature was reached.

(2) It has been established that at low temperatures (less than
approximately 300°C) gold-nickel alloys can decompose spinodally. For
decomposition in the (111) directions the maximum in the spinodal was
found to be 300°C, which is considerably higher than hitherto expected.
The kinetics of decamposition and the dependence on the wavelength of
the modulation was in quantitative accord with Cahn's theory of this
transformation.

PUBLICATION

"Spinodal Decomposition" in Phase Transformations (Ed. by H. I.
Aaronson, American Society for Metals, Metals Park, Ohio (1970))
ppc 497-5600

INVITED TALKS

"Diffusion in Thin Films," AIME Symposium, October 1969.

"The Cradient Energy Contribution to Diffusion,® Pratt and Whitney
Aircraft Advanced Materials Research and Development Laboratory,
February 1970.

"Diffrsion in Thin Films," IBM Research Center, March 1970.

"Effect of Coherency Strains on Diffusion,™ Kennecott Copper Corporation,
Ledgemont Laboratory, March 1970.
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ULTRA THIN CRYSTAL NUCLEATION AND GROWTH

R. L. Hines
Professor, Department of Physics

W. Krakow
Ph.D. Thesis Research (Completed)

Objective

This project uses vacuum evaporation of materials tov investigate
the growth of thin crystals and to determine the factors that limit
the thickness and purity of the crystals that can be prepared.

Aggroach

The material under consideration, e.g., gold, is evaporated in an
ultra-thin high vacuum unit onto a heated crystal such as rocksalt or
mica. After the desired amount of material has been deposited, the
sample is removed from the vacuum system and is examined in an electron
microscope. Depending on the experiment, the film is either removed
from the supporting crystal or else the supporting crystal is thinned.

Prog;ess

Gold crystals with many good twin boundaries have been produced by
vacuum evaporation. The thickness fringes that are seen in the twin
boundaries in dark field observation have been used to obtain experimental
values for the absorption coefficients and lattice potentials for gold.
Measurements are made with several different objective apertures to
determine the objective aperture dependence. The interpretation of the
fringes is complicated by many-beam efrects and the uncertainty in the
exact value of the deviation parameter. Many-beam calculations have shown
that the first few thickness fringes at twin boundaries are changed in
periodicity and attenuated. Good agreement is obtained between the experi-
mental and theoretical results.

PUBLICATIONS

"Nucleation of Gold on Muscovite Mica," W. L. Morris and R. L. Hines, J.
Appl. Phys. 41, 2231 (1970).
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RADIATION EFFECTS ON ION BOMBARDMENT

R. L. Hines
Professor, Department of Physics

D. Weber
Ph.D. Thesis Research (Completed)

This research is supported by the Atomic Energy Commission.

0b jective

This project uses ion bombardment to investigate the ranges of Kev
atoms in crystals, the creation and annealing of imperfections produced
by the Kev atoms, and the effect of the imperfections on the physical
properties of materials.

Aggroach

The ion beams are formed in a low-pressure source, magnetically
analyzed to select the desired mass, and then accelerated to the desired
energy. At the target region the beam is sufficiently intense to create
radiation damage at a rate one million times greater than is achieved
in a nuclear reactor. For range and channeling measurements, the trans-
mission of the ions through thin crystal foils mounted on a goniometer
is investigated as a function of crystallographic orientation of the foil
with respect to the incident beam. The imperfections produced by the ion
bombardment are examined with an electron microscope.

Progzess

Numerous bombardments of high-perfection gold foils have been carried
out as a function of ion energy between 3 and 40 Kev. The foils
orientation during bombardment is set to minimize channeling effects. Good
responsibility is now obtained between different foils. Structure is
frequently seen within the imperfect regions produced by the ion impacts.
The ratio of damage clusters per ion impact is observed to have a threshold
near 4 Kev, increase to 0.5 at 10 Kev, and reaches a saturation value of
unity near 20 Kev. All of the bombardments are done with a sufficiently low
ion flux so that there is little overlap between individual ion impacts.
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THEORETICAL STUDIES OF PROTON TRANSFER MECHANISMS IN HYDROGEN BONDED
SOLIDS

G. L. Hofacker*
Associate Professor, Department of Chemistry

R. Rosenstein
Ph.D. Thesis Research (Completed)

Ob jective

The main objective of this researclh is to study the protonic motion
in hydrogen bonded solids and analyze the effects of lattice vibrations
on the transfer rate.

AEEroach

The rate for proton transfer can be expresied in terms of a cor-
relation function. An analysis of the correlation function is
particularly practicable if the dynamical interaction with the lattice
vibrations plays an important role in the transfer process.

Progress

The time dependent correlation function has been evaluated in the
classical and quantum mechanical limits. A short time expansion leads
to the well-known motion over the barrier as is given in the Eyring type
formulas. A local relaxation of the lattice leads to an activated
hopping over the barrier. The oscillatory long time behavior is damped
due to the interaction with the vibration. The deuteron effect is
discussed for various temperaturcs and compares favorably well with
experimental data.

*S%ncefeptember 1968, Dr. Hofacker has been at Technische Hochschule
Minchen. The thesis work of R. Rosenstein has been completed under the
supervision of §. F. Fischer, Assistant Professor.
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PARAMAGNETIC MOLECUIAR COMPLEXES

B. M. Hoffman
Assistant Professor, Department of Chemistry

L. Marchant
Ph.D. Thesis Research (NIif Support)

T. Eames
Ph.D. Thesis Research

Objective

This research is aimed at furthering our studies of paramagnetic
interactions between a paramagnetic molecule and a complexing dia-
magnetic molecule, between two paramagnetic molecules, and between pairs
of paramagnetic metal ions joined by bridging groups. It is also hoped
to gain information about superexchange relevant to a wide class of
magnetic insulators from this investigation.

Apnruach

Complexes of nitroxide free radicals with a variety of group IIIA,
IVA and VA halides are being prepared and studied by ESR. Oxo-bridged
and chloro-bridged Fe(III) dimers are similarly being prepared and
studied, as are monomeric oxygen adducts of cobalt.

Progzess

These splittings in conjunction with linewidth and g-factor measure-
ments may be used to define a new acidity scale. Equilibrium measurements
provide thermodynamic data in some cases. The ESR of thermally excited
quintet states (S = 2) has been observed in several oxo-bridged iron
dimers. ESR of monomeric cobalt adducts has allowed us to characterize
them as superoxide adducts of trivalent cobalt (ColllI-03) with the oxygen
nuclei unsymmetrically placed with respect to cobalt.

PUBLICATIONS

"EPR of Some Cobalt(II) Schiff Base Compounds and Their Monomeric Oxygen
Adducts," B. M. Hoffman, D. Diemente and F. Basolo, J. Am. Chem. Soc.,
92, 61 (1970).

"ESR Studies of 1l:1 Cobalt-Oxygen Adducts," D. Diemente, B. M. Hoffman
and F. Basolo, Chem. Commun., 467 (1970).
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INVITED TALKS

"ESR Studies of 1:1 Cobalt-Oxygen Adducts,' Ohio State University,
April 1970.

"ESR Studies of 1:1 Cobalt-Oxygen Adducts," Cleveland State University,
April 1970.

- 103 -



PARAMACNETLC MOLECULAR CRYSTALS

B. M. Hoffman
Assistant Professor, Department of Chemistry

M. Hove
Ph.D. Thesis Research

C. Spilburg
Ph.D. Thesis Research

Uhjective

The objectives of this research are: (1) to study the magnetic
properties of linear chain free radical crystals, relating experiments
to theories of spin relaxation in the linear Heisenberg antiferro-
magnetic chainy (2) to relate the semiconducting properties of these
crystals to their magnetic properties; (3) to prepare organic semi-
conductors doped with donor impurities in a manner similar to the
doping of inorganic semiconductors (e.g., as in Si and of eventual use
in electronic devices; (4) to examine crystals with paramagnetic metal
ions and paramagnetic organic radicals, looking for super-~ or double-
exchange interactions between metal and radical. The overall objectiva
is to prepare and examine new magnetic semiconductors with eventual
application in devices which might, for example, be applicable in
computer technology, internally couple magnetic and electric circuits
without use of inductive coupling or have magneto-optical properties
with applications to laser technology.

AEEroach

Knowledge of the chemistry of these systems permits preparation of
crystals possessing properties useful in attaining the objectives stated.
The principal investigative tool is electron spin resonance (ESR).
However, conductivity studies, optical and infrared spectroscopy and
broad line nuclear magnetic resonance are also employed.

Progress

We have performed detailed ESR studies of spin excitations in the
ionic charge-transfer complex tetracyanoquinodimethan-tetramethylphenyl-
enediamine (TCNQ-TMPD). The unusual spin-relaxation behavior is
interpreted in terms of a theory for the Heisenberg regular linear anti-
ferromagnetic chain. We have observed ESR of delocalized conduction band
electrons in a crystal of carbazole doped with TCNQ. Conductivity studies
are in progress.

We have determined the crystal structure and performed single crystal
ESR studies of the material [Ni(S3C3(CN)z)3]-[TMPD]z. The magnetic
properties are dominated by mobile triplet spin excitons. We have prepared
crystals in which paramagnetic Cu(II) replaces diamagnetic Ni(II) and are
examining them by x-rays and ESR.
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PUBLICATIONS
"ESR of TMPD-TCNQ: Spin Excitations of the Heisenberg Regular Linear

((:hain;” B. M. Hoffman and R. C. Hughes, J. Chem. Phys., 52, 4011
1970).
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ESR AND IR OF ADSORBED FREE RADICALS

B. M. Hoffman
Assistant Professor, Department of Chemistry

G. Lozos
Ph.D. Thesis Research (ARMY Support)

This research is partially supported by the Petroleum Research Fund
- of the American Chemical Society.

Objcctive

The objective of this study is to gain information about the bonding
of adsorbed species to surfaces of, for example, catalytic interest.

Aggroach

From ESR parameters of adsorbed free radicals supplemented by IR
data, the magnitude of surface interactions can be deduced and inferences
made about the nature of surface binding and surface sites.

Progress

We have completed an ESR study of NO adsorbed on surface sites of a
silica-alumina catalyst. We have also observed at 77°K the spectrum of
nearly freely rotating molecular oxygen trapped at the surface of the
catalyst and in the cavities of a molecular sieve. We have initiated
ENDOR studies of surface paramagnetic sites.
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STRUCTURAL STUDLES BY DIFFRACTION METHODS

J. A. Ibers
Professor, Department of Chemistry

D. Cahen
Ph.D. Thesis Research

B. Frenz
Ph.D. Thesis Research

P. Maltese
M.S. Thesis Research (Completed)

Objective

The general aim of this research project is to learn more about
the structure and bonding in the solid state.

Aggroach

X-ray studies are made of single crystals of closely related
chemical substances leading to complete crystal and molecular structure
determinations.

Prog;ess

The phase diagrams for the series MF/HF, where M is an alkali metal,
are well known, but the types of compounds which exist in these systems
are not. Of course, the compound KF+HF is known to be K" (FHF ), and the
compound NaF+2HF is known to be Na*(FHFHF~). We have investigated the
nature of the compound KF-4HF and find it to be K*(H¢Fs~). The HeFs~ ion
consists of a central F atom approximately tetrahedrally surrounded by four
other F atoms. The central F atom is connected to the peripheral F atoms
through unsymmetric F-H-F bonds.

The structure of the compound CoH(PFa)s has been investigated at -120°.
In recent years the PFs ligand has been shown to resemble closely the CO
ligand and to lead to increased stability of the analogous complexes. Thus
CoH(PFa)« is the direct analogue of CoH(CO)4, the classic transition metal
carbonyl hydride. The structure of the latter compound remains undetermined
by diffraction methods because of its instability. The present structure
determination has revealed an approximate tetrahedral arrangement of PFa
groups about the center Co. Of significance to inorganic chemists is the
very short Co-P distance of 2.05 }, sume 0.2 } shorter than Co-PRs distances,
where R is alkyl or aryl. Thus this study provides direct evidence for
multiple bonding in metal -PFs complexes.
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PUBLICATIONS

"An X-ray Study of a-Oxalic Acid Diliydrate, (COOH)z; +2HgO, and of its
Deuterium Analogue, (COOD)z +2[p0: Isotope Effect in Hydrogen
Bonding and Anisotropic Extinction Effects," R. G. Delaplane and
J. A. Ibers, Acta Cryst., B25, 2423 (1969).

"An Experimental Determination of the Asphericity of the Atomic Charge
Distribution in Oxalic Acid Dihydrate," P. Coppens, T. M. Sabine,
R. G. Delaplane and J. A. Ibers, Acta Cryst., B25, 2451 (1969).
"The Structure of Potassium Tetrahydrogen Pentafluoride,' B. A. Coyle,
L. W. Schroeder and J. A. Ibers, J. Solid State Chem., 1, 386 (1970).
INVITED TAIKS
"Bonding of Small Molecules to Transition Metals"
Illinois Institute of Technology, October 1969
American Chemical Society, Local Sections at Richland and
Pullman, Washington, March 1970
University of Missouri, April 1970
Seton Hall University, April 1970
Carnegie-Mellon Institute, May 1970
"Some Topics in Hydrogen Bonding"
University of Virginia, April 1970
"Current Status of Structural Crystallography”

American Chemical Society, Local Sections at Spokane and
Seattle, Washington, March 1970
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STRUCTURES AND PROPERTIES OF TRANSITION METAL COMPLEXES

J. A. Ibers
Professor, Department of Chemistry

J. Francis
Postdoctoral Research Associate

A. McAdam
Postdoctoral Research Associate

J. Ricci
Postdoctoral Research Associate

This research is supported primarily by the National Science
Foundation.

Objective

This research is aimed at characterizing accurately the structures
of interesting transition metal complexes, with special emphasis on the
intercomparisons of closely related complexes.

Aggrouch

X-ray studies are made of single crystals leading to complete crystal
and molecular structure determinations.

Progress

Our studies of metal-silicon bonds have continued. We have now
provided definitive evidence, through a series of diffraction studies,
that transition metal-silicon bonds are shorter than one would predict
in the absence of some multiple bonding. This is of importance in under-
standing the differences between metal-carbon and metal-silicon chemistry.

Our studies of five-coordinate transition metal complexes have
continued. In particular, we have completed several M complexes and
the trends between axial and equatorial bond lengths in trigonal bi-
pyramids are in accordance with predictions made on the basis of our
previous work on the CuClg®~ system.

PUBLICATIONS
"A Simple Cold Gas Flow Apparatus,' B. A. Frenz, J. H. Enemark, L. W.

Schroeder, D. J. Hodgson, W. T. Robinson, R. J. Loyd and J. A. Ibers,
J. Appl. Cryst., 2, 112 (1969).
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"Nature of the Donor-Acceptor Bond in Acetonitrile-Boron Trihalides.
The Structures of the Boron Trifluoride and Boron Trichloride
Complexes of Acetonitrile," B. Swanson, D. F. Shriver and J. A.
Ibers, Inorg. Chem., 8, 2182 (1969).

"The Structure of Chlorodicarbonyl-bis(triphenylphosphine) iridium(I)-
benzene,™" N. C. Payne and J. A. Ibers, Inorg. Chem., 8, 2714 (1969).

"Geometries of Transition Metal Complexes Coataining Simple Alkenes,"
L. Manojlovic-Muir, K. W. Muir and J. A. Ibers, Discussions Faraday
Soc., 47, 84 (1969).

"The Crystal Structure of Solvated Hydridochloro(trichlorosilyl)
bis(triphenylphosphine)rhodium, RhHC1(SiCla)(P(Cels)a)s+ SiHCla,"
K. W. Muir and J. A. Ibers, Inorg. Chem., 9, 440 (1970).

"The Crystal and Molecular Structure of Hydridobis(trichlorosilyl)
carbonyl-pi-cyclopentadienyl-iron, (pi-CgHg)FeH(SiCla)z (CO{,
L. Manojlovic-Muir, K. W. Muir and J. A. Ibers, Inorg. Chem., 9, 447
(1970).

"Five-Coordinate Nickel(III). The Crystal and Molecular Structure of
NiBra(P(Ce He) (CHa)a )z +0.5NiBry (P(Ce Hs ) (CHa)s -Ce Hs," J. K. Stalick
and J. A. Ibers, Inorg. Chem., 9, 453 (1970).

"The Crystal Structure of Hexaamminecobalt(III) tetrachlorozincate
(11) Chloride, (Co(NHa)e)(ZnCl)Cl," D. W. Meek and J. A. Ibers,
Inorg. Chem., 9, 465 (1970).

"The Structure of Pentakis(2-picoline-N-oxide)cobalt(II) Perchlorate,
(Co(Ce 1, NO)s ) (C1Qs ) ," B. A. Coyle and J. A. Ibers, Inorg. Chem., 9,
767 (1970).

"A Cobalt-Germanium Bond: The Structure of Co(Ge(CeHs)s)(CO)a (P(Cels)s),"
J. K, Stalick and J. A. Ibers, J. Organometal. Chem., 22, 213 (1970).

"The Crystal and Molecular Structure of Dinitrosylbis(Triphenyl-phosphine)
Iridium Perchlorate, (Ir(NO)s gP(C.Hs)a).)(CIO.)," D. Mingos and J. A.
Ibers, Inorg. Chem., 9, 1105 (1970).

"Preparation and Structure of a Novel Tetracyanoethylene Complex of
Iridium,”" J. S. Ricci, J. A. Ibers, M. S. Fraser and W. H. Baddley,
J. Amer. Chem. Soc., 92, 3489 (1970).

INVITED TALKS

"Transition Metal Hydrides"

University of Oregon, March 1970
Montana Section, American Chemical Society, March 1970
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STRUCTURES OF SYNTHETIC MOLECUIAR OXYGEN CARRILERS AND RELATED COMPLEXES

J. A. Ibers
Professor, Department of Chemistry

D. M. P. Mingos
Postdoctoral Research Associate

B. Davis
Ph.D. Thesis Research

C. Pratt
Ph.D. Thesis Research

H. Stynes
Ph.D. Thesis Research

This vork is supported primarily by the National Institutes of
Health.

ObJective

The main objective of this work is to prepare and determine the
molecular structures of synthetic molecular oxygen carriers and related
complexes and thereby deduce possible factors contributing toward the
bonding of molecular oxygen to transition metals.

Aggroach

Synthesis of various complexes are undertaken, followed by x-ray
studies of single crystals leading to complete structure determinations.

Prog;ess

Work has continued on transition metal-olefin complexes and transition
metal nitrosyl complexes. Significant progress has been made on defining
the geometries of some simplie olefins, such as tetracyanoethylene, when
bound to the same transition metal systems which also take up molecular
oxygen. Similarly, we now have a much firmer understanding of when the
nitrosyl ligand, NO, will bond to transition metals as NO' (isoelectronic
with CO) and when it will bond as NO° (isoelectronic with 0j).

PUBLICATIONS

"The Role of the Metal Atom in the Reversible Uptake of Molecular Oxygen.
The Structures of the Molecular Oxygen Complexes Formed by Bis(bis
(diphenylphosphine(ethane)iridium(I) Hexafluorophosphate and its
Rhodium Analog," J. A. McGinnety, N. C. Payne and J. A. Ibers, J. Am.
Chem. Soc., 91, 6301 (1969).
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"The Bonding of Molecular Nitrogen. I. The Crystal and Molecular
Structure of Hydridodinitrogentris(triphenylphosphine)cobalt(I),"
B. R. Davis, N. C. Payne and J. A. Ibers, Inorg. Chem., 8, 2719
(1969).

"The Structure and Absolute Configuration of (+)4so-cis-dichlorobis
(ethylenediamine)platinum(IV) Chloride, (Pt(CoHeNo)3Clg)Clg,"
G. F. Liu and J. A. Ibers, Inorg. Chem., 9, 773 (1970).

"The Structure of Bis(t-butylisocyanide) (tetracyanoethylene)nickel(0),
J. Amer. Chem. Soc., 92, 5333 (1970).

INVITED TALKS

"Oxidative Addition Reactions and Structures"

Massachusetts Institute of Technology, November 1969
University of Illinois, Urbana, November 1969

"Model Systems for Oxygen and Nitrogen Bonding"

Gordon Research Conference on Metals and Metal Binding in Biology,
August 1970.
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SINTERING OF METALS AND CERAMICS

D. L. Johnson
Associate Professor, Department of Materials Science

A. Doi
Ph.D. Thesis Research

Objective

The model which has been developed is being employed to investi-
gate the sintering of compacts of spherical particles of LiF with and
without addition of MgF.. The principal objective is to study the
mechanisms of material transport in the isothermal and non-isothermal
sintering, and how these mechanisms are influenced by minor additives
and atmospheric environment. Lithium fluoride was chosen as a material
for study because it is a well characterized ionic solid in which both
cation and anion volume diffusion coefficients are known. The solubility
of MgFe in LiF and its effect on ionic conductivity have also been
investigated.

Although it is known that small amounts of additives often have a
large effect on sintering of both ceramics and metals, there has been
no work reported in which the effects have been satisfactorily explained-
the definitive experiments just haven't been done. With our experimental
techniques, it is now possible to clearly determine the sintering
mechanism and the effects of impurities and atmospheric environment on
these mechanisms, even though two or three are acting in concert. Such
an understanding will assist the optimization of the sintering of materials.

Aggroach

The sintering shrinkage of compacts of closely sized spherical
particles is followed continuously with a recording dilatometer. At the
end of the run, which results in 5% or less linear shrinkage, the compacts
are sectioned and the average neck size between spheres is measured
metallographically. With this information, the model can be utilized to
compute the volume, grain boundary, and surface diffusion coefficients,
and the contributions of each of these to the sintering prucess.

Non-isothermal sintering studies are conducted on the same types of
compacts under conditions of approximately linear heating and also cyclic
heating and cooling. The latter provides a quick and easy test for the
existence of significant surface diffusion, and it yields the true
activation energy of the densification mechanism.

Known amounts of MgF; are added in solid solution, and the effect
thereof on sintering is determined. A simplified model predicts that
MgF; should increase volume diffusion of Li and decrease that of F,
through the introduction of lithium vacancies. Thus the rate-controlling
species can be determined with greater confidence.
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In order to confirm the indications that fluorine is considerably
enhanced in the grain boundaries, the ionic conductivity of single and
polycrystalline LiF will be investigated.

Prngress

The transient enhanced densification of compacts of spherical
particles of "pure" LiF is probably caused either by dislocation motion
or by recovery processes as the spherical particles are heated. After
this transient has subsided the sintering proceeds as predicted for the
rate being limited by volume diffusion of lithium. This implies that
fluorine is enhanced in the grain boundaries, while lithium is not. Such
effects have been found by others for tracer self diffusion in K and Na
halides.

Vapor transport, surface diffusion and grain boundary diffusion
are not significant near the melting point of LiF for the 50 ym diameter
particles studied.

Methods of obtaining uniformly-doped powders are currently under
investigation.

Further examination of Seidel's data (M.S. Thesis, Northwestern
University (1969), 1969 Annual ARPA Technical Report, p. 95) indicates
that the grain boundary self-diffusion coefficient is increased about
4 times in air compared with purified argon at 900°C, while the volume
coefficient is unchanged.

PUBLICATIONS

"Effect of TiO, on Initial Sintering of A1l,0,," R. D. Bagley, I. B.
Cutler and D. L. Johnson, J. Amer. Cefaim. Soc., 53, 136 (1970).
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THEORY OF SINTERING

D. L. Johnson
Associate Professor, Department of Materials Science

The isothermal initial stage sintering studies were supported by
ARPA, the non-isothermal and intermediate stage studies were supported
by ARO-D.

Objective

For many years various investigators have attempted to describe the
sintering process in terms of its most fundamental parameters. A common
failure of all previous attempts has been the inability to obtain
quantitative results if more than one mechanism of material transport is
operative. The primary goal of this project is to develop models for use
in analyzing the sintering behavior of materials. In particular, it is
desirable to determine the material transport mechanisms that are signi-
ficant, and the appropriate transport parameters (i.e., diffusion
coefficients). Also of importance is the prediction of sintering behavior,
given the transport parameters, the temperature as a function of sintering
time, the surface tension, the average particle shape, size and size
distribution.

Successful models will make it possible not only to determine the
significant material transport phenomena, but also to study the effects
of additives and atmosphere on these phenomena and therefore on the
sintering behavior. Such an understanding will contribute to optimization
of the sintering process.

Aggroach

The initial-stage sintering models are obtained by writing the mass
flux equations for each transport process (i.e., volume diffusion, grain
boundary diffusion, surface diffusion, and vapor transport) in terms of
the instantaneous geometry of the particles that are undergoing sintering.
The computer is employed to synthesize the sintering behavior on the basis
of these flux equations and the other necessary parameters. The temperature
can be programmed as a function of time so that non-isothermal, as well as
isothermal, sintering curves can be constructed. The basic flux equations
can be used for a wide range of particle geometries, making it possible to
investigate the effect of particle shape on expected sintering behavior.

The significant factors during the intermediate stage of sintering

are being considered in order to determine a general model for that stage
of sintering.

Proggess

Gessinger [Scripta Met. 4, 674 (1970)] suggested that, under conditions
where surface and volume diffﬁgion are both much less significant than grain
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boundary diffusion, the densification would be controlled by volume
dilfusion. This is because the material which arrives at the neck
surface via grain boundary diffusion must be redistributed over the

neck surface. He failed to realize that at low temperatures surface
diffusion could be rate controlling. Calculations indicate surface dif-
fusion may be rate controlling in silver at lower temperatures and
shrinkages.

PUBLICATIONS

"Discussion of 'Volume Diffusion as Densification Rate-controlling Step
in Sintering'," Scripta Met., 4, 677 (1970).

"The Use of Phase Diagrams in the Sintering of Ceramics and Metals,"
I. B. Cutler and D. L. Johnson, Phase Diagga , Vol. 2, Ed. by A. M.
Alper, Academic Press, New York

"A General Model for the Intermediate Stage of Sintering," D. L. Johnson,
J. Amer. Ceram. Soc., 53, 574 (1970).

INVITED TAIKS

"Sintering of Mctals and Ceramics," University of Illinois, Urbana,
March 1970.

"Methods of Determining Sintering Mechanisms,' International Powder
Metallurgy Conference, New York, July 1970.

"Capillarity Phenomena in Solids," Summer Session Course at Department
of Ceramic Engineering, University of Washington, July and August
1970,
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SINTERING MECHANISMS OF CoO

D. L. Johnson
Associate Professor, Department of Materials Science

P. Kumar
Ph.D. Thesis Research

S. 0. Brennom
M.S. Thesis Research

This research is supported by the U. S. Army Research Office-
Durham.

ObJective

The objective of this research is to study the sintering mechanisms
of a nonstoichiometric oxide. Cobalt oxide has been selected because the
cation and anion volume self-diffusion coefficients and the surface
diffusion coefficient have been measured by tracer techniques and the
composition as a function of the partial pressure of oxygen and temperature
has been determined. The mechanisms of sintering and the kinetics and
energetics of the process are being investigated as functions of temper-
ature and composition. The initial-stage sintering of compacts of
spherical and non-spherical particles, as well as intermediate-stage
sintering, is being investigated.

AEEroach

Spherical particles of CoO have been obtained by dropping the powder
through an oxygen-gas heated magnesia tube. These spheres are sized to
obtain narrow size-range fractions. Compacts are prepared without
pressing and sintered isothermally in a controlled P, atmosphere using
mixtures of carbon monoxide and carbon dioxide or argon and oxygen.

Compact shrinkage is measured continuously on a strip chart recorder and

the compacts are sectioned and the neck size is measured at the end of

the run. The measurement of the shrinkage and the neck size and the
shrinkage rate allows the determination of the volume and grain boundary
contributions to sintering, as well as the surface diffusion contribution.
The intermediate-stage measurements are made on as-received powder which

has been compacted and sintered isothermally. A series of compacts are
sintered at one temperature for varying amounts of time. The densification
rate at the end of each run is determined from the strip chart record.

The compacts are then impregnated and sectioned and the necessary geometric
parameters are determined by quantitative metallography techniques. As a
result of the measurements, not only are the densification kinetics deter-
mined but the occurrence of grain growth and pore growth are also determined
quantitatively. Thus, a rather complete picture of the sintering process is
obtained.
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Progress

The sintering of spherical particles has been carried out at 1100°,
1200°, and 1300°C and at Py of 10 and 0.8 torr. The rate is greater
for higher Pgy,, which is an indication that volume diffusion of cobalt is
rate controlling. The spheres undergo marked faceting, so that the
initial stage model cannot be applied. The faceting leads to polyhedral
pores during the later stages of sintering. Since plane surfaces present
no driving force for sintering, there is substantial retained porosity.
The intermediate stage sintering rate is consistent with a rate controlled
by volume diffusion of Co, even though the reported Co diffusion coefficient
is ~10° greater than that for oxygen. This implies a very rapid grain
boundary diffusion of oxygen so that the metal to oxygen ratio is preserved.
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AMORPHOUS SEMICONDUCTORS

C. R. Kannewurf
Associate Professor, Department of Electrical Engineering

E. A. Davis
M.S. Thesis Research (Completed); (Bell Telephone Laboratories
Cooperative Student)

R. C. Dorr
M.S. Thesis Research (Completed); (Bell Telephone Laboratories
Cooperative Student)

Ob;jective

Recently a number of amorphous semiconductors have been reported
in the literature which exhibit various types of switching behavior.
Attention to such effects in non-crystalline semiconductors has re-
sulted chiefly from the wide spread publicity given to the so-called
ovonic device introduced by the Energy Conversion Devices Comapny.
Although many compositions currently being discussed in regard to
switching behavior are new in the semiconductor literature, other
properties were examined earlier from the standpoint of potential
useful glass forming compositions. The present work was undertaken
to confirm some of the observations reported for amorphous semicon-
ductors and to observe switching effects in selected compositions
which had not been previously investigated.

Approach

A systematic examination of glass forming compositions was
made which included compositions containing three, four, five and
higher numbérs of chemical elements as principal constituents. A
correlation was made between the most favorable semiconductor-switching
behavior previously reported and the composition charts. Based on
these observations, ingots of six different compositions were synthesized
in amorphous form. Samples were then prepared for observing switching
effects. Both electrical and optical gating were tried with the results
observed on oscillograph patterns.

Progress

Although various compositions have been reported as exhibiting
ovonic behavior, some were found to show no switching, or rather
marginal effects; others did show switching as pi ‘dicted. In previous
work compositions containing antimony had not shown switching behavior
although the majority of successful compositions contained arsenic.
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It was found that very few glass forming campositions contained antimony
that also contained one or more of the elements arsenic, tellurium
and thallium which appear to be key elements in promoting the switch-
ing effects in amorphous materials. Compositions Si,,Asg Sb;Tey, and
As, . T4, . Sbg Se; ;Te,, were prepared. The first showed no transition to
a low resistance state. The setvond composition showed switching be-
havior on a sine wave from frequencies of 20 Hz to 500 kHz. Many
aspects of the change between the high and low sensitivity states
were investigated including laser control of the resistivity change.
Other compositions, not containing antimony, were also prepared which
exhibited switching effects.
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ELECTRONIC PROPERTIES OF GERMANIUM ARSENIDE SEMICONDUCTORS

C. R. Kannewurf
Associate Professor, Department of Electrical Engineering

J. M. Sebeson
M.S. Thesis Research (Bell Telephone Laboratories Cooperative Student)

Objective

The program of work on the gemmanium arsenide semiconductors
is continuing. In view of the result of the initial optical and
electrical measurements the next phase will be to extend optical
measurements and to develop samples with higher carrier mobilities.

Approach

To improve sample composition other methods will be employed
to prepare samples that have mobilities greater than 100 cm?/V-sec.
In view of the initial analysis of optical measurements, information
concerning intrinsic activation energies and higher band transitions
is incomplete. Reflectivity measurements will now extend the phonon
energy range to 12 eV. From these and previous results a tentative
energy band scheme will be proposed for a limited range of the
Brillouin zone.

Progress

The second phase of the GeAs-GeAs, investigation has just
been recently initiated. Preliminary calculations are in progress
on simple band structure configurations. Instrumentation problems
are concerned with sample preparation-sample chamber construction for
the vacuum ultraviolet spectrophotometer.

PUBLICATIONS

"Transmission and Reflection Measurements on Small Crystalline
Samples Using the MM12 Monochromater,” J. W. Rau and C. R.
Kannewurf, Zeiss-M:tteilungen, 5, No. 4, 199 (1970).

"Optical and Electrical Properties of the Semiconductors GeAs and
GeASQ ’" Jo w. RBU and Co R- Kannewurf’ BU].l. Amo Phys. SOC.,
15, 31 (1970).

"Optical Properties of Single Crystal Silicon Arsenide," L. C. E.

?ille; and C. R. Kannewurf, J. Phys. Chem. Solids, 30, 849
1970).
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"A Pulsed GeAs uur System for Semiconductor Carrier Lifetime
Measurements,” M. E. Motamedi and C. R. Kanmnewurf, IELL Transactions
on Instrumentation and Measurement D-19, ¢ (1970).

"Clectrical and ?“‘1 'ﬁp.rthl of the ..‘M” mh o..~ T

ond T¢Se,” R. 8. Itoga and C. R. Kanmowurf, Bull
Soc., 13, 288 (mo)
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NARROW BAND GAP SEMICONDUCTORS

. R. Kannewmrf
Associate Professor, Department of Llectrical Engineering

C. A. taw
H.S. Thusis Research

Coluctive

To investigate & narrov band pap semtvondi (. r-senjental for
jranible use as an extrinsic photodetector or for a mm!bh super-
conducting transition. Several binary systems woli he enamined to
soe {f either effect is present.

Appraegh

The initial samples will be synthenized tn ascertain vhether
#'n:le rrystal meterial cen be prepared hy conventirnal methods.
I'relizinary messurements will fnclude resjstivity dsta free 1°K to
tiiv sampla melting point end estimates cf principal activation energies.

Loviress

This progras has just been initiated. Cquipsent for sample
preparation 48 being assesbled and scme preliminary work in progress.
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PHYSICAL AND ELECTRONIC PROPERTIES OF ORGANIC SEMICONDUCTORS

C. R. Kannewurf
Associate Professor, Department of Electrical Engineering

J. W. Kauffwan
Professor, Department of Materials Science

D. A. Miller
Ph.D. Thesis Risearch (Campleted)

R. A. Arndt
Brookhaven National laboratory

Objective
To investigate selected physical properties of phenanthrens,
in order to better interpret observed in the fused-

aromatic hydro-carbons. The emphasis in this inwveetigation has
8 detailed study of dielectric and dilatation phencmens in phenanthrens.

Approsch
Although anthracene and phenanthrene are structural iscmers,
severs] ancaslous phenceens have been observed in rene that

have not been found in the sore widely studied recene. To further
explain these effects, dielectric permittivity and dilatation sessure-
ments were performed over the temperature interval where the ancmalies
occur. A sajor effort in this work has been instnmentation for such

seasurements on small organic crystals.

Progress
High-purity, single crystal specimens have been provided through
the courtesy of researchers at B ven National laboratory.

Capacitance data on single crystal phenanthrene have been obtained

from 25 to 75°C using a capacitance bridge capable of resolving changes
on the order of 10°®* pF. The measured capacitance has been found to
depend upon frequency, temperature, rates of temperature change, and
on the thermal history of the specimen. A specially designed capaci-
tance-type dilatometer has been employed to observe length changes

on the order of 100  in Sam specimens over the temperature range of
24 to 82°C. In the vicinity of 73°C, the thermal expansion coeffi-
cient peaks sharply along the direction of the a and c' axes of the
monoclinic structure and dips sharply along the direction of the b axis,
the two-fold symmetry axis. A molecular mocel is proposed which is
consistent with the observed dielectric and dilatometry measurements
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and also with other anomalous properties previously reported in the
literature which includes heat capacity, resistivity and electrical
polarisation phenomens.

PUBLICATION

"Dilatation Studies on Single Crystal ihenanthrene,” D. A. Miller,
J. W. Kauffean, R. A. Arndt, and (.. R. Kennewurf, Bull. Ma.
Phys. Soc., 18, 206 (1970).
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SUPLRCONDUCTIVITY IN THE y-PHASE OF THE T{-Te SYSTEM

C. R. Kannewurf
Assuciate Professor, Department of Electrical Engineering

A. G. Juodakis
"'.DO “‘..’. m.Nh

This research is supported by the National Science Poundation.

Objective

To investigate various sspects of the occurence of a super-
conduct ing state and related phencmena in the 7-phase of the TiL-Te
.y.t-o

Approach

Many samples with varying composition and impurity comcemtra-
tion are prepared for investigating the trensition to the eupercon-
ducting state as a function of composition, carrier concentration,
crystal structure change, etc. throughout the range of y-phase compo-
sition. In addition to galvancmagnetic studies, heat capacity and
other measurements are in progress.

Progress

Heat copacity studies have been undertaken as a joint program
with researchers at Bell Telephone Laboratories, Murray Hill.
Initial results indicate the existence of a superconducting state in
the heat capacity data at the same temperature found in the magnetic
measurements, but the interpretation of the data is far from complete
as the behavior is not typical of other superconductors.

A 30ne melting method has now been further improved for y-phase
material at the stoichiometric composition. Techniques have also
been developed for preparing samples of this very brittle material,
a fraction of a millimeter thick, with surface areas over 150 square
millimeters for improved galvanomagnetic measurements; electrode-
contact problems have been minimized with special soldering procedures.
It is felt that poor methods ~mployed in these operations are chiefly
responsible for the wide variation in electrical data reported in the
literature.
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ELECTRICAL PROPERTIES OF LIQUID CRYSTALS

J. W. Kauffiman
Professor, Department of Materials Science

Dc c- Sh.w
Ph.D. Thesis Research

ublevtlvc

The electrical and the corresponding structural properties of the
organic compounds exhibiting & "1iquid crystalline” mesomorphic state
are being studied in an effort to learn about the electrical nature of
these mesomorphic states and their phase transitions.

:\mvrulch

The "liquid crystal” structursl changes observed in the solid-
mesomorphic, mesomorphic-mesomorphic, and mesomorphic-isotropic 1iquid
transitions are reflected in abrupt changes in resistivity, dielectric
loss, Hall voltage, and power factor, as well as x-ray diffraction
structural factors. The study of these electrical and structural
properties will enable us to characterize these mesomorphic transitions.

Progzcss

Resistivity and dielectric resonsnce bridge-type measuring apparatus
has been set up that will enable us to make dielectric measurements with
a high degree of accuracy. Also, magnetic facilities have been temporarily
obtained and installed to determine magnetic field effects on these
measurements. The conductivity of the cholesteric liquid crystals has
been determined both as a function of applied voltage and temperature. The
functional relationship between the real and imaginary dielectric constant
and temperature and electric field frequency has been determined. A
characterization of the electrical properties of cholesteric liquid crystals
is almost completed.

We plan to extend these dielectric measurements to include the smectic
and nematic liquid crystals to permit complete dielectric characterization
of the liquid crystal state. We plan to investigate the biological
significance of the electrical measurements since these liquid crystalline
structures are found in most biological membranes.
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DIFFRACTION STUDIES OF SELENIDE-HALIDE COMPLEXES

J. B. Lambert
Associate Professor, Department of Chemistry

J. B, Hall
Postductoral Research Associate

N. K. Kim
Postdoctoral Research Associate (Completed)

D. H. Johneon
Ph.D. Thesis Research (NIH Fellow)

This research is jointly oug:ortod by the Advanced Research
Projects Agency and the National Science Foundation.

Objective

The complexes of molecular halogens (Cly, Bry, I;) with organic
sulfides (R,S), selenides (R,8¢), and tellurides (R,Te) can exist in
several structural forms: polar (R, §-8r Br), covalent ( )
molecular complex (R 8e...8ry). It is our cbjective to clari
nature of the bonding in these complexes in both the solid and the
1iquid states.

Approach

The molecular structure of a selected complex (selanane dibro-
mide) is being determined by X-ray crystallography. MR, IR, Raman,
and UV gpectra and conductance data are also being obtained for an
entire series.

Progress

Sufficient X-ray data on the selenium dibromide have been
obtained to warrant the conclusion that the geometry around selenium
is a trigonal bipyramid, with covalently bound bromines at the
axial positions. This structure can be altered, however, if either
the halogen or the Group-VI atom is changed. We have found that the
sulfur dibromide is primarily ionic in solution and a molecular
complex in the solid. Interestingly, crystals of the sulfur diiodide
are strongly thermochromic. They vary from maroon at 25°C to light
yellow at -180°C., The color becomes lighter as the S...I-I complex is
transformed to a §-I...I species. These complexes provide a wide
variety of structural types and will continue to warrant investigatiom.
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PREPARATION OF NOVEL METAL-ORGANIC COMPLEXES

J. B. Lambert
Associate Professor, Department of Chemistry

D, L. Stedman
Ph.D. Thesis Research

R. R. Clikeman
Ph.D. Thesis Research

Objective

New bonding situations are being developed between metal atoms
and orgenic ligands. The structural and chemical properties of
these novel complexes will be investigated.

Approach

We are preparing camplexes between cyclopropanes and transition
metals. The olefin-metal complexes have been thoroughly studied, and
these succcsses led us to believe that the electronically similar
cyclopropane ring would enter into complex formation. Structure-bond-
ing questions are being answered by appropriate spectroscopic and
diffraction experiments. We are also preparing complexes between
transition metals and fluorocarbon ligands. The presence of the
fluorine atoms should enhance the stability of these complexes.

Progress

We have succeeded in preparing several platinum-cyclopropane
complexes. We are interested in obtaining both static and dynamic
information about their structures. It appears that the parent complex
is bes> represented as a cyclobutane-like structure, in which there is
a trimethylene-platinum four-membered ring. The 'H spectrum and in
particular the *°® Pt sidebonds of the ligand resonance are in accord
with a non-fluxional structure. We plan to examine the '3C NMR
spectrum of this complex as well. Substituted cyclopropane-platinum
complexes have also been prepared, but as yet all attempts to produce
palladium analogues have failed. We have just begun the synthesis
of the fluorocarbon ligand -CF,CH,CF,CH,CF,-, which should be able
to form stable cyclic complexes with transition metals.
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MAGNETIC RESONANCE AND VIBRATIONAL SPECTROSCOPIC STUDIES

J. B. Lambert
Associate Professor, Department of Cheaistry

D. S. Bafley
Postdoctoral Research Associate (Sloan Supported) (Completed)

W. L. Oliver, Jr.
Ph.D. Thesis Research (NIN Fellow) (Completed)

J. L. Cosnell
Ph.D. Thesis Research (NDEA Fellow) (Completed)

C. E. Mixan
Ph.D. Thesis Research

L. C. Greifenstein
Ph.D. Thesis Research

This research is primarily supported by the National Science
Foundation.

Objective

By suitable spectroscopic experiments (MR, IR, Raman), we
plan to elucidate the structure and conformation of flexible molecules.

Approach

Structural information is extracted from NMR spectra by analysis
for the coupling constants (J). Specific information about the
steric arrangements of atoms is obtained in this fashion. Comparison
of infrared and Raman spectra gives further structural information.

Progress

We have completed our structural study of cyclopropene and
presented a general review of the field of conformational analysis.
We have continued our work with the R value, by which structural para-
meters may be obtained for molecules in solution. We have also
studied the effects of structure on inversion about nitrogen. Some
spectral studies of cyclic organophosphines have been completed.
These investigations involved NMR as the prime structural tool. We
have also utilized IR and Raman spectroscopy for the determination of
the symmetry properties of various organic compounds, in particular
N-nitroso- and N-nitroamines.
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PUBLICATIONS

"The Shapes of Organic Molecules," J. B. Lambert, Scientific American,
222, S8 (1v70).

"Analysis of the Proton Magnetic Resonance Spectrum of Cyclopropene,”
J. B. Lambert, A. P. Juvenovich, and W, L. Oliver, Jr., J. Phys.
Chem., 74, 2221 (1970).

INVITED TALKS

"Homocon jugat fon"

Case-Western Reserve University, Cleveland, Ohio, January 1970.
Unjversity of Cincinnati, April 1970.

"Nuclear Magnetic Resonance Spectroscopy"
ACS Short Course, Anaheim, California, October 1969.
Wheaton College, October 1969.
ACS Short Course, Houston, Texas, February 1970.
ACS Short Course, New York, New York, Msy 1970.
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SURFACE REACTIONS ON ALKALI HALIDES

J. L. Lester
Assistant Professor, Department of Chemistry

W. F. Marx
Ph.D. Thesis Research

N. J. Sell
Ph.D. Thesis Research

Objectivc

To study the interactions and reactions of impinging molecules
with an alkali halide crystal surface. These studies should yield
information on the energetics of molecules adsorbed on these surfaces
and on the mechanisus of vaporization of alkali halide crystals.

Approach

A thermal molecular beam of ionic molecules MX is impinged on a
crystal surface (NY) and the scattered MX and reacti:n products are
measured. The angular distributions of products, product ratios,
temperature dependence of products, and residence times of products
on the surface are measured by a mass spectrometer. From these data
activation energies for the several processes taking place may be
calculated.

Progpress

Two systems have been studied: (a) NaBr(v) impinging on KC1(s)
and (b) KBr(v) on NaCl(s). The product ions observed with the mass
spectrometer in (a) are NaBr', NaCl*, Na,Cl*, NaKC1®, KBr*, KC1' and
KaCl’. The last two are present in the absence of an impinging beam
at the crystal temperatures used since they are vaporization species
of KC1. The first is due to reflected beam molecules. Decay times for
NaBr*, NaCl®, NaKC1* and KBr* have been measured on a time scale of
seconds. At a surface temperature of 450°C the NaCl* and NaKC1* decay
times on shuttering the NaBr beam are on the order of 90 and 40 sec,
respectively. The other decay times are as fast as the instrumental
response. These results probably demonstrate the importance of dif-
fusional processes in the formation of the molecular precursors of
these ions. Similar results have been found for KBr(v) on NaCl(s).
Here KC1* and NakC1l* have appreciable decay times. The product ion
intensities are far from what would be predicted from equilibrium thermo-
dynamic considerations. Temperature dependences of the product intensities
are being measured.
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VAPORIZATION KINETICS OF IONIC CRYSTALS

J. E. Lester
Assistant Professor, Department of Chemistry

W. P. Dianis
Ph.D. Thesis Research

C. A. Pierce
Undergraduate Honors Research

This research is supported by the National Science Foundation.

Objecti\

To study the effect of impurities and other crystal defects on the
vaporization kinetics of simple ionic solids. To investigate the
mechanisms involved in the vaporization process for these simple solids.

Aggroach

Vaporization rate measurements are made for one face of a single
crystal of the solid under study. The single crystals are as well
characterized as possible. Typical dislocation densities and impurity
concentrations at the ppm level are determined for adjacent sections of
the original boule. The influence of changes of a defect concentration
in the crystal on the vaporization rate of the (100) face is determined
for defects such as dislocations and specific impurities. We will attempt
to correlate these variations in the vaporization rate to solid-state
properties of the crystal in an attempt to derive a reliable mechanism of
vaporization for this type of solid.

Progess

A combined zone refining and Kyropolous crystal growth apparatus
similar to one designed by Pohl and co-workers is being built in order
to reduce undersized impurities in the crystals to a few ppm. Zone
leveling may be employed to introduce impurities prior to crystal growth.
Using a specially purified hydrogen halide gas ambient atmosphere during
zone refining considerably reduces the OH™ concentration in the crystal.

Single crystal CsCl crystals have been grown from solution. The
crystals contain about .01% NH(* from the growth solution. A phase
transformation from the CsCl to the NaCl lattice at 469°C and the cation,
the more slowly diffusing ion in this lattice, makes this solid very
interesting. We have observed that the vaporization rate rises dis-
continuously when the crystal transforms to the high temperature phase.

It is necessary to raise the crystal several degrees above the transition
temperature in order to effect the phase transition in a short time. Going
through the transition temperature from above produces a discontinous drop
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in the rate. We are presently growing Ba'* doped CsCl crystals to deter-
mine the effect of a divalent impurity on the vaporization rate of this
solid and on the phase transition.

PUBLICATIONS

"Off-Axis Channeltron Multiplier for Quadrupole Mass Spectrometers, "
J. E. Lester, Rev. Sci. Instr., 41, 1513 (1970).
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PROPERTIES OF ZERO-GAP SEMICONDUCTOR

L. Liu
Associate Professor, Department of Physics

Objective

The objective of this research is a theorectical study of the
unusual dielectric screening and other related electronic properties
of semiconductors with zero-gap in their single-particle energy
spectrum.

Approach

We continue to use the same general approach as previously
reported. This includes evaluation of wave functions near the
degenerate band edge by k -p perturbation theory and calculation of
the static dielectric function under the random-phase-approximation.
However, important improvements have been made concerning the calcula-
tion of impurity-limited mobility in a degenerate n-type sample of
zero-gap semiconductors. We now use Bloch-waves instead of plane-
waves in evaluating both the intra-band electronic polarizability and
the intra-band scattering matrix element.

Progress

We have shown that the Bloch wave character of degenerate
donor electrons in a zero-gap semiconductor like a-Sn causes
significant reduction in the intra-band polarizability yx(q) from
the corresponding free-electron values over the entire range of
g-values of interest (from q=0 to q=2kg, where k¢ is ther Fermi
momentum). This factor, in turn, causes a reduction in the
impurity-limited mobility. However, if Bloch waves are also used
in the intra-band impurity scattering, the calculated mobility with
enhanced inter-band polarizability previously obtained and the reduced
intra-band polarizability is still too high as compared with the ex-
perimental values. The reason for this discrepancy is currently being
investigated.

PUBLICATION

"Dielectric Enhancement and Mobility of a-Sn," Phys. Rev., Bl§,
(1970).

INVITED TAIK

"Dielectric Constant and Enhanced Mobility in Zero-Gap Semiconductors,
Solid State Seminar, Physics Department, Purdue University,
February 1970.
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ANOMALOUS LONGITUDINAL MAGNETORESISTANCE

J. A. Marcus
Professor, Department of Physics

W. A. Reed
Bell Telephone Laboratories

This research is jointly supported by the Advanced Research Projects
Agency, the National Science Foundation and Bell Telephone Laboratories.

Objective

The objective of this research is to determine if the "zero
resistance" in a longitudinal magnetic field observed in several metals
can be explained with a theoretical model based on an anisotropic current
distribution resulting from poor lead geometry and a highly anisotropic
magnetoconductivity.

Aggroach

The approach is to solve the classical problem of the current
distribution in a metal in which the resistance parallel to the current
direction is very much less than in a direction perpendicular to the
current flow and check the theory by measurements on a metal for which
the phenomenon had not previously been observed.

Progress
The calculations fully accounted for the observations in chromium

and were further verified by measurements on high purity single crystals

of tungsten.

PUBLICATIONS

"Comments on Zero Resistance in a Longitudinal Magnetic Field———-," J. A.
Marcus and W. A. Reed, Phys. Rev. Letters, 24, 503 (1970).

INVITED TAIKS

"Negative Magnetoresistance in Metals," University of Toronto, Toronto,
Ontario, Canada, February 1970.
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LATTICE ANISOTROPY IN ANTIFERROMAGNETIC CHROMIUM

J. A. Marcus
Professor, Department of Physics

L. H. Schwartz
Associate Professor, Department of Materials Science

E. Fawcett
Bell Telephone Laboratories

W. A. Reed
Bell Telephone Laboratories

M. 0. Steinitz
Ph.D. Thesis Research (NSF Support) (Completed)

This research is jointly supported by the Advanced Research Projects
Agency, the National Science Foundation and Bell Telephone Laboratories.

ObJective

The objective of this investigation is to determine deviations from
cubic symmetry of the lattice parameters of antiferromagnetic chromium
as a function of temperature and domain orientation.

Aggroach

Measurements were made_of the differential thermal expansion and
magnetostriction of single-Q single-crystal chromium by a three terminal
capacitance technique in fields up to 100 KOe.

Prog;ess

The project was completed with the determination of the lattice
parameter ratios from the Neel temperature (312°K) to 3°K. The Q
direction was found to be the longest from 312°K to 300°K, and to be
the shortest below 220°K. At the spin-flip transition from transverse
to longitudinal spin-density-wave (122°K), anisotropic discontinuities
in length result in a volume dilatation of 1.4 x 10°® with decreasing
temperature.

PUBLICATIONS
"Lattice Anisotropy in Antiferromagnetic Chromium," M. O. Steinitz, L. H.

Schwartz, J. A. Marcus, E. Fawcett and W. A. Reed, J. Appl. Phys.,
41, 1231 (1970).
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MAGNETORESISTANCE OF POTASSIUM

J. A. Marcus
Professor, Department of Physics

J. L. Schaeffer
Ph.D. Thesis Research (NSF Support)

This research is jointly supported by the Advanced Research Projects
Agency and the National Science Foundation.

ngective

The objective of this research is to determine whether the anomalous
magnetoresistance observed by other investigators is due to an intrinsic-
ally non-spherical Fermi surface (Overhauser) or to spurious effects
(e.g., strain) indigenous to the method of sample preparation and/or
measurement.

Aggroach

Strain free spherical single crystals, x-ray oriented, are prepared
for inductive torque measurements to study the field dependence and
anisotropy of the magnetoresistance.

Pro‘Eess

Measurements made on single crystals produced by a variety of
methods show a non-saturating anisotropic magnetoresistance. Due to
difficulties in sample orientation and handling, it is not yet clear
whether these are intrinsic or secondary effects.
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TEMPERATURE AND MAGNETIC FIELD DEPENDENCE OF THERMODYNAMIC PROPERTIES AT
MAGNETIC PHASE TRANSITIONS

J. A. Marcus
Professor, Department of Physics

C. E. Burleson
Ph.D. Thesis Research (ARPA Support)

L. Frishman
Ph.D. Thesis Research (ARPA Support)

M. 0. Steinitz
Ph.D. Thesis Research (NSF Support) (Completed)

This research is jointly supported by the Advanced Research Projects
Agency and the National Science Foundation.

0b jective

The objective of this research is to study the field and temper-
ature dependence of thermodynamic properties in the vicinity of magnetic
phase transitions.

Aggroach

Magnetic phase transitions will be characterized by measurements
of the temperature and field dependence of the susceptibility, thermal
expansion and specific heat.

Progess

Thermal expansion and anisotropy of susceptibility measurements
have been made on a single crystal of alpha-uranium corroborating the
existence of three transitions below 50°K. Our measurements indicate
fifst order transitions at 23° and 37°K and a second order transition at
43°K.

PUBLICATIONS
"A Neutron Diffraction Study of the Low Temperature Chemical and Magnetic

Structure of a-Mn,"™ J. A. Oberteuffer, J. A. Marcus, L. H. Schwartz
and G. P. r‘lcm, Phy.o R”o’ 2' 670 (1970).
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DIRECT OBSERVATION OF LATTICL 1#PERTECTIONS AND THEIR RELATION TO
MECHANICAL AND PHYSICAL PROPERTIES - ELECTRON MICROSCOPIC INVESTIGATION

M. Meshii
Professor, Departient of Materials Science

K. Y. Chen
Ph.D. Thesis Research (Completed)

M. T. Melluzzo
M.S. Thesis Research

M. Wada
M.S. Thesis Research

Objective

The objectives of this project are: (1) To correlate the electron
microscopic structures of metals with their mechanical and physical
properties; (2) To interpret the structures in the atomic scale; and
(3) To establish the atomic mechanisms leading to the formation of the
structures.

Approach

(1) The basic properties of lattice vacancies, such as the energies
of formation, migration and interaction, are studied using electrical
resistivity and electron microscopy. The magnitude of interaction among
vacancies is related to the clustering of vacancies, which can be studied
electron microscopically. (2) The relation between the resulting electron
microscopic structure and controlling parameters, such as the degree
of supersaturation, temperature (or heat treatment for vacancy reactions),
alloying elements and other imperfections such as dislocations, is
critically examined with theoretical calculations. (3) Having established
the structure, the relation of mechanical properties to the structure
will be examined. The mechanical behavior of a material of known
structure is examined at various temperatures and strain rates, and
a possible mechanism of strength and plastic deformation is set up to
explain the observation.

Progress

Using transmission electron microscopy and electrical resistivity,
the formation of vacancy clusters was studied in pure aluminum quenched
into liquid nitrogen. The critical temperatures characterizing the
nucleation and the growth processes were determined. A model which was
consistent with the experimental results was found, with the following
conclusions: (1) The C./C, ratio was small in the as-quenched state;
(2) There was an initial stcage which was controlled by the formation
of divacancies; (3) The migration energy of divacancies and the binding
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energies of di- and trivacancies are 0.4 ~ 0.5, 0.05 ~ 0.17 and
0.05 ~ 0.15 eV, respectively. (4) The critical nucleus size was
in the range of 7 ~ 25 vacancy clusters. Interpretations of the
colony formation and the denuded zone formation were also obtained.

Studies are in progress correlating the surface structure with

the internal structure and plastic deformation behavior in quenched
gold.

PUBLICATION
"Electron Microscopic Investigation of Prismatic Slip in Mg-10.5 at .%

Li Single Crystals," A, Urakami, M. E. Fine, and M. Meshii,
Acta Metallurgica, 18, 87 (1970).

INVITED TALK
"An Analysis of Solid Solution Hardening and Softening,"

Lattice Defects Symposium, Inter-University Seminar House,
Hachioji, Japan, September, 1970.
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DIRECT OYSERVATION OF LATTICE IMPLRFECTIONS AND THEIR RELATION TO
MECHANICAL AND PHYSICAL PROPERTILS - PLASTIC DEFORMATION

M. Meshii
Professor, Department of Materials Science

J. B. Vander Sande
Ph.D. Thesis Research (Completed)

A. Novakovic
M.S. Thesis Research

D. Shetty
M.S. Thesis Research

Objective

To determine dislocation motion and dislocation multiplication
during plastic deformation and to correlate these observations with
macroscopic plastic deformation.

Approach

The plastic deformation is examined over a wide range of strain
rate (106 ~ 10°!) as a function of temperature, stress, and strain,
by the two modes, namely, the constant strees and constant strain rate
deformation. The structural information is obtained fram transmission
electron microscopy and suriace observation. Occasionally resistivity
measurements at 4.2°K are also performed. When the mobile dislocation
density appears to be constant, the dislocation velocity as a function
of stress can be inferred from the strain rate measurement and examined
with the dislocation velocity previously determined. In specimens where
the dislocation velocity is relatively well known, our investigation
predicts the dislocation multiplication and the relation between the
total dislocation density and the mobile dislocation density. The micro-
yielding measurement and the direct measurement of dislocation velocity
will be carried out by us to supplement the results.

Progress

The work hardening and the creep time law have been correlated
and are being examined with possible dislocation velocity stress
relations. The stress-strain relation and resistivity-strain relation
were determined in detail in copper and aluminum single crystals with
static and dynamic loading conditions.

The plastic deformation during the cyclic loading (fatigue condition)

is being investigated with the objective of predicting the cyclic creep
behavior from the static creep data.
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DIRECT OBSERVATION OF LATTICE IMPERFECTIONS AND THEIR RELATION TO
MECHANICAL AND PHYSICAL PROPERTIES - GOLD BASE ALLOYS

M. Meshii
Professor, Department of Materials Science

M. Graham
Ph.D. Thesis Research

This research is partially supported by the National Institutes
of Health.

Objective

The objectives of this research are: (1) To examine the mechanical
properties of gold and gold-base solid solutions. (2) To establish
the kinetics and morphology of precipitation in gold base alloys. (3) To
study the plastic behavior of the alloys at various stages of precipita-
tion. (4) To establish the ultimate strengthening ability of this alloy
system.

Approach

(1) Microhardness, resistivity and electron microscopy are employed
to study the kinetics and morphology of precipitation. (2) Tensile
tests and creep tests will be used to study the plasticity of single
crystals of alloys whose structures are determined in (1). (3) The
mechanical response of single crystals will be examined as a function
of temperature, strain rate, applied stress, initial structure, and the
different stages of deformation.

Progress

The precipitation-hardening study in the Au-Ti system has been
completed, using polycrystalline specimens.
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EFFECT OF POINT DEFECTS ON MECHANICAL PROPERTIES OF METALS

M. Meshii
P'rofessor, Department of Materials Science

T. Mifune
Postdoctoral Research Associate (Completed)

K. Marukawa
Postdoctoral Research Associate

J. Gerard
Ph.D. Thesis Research

A. Sato
Ph.D. Thesis Research

This research is supported by the United States Atomic Energy
Commission.

Objective

The purpose of this research is to investigate the role of point
defects in determining the mechanical properties of metals and alloys.

Approach

Electron irradiation at low temperatures is used as a means to
generate a random distribution of interstitial atoms. Using single
crystals of metals and alloys as specimens, a study is made of the
effects of irradiation with various doses and of the subsequent anneal-
ing on mechanical properties such as flow stress, work-hardening
parameters, and the temperature and strain rate dependencies of flow
stress. Interpretation of the results can be facilitated by information
available on electron irradiation damage. The effects of lattice vacancies
which are generated by rapid quenching are also included in the investi-
gation. The experimental results obtained are critically e:amined
according to the existing theories and our theoretical calculations.

Progress

The mechanical effects of self-interstitials and lattice vacancies
have been characterized satisfactorily in f.c.c. metals. Theoretical
calculations have been performed to examine in detail the nature of the
interactions between dislocations and the atomic defects. In addition
to the calculation on the misfit defect and an extended dislocation
interaction, which had been reported earlier, we have performed calcula-
tions on the modulus defects and an extended dislocation interaction.
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We have also applied the Peierls dislocation to the misfit defect-dis-
location interaction.

The electron irradiation experiments have been performed on pure
iron single crystals to investigate the rate controlling process of
plastic deformation in b.c.c. metals. It has been clearly demonstrated
that the presence of randomly dispersed interstitials causes a softening
effect in iron.. This effect can be interpreted only by the intrinsic
solution softening mechanism; thus, the low temperature strength of
iron must be attributed to an intrinsic property of iron such as the
Peierls stress. A calculation was performed to examine the effect of
misfit defects on dislocation motion in a periodic potential field.

The result indicated that the mobility of dislocation can be increased
(softening effect) or decreased (hardening effect) by the presence of

the misfit defects, depending on temperature, applied stress and material
constants such as the self-energy of dislocation, the periodic energy
change and the strength of the misfit defects.

PUBLICATIONS

"Evaluation of Interactions Between a Dislocation and Imperfections
Using a Continuously Distributed Dislocation Model," T. Mifune and
M. Meshii, Journal of the Physical Society of Japan, Vol. 29,
No. 3 (1970).

"Initial Hardening in Quenched Gold," M. S. Bapna, T. Mori, and M. Meshii,
Physics Status Solidi, 40, 725 (1970).
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CONTINUUM THEORY OF DISLOCATIONS

T. Mura
Professor, Department of Civil Engineering

W. Huang
Ph.D. Thesis Research

H. H. Kuo
Ph.D. Thesis Research

Objective

Theoretical prediction of inelastic behavior of materials
is our final goal.

Approach

The elastic fields and the associated potential energy of the
system containing dislocations are theoretically investigated by a
unified method of continuously distributed dislocations which includes
anisotropy of materials and dynamic states of dislocation configura-
tions. The method is also convenient when one considers the relation-
ship between macroscopic plasticity and dislocation theory.

The material under consideration is assumed to be an elastic
continuum. The theory of elasticity is applied in the framework of
linear elasticity by employing Green's tensor functions or their
Fourier transforms. Any elastic field caused by imperfections in
structure of materials is expressed in terms of the "equivalent"
plastic distortion. The equivalent plastic distortion takes various
forms according to the nature of the imperfections. Point defects,
inclusions, dislocations, disclinations and phase transformations,
including thermal expansions, are expressed by the equivalent plastic
distortion.

Progress

The fundamental relations among dislocation density tensors,
plastic distortion tensors and dislocation flux tensors are intro-
duced by the Fourier integral method. This method is applied to find
displacement and plastic distortion fields for arbitrarily given dis-
tributions of dislocations in anisotropic media. Before this result,
no general method has existed for finding the displacement and plastic
distortion fields caused by dislocations.

Recent work done by J. R. Willis (Phil. Mag. 21, 931, 1970) is
extended to uniformly moving dislocations in anisotropic media. The
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associated velocity and elastic distortion fields are obtained in
explicit forms.

The displacement, stress and elastic strain energy are cal-
culated for a circular edge disclination in an infinite elastic medium.
It is pointed out that the elastic strain energy is bounded like
that of a dislocation loop. The disclination loop of radius R and
twist (0 has energy of order u (PR® log R/r,, while the dislocation
loop has energy of order pb®R log R/x,, where 1, is a commcn inner
cut-off radius. The former has a stronger R dependency than the latter.

PUBLICATIONS

"Diglocation Pile-up in Half-Space," J. G. Kuang and T. Mura, J. Appl.
Phys., 40, 5017 (1969).

"A Variational Method for Limit Analysis of Anisotropic and Non-
homogeneous Solids," T. Mvva, S. L. Lee, and W. H. Rimawi,

Developments in Theoreti L and Applied Mechanics, 8, edited
by D. Frederick, Pergamou Press, New York (1970).

INVITED TALKS

"Green's Tensor Functions for a Continuum with Dislocations," Systems
Dymamics Seminar given for Applied Mathematics Division of the
National Bureau of Standards, January 1970.
"Displacement Fields of Continuously Distributed Dislocations"
Continuum Mechanics Seminars, Princeton University, March 1970.
Engineering Materials Group Seminar, University of Maryland, March 1970.
"New Contributions to Mathematical Theory of Dislocations™

Institute of Physics, Czechoslovakian Academy of Sciences,
September 1970.

The 13th Polish Mechanics Conference, September 1970.

Center of Mechanics of Solids, Rumanian Academy of Sciences,
September 1970.

School of Engineering, Robert College, Istanbul, September 1970.
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ANALYTICAL STUDY ON DISLOCATIONS IN THIN FILMS

T. Mura
Professor, Department of Civil Engineering

K. Saito
Postdoctoral Research Associate

S, C. Lin
Ph.D. Thesis Research

This research is primarily supported by the Atomic Energy
Commission.

Objective

Stress, deformation and displacement fields caused by disloca-
tions in thin films will be obtained by analytical methods of elasticity.

Approach

A periodic solution of stress and displacement in an infinitely
extended elastic medium has been developed by us for the case when
a distribution of dislocations is described by a periodic function of
dislocation density tensor. This fundamental solution may be used
forhany arbitrary dislocation configuration, by the use of a Fourier
method.

We will use the same approach in this investigation, finding
the traction on the two surfaces and superimposing the opposites in
order to clear the surface of the tractions. The elastic solutions
will be accomplished by the method suggested by Lure. The following
cases will be under consideration: A screw or edge dislocation
threading a foil obliquely; a dislocation loop and a vacancy cluster;
a helical dislocation; a dislocation network; and interactions between
dislocations, impurities and cavities. The result will be useful
for electron microscopic contrast study, stability study of distri-
bution of dislocations, and the property of thin films as component
materials in electronic and camputer industries.

Progress

The state of stress and displacement in a thin film due to
the presence of a periodic distribution of screw dislocations will
be investigated by the method of continuously distributed dislocations
and the three-dimensional theory of elasticity. The dislocations are
straight and pierce obliquely the surface of the thin film. They are
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distributed uniformly inside the square domains and their total strength
(Burgers vector times density) inside of a square domain is constant.

Emphasis will be placed upon the stress relaxation caused by
the presence of free surfaces.
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DISLOCATION THEORY OF PLASTICITY

T. Mura
Professor, Department of Civil Engineering

E. A. Hudson-Phillips
Ph.D. Thesis Research

P. Wheeler
Ph.D. Thesis Research

This research is primarily supported by the National Science
Foundat ion.

Objective

This investigation is directed towards interpreting phenom-
enological and mathematical formulae in classical plasticity in terms
of dislocation behavior and providing new direction for the field
of crystal plasticity based on a more physical background.

Approach

Stress fields in elasto-plastic materials are considered as
the sum of the applied elastic stress and the dislocation stress.
The Mises yield criterion is interpreted as a critical value of the
Peach-Koehler force on continuous distribution of dislocations. The
dislocation flux tensor is introduced and related to the plastic
distortion. The constitutive equations of materials are derived from
the velocity dependency of a dislocation upon the stress and the law
of multiplication of dislocations.

Progress

Problems concerning wave propagation in homogeneous materials
with periodically distributed eigenstrain and in composite materials
were considered and parallels between the two problems investigated.
It was found that, unlike the static case, no one eigenstrain problem
corresponds to one composite material problem for all wave lengths.
However, some interesting similarities were encountered. For example,
the form of the solution for the displacements was the same in both
problems. This fact is of importance in the choice of trial series
for application of the Ritz energy method to the composite material
problem. Using the Ritz method for laminated materials, dispersion
curves can be obtained which are as close to the known exact curves
as desired. Solutions can also be obtained for fiber-reinforced
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materials for which there are no known exact solutions. An attempt
was made, without success, to find an approximate method for obtaining
dispersion curves for composite materials using solutions to geometri-
cally similar eigenstrain prodblems.
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MOSSBAUER EFFECT STUDLES OF MATERIALS

L. ll. Schwartz
Associate Professor, Department of Materials Science

N . l‘l,u
Ph.D. Thesis Research

Objective

The Mossbauer effect is being used to determine the austenite
fraction in steels.

Aggroach A

Quantitative techniques will be developed by studies of Fe-Ni
alloys. Fine particles of Fe-28 Ni produced chemically may be heat
treated to produce samples of 100% austenite or 100X martensite.
Mixtures of these two samples in various proportions produce samples
of controlled austenite fraction for use as calibration of Méssbauer and
x-ray diffraction austenite determinations.

Proggess

Powder samples have been prepared and checked with Missbauer
spectroscopy. A sequence of controlled comparisons of the Mossbauer
effect and x-ray techniques are now underway.

PUBLICATIONS

"Quantitative Analysis Using Méssbauer Effect Spectroscopy," L. H.
Schwartz, Int. J. of Nondestructive Testing, 1, 353 (1970).
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LATTICE ANISOTROPY IN ANTIFERROMAGNETIC CHROMIUM

L. H. Schwartz
Associate Professor, Department of Materials Science

M. Steinitz
Ph.D. Thesis Research (completed)

This research was partially supported by the Advanced Research
Projects Agency and the National Science Foundation and was carried out
in collaboration with Professor J. Marcus of the Northwestern University
Physics Department and Drs. E. Fawcett and W. A. Reed of the Bell
Telephone Laboratories.

Objective

Thermal expansion and magnetostriction measurements were made
to investigate the lattice anisotropy of antiferromagnetic chromium.

Approach

Length changes were measured using a three terminal capacitance
dilatometer at the low temperature facilities at the Bell Telephone
Laboratories. Facilities included a 100 KG superconducting magnet.

Progress

Thermal expansion and magnetostriction measurements on single
8, single crystal chromium gave the lattice parameter ratios in the
transverse spin-density-wave phase, through the spin-flip transition,
and in the longitudinal spin-density-wave phase. The spin-flip transi-
tion was found to be accompanied by anisotropic discontinuities in length
resulting in a net volume dilatation of 1.4 510)‘5 with decreasing
temperature. The § direction was found to be the longest axis at 300°K
and to become the ghortest axis below about 220°K. Low temperature
thermal expansion yielded values for the anisotropic Gruneisen constant
in marked disagreement with those obtained from low temperature magneto-
striction data.

PUBLICATION
"Lattice Anisotropy in Antiferromagnetic Chromium,” M. 0. Steinitz,

L. H. Schwartz, J. A. Marcus, E. Fawcett, and W. A. Reed, J. Appl.
Phys., 41, 1231 (1970).
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MAGNETIC STRUCTURE OF MnAs and MnAs 92P 08
L. H. Schwartz
Associate Professor, Department of Materials Science

E. Hall
Ph.D. Thesis Research (Completed)

This research was supported by the National Science Foundation,
and in part by the Advanced Research Projects Agency, and was carried
out in collaboration with Dr. G. P, Felcher of the Argonne National
Laboratory (supported by the Atomic Energy Commission).

Objective

The main objective of this research was to study the magnetic
structure of MnAs in the B3l crystallographic form and examine the
validity of the model proposed by Goodenough and Kafalas (Phys. Rev.,
157, 389 (1967)) that the manganese is in a low spin state in the
orthcrhombic B31 structure, but high spin in the hexagonal B8 structure.

Approach

Powder neutron diffraction measurements have been made of MnAs
at various temperatures and pressures and of MnAs 92P o8 3t various
temperatures. e

Prggress

The sinilarity of the ordered magnetic structures of orthorhombic MnAs
(stable at high pressure) and orthorhombic MnAs 92P.0s has been confirmed
using neutron diffraction. Below the magnetic 6r§eigng temperature,

Tc, a canted spin structure is found for both materials. Neutron diffrac-
tion measurements from magnetically ordered and disordered temperature
regions show that in these materials the Mn magnetic moment varies with
the volume of the Mn atom. The variation of the magnitude of the Mn
magnetic moment is explained using the relation between Pauling valence
and magnetic moment introduced by Mori and Mitsui. The results are in
disagreement with the currently accepted interpretation of the suscepti-
bility data.

PUBLICATION
"Crystal and Magnetic Structure of MnAs o P ,q," E. L. Hall, L. H.
9§iag§e

Schwartz, G. P. Felcher, and D. H. y, J. Appl. Phys., 41,
939 (1970).
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STUDIES OF THE LOW TEMPERATURE DECOMPOSITION OF Fe-Cr USING THE MOSSBAUER
EFFECT

L. H. Schwartz
Associate Professor, Department of Materials Science

D. Chandra
Ph.D. Thesis Research (Completed)

This research was supported by the inland Steel Fiundation and
the American Iron and Steel Institute.

Objective

The Mossbauer effect was used to investipate the decomposition
of metastable iron-chromium alloys at 475°C. These experiments examined
the suggestion of Lagneborg (Trans. ASM, 60, 67 (1967)) that the operat-
ing process at 475°C is spinodal decomposition.

Approach

Méssbauer effect patterns of Fe-Cr alloys were made as a functien
of annealing time at 475°C. Analysis of the matrix and precipitate
composition were made by examining the magnitude of the magnetic hyper-
fine fields in the ferromagnetic matrix and iron-rich precipitate.

Progress

Mdssbauer effect studies have been carried out to investigate
the 475°C decomposition of binary iron-chromium alloys. Spectra of
Fe-24 and Fe-60 at.pct Cr were obtained in the as gquenched and annealed
conditions. When the Fe-60 at.pct Cr alloy was aged at 475°C for up to
30 hours, the spectrum broadened but showed no sign of resonant absorption
at energies expected for the equilibrium two phase alloy. This data is
interpreted as an indication that initial decomposition produces
fluctuations about the average composition, consistent with expectations
for spinodal decamposition as would be predicted for this alloy at 475°C.
By contrast, the Fe-24 at.pct Cr alloy lies outside the spinodal at 475°C
and gives Mdssbauer spectra consistent with decomposition via nucleation
and growth. Limited success was achieved in attempts to synthesize
the observed spectra using simple models of the hyperfine spectra and
the theory of spinodal decomposition.

PUBLICATION

"Méssbauer Effect Studies of Spinodal Decomposition in Fe-Cr," D. Chandra
and L. H. Schwartz, in Méssbauer Effect Methodolopy (ed. I. J.
Gruverman), vol. 6, 1970.




INVITED TALKS

"Méssbauer Effect Studies of Spinodal Decomposition in Fe-Cr," presented
at colloquium series of:

International Nickel Co., Suffern, N. Y., February 1970.

Inland Steel Corporation, Whiting, Indiana, May 1970.
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SULFUR DIOXIDE COMPLEXES AND SULFUR DIOXIDE -- SURFACE INTERACTIONS

D. F. Shriver
Associate Professor, Department of Chemistry

D. M. Byler
Ph.D. Thesis Research

Objective

The objective is to find structurally diagnostic vibrational
spectroscopic criteria for the structures of SO, complexes, and to
apply these criteria to a study of the surface species for adsorbed

Apgproach

Infrared and Raman data are being collected on SO, complexes
of known structure. Ultimately the structure-spectroscopic cor-
relations will be applied to a study of SO, on surfaces.

Progress

The Raman spectrum has been obtained for SbFg SO, in the solid
state and in solution.
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VIBRATIONAL STUDIES OF HALIDE COMPLEXES

D. F. Shriver
Associate Professor, Department of Chemistry

S. Leone
Undergraduate Research Participant (NSF Support) (Completed)

C. Geosling
Undergraduate Research Participant (NSF Support)

Objective

The aim of this research is to elucidate the nature of interionic
forces in complex crystals.

Approach

Far-infrared and Raman studies of [N(C,Hg)s],[InCly] and ferro-
electric compounds are being undertaken.

Progress

A detailed single crystal Raman study of [N(C,Hg),13[InClg] has
been performed. The results allow definitive assignments to be made
for most of the internal modes of InCl;®=, which has the unexpected
square pyramidal geometry. The results indicate that interionic forces
are important in determining the structure of the anion. At present
the pressure dependence of the infrared and Raman spectra is being
studied in collaboration with Dr. J. R. Ferraro at Argonne National
Laboratory. Results from these studies should enable us to gain further
insight on the lattice modes and the interionic potential.

Vibrational studies are in progress on the ferroelectric compounds
[N(CHy ), 1[HgX;], X =C1, Br, I. Our approach involves spectroscopy on
both solutions and solids. The mercury-halogen stretching modes are
easily detected and assigned. As yet assigmnments are unclear for the
metal-halogen deformation modes, which are intimately related to the
ferroelectric behavior.

PUBLICATIONS

"Polarized Raman Scattering by Tetraethylammonium Pentachloroindate(III)
Single Crystals. Vibrational Assignments for the Square Pyramidal
InCls 3~ Ion," S. R. Leone, B. Swanson, and D. F. Shriver, Inorg.
Chem., 9, 2189 (1970).

- 158 -



"Vibrational Spectra, Vibrational Analysis, and Bonding in Acetonitrile--
Boron Trifluoride," B. Swanson and D. F. Shriver, Inorg. Chenm.,
9, 1406 (1970).

INVITED TALK

"Single Crystal Raman Spectrum of [(CHg ),N])o[InCl;]," I1linois Institute
of Technology, Winter, 1970.
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INTERACTION OF LEWIS ACIDS WITH METAL COMPLEXES

D. F. Shriver
Associate Professor, Department of Chemistry

D. Lehman
Ph.D. Thesis Research

Sr. Agnes Alich
Ph.D. Thesis Research

J. Woo
Ph.D. Thesis Research

J. Hall
Postdoctoral Research Associate (Part-time)

This research is primarily supported by the National Science
Foundation.

Objective

To explore the interaction of simple Lewis acids with transition
metal complexes.

Approach

Synthesis and characterization of new compounds is being per-
formed. Characterization of these complexes is performed by chemical,
spectroscopic and x-ray methods.

Progreea

The formation of carbon and oxygen coordinated CO has been
accomplished. This introduces a new structural feature in carbonyl
chemistry. Several new compounds have been prepared from square
planar metal complexes and Lewis acids.

PUBLICATIONS

"The Lewis Basicity of Metal Complexes,"” R. N. Scott, D. F. Shriver,
and D. D. Lehman, Inorg. Chim. Acta, 4, 73 (1970).

"The Reaction of Trichlorostannate(II) and Trichlorogemminate(II) with

BF," I. Wharf and D. F. Shriver, J. Inorg. Nucl. Chem., 32, 1831
(1970).
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"Transition Metal Basicity," D. F. Shriver, Accounts of Chem. Res.,
3, 231 (1970).
INVITED TALKS

"Carbon and Oxygen Coordinated Carbon Monoxide," Symposium on Metal-
Metal bonds, Joint ACS-CIC Meeting, Toronto, Ontario, Spring, 197C.

"Transition Metal Basicity."

McGill University, Montreal, Quebec, November 1969.
University of North Dakota, Grand Forks, North Dakota, October 1969.
Northern Illinois University, DeKalb, Illinois, March 1970.
I1linois Institute of Technology, Chicago, Illinois, 1970.
DePaul University, Chicago, Illinois, December 1969.

*Prairie View A&M, Prairie View, Texas, April 1970.

*Southwestern University, Georgetown, Texas, April 1970.

*Texas Wesleyan College, Fort Worth, Texas, April 1970.

*Robert Welch Foundation Lecturer.
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METAL HYDRIDE COMPLEXES

D. F. Shriver
Associate Professor, Department of Chemistry

G. Kubas
Ph.D. Thesis Research (ARPA Supported)

A. Goya
Ph.D. Thesis Research (N.I.H. Fellow)

This research is jointly supported by the American Chemical
Society Petroleum Research Fund and by the Advanced Research Projects
Agency.

Objective

Our immediate goals center on the preparation and characterize-
tion of hydride bridged post-transition metal complexes. Ultimately
we hope to obtain a good description of the potential energy function
for M-H-M systems.

Approach

Classical chemical and spectroscopic methods are used to follow
the preparation and characterization of new hydride bridged campounds.

Progress

Evidence for a double hydride bridged zinc complex has been
obtained from infrared and molecular weight data. The probable structure
is,

/H\ 2-

Ry Zn ZnR, R = CgHg or GgFg

\H/

Another series of hydride containing anions with the empirical formula
NaH(ZnHR), has been obtained for which NMR evidence indicates, but

does not prove, the presence of hydride bridges. While the zinc hydride
complexes display some novel structures and chemistry, detailed vibra-
tional analysis is not possible because of the near coincidence of
normal modes which makes assignments and band positions uncertain.
Therefore we are studying group III hydrides where better separation
occurs for the normal modes.
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PUBLICATIONS

"The Nature of Dialkyl- and Diarylzinc Hydride Complexes," G. J. Kubas
and D. F. Shriver, J. Am. Chem. Soc., 92, 1949 (1970).

"Preparation and Characterization of Alkali Metal Hydride Complexes
of Bis(pentafluorophenyl)zinc. Evidence for a Double Hydride
!(3ridge):," G. J. Kubas and D. F. Shriver, Inorg. Chem., 9, 1951

1970).

- 163 -




METAL POLYMER COMPLEXES

D. F. Shriver
Associate Professor, Department of Chemistry

T. Iwamoto
Associate Professor (Visiting)

This research is partly supported by a grant from the Alfred P.
Sloan Foundation.

Objective

Our primary objective is to study the systematics of ethylenediamine-
bridged metal complex formation.

Approach

Raman and infrared spectroscopy are being employed to dis-
tinguish bridging ethylenediamine (C;}, symmetry) from chelating
ethylenediammine (C, symmetry) for a series of compounds with the
formula M{zen, where M=Zn, Cd or Hg, X=C1, Br or 1 and en=ethylene-
diamine (CoHeN;). For bridging ethylenediamine with Cg;p symmetry
the vibrational selection rules require mutual exclusion of the infra-
red and Raman bands, whereas coincidences are expected for chelate
complexes.

Progress

Structural conclusions from the vibrational data are summarized
in the table. In addition, the table shows the predicted limits of
stability based on the idea that the halogen radius is a critical
factor in determining the stability of the polymeric complex. The
agreement is excellent.

Observed Structures For MX;en

(P = en bridged polymer as judged by vibra-
tional data; X = nonpolymer; # = favorable
halide radius)

X
M c1 Br 1
Zn P and X X X
cd p* p¥ X
Hg P* * X
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CALCULATION OF ENERGIES AND CONFIGURATIONS OF LATTICE DEFECTS IN METALS

K. S. Singwi
Professor, Department of Physics

P. V. S. Rao
Ph.D. Thesis Research

Objective

The purpose of this investigation is to calculate the energies and
atomic configurations of lattice defects in simple cubic metals.
Relaxation of atoms around the defect and the effects of electron re-
distribution will be considered.

Approach

The basic physical input into these defect calculations is the
interionic potential function. Hitherto, such calculations have been
made with a potential which is not very realistic. Using the self-
consistent dielectric function of Singwi et. al. and the Ashcroft-type
pseudopotential, Shyu, Singwi and Tosi have calculated the interionic
potential in alkali metals. We have other evidence to suggest that this
is a reasonable potential to use.

Progzess

Using the potential of Shyu et. al., calculations of the stacking
fault energies in the alkalis are in progress.
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COLLECTIVE MOTLONS IN CIASSICAL LIQUIDS

K. S. Singwi
Professor, Department of Physics

K. N. Pathak
Postdoctoral Research Associate (Completed)

This research is jointly supported by the Advanced Research Projects
Agency, the U. S. Atomic Energy Commission and the National Science
Foundation.

Objective

Recent inelastic neutron scattering experiients and molecular
dynamics computer calculations have shown that in the region of high
frequency and short wave lengths, there exist collective motions in
classical liquids. An interesting and basic question is: what is the
nature of these collective motions? 1Is it possible to understand them
in terms of the basic interaction between the atoms?

Aggroach

In the high frequency region where usual hydrodynamics is in-
applicable and the microscopic structure of the liquid plays an important
role, a self-consistent field method, which can be viewed as the
generalization of the RPA for the electron liquid, has been used to develop
a theory of collective motions. In this theory one introduces a self-
consistent polarization potential that provides the restoring force and a
screened response function. Various approximations for these two functions
are then used.

Progress

A theory on the above mentioned lines has been developed, and has
the merit that the dynamic form factors S(quw) satisfies exactly low order
moment relations. Explicit numerical calculations for the longitudinal
current correlations have been made for liquid argon and the results are
surprisingly in good agreement with experiments. Numerical calculations
for liquid sodium are in progress.

PUBLICATIONS

"Collective Motions in Classical Liquids,”" K. S. Singwi, K. Skold and
M. P. Tosi, Phys. Rev. A, 454 (1970).
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INVITED TALKS

"Atomic Motions in Liquids,"” Colloquium at Northern Illinois University,
DeKalb, Illinois, May 1970.
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LLEC FRON CORRELATLONS AT METALLIC DENSITIES

K. S. Singwi
Professor, Department of Physics

Fhis rescarch is jointly supported by the U. S. Atomic Energy
Commission, the National Science Foundation and the Advanced Research
Projects Agency.

Uhjcctivc

During the last decade and a half, one of the central problems in
solid state physics which has attracted considerable attention has been
the study of the behavior of a degenerate electron gas at metallic
densities. A very fruitful formulation of this many-body problem of an
interacting electron gas is in terms of a frequency and wave number
dependent dielectric function. The latter plays an important role in
the calculation of many interacting metallic properties, among these are
the phonon spectrum, the elastic constants, the electrical sensitivity,
optical properties and properties of plasmons. It is now possible to
determine these properties experimentally with fair precision-hence an
cver increasing Jemand on a theoretician for a better dielectric function.

Apgruuch

A very fruitful formulation of the problem of electron correlations
at metallic densities (electron liquid) is in terms of a frequency and
wave number dependent dielectric function. A self-consistent theory of
these correlations which makes the dielectric function a functional of
the Fourier transfor~ of the pair distribution function has been developed.
It has the virtue of giving a physically reasonable pair distribution
function and satisfying the compressibility sum rule.

Progrcss

The frequency and wave number dependent dielectric function has been
used to calculate a variety of interacting metallic properties, among
these are the phonon spectra of alkali metals, the elastic constants,
properties of plasmons ar.1 interionic potentials, with reasonable success.
[t has also been extended to study spin correlations in the electron liquid
and has led for the first time to the calculation of the wave vector
dependence of the internal magnetic field. Such a dependence is confirmed
by recent experiments.

PUBLICATIONS

"Electron Correlations at Metallic Densities, III,™" K. S. Singwi, A. Sjolander,
M. P. Tosi and R. H. Land, Solid State Communications I, 1503 (1969).
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"Electron Correlations at Metallic Densities, IV," K. S. Singwi, A. Sjolander,
M. P. Tosi and R. H. Land, Phys. Rev. B, 1044 (1970).

"Spin Correlations in the Electron Liquid," R. Lobo, K. S. Singwi and M. P.
Tosi, Phys. Rev., 186, 470 (1969).
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MANY-LLECTRON LFFLCTS ON [TiE ENIANCEMENYS OF THE KORRINGA CONSTANT AND
SPIN-LATTICE RELAXATION RATES IN ALKALI METALS

K. S. Singwi
Professor, Department of Physics

K. N. Pathak
Postdoctoral Research Associate (Completed)

P. Bhattacharyya
Ph.D. Thesis Rescarch (ARPA Support)

This research is jointly supported by the Advanced Research Projects
Agency and the National Science Foundation.

Objective

[t is well known that the enhancements of the Korringa product and
the ratio of Zeeman to dipolar spin-lattice relaxation rates in metals
is due to electron-electron interaction. Recent experimental work has
shown that it is not possible to explain quantitatively and understand
in a consistent manner the observed spin susceptibility, ti. Korringa
preduct and the relaxation rates in the alkalis.

AEproach

From an analysis of previous workers in the field, it is clear that
what is chiefly lacking in the theoretical treatment is the proper wave
vector dependence of the effective exchange correlation potential in the
generalized susceptibility expression. This effective potential has been
calculated by us using the self-consistent theory of spin correlations of
Singwi et al. This potential is then used to calculate the relevant
quantities using the theories of Moriya and Wolff.

Progress

Numerical calculations of the Korringa constant for the alkalis and
the ratio of Zeeman to dipolar relaxation times for sodium have been made
and the results are in excellent agreement with experiment. This we believe
to be the first satisfactory explanation of the data.
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STUDIES OF HIGH TEMPERATURE MATERIALS

F. E. Stafford
Associate Professor, Department of Chemistry

J. R. Wyatt
Ph.D. Thesis Research (NIH Fellow)

G. A. Pressley, Jr.
Mass Spectrometrist

Objective

This research is directed towards the identification of the species
in equilibrium with graphite, hydrogen and nitrogen at temperatures of
about 2000°C, and the determination of their mechanisms of formation.

Aggroach

Hydrogen nitrogen mixtures, or hydrocarbons are passed through a
reactor held at the temperature of interest. Material effusing from the
reactor is collimated into a molecular beam. The molecular beam is
intersected by an electron beam. 1Ions are formed and analyzed with a
mass spectrometer. The neutral species originally present are deduced.

Proggess

An on-line control and data gathering system was considered necessary
for proper execution of these complicated experiments. The necessary
interfacing was constructed, and the programs written. The system is now
operating satisfactorily. The graphite-nitrogen system is being examined
at about 2000°. Thermodynamic properties of some of the C-N molecules
are being determined, and others, reported previously are being sought.

PUBLICATIONS
"Molecular Beam Mass Spectra and Pyrolyses of Pentaborane(9), Tetraborane

Carbonyl, and Pentaborane(ll): Formation and Mass Spectrum of ByHz,"
R. E. Hollins and F. E. Stafford, Inorg. Chem., 9, 877 (1970).
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TRANSITION METAL 0XO- AND THIO-TETRAHALIDES

[‘ . Eo St{l ffl)rd
Associate Professor, Department of Chemistry

B. J. Glover
Pli.D. Thesis Research

T. F. Reynolds
Ph.D. Thesis Research

Objective

To obtain the vibrational and the electronic spectra of such
molecules as MoOCl, and WSCl, in order to determine the geometry of the
molecule, the electronic structure and the vibrational force constants,
particularly for the deformation modes. (These molecules are 5-coordinate
in the vapor but 6-coordinate in the condensed phase. We are interested
in the unusual S-coordinate species.)

AEEroach

Spectra in the range 40,000 cm'! (UV) to 40 cm'® (far infrared) are
measured using a high temperature gas cell and a rare gas matrix isolation
apparatus.

Progress

Several of the oxotetrahalides have been synthesized and their purity
verified. A thiotetrahalide also has been synthesized. Measurement of
the WOCls spectra has started.
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HIGHLY ENERGETIC SYSTEMS

F. E. Stafford
Associate Professor, Department of Chemistry

D. L. Singleton
Ph.D. Thesis Research

G. A. Pressley, Jr.
Mass Spectrometrist

This research is supported by the Atomic Energy Commission.

Objective

The objective of this program is to study high temperature species.

Aggroach

A mass spectrometer is used to detect species in a molecular beam
effusing from either a Knudsen cell or a flow reactor.

Proggess

The vapor composition above a series of transition metal dioxodi-
halides, oxotetrahalides and thiotetrahalides is shown to be monomeric.
A correlation of these and other inorganic mass spectra is made.

PUBLICATIONS
"Mass Spectrometric Investigation of the Fragmentation Pattern and the

Pyrolysis of BHaCO," O. Herstad, G. A. Pressley, Jr., and F. E.
Stafford, J. Phys. Chem., 74, 874 (1970).
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SPLCTRA Or HIGH TEMPERATURE SPECIES

F. E. Stafford
Associate Professor, Department of Chemistry

M. J. Biallas
Visiting Associate Professor

K. L. Treuil
Postdoctoral Research Associate

G. Outterson
Undergraduate Research Participant

This research is supported by the United States Army Research
Of' tice-Durham.

Objective

The main goal of this work is to obtain structural information,
and from it, the thermodynamic properties of model systems and of high
temperature species responsible for corrosion and mass transport of
refractories.

AEEroach

Infrared spectra are measured with rare gas matrix isolation
apparatus in the spectral range 4000-40 cm'®.

Progress

The matrix isolation apparatus is working. A glass, lightweight
apparatus has been constructed. Both are being tested with transition
metal compounds.
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CRYSTALLOGRAPHY OF THE o — B TRANSFORMATION OF TIN

J. T. Waber
Professor, Department of Materials Science

A. W, [wald
Professor, Department of Physics

D. £. Pecase
Ph.D. Thesis Research

Objc<tive

The objective here is to better determine the mechanisms of the
a = B transformation in tin. That is, to examine the deformation
mechanisms associated with the transformation, while at the same time
looking for indications of either shear or diffusion-like behavior in
the mechanism.

AgEroach

The basic study of the reaction will utilize a low temperature
stage in the electron microscope. Samples will be transformed in the
microscope, where studies of the deformation mechanisms will be carried
out.

As a secondary study, single crystal samples produced in capillary
tubing will be partially transformed. X-ray examination of the areas
surrounding the interface will be made to search for a relationship
between the two phases and the deformation of the B phase.

Progress

Large grained samples have been prepared for study using the strain
anneal method. Samples suitable for study in the electron microscope
have been thinned using a jet polishing technique. Preiiminary studies
of the slip systems in the white phase through the analysis of slip
traces are currently being carried out.

A cold stage has been designed and built for the electron microscope.
Initial tests have indicated that a base temperature of -73°C can be
obtained when the electron beam is not on. Initial attempts to examine
specimens in this unit are now in progress.

In the x-ray studies, some success has been achieved in obtaining
well-formed single crystals of the a-allotrope by the capillary method.
The crystals prepared by the capillary method have been transformed to
the B-allotrope in a low temperature box. X-ray examination of the trans-
formed crystals reveals considerable deformation and some polycrystalline
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eff'ects, making orientation studies difficult but some limited success
has been achieved. Two orientation relations have been obtained to date:

400

1. (001) - (001),

2. (001) - (001) 4 54°

These studies are continuing.
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PITTING OF METALS

J. T. Waber
Professor, Department of Materials Science

P.vV.S. Rao
Ph.D. Thesis Research

Objective

This work is directed towards determining those factors contri-
buting to the growth of corrosion pits in metals. This work is also
directed towards studying interfacial reactions in general.

AEEroach

A joint theoretical and experimental attack on surface reactions
has continued. The experimental part has been deferred for lack of an
interested student. Detailed analysis of the influence of the potential
gradient near a metal surface on adsorbed atoms has been carried out
using a quasi-ionic model of a metal.

Proggess

A detailed paper was prepared in which the influence of the following
factors on the splitting of the electronic energy levels in an adsorbable
atom (or ion) was investigated:

(1) Crystal structure of the substrate (BCC or FCC);

(2) Nature of absorbable atom (atomic number, bonding orbitals
involved, degree of ionization);

(3) Number of nearest neighbors associated with different crystal-
lographic planes (hkt) bounding the solid;

(4) Relative position of the adsorbable atom on the 2-dimensional
lattice of the surface plane.

Specifically, platinum and nickel were chosen as typical FCC substrates
and tungsten was chosen as a typical BCC substrate. A large collection of
noble gases, atoms, metallic ions were studied. These were chosen to
include both filled and incomplete p- and d-electrons. It was discovered
that the crystal field splitting, AE, of electronic states passed through
zero one or more times as the adsorbable species approached the surface
from infinity. The pattern depends on the substrate and the relative
position in the 2-dimensional surface lattice where the atom would strike.
The lower the local symmetry of the adsorption site, the more complex the
splitting pattern. The splitting AE was also demonstrated to increase with
atomic number in a given column of the Periodic Table.
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Analysis was also made of the numerical reliability of the solutions
of the SCF Hartree-Fock-Slater electronic calculations. These theoretical
calculations supply the quantities <r™, the so-called expectation values
of the nth power of the radius and these quantities are needed to make any
crystal field calculations.
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POTENTIAL AND CHARGE DISTRIBUTION NEAR TIIL INTERFACC OF A TRANSITION MCTAL

J. T. Waber
Professor, Department of Materials Science

L. Kennard
Ph.D. Thesis Research (NASA Trainee)

This research is primarily supported by the National Aeronautics
and Space Administration.

Objective

The objective of this research is to study the potential distribution
near the surface of a heavy transition metal and to study the redistribution
of electrons caused by the surface. Also, the influence of crystallographic
orientation and surface defects on such potentials will be investigated.

AEEroach

The potentials and charge densities of free atoms are properly super-
imposed to form a semi-infinite solid. Body-centered and face-centered
cubic and hexagonal metals will be studied.

Proggess

New computer programs have permitted us to obtain contour plots of
realistic crystal potentials for body-centered cubic tungsten and face-
centered cubic platinum. For the first time, the potentials associated
with the formation of steps and pits in a metallic surface have been
calculated and shown. The potentials have been shown to deviate signi-
ficantly from bulk values at one or two interatomic distances from a
free surface, three or four interatomic distances from the "corners" of
a surface step and one or two interatomic distances from a vacancy created
in the lattice. Potentials associated with the "split'" or partial vacancies
which occur during the diffusion of an atom by the vacancy mechanism have
also been plotted. Contour plots corresponding to the potential on the
(111) and (331) faces of a platinum crystal have also been computed.

Because of the flexibility of the computer program, questions like
local relaxation of atoms near a vacancy, an interstitial or a surface
step can be readily investigated. This is planned for the near future.
PUBLICATIONS
"Mathematical Study of Galvanic Corrosion. Equal Coplanar Anode and Cathode

with Unequal Polarization Parameters,' J. T. Waber and E. Kennard, J.
Electrochem. Soc., 117, 7, 880 (1970).
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"SCE Relativistic Hartree-Fock Calculations on the Superheavy Elements
118-131," J. T. Waber and J. B. Mann, J. Chem. Phys., 33, 2897
(1y70).

"Selt Consistent Field Hartree Calculations for Atoms and Ions," J. T.

Waber and A. C. larson, Los Alamos Scientific laboratories -
LA #4297, December 19¢9,

INVITED TALKS
"The Quantum Chemistry of the Superactinide Elements," Robert A. Welch
Foundation, commemorating the Discovery of the Periodic Table.

Houston, Texas, November 1969.

"Electron Structure of Transition Elements," Colloquium, Iowa State
University, Amecs, Lowa, January 1970.

"Splitting of Orbitals of Ad-Atoms near a Metallic Interface,"

International Conference on Atomic, Molecular and Solid State Theory,

Sanibel Island, Florida, January 1970.

"Potentials Near a Metallic Interface," Colloquium Talk to Quantum Theory

Group, University of Waterloo, Waterloo, Ontario, Canada, February
1970.

"Superheavy Elements," Colloquium Talk, Centre European de Calcul et
Moleculaire, d'Orsay, France, October 1970.

"Quantum Chemistry of Superheavy Elements,' Institut of Theoretical
Physiks, University of Frankfort, Main, Germany, October 1970.
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THLRMODYNAMICS OF SOLID, COMPOUND SEMLCONDUCTORS

J. B. Wagner, Jr.
Professor, Departments of Materials Science and Engineering Science

A. V. Joshi
Ph.D. Thesis Research

N. Roessler
Ph.D. Thesis Research (NSF Trainee)

Obj ective

The objective is to determine the number and type of point defects
in some compound semiconductors and to relate these data to mass and
clectron transport.

Anproach

The plan of this research is to determine the dependence of the
weight change and the electronic ¢ nductivity of semiconductors as a
function of deviations from stoichiometry, doping additions and
temperature. From gravimetric measurements, the number of defects may
be inferred. From the electronic conductivity data, the type of point
defects may be inferred. The chemical diffusion coefficient, and under
special conditions, the self diffusion coefficient may also be obtained.

Progress

A D.C. polarization technique has bcen used to determine the
electronic conductivity in cuprous chloride and cuprous bromide single
crystals. The single crystals were grown by the Bridgman technique.

The conductivity values for the single crystals were less than for poly-
crystalline samples. This might be due ‘o inspurities in the latter case.
From the current-voltage characteristics on the samples, it was concluded
that Frenkel defect model with high concentrations of d2fects best

describe the behavior of these compounds. Further, the mobility of
majority carriers in these compounds was determined from the D.C. relaxation
technique as suggested by Weiss. By this method, it was concluded that the
mobility of electron holes was independent of the concentration. Raleigh
criticized this method and attributed the relaxation phenomenon to double
layer charging at the cuprous bromide-graphite interface. The magnitude
of the double layer capacitance at these interfaces is unknown. Further
work is underway to determine the double layer capacitance as well as its
effect on the determination of electron hole mobility in these compounds.

A Cahn microbalance and associated gas train have been set up for the
determination of the redox kinetics of chromium doped manganous oxide.
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PUBLICATIONS

"Electrical Conductivity of Single Crystalline Nickel Oxide," N. G.
Fror and J. B. Wagner, Phys. Stat. Sol., 35, 641 (1969).

"Ihe Diffusion of Mn-54 into Single Crystalline Manganous Oxide," J. B.
Price and J. B. Wagner, J. Electrochem. Soc., 117, 242 (1970).

"Chemical Diffusion in Wistite and in Chromium-Doped Manganous Oxide, "
P. L. Childs and J. B. Wagner, Proceedings of the International
Conference in Metallurgy and Materials Science: Heterogeneous
Kinetics at Elevated Temperatures, University of Pennsylvania,
September 1969, Plenum Press, pp. 269 (1970).

INVITED TALKS

"Diffusion in Oxides, " Seminar, Metallurgy Department, Iowa State
University, September 1970.

"Research Opportunities-Oxidation," Materials Symposium, Ceramics Group
of the Metallurgy and Ceramics Research Laboratory, Wright-Patterson
Air Force Base, Ohio, August 1970.

"Transport in Non-Stoichiometric Crystals,' Gordon Research Conference
on Solid Studies in Ceramics, Meriden, New Hampshire, August 1970.

"Mass Transport through Corrosion Product Layers," Chicago Section of
Electrochemical Society, March 1970.

"Chemical Diffusion in Non-Stoichiometric Compounds,' British Ceramic
Society, London, December 1969.

"Chemical Diffusion in Oxides," Wright-Patterson Air Force Base, Ohio,
January 1970.

PUBLICATIONS ON RESEARCH COMPLETED AND PREVIOUSLY REPORTED IN MRC ANNUAL

TECHNICAL REPORT

"piffusion of Nickel into Lead Telluride Between 200 and 400°C," T. D.
George and J. B. Wagner, J. Phys. Chem. Solids, 30, 24f9 (1969).

"Diffusion of Selenium-75 in Lead Chalcogenides," Y. Ban and J. B. Wagner,
J. Appl. Phys., 41, 2818 (1970).
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ANION DIFFUSION IN SINGLE CRYSTALS OF CoO AND NiO

J. B. Wagner, Jr.
Professor, Departments of Materials Science and Engineering Science

P. Desai
M.S. Thesis Research

This research is supported by the National Science Foundation.

0Ob J ective

The purpose of this research is to investigate the rate and
mechanism of anion transport in oxides. Because of the special interest
in the migration of the chloride ion through oxide layers on metals
under stress corrosion conditions, the present research will be directed
towards an understanding of the rate of migration of chlorine-36 into
oxide crystals.

Aggroach

Single crystals of undoped and doped nickel and cobaltous oxides
are preannealed to obtain a fixed stoichiometry. The crystals are
quenched and radioactive chlorine-36 is applied to one face of the
crystal. The crystal is diffusion annealed, sectioned and counted.

Progess

In preliminary runs the following tentative values are available
for crystals annealed at one atm. oxygen and at 1000°C:

DT (C1 in Ni0) 2 x 10722 onf /sec

DT (C1 in Co0)

2 to 3 x 107} cm?/sec.
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SOLUBLLITY OF CARBON AND OXYGEN IN SILICON AS A FUNCTION OF TEMPERATURE

J. B. Waguner, Jr.
Professor, Departments of Materials Science and Engineering Science

T. S. Glowinke
M.S. Thesis Research

This research is supported by the International Business Machines
Company .

Ob jective

The purpose of this work is to establish the solubility limits of
carbon and oxygen separately and together as a function of temperature.

Aggroach

The ternary system Si-0-C at the high silicon end has been postulated
by J. B. Wagner to be a ternary solid solution with decreasing solubility
with decreasing temperature. The coexisting phases at moderate temper-
atures are postulated to be Si0; and SiC. A ternary phase diagram has
been constructed. To test these hypotheses, wafers are equilibrated with
oxygen (as $103) and/or with carbon (as SiC) and then annealed. Thus,
particulate matter may be precipitated following solution treatment at an
elevated temperature and subsequent annealing at a lower temperature.

The solubility limits are to be determined using infrared transmission
and other techniques.

Prog;ess

Single crystal wafers of silicon with known concentrations of carbon
and oxygen are being annealed at varions temperatures in the range 800°C-
1250°C under an atmosphere of 5% H3~95% Ar. These samples are then etched
with HF acid and the new carbon and oxygen concentrations are determined
by the intensity peaks obtained in an infrared spectrum. Definite changes
in the IR transmission are observed following annealing.

INVITED TAIKS

"Inhomogeneities in Silicon: The Role of Carbon and Oxygen," Teletype
Corporation, Skokie, Illinois, March 1970.
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STUDLES CONTRIBUTING TO AN UNDERSTANDING OF THE REDUCTLON OF IRON OXIDES

J. B. Wagner, Jr.
Professor, Departments of Materials Science and Engineering Science

L. Laub
Ph.D. Thesis Research

R-H. Chang
M.S. Thesis Research

This research is supported by the American Iron and Steel Institute.

Objective

The purpose of this research is to study transport in iron oxides
and especially to contribute to an understanding of the role of the
gas-solid reaction during reduction processes.

Aggroach

Thermogravimetric measurements are being used to measure the kinetics
of both oxidation and reduction within the phase field of undoped wiistite.
Special attention is being directed towards the characterization of the
role of the surface reaction in the kinetics. Electronic conductivity
measurements are being made on single crystals of a-Fez0s as a function
of oxygen pressure and temperatures.

Proggess

The rate of reduction of wistite within the phase field decreases
as the concentration of oxygen in wiistite increases in agreement with
previous investigations. By following the kinetics of oxidation or
reduction, as the case may be, using fixed ratios of €02/CO and diluting
this mixture with argon such that the chemical potential of oxygen was
constant, the kinetics at 1062°C in an atmosphere not diluted with argon
were faster than in an atmosphere diluted with S50% argon. Therefore, the
process is inferred to be controlled partially by bulk diffusion and
partially by a phase-boundary reaction at the wiistite-gas interface.
This work on the redox kinetics of undoped wiistite has been terminated.

The D.C. electronic conductivity of single crystalline a-FezOa is
being measured as a function of oxygen pressure and temperature. At
temperatures above about 800°C the activation energy is 1.17 eV and the
conductivity is independent of oxygen within the o-Fez0s phase field.
For these crystals, below 800°C, the conductivity is also independent of
oxygen partial pressure but the activation energy is much lower.
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PUBLICATIONS

"Chemical Diffusion in Wiistite and in Chromium-Doped Manganous Oxide,"
P. K. Childs and J. B. Wagner, Proceedings of the International
Conference in Metallurgy and Materials Science: Heterogeneous
Kineties at Elevated Temperatures, University of Pennsylvania,
September 1969, Plenum Press, p. 269 (1970).

INVITED TALKS

"Chemical Diffusion in Non-Stoichiometric Compounds,” British Ceramic
Society, London, December 1969.
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SULFUR IN THE CORROSION OF SUPER ALLOYS
J. B. Wagner, Jr.
Professor, Departments of Materials Science and Engineering Science

This research is supported by the U. S. Army Office of Research-
Durham.

Objective

The purpose of this research is to determine the rate and mechanism
of transport of sulfur through oxides. This is one aspect of a
technological problem in the hot corrosion of turbine blades.

Aggroach

As model systems, single crystalline NiO and CoO have been chosen.
Sulfur-35 will be diffused into undoped crystals and crystals doped with
aliovalent impurities.

Progress
Work has just been initiated.
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INFRARED ABSORPTION STUDIES IN IMPURE INSULATORS

C. T. Walker
Associate Professor, Department of Physics

J. A. Harrington
Ph.D. Thesis Research (Completed)

Objective

The aim of this project is an understanding of the interactions
between light and impurities in solids, as well as an understanding
of impurity-impurity interactions. The optical selection rules for
impurities in solids can differ from the phonon scattering selection
rules, and thus one is able to study lattice dynamics of impurities
in a way complementary to heat conductivity measurements. In addition,
light absorption measurements can be made over a very broad range of
impurity concentration, allowing observation of impurity-impurity
interactions.

Approach

The approach is extremely straightforward. IR absorption
measurements are made using the Beckman IR-9 in the Chemistry
Department's Analytical Facility. We have built an optical cryostat
which allows absorption studies over the range from about 7°K to
room temperature. The measured spectra are then compared with spectra
calculated from a theoretical model and, if necessary, one does these
calculations on a computer so real crystal phonons can be employed.

Progress

In the past year we have been studying CaF,, SrF, and BaF,
doped with H* and D* ions. This impurity, known as the U-center,
is associated with an IR-active localized mode which is observed near
10y. The IR-spectrum is quite rich, showing a fundamental, sidebands
on the fundamental due to its coupling to band phonons, a second
harmonic, sidebands on the second harmonic, two third harmonics and
a fourth harmonic. The spectrum shifts by about /2 as one substitutes
D for H*. Most of these spectra were observed previously by others.
We have gone on to study the system at very high impurity concentrations
(~102° - 10°} cnr?®) with quite interesting results. At high concentra-
tions the fundamental and second harmonics are observed to broaden
with concentration with the band width varying as the square root of
the concentration. In addition, new sharp lines, not seen at low
concentrations, appear at high concentrations, impurity-impurity inter-
actions in the form of pairs, triplets, etc. of impurities. Lastly,
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the sidebands on the local mode fundamental are a measure of the pure
crystal phonon density of states. We have studied the density of states
as 8 function of impurity concentration, and have observed the pre-
dicted "erosion" of the phonon critical points.

PUBLICATION

"Erosion of Phonon Critical Points in Highly Doped Crystals," James A.
Harrington and Charles T. Walker, Physics Letters, 31A, 415 (1970).

INVITED TALKS
"Infrared and Raman Studies in Alkaline Earth Fluorides,"
II. Technische Hochschule, Universitdt Stuttgart, September 1970.

Theoretisches Teilinstitut, Universitdt Minchen, September 1970.
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PHONON INTERACTIONS IN INSULATING SOLIDS

C. T. Walker
Associate Protfessor, Departuwent of Physics

J. A. Harrington
Ph.D. Thesis Research (Completed)

Objective

An understanding of phonon interactions in pure crystals and the
interactions between phionons and impurities is the joint aim of this
project. More particularly, we are interested in anharmonic effects,
as seen in phonon-phonon interactions, and phonon interactions with
point defects. Experimental and theoretical results from this project
will assist in understanding better the properties of pure insulating
solids and of insulators containing controlled impurities. In some
technical applications, it is desirable for a material to be slightly
impure rather than pure, but such applications rest on a fundamental
understanding of the microscopic processes involved.

Anproach

There are three separate activities involved in this research:
(1) preparation.and characterization of the materials involved, both
pure and doped; (2) measurement of the temperature and concentration
dependence of the low temperature thermal conductivity; and (3) analysis
of experimental results in terms of models for the scattering centers,
including real crystal phonon effects if appropriate.

Growth and characterization techniques employed here are standard
and have been discussed in previous MRC Annual Reports. The most demand-
ing current problem, ultra-pure NaF, is described in a separate report.

Low-temperature thermal conductivity measurements can be considered
as a type of broad-band phonon spectroscopy. The temperature de-
pendence of the thermal conductivity can be related to the frequency
and temperature dependence of the phonon scattering cross-section.

While the relation between these quantities is an integral over all
phonon modes, one can extract reasonably detailed scattering cross-
sections from the data. These are then compared with the cross-sections
obtained by calculations based on some theoretical model for the scat-
tering center. Increasingly, these theoretical calculations are done
by computer since they employ the real phonon eigenfrequencies and
eigenvectors obtained from inelastic neutron scattering data.
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Progress

We have finished a project on CaF,, SrF, and BaF, doped with
various impurities, such as Li*, Na*, H*, Sm** and U***. There are
several remarkable features in the results. First, this broad spectrum
of impurities is observed to give no resonant phonon interactions, in
contrast to the experience in alkali halides. The data, in fact,
seem to be explainable completely in terms of simple mass-difference
scattering. Second, since the impurity scattering is apparently due to
mass-difference only, it is weak. This implies that these hosts can
contain significant amounts of chemical impurity (~ 0.1%) and have
their thermal properties relatively unaffected. Third, the conductivity
for SrF, and BaF, is significantly lower than that for CaF,. It is too
low to be explained by background impurities and must be due to intrinsic
phonon-phonon interactions in these hosts. This point merits further
study

PUBLICATION

"Phonon Scattering by Point Defects in CaF,, SrF, and BaF,," J. A.
Harrington and C. T. Walker, Phys. Rev. B, 1, 882 (1970).
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RAMAN SCATTERING IN SOLIDS

C. T. Walker
Associate Professor, Department of Physics

R. J. Harley
Postdoctoral Research Associate (ARPA Supported)

J. A. Harrington
Ph.D. Thesis Research (ARPA Supported) (Completed)

I. R. Nair
Ph.D. Thesis Research (Physics Department Fellow)

This research is supported jointly by the Army Research Office-
Durham and the Advanced Research Projects Agency.

Objective

This project constitutes a third approach to the study of lattice
dynamics in pure and impure crystals. From a study of Raman scattering
in pure crystals, one can extract information about phonon spectra in
pure crystals. The Raman effect in impure crystals provides microscopic
information on impurity-lattice interactions, and is complementary to
information obtained by IR or phonon spectroscopy. Thus, in practical
terms, one obtains information which is useful in understanding the
properties of pure and impure substances.

Approach

Raman scattering is a process in which light is scattered by a
medium, with the scattered light being shifted in frequency from the
incident light. The frequency shift is a direct measure of energy
level spacings for the scattering center. The light source is usually a
high intensity CW laser, and the scattered light is analyzed by a double-
grating spectrophotometer. The polarization and direction of propagation
for both the incident and scattered 1ight, relative to the crystal
axes, allow one to determine directly the symmetry properties of the
scattering center. Temperature dependent studies of the spectra allow
one to deduce how the scattering center is coupled to the medium. Thus,
in a single experiment one obtains quite detailed microscopic information.

Progress

Three sub-projects have been studied during the past year, with
substantial progress in each.
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As reported last year, we have been studying Raman scattering
in T1*-doped alkali halides. This impurity seems to enter potassium
or rubidium halides as an isotopic defect; i.e. for the even parity
Raman active modes the force constants relevant for Tl appear to be
the same as the pure crystal force constants. This means that the Raman
spectra one observes are really phonon spectra for the pure crystal
phonons. We have applied this experimental tool to the study of
anharmonic interactions in KC1 and RbCl, by studying the temperature
dependence of the peak positions and linewidths for the various phonon
peaks. We have extracted mode Gruneisen parameters, which are in good
agreement with those seen by other techniques. The use of this simple,
but quite precise, optical technique is just beginning.

We have continued our Raman and diffuse x-ray experiments,
described last year, on KC1:KBr mixed crystals. The x-ray studies
show no evidence of clustering; i.e. no evidence for Br-rich or Cl-rich
regions. Thus, the observed spectra must be due to bulk properties
of the mixed crystal. It appears that our most prominent Raman peaks
come from two sources. One is a lattice resonance in the Cl-rich end
of the concentration range, due to Bxr~ substituting for C1. The
other appears to be a zone boundary phonon at X in the Bullouin zone,
whose frequency we can follow as a function of concentration. Analagous
studies are underway on KBr:KI mixed crystals. This particular project
has been helped substantially by the advice of Professor J. Cohen of
the Materials Science Department.

The third project is Raman scattering by H* and D° in CaF,,
SrF, and BaF,. We have observed Raman scattering at the fundamental
localized mode frequency, and by two of the second harmonics of this
mode. We have also seen Raman scattering by the sidebands of the
U-center fundamental, the first unambiguous observation of second order
Raman scattering from impurities. Lastly, we have also seen in-band
optical phonon and acoustic phonon resonances from the U-center. This
is a system which has barely begun to be explored.

PUBLICATIONS

"Measurement of Anharmonic Renormalization of Phonon Frequencies,"
Richard T. Harley and Charles T. Walker, Phys. Rev. B, September
1970.

"Raman Scattering by Localized Modes," James A. Harrington, Richard T.
Harley, and Charles T. Walker, Solid State Communications, 8,
407 (1970).

"Lasers: An Introduction," 16 mm color Film, produced and distributed
by Coronet Instructional Films, Chicago, Illinois (1970).
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SECOND SOUND IN SOLIDS

C. T. Walker
Associate Professor, Department of Physics

H. E. Jackson
Ph.D. Thesis Research (ARPA Supported)
/

This research is supported by the Armmy Research Office-Durham.

Objective

The objective of this research is observation of heat transport
in insulators by thermal waves rather than by the usual diffusive
mechanisms. Once observed, the temperature and frequency dependence
of this phenommenon should give direct measurements of phonon-phonon
scattering rates.

Approach

The experimental approach is very straightforward. One has a
crystal, which is at the ultimate in purity, and evaporates a thin
film heater on one side of the crystal and a thin film bolometer directly
across from the heater. A pulse of electrical energy is applied to the
heater and one watches the detector to see what arrives. In general
one would expect to see ballistic propagation of phonons, second sound
and diffusive flow of heat, depending on the temperature at which the
crystal is studied.

Progress

After 3-1/2 years of effort on crystal purification we have
succeeded in producing NaF crystals which are pure enough for observa-
tion of second sound. NaF was chosen because it is isotopically pure
(Na and F occur in nature with one isotope each) and hence the crystal
preparation problem becames one of "merely" eliminating chemical and
physical defects. By a process of crystal growth employing multiple
recrystallization, we have succeeded in producing NaF crystals with
purities of the order of 1 or 2 ppm. The limitation on our crystals
now is dislocation densities near 10° cn"2, which are not removed
by annealing. Nevertheless, the peak thermal conductivity of these
samples is about 240 watts/cm-deg, the highest value ever measured for
an insulator.
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In this crystal we have been able to observe propagation of
second sound between 10°K and 20°K, a temperature range which agrees
well with that predicted from an analysis of our themmal conductivity
data. From our data it appears that the conditions on the phonon
resistive scattering rate, 7§", relative to the non-resistive scat-
tering rate, ty"', are more stringent than expected in advance. The
later stages of this work were done in collaboration with the group
of Professor R. 0. Pohl of Cornell University, a collaboration in which
we supplied the crystals and he supplied the electronics. However, wve
have since observed all the phenomena in our own laboratory.

With the successful observation of second sound in a conventional
insulator now an accomplished fact, one can turn to the future and
contemplate using the phenomenon to study phonons in other crystals.

PUBLICATIONS

"Second Sound in NaF," Howard E. Jackson, Charles T. Walker, and Thomas
J. McNelly, Phys. Rev. Letters, 25, 26 (1970).

"Matter and the Molecular Theory," 16 mm color film, produced and
distributed by Coronet Instructional Films, Chicago, Illinois
(1970).

INVITED TALKS

"Raman Scattering and Second Sound Experiments in Alkali Halides,"
International Symposium on Phonons, Oberwolfach, Gemmany,
September 1970.

"Second Sound in Solids,"

Solid State Sciences Division, Argonne National Laboratory,
November 1970.

Arizona State University, November 1970.
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STUDIES OF MAGNETIC IONS IN SOLIDS

C. T. Walker
Associate Professor, Department of Physics

J. C. Gustafson
Ph.D. Thesis Research (ARPA Supported)

This research is supported by the Army Research Office-Durham.

Objective

The object of this project is quite general: the study of
interactions between two or more magnetic ions and the interactions
between magnetic ions and the elementary excitations in a solid,
such as phonons, electrons or magnons. It is difficult to be more
precise because magnetism is a broad subject and one tends to be led
by the specific nature of one problem into another problem which
appears, on the surface, to be totally unrelated. For example,
experiments on metals and insulators would seem rather disparate,
but both could be done with a view to investigating the exchange
interaction.

Approach

This project employs three experimental techniques: low
temperature thermal conductivity measurements, IR absorption and
Raman scattering.

Low temperature thermal conductivity measurements on magnetic
materials provide a means for studying many problems. In ordered
magnetic systems one can study phonon-magnon interactions as well as
magnon-magnetic impurity interactions. In disordered systems one
studies phonon-spin and phonon-magnetic impurity interactions. But
the results are complicated and one must resort to supplementary
techniques to sort out the thermal information.

IR absorption and Raman scattering provide such supplementary
techniques. The magnetic vector of the incident light interacts
with the magnetic moment of an impurity ion or the magnetization
of an ordered system, and one observes absorption or scattering.
The same experimental techniques are employed here as in any ab-
sorption or scattering experiment, except that one employs an applied
magnetic field as a parameter. Again, one attempts to relate his
experimental data, such as peak positions and line-widths, to theoreti-
cal predictions for these observables, in order to make statements on
the microscopic processes involved.

- 196 -



Progress

In the past year we have succeeded in growing pure (i.e. non-
oxide bearing) MnF,, and MnF, doped with magnesium. Preliminary thermal
conductivity experiments on these materials are in progress, and we
have also taken preliminary Raman spectra. The thermal conductivity
of RbMnF, has been measured down to .25°K in magnetic fields up to
45 k-Gauss. Small magnetic effects have been seen but the analysis
has just begun.

PUBLICATION
"A Simple Magnetic Thermometer for Measurements Below 1°K," John C.

Gustafson, Richard T. Harley, and Charles T. Walker, Cryogenics,
September 1970.
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DISLOCATION THEORY

J. Weertman
Professor, Department of Materials Science

V. R. Parameswaran
Postdoctoral Research Associate

N. Urabe
Ph.D. Thesis Research

Objective

The objective of this research is to develop further the theory
of dislocations, particularly moving dislocations, as applied to
deformation of solids.

Approach
Use is made of dislocation theory in a linear elastic body.

Progzess

Computer calculations have been made of the conditions under which
subsonic edge dislocations which are smeared out on their slip planes
produce zero shear stress on their slip plane. The edge dislocations
are taken to move on an interface between two elastic media of differing
elastic constants. If the two media have the same elastic properties,
the edge dislocation must, of course, move at the Rayleigh velocity.

If the elastic constants differ sufficiently there is no subsonic
velocity at which a zero shear stress condition can be obtained. The
dynamic friction of two elastically different materials, therefore, ought
to be different, depending on whether a generalized Rayleigh velocity
exists or doesn't exist for edge dislocations.

PUBLICATIONS

"A Method of Setting a Lower Limit on the Water Layer Thickness at the
Bottom of an Ice Sheet from the Time Required for Upwelling of Water
into a Borehole," International Symposium on Antartic Glaciological
Exploration (ISAGE), edited by A. G. Gow, C. Keeler, C. C. Langway
and W. F. Weeks, Publication No. 86 of the International Association
of Scientific Hydrology and the Scientific Committee on Antartic
?esea;ch, Scott Polar Research Institute, Cambridge, England, 69-73

1970).

Book Review: Review of The Physics of Glaciers by W. S. B. Paterson,
Pergamon Press, New York 319695; appeared in EOS, Transactions of
the American Geophysical Union, 51, 167 (1970).
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"'Dislocation Motion on an Interface with Friction that is Dependent on
Sliding Velocity," Ohio State University, Department of Metallurgy,
Columbus, Ohio, March 1970.
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HIGH SPEED DISLOCATIONS

J. Weertman
Professor, Department of Materials Science

V. R. Parameswaran
Postdoctoral Research Associate

N. lirabe
Ph.D. Thesis Research

Objective

The main goal of this research is to study the behavior of high
speed dislocations in single crystals of metals.

Aggroach

Impact stress pulses of short duration are applied to single crystals
of metals and the dislocation motion is measured from the lengths of the
resulting slip bands produced on the surface or from the distance between
the dislocation etch pits.

Progzess

Dislocation mobility is being studied in three different BCC metals:
high purity potassium, high purity iron and magnesium-lithium alloys.

Equipment has been set up to grow single crystals of potassium.
A controlled atmosphere chamber has been made to handle the potassium
crystals which are highly reactive in air. A few single crystals of
potassium have been grown. These have to be shock loaded to study dis-
location mobility.

High purity iron was obtained from Battelle Memorial Institute.
The existing shock loading equipment has been modified to shock load iron.
The etch pit technique will be used to study dislocation velocity in iron.

Alloys of magnesium in the BCC phase with 20, 30 and 40 wt.% Li
have been obtained from the Dow Chemical Company, Midland, Michigan.
A few single crystals have been grown from the 20% Ii alloy. Single
crystals of the higher alloys also will be grown and these will be sub-
jected to impact stress pulses. Both the etch pit and the slip band
techniques will be used to study dislocation mobility in these alloys.
Indirectly, the dislocation velocity-stress exponent will be determined
from the strain rate sensitivity and relaxation measurements on tensile
specimens deformed by the Instron machine.
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PUBLICATIONS

"Stress Dependence on the Velocity of a Dislocation Moving on a Viscously
Damped Slip Plane," J. Weertman, Physics of Strength and Plasticity,
edited by A. S. Argon, M.I.T. Press, Cambridge, Massachusetts, 75-83
(1969) .

"Dislocation Motion on an Interface with Friction Dependent on Sliding
Velocity," J. Weertman, J. Geophysical Research, 74, 6617 (1969).

INVITED TALKS

"Moving Dislocations on Slip Planes with Friction," McMaster University,
Hamilton, Ontario, Canada, December 1969.

"Dislocations Moving on Fault Planes,' Johns Hopkins University, Depart-
ment of Earth and Planetary Science, Baltimore, Maryland, March 1970.

"Dislocation Motion on an Interface with Friction that is Dependent on
Sliding Velocity,' Stanford University, Stanford, California,
February 1970.

"High-Speed Dislocations in Materials," V. R. Parameswaran, ASTM/IES/AIAA

Space Simulation Conference, National Bureau of Standards,
Gaithersburg, Maryland, September 1970.
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PATTGUE ub METALS

J. Weertman
Professor, Department of Materials Science

H. Ishii
Ph.D. Thesis Research (Completed)

A. Purcell
Ph.D. Thesis Research

S
Ph.D. Thesis Research

This research is supported by the Office of Naval Research.

Ob jective

This research is directed towards studying the basic mechanisms of
fatigue crack propagation. The effects of the following factors are
being studied: cyclic stress, static mean stress, microstructure,
crystal orientation, temperature and atmosphere; to study dislocation
configuration in fatigued specimens and relate these configurations to
fatigue cracking phenomena.

Approach

Cu and copper alloy single crystals are used to study the effects
ol stacking fault energy, mean static stress and crystal orientation
on the fatigue crack propagation.

Dislocation structure, fracture surface and slip band morphology
around fatigue cracks are studied by transmission and replica method
under the electron microscope. Thin slices of material directly ahead
of the crack tip and at different distances from the tip are taken
perpendicular to the sheet specimens. These slices are electropolished
and observed under the electron microscope to study the changes in dis-
location configuration with distance from th2 crack tip in a given fatigue
specimen.

ProEess

The fatigue experiments on pure copper and on Cu-6 wt.¥ Al single
crystals (under cyclic loading only) have been completed at room
temperature and liquid nitrogen temperature. The results are given in
our ONR Technical Report No. 9, August 27, 1970.

The electron microfractography studies of the fractured specimens

indicated that the fracture surface showed remarkable differences depending
upon the orientation o* the single crystals. Copper single crystals
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oriented for easy dislocation cross slip showed the well formed striations
on the fracture surface, but for crystals oriented for difficult dis-
location cross slip these striations were absent. For alloy single crystals,
no striations were observed in any direction. Also, specific orientation
effects for sheet specimens of copper single crystals in tension-tension
futigue have been found in the earlier study; these effects have been
observed for crack propagation rate and geometry.

It was deemed worthwhile to broaden the study of orientation effects
by making specimens (and accompanying apparatus) amenable to: (a) sectioning
in the direction perpendicular to the propagating fatigue crack tip and
(b) tension-compression as well as tension-tension cyclic straining.

Preliminary preparations for tests on Cu single crystals with constant
cyclic stress amplitude and variable superimposed static loading have been
mat' .. Difficulties with long-time stability of the fatigue test machine
have been resolved through the use of an alternate load cylinder with good
results. Vacuum annealing, x-ray orientation jigs and an improved test
atmosphere control chamber have been constructed. Preliminary experiments
on copper single crystals have been performed, indicating that the experi-
mental apparatus performs as required.

PUBLICATIONS

"Fatigue Crack Propagation in Copper and Copper-Aluminum Single Crystals,"
H. Ishii and J. Weertman, ONR Technical Report No. 9.

"The Stress Dependence of Secondary Creep Rate at Low Stresses," J.
Weertman, J. of Glaciology, 8, 54, 494 (1969).

"Creep Strength of the Earth's Mantle," J. Weertman, Rev. Geophysics
and Space Sciences, 8, 1, 145 (1970).

"High Temperature Creep of Polycrystalline Graphite," W. V. Green, E. G.
Zukas and J. Weertman, Mat. Sci. and Eng., 6, 3, 199 (1970).
INVITED TALKS

"A Creep Theory for Graphite Containing Microcracks," Case-Western Reserve
University, Cleveland, Ohio, October 1969.

"Theory of Magma Filled Cracks and the Peach-Koehler Force on Dis-

locations Applied to Them," International Meeting on Mechanical
Properties and Processes of the Mantle, Flagstaff, Arizona, June 1970.
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MAGNETIC INTERACTIONS IN INTERMETALLIC COMPOUNDS

L. B. wWelsh
Assistant Professor, Department of Physics

M. L. Johnson
M.S. Thesis Research

Objective

The general problem is to understand the magnetic interactions in
various intermetallic compounds. At present we are studying the
LaSna(l_x)In3x (0sx s1) and Coycal_y (y ~ 0.5) alloy systems.

Studies of the LaSn (1 In3 series are being done in collaboration
with A. M. Toxen and R. 3. CE&binﬁ at the IBM Watson Research Center.
Susceptibility and specific heat measurements of these alloys indicate
that although they have relatively high superconducting temperatures, the
spin susceptibility may be strongly exchange enhanced. Nuclear magnetic
resonance (NMR) studies are used to obtain information on the local
magnetic behavior at the La and Sn sites.

In the Co Gal_ system, the transport properties have been measured
by J. O. Britt¥in of the Materials Science Department. His measurements
indicate the presence of localized moments and the onset of magnetic
ordering at y = 0.56. Our intent is to examine the magnetic properties
of this system using nuclear magnetic resonance techniques. Of particular
interest is the correlation of the resistance minima and negative magneto-
resistance of these alloys with the nuclear magnetic resonance measurements.

Aggroach

The temperature and magnetic field dependence of the Knight shifts,
linewidths, spin-lattice relaxation times, and spin-spin relaxation times
are measured using CW or pulsed R techniques. The LaSn3 In,_ series
is studied from 1.6°K to 300°K and the Co Ga, . series at iiﬁﬁld R&1ium
temperatures. y oy

Proggess

A study of the La Knight shift and spin-lattice relaxation time in LaIn3
appears to rule out a stroangly exchange enhanced spin susceptibility as both
the Knight shift and spin-lattice relaxation rate are too small and relatively
temperature independent. In Lalng we have concluded that the NMR experiments
show no evidence for any occupation of the La d-band. The measurements are
consistent with the dominance of the s-contact hyperfine interaction. In
LaSn, a similar situation exists except that a small d-band occupation exists
which modifies the temperature dependence of the La Knight shift and spin-
lattice relaxation rate. The Sn NMR properties have also been measured and
show no particular dependence although the Sn NMR is probably insensitive to
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any p-component of the conduction electron wave function. Studies
continue on other alloys in this series in an attempt to understand the
origin of the large temperature dependence susceptibility of this system.

Preliminary measurements on the Co Ga1 system show a concentration
dependent Knight shift of Co resonance Yut n¥ concentration dependence of
the Ga Knight shift. Spin-lattice relaxation time measurements indicate
a very long relaxation time for the Ga NMR but a rather short relaxation
time for the Co NMR of T;T = 0.4 sec’k. The linewidths of the Co and Ga
NMR increase considerably as y = 0.51 is approached, which, we believe, is
due to magnetic interaction. Work on this system is continuing.
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FHE KONDO EFFECT IN DILUTE ALLOYS

L. B. Welsh
Assistant Professor, Department of Physics

1' . Pﬂtts
Ph.D. Thesis Research

R. Redwine
Non-thesis Research (AFOSR Supported)

This research is primarily supported by the Air Force Office of
Scientific Research.

Objective

The problem of interest is the nature of the Kondo state or ground
state of an isolated magnetic impurity in a non-magnetic host. Of
particular interest are the many-body spin-spin correlations between the
magnetic impurity spin and the nearby conduction electron spins of the
host. Problems under investigation concern: (1) the spatial dependence
of the many-body spin-spin correlation function, (2) the time dependent
fluctuations of the correlated spins, and (3) the effect of other
impurities on the properties of an "isolated" impurity (i.e., impurity
spin-impurity spin correlations). The alloy systems under study are very
low concentrations of Fe or Cr (less than 0.1 at.¥%) in Cu or Cul_xSnx alloys.

Aggroach

The effects of the spin-spin correlations on the Cu host conduction
electron spins is determined by using the Cu nuclear spin as a probe.
The Cu nuclear magnetic resonance (NMR) linewidths are used to obtain
information on the dependence of the static part of the correlation function
on temperature and applied magnetic field. The Cu NMR spin lattice
relaxation is used to obtain information on the spin fluctuations at the Cu
host site. In general it is desirable to measure these properties over a
range of temperatures spanning the Kondo temperature, Tys (30°K for CuFe,
1°K for CuCr) and magnetic fields above and below kTK/uB.

Prog;ess

Measurements on the Cu, _Sn Fe alloy system show that the range of
the static many-body spin poiﬁri%ation is quite small (< ~ S0R) in agreement
with other recent NMR and neutron diffraction experiments and in contrast
to the long-range spin polarization predicted by several theoretical treat-
ments of the problem. Our results are consistent with an enhanced RKKY
oscillating spin polarization around the impurity where the enhancement
results from a localized many-body compensation of the impurity spin by the
spins of nearby conduction electrons.
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Preliminary measurements of the Cu spin-lattice relaxation time in
CuFe indicate the spin fluctuations at the Cu site do become important
but only well below T,. The concentration and temperature dependence of
the enhanced relaxation will determine whether the relaxation rates and
several other observed "exotic" properties of these alloys are related
to the properties of the isolated impurity or to impurity spin-impurity
spin correlations.

High field (up to 75 koe) measurements of the Cu linewidths and

spin-lattice relaxation time have begun but continuation of this work
awaits the repair of our superconducting magnet.
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THERMODYNAMICS OF ALLOYS

D. H. wWhitmore
Professor, Departments of Electrical Engineering and Materials
Science

D. C. Bartosik
Ph.D. Thesis Research (Completed)

P. K. Raychaudhuri
Ph.D. Thesis Research

Objective

The primary objective of this research is to elucidate those
factors which contribute to the equilibrium state of binary metallic
solid solutions. Particular emphasis is placed on accurate measure-
ments of thermodynamic properties of selected solid solutions and on
the evaluation of the extent to which various factors comtribute to
the observed excess thermodynamic functions of these alloy systems.

Approach

Elevated temperature thermodynamic quantities for binary, metallic
solid solutions are determined by employing: (1) a heated, two-chamber
Knudsen effusion cell and a mass spectrometer detection instrument for
activity measurements; and (2) solid-electrolyte, galvanic cell emf
measurements.

Progress

Elevated temperature activity measurements involving the use of a
dual-chamber Knudsen effusion cell and mass-spectrometer detection system
have now been completed on a complete series of Au-Pt, Au-Pd and Ag-Pd
solid solutions. In an earlier Technical Report a description of the
results on Au-Pt alloys was presented and a detailed account of this work
may be found in the paper listed below. The activity values for Pd and
Au in Au-Pd alloys were determined mass spectrometrically at 1473°K and
both sets of activity data exhibit negative deviations from ideal solution
behavior for all alloys except those near the pure solvent composition.
The integral excess entropy and enthalpy of these alloys are negative
over the composition range investigated. To date, it has not been
possible to rationalize the observed excess thermodynamic properties for
this alloy system on the basis of summing estimated values for vibrational,
electronic and configurational contributions to these properties.
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The mass spectrometric and cell data obtained on a series of
Ag-Pd alloys is remarkably self-consistent except for those alloys containing
more than 80 a/o Pd, the cell data in this composition range yielding
higher Ag activity values. Further experimental work using the cell
technique is now underway on the high Pd alloys and a detailed analysis
of the entire set of Ag activity data for these alloys will be completed
in the next few months.

PUBLICATION

"Mass Spectrometric Study of the Thermodynamic Properties of Solid
Au-Pt Alloys," R. W. Jones, F. E. Stafford, and D. H. Whitmore,
Trans. TMS-AIME 1, 403 (1970).
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DIELECTRIC AND ANELASTIC RELAXATIONS IN IONIC COMPOUNDS

D. H. Whitmore
Professor, Departments of Electrical Engineering and Materials
Science

G. Fehr
Ph.D. Thesis Research

D. Girard
Ph.D. Thesis Research

This research is supported in part by the Office of Naval Research.

Objective

The goal of this program is to observe dielectric and anelastic
relaxation effects in doped ionic crystals containing point defects in
order that an identification of the defect complex responsible for the
relaxation and a description of its local symmetry can be made.

Approach

The linear, reversible, time-dependent response of a doped ionic
crystal containing point defects to alternating electric or mechanical
stress fields is followed by measuring dielectric and anelastic losses
as a function of temperature and frequency. The origin of such relaxation
stems from the redistribution of the defects among sites which are
initially equivalent but which become inequivalent in the presence of the
external field. The measured ratio of mechanical-to-electrical relaxation
times is compared with theoretical predictions from many-position models
to determine the local symmetry of the atomic arrangement about the point
defect. E.S.R. spectra will be observed on these same doped ionic crystals
to confirm the nature of the defect complex predicted by the relaxation
experiments.

Progress

Dielectric losses have been observed in Mn-doped NaF crystals which
have been tentatively attributed to dipoles where the Mn®* ion and the
Na vacancy are nearest neighbors (ground state) and next-nearest neighbors
(first excited state). E.S.R. observations reported in the literature
confirm the presence of these two types of dipoles in this material in
comparable concentrations. Using the approach outlined by Tosi and
Airoldi, which is based on the Born-Mayer theory of ionic crystals,
theoretical estimates are now being made of the binding energies of the
impurity-vacancy complex in both the ground and first-excited states.
Equipment for the observations of ion thermal current (I.T.C.) and intermal
friction data has been set up, but further refinements in these cxperimental
techniques are needed.
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MASS TRANSPORT PROPERTIFS OF JONIC CRYSTALS

D. H. Whitmore
Professor, Drpartments of Flectrical Enginecring and Materials
Science

C. Bauer
Ph.D. Thesis Research

;. Pantanelli
Ph.D. Thesids Research

This resrearch is supportcd by the Office of Naval Research and
the Advanced Rescarch Projects Ayency.

Objective

The goal of this program is to investigate experimentally and
theoretically the dominant lattice disorder of selected jonic solids,
to measure tracer diffusjon coefficients on pure and doped crystals
of these materials and to interrelate the defect structure and the
ohserved mass transport hehavior.

Approach

The dominant lattice disorder of ionic campounds is inveatigated
by measuring the ionic conductivity of crystals containing known
concentrations of aliovalent cations. Such dopants change the
concentration of lattice defects, preserve charge neutrality and chemical
equilibrium, thereby allowing accurate values of the enthalpies of defect
formation and defcct concentrations to be obtained. Two-isotope tracer
diffusion experiments on undoped crystals, conducted in both the absence
and presence of an externally applied dc electric field, are employed to
determine the tracer diffusion cocfficient, the correlation factor and the
drift mobility of the traccr species. Theoretical calculations of the
formation energies of Schottky defect pairs and the binding energies for
vacancy-vacancy and divalent impurity-vacancy pairs arc¢ being attempted for
a variety of cubic ionic crystals.

Progress .

In our Technical Report of last year, we reported on the results
of applying a nonlinear least-square computer fitting technique to an
extensive set of ionic conductivity data for "pure” Nal' and NaF + Caf,
crystals. Detailed information on these results and the method of
analysis is provided in the publication listed below. As a result of this
study, we now have satisfactory values of the defect formation and migra-
tion enthalpies and entropies for NaF and a realistic value for the
enthalpy of association of cation vacancy-Ca?® impurity pairs in NaF + CaF,
crystals.
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Using the modified Mott-Littletan approach proposed by Fumi and
Tosi, we have recently completed a series of calculations of the
Schottky pair formation energies, vacancy-vacancy pair and impurity-
vacancy pair binding energies for most of the simple alkali-halide and
the conmon divalent impurity ions. The present agreement with experi-
ment is satisfactory and should be improved even further when account
is taken in our future calculations of elastic terms and deformation
dipoles.

Extensive tracer diffusion measurements, involving the diffusion
of Na®? into NaF single crystals in the intrinsic range, indicate that
there is a sizeable contribution to the observed diffusion coefficients
for Na®? which may be attributable to the diffusion of vacancy pairs.
This contribution becomes noticeable within about 100° of the melting
temperature. Isotope-effect diffusion experiments, involving the diffusion
of the tracers Na’? and Na®* into NaF, should be completed in the near
future.

PUBLICATION

"lonic Conductivity of Sodium Fluoride," C. F. Bauer and D. H. Whitmore,
Phys. Stat. Sol. 37, 585 (1970).
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LIQUID AND SOLID He®

C-W. Woo
Assistant Professor, Department of Physics

This research is jointly supported by the Advanced Research Projects
Agency and the National Science Foundation.

Objective

The goal of this investigation is to understand the extraordinary
macroscopic properties of the condensed states of He®

ABBroach

The standard approach of studying solid He® begins with a variation-
al calculation in which the expectation value of the energy is obtained by
using a cluster expansion. By exploiting the similarity between solid and
liquid He®, we developed a partial summation of the cluster expansion
which improves the convergence of the series. The partial summation
carries physical implications: the crystal is visualized as properly
correlated atomic clusters reacting to a uniform liquid medium. This
procedure can be used to compare the structure of liquid and solid He®.

A generalization of this approach will further solve the long-standing
problem that only restricted variations are permitted in present
calculations.

A natural direction of improving the variational calculation is to
construct a correlated basis and perform a perturbative expansion. We are
in the process of attempting this. For liquid He®, a similar approach led
to spectacular results a few years ago.

Progress
For solid He®, the formulation of the problem is complete. Numerical

work is in progress and awaits the availability of a large amount of
computer time.

For liqu1d He®, we have on hand now a quasiparticle Hamiltonian and
the Green's function formulation. Numerical work will soon begin.

PUBLICATIONS

"Quasiparticle Hamiltonian for Liquid He®," H-T. Tan and C-W. Woo, J.
Low Temp. Phys., 2, 187 (1970).
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PHYSICAL ADSORPTION OF NOBLE GASES ON CRYSTALLINE SUBSTRATES

C=W. Woo
Assistant Professor, Department of Physics

H-W. Lii
Pli.De Thesis Rescarch (ARPA Support)

This research is jointly supported by the Advanced Research Projects
Agency and the National Science Foundation.

Objective

This research is directed towards understanding correlation effects
between adsorbed atoms, in particular, correlations which lead to conden-
sation of monolayers, as well as understanding and predicting properties of
quantum monolayers.

Aggroach

Beginning with a classical lattice, we compute the "external
potential seen by an adsorbed atom and solve the one-body problem. The
adatom moves in a deep well in the normal direction to the crystal surface
and feels the periodicity in directions parallel to the surface. Con-
sequently, a sensible choice of basis functions consists of functions bound
in the normal direction, and of Bloch-type in the plane. A perturbative
calculation renders the best linear combination of these basis states.
Next, a concentration of adatoms are introduced. Correlation effects
become evident as concentration increases. For instance, the mobility of
an adatom depends now on the competition between temperature and short-
range repulsions; for fermions there is the additional competing effect
of Pauli exclusion.

The interaction between a pair of adatoms arises from at least two
sources: the direct interaction and interaction via phonon exchange.
Direct products of the adatom wave functions described above with sub-
strate phonon functions furnish a set of basis functions suitable for
studying the strength of the phonon-induced interactions.

Prngress

The first sample we look at is a helium atom adsorbed on solid argon.
The choice stems from the great interest which low-temperature physicists
have discovered in the experimental work performed at the University of
Washington and elsewhere.

The one-body calculation is now complete. Studies on the phonon-
induced interactions are underway.
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"Toward the Calculation of Effective Interactions in Adsorbed Helium
Submonolayers," C-W. Woo, J. Low Temp. Phys., 3, 335 (1970).
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Solution in the Zero Coverage Limit,"™ H-W. Lai, C-W. Woo and F. Y.
Wu, J. Low Temp. Phys., 3, 463 (1970).
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Objective

ile® atoms, dissolved in liquid He® at very low temperatures, provide
us with the best example of a Fermi liquid in nature. One finds in this
system a testing ground for the quantum many-body theory. We study the
correlations between experimental findings, phenomenological inter-
pretations and microscopic theories.

Approach

A first-principle, microscopic theory of dilute He®-He* solutions
begins with the construction of a set of correlated basis functions.
Matrix elements, evaluated on this basis, lead to a quasiparticle
llamiltonian which contalns the following information: (1) how a He®
atom moves in the He* background and interacts with the phonons; (2)
how it becomes dressed by the phonons and takes on an effective mass;

(3) how these He® -quasiparticles interact with one another, (4) how the
phonons become renormalized by phonon-phonon and He®-phonon interactions;
and (5) how these effects manifest themselves in dominating the macro-
scopic properties of the system. All of this information may be extracted
by a series of canonical transformations followed by a careful diagram-
matic perturbative analysis. The results may be compared directly with
experiment.

On the other hand, experimental findings too sensitive to understand
quantitatively using a first-principle theory can be studied via a
phenomenological theory proposed by Bardeen, Baym and Pines. The latter
is qualitatively supported in all aspects by the first-principle theory
mentioned earlier.

Proggess

The first-principle theory mentioned above, since its completion
early in 1969, has been applied to calculate various properties of He®-He*
solutions. The results have been published in several stages, and have
been used by all of the active low-temperature laboratories: those at
Argonne, Cornell, Duke, Ohio State, etc. The agreement between theory
and experiment indicates that a basic understanding of the properties of
this quantum liquid solution has been achieved.

We are now engaged in studying the finer details of this problem.
In particular, a controversy has of late arisen concerning the effective
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interaction between a pair of Heé® quasiparticles. Combining our theory
with sum rule arguments which we have recently derived, we expect to
rcsolve this controversy within the near future.

PUBLICATIONS

"Theory of Binary Boson Solutions," W. E. Massey, C-W. Woo and H-T. Tan,
Phys. Rev., Al, 519 (1970).
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This research is jointly supported by the Advanced Research Projects
Agency and the National Science Foundation.

Objective

The aim of this project is to understand the microscopic structure
of Bose liquids, in particular liquid He*, and to interpret and predict
their macroscopic properties.

Approach

Available microscopic theories developed for treating Bose liquids
include the Method of Correlated Basis Functions, sum rules and response
functions, Green's functions, diagrammatic perturbation methods, and
variational calculations. We, on the one hand, employ the Method of
Correlated Basis Functions extensively to calculate the properties of
liquid He* . Whenever necessary or advantageous, we combine it with the
other many-body techniques listed above. On the other hand, we attempt
to make clear the connections between the various techniques, toward the
long term goal of unifying the quantum many-body theory.

Progzess

Progress has been made in two directions: (i) correlating
theoretical Eredlctions and experimehtal findings concerning the properties
of liquid He 3 papers have been published and one is in print; and (ii)
correlating the various many-body techniques: one paper has appeared
and two are in print. In (i) our interest lies in the structure of the
phonon-roton spectrum of liquid He*, where a wealth of data have recently
become available through neutron scattering, x-ray scattering and ultra-
sonic propagation experiments. We work closely with the experimentalists.
In (ii), we have made the first connection between tlie highly successful
method of Correlated Basis Functions and the Green's Function method.

PUBLICATIONS

"Dispersion of Phonons in Liquid He*,* H<W. Lai, H-K. Sim and C-W. Woo,
Phys. iev., Al, 1536 (1970).
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Wavelengths and Low Temperatures,” D. Pines and C-W. Woo, Phys.
Rev. Letters, 24, 1044 (1970).

"Diagrammatic Analysis of the Method of Correlated Basis Functions,"
lI-K. Sim, C-W. Woo and J. R. Buchler, Phys. Rev. lLetters, 24, 1094
(1970).
"Sound Velocity, Density and Gruneisen Constant in Liquid He®*: A
Comparison of Experiment with Theoretically Calculated Results,"
P. R. Roach, J. B. Ketterson and C-#. Woo, Phys. Rev., A2, 543 (1970).
INVITED TAIKS
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