
CONY
OFFICE OF NAVAL RESEARCH

a)} CONTRACT NOOO 14-89-J-1849(0O
If R & T Code 4134005

1*%

Technical Report No. 7

TME PREPARATION AND PROPERTIES OF IRON DOPED II VI CHALCOGENIDES

BY

J. DiCarlo, M. Albert, K. Dwight and A. Wold

DTIC
ELECTE ft Prepared for Publication in

0 JOURNAL OF SOLID STATE CHEMISTRY

January 15, 1990

Brown University
Department of Chemistry

Providence, Rhode Island 02912

Reproduction in whole or in part is permitted for any purpose

of thO United States Government

This document has been approve- for public release and sale;

its distribution in unlimited.

90 02 06 0 59



SLijIlIItY (I AWFI AIIIIN I01' tH,6 Paltt

REPORT DOCUMENTATION PAGE

I.- REPORT SECURITY CLASSIFICATION 1b RESTRI(.TIVE MAHKINCS"

UNCLASSIFIED
2a. SECURITY CLASSIFICATION AUTHORITY j 5i.)STRIBU1IONiAvALAILItY OF REPORT

2b. DECLASSIFICATIONIDOWNGRADING SCHEDULE APPROVED FOR PUBLIC RELEASE
DTSTRT 3LTTON UNLIMITED

4 PERFOXMiNG O"GANIZArION REPORT NUMBER(S) S MONITORING )R(JANIjArION REPORT NUMBER(S)
17/ NO00 14-89-J-1849

6a. NAME OF PERFORMNG ORGANIZATION 6b OFFICE SYMBOL la. NAME OF MONITORING ORGANIZATION

BROWN UNIVERSITY (If applicable) OFFICE OF NAVAL RESEARCH
AARON WOLD .. ..

6C. ADDRESS (City, State, and ZIPCode) lb. ADDRESS (Cit, State. and ZIP Code)

DEPARTrFMNr OF C10.ISTRY 800 N. QUINCY ST.

BROWN UNIVERSITY ARLINGTON, VA 22217

PROVTDENCE., RI 02912 ....
8a, NAME OF FUNDINGISPONSORING 8t' OFFICE SYMBOL 9. PRC:UREMENT INSTRUMENT IDENTIFICATION NUMBER

ORGANIZATON (If applicable)

8C. ADDRESS (City, State. and ZIP Code) 10 SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT rASK WORK UNIT
ELEMENT NO NO NO NO

II TITLE (Include Security Classification)

T1E PREPARATION AND PROPERTIES OF IRON DOPED II-VI CHALCOGENIDES

12. PERSONAL AUTHOR(S)
J. DiCarlo,, . Albert, K. Dwight and A. Wold

13a. TYPE OF REPORT I3b. TIME COVERED _114 DATE oFRWPT (j%,¢tfonrh.Vy) IS PAGE COUNr

Technical FROM TO is 1

16 SUPPLEMENTARY NOrATION

PREPARED FOR PUBLICATION IN JOURNAL OF SOLID STATE CHEMISTRY

17 COSATI CODES IR SUBJECT TERMS (Continue on reverse it necessary and identify by block number)

FIELD GROUP SUB.GROUP

19 ABSTRACT (Continue on reverse if necessary and identify by block number)
j AaSemi-magnetic semiconductors arc a class of doped II-VI compounds which are of

interest in the study of magnetic interactions. Samples of iron-doped ZnS, ZnSe, and

CdS were prepared by the direct combination of the elements. Magnetic measurements

indicate that the antiferromagnetic interactions of the iron in the zinc 
systems

were greater than those observed in the cadmium chalcogenides. 
Single crystals of

iron-doped zinc chalcogenides wcre grown by chemical vapor 
transport. Their IR

transmission was measured and the iron concentration 
for maximum hardness was

determined. J - , • _-. - 1 , CI ttVI-

y -

20 DISTRIBUTIONIAVAILABILITY OF ABSTRACT 21 AUSIRACT SECURITY CLASSIFICATION
-UNCLASSIFIED/UNLIMITED 0 SAME AS RPT 0 DTIC USERS

2Za NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area Code) 2c OFFICE SYMBOL

DD FORM 1473,84 MAR 83 APR edition may oe usec until exfausted ';CURITY LASSIFiCArlON OF THIS PAGE
All othef editions are obsolete



THE PREPARATIONJ AND PROPERTIES Or- 1RONII 'OPED !I-'1 fACGEN IDES

J. DiCarlo, M. Albert, K. Dwight and A. !'old

Department of Chemistry, Brown University

Providence, Rhode Island 02912'

NTfJ cf &
D TIC :U

-

'u"" 

6*r!I

Dis 

t 

-



F-

Abstract

Semi-magnetic semiconductors are a clacs of ioped I-. .:-pounds

which are of interest in the study of magnetic interactions. Samples of iron-

doped ZnS, ZnSe, and CdS were prepared by the direct combination of the

elements. Magnetic measurements indicate that the antiferromagnetic

interactions of the iron in the zinc systems were greater than those observed

in the cadmium chalcogenides. Single crystals of iron-doped zinc

chalcogenides were grown by chemical vapor transport. Their :R transmission

was measured and the iron concentration tor maximum hardness was determined.



Introduction

The substitution of magnetic ions into I-VI semiconductors results in a

class of materials known as semi-magnetic 3emiconductors which are of interest

to the physics community. The II-VI chalcogenides containing manganese have

been extensively studied and their magnetic properties appear to be well

understood (1-3). Studies have also been performed where iron is substituted

for zinc in the !I-VI semiconductors (4-12). The two systems which have

received much attention are Z,!..:Fe..Se and Cd.xFexSe (8-12). There has,

however, been little reported or: on the dilute magnetic semiconductors

ZnI_.Fe..S and Cd.-,F::S. Barton and Toulni (13) have reported that the

solubility limit ol iron in the system Zni-,FeS was 58 role percent iron.

Papalardo and Diet: (14) studied the spectra of iron-doped CdS; however, no

magnetic measurements were performed in their study.

ZnS and ZnSe have been used as IR windows because of their wide

transmission range in the infrared. However, both ZnS and ZnSe are soft,

which limits their suitability for some applications. It was noted (15,16)

that in the systems Znl..,i.xS and (GaP) :(ZnSe)l-, the infrared spectra were

not changed appreciably from those of pure ZnS and ZnSe, but the hardness was

enhanced significantly. 11i(II)(3d') prefers octahedral coordination and it

has been shown that it is difficult to introduce a significant quantity of

U1i(II) into the structure (15). Since it has been reported that up to 58 mole

percent iron can be substituted for zinc at 8900C, it should be possible to

modify the properties of IX-VI compovnds using iron as a component. This

paper concerns itself vith the preparation and characterizatiou of the systems

ZnI_,Fe:S($ }) for both powder and single crystal samples and Cdl-xFexS for

powder samples. Th% stud7 includes problems associated with attempts to



prepare single phase materials, -j ".: : - :. ;V.:. "

a tetrahedral site, IR -raunmisnin, nirdnezs ia. -n:!:2 :

Experimental

Prenar&Aton

Polycrystalline samples were prepared by Using stoichiometric amounts of

zinc metal (Gallard and Schlesinger 99.9995%), cadmium metal (Cominco Elt 8001,

99.999%), selenium (UMC 23333 99.999%), iron (Leico 46987) pre-reduced in

kr/R2 (8S/15), sulfur (Gallard and Schlesinger 99.999%) sublimed prior to use

and iodine (sublimed, Deepwater Chemical Co., Std. ACS reagent 99.9%). The

appropriate weights of the reactants to give a total weight of 3 grams of

product were sealed in evacuated 12 =m silica tubes, and heated in the

following manner: 5000C for 48 hrs, 6000C for 48 hrs. The tubes were then

transferred to a two-zone iurnace and the churge end wias *aaintained at 3000C

and the other end at 4500C for 48 hrs in order :o :o:xplai thd teaction

between the metal and sulfur or seainiu:a vithnout -xplo! ti samplc tubes.

The samples were then heated at 7000C for 4 ;1 :000C to- 4 ars, ind 3O0OC

for 96 hrs. The samples nere tnnaraiy .n1::e atztr ;ac:. i;lat :reacmenc.

Crystal Growth

Stoichiometric amounts oi zinc, iron ind zuifur or sl0inum ;re Placd

in a silica tube (14 mm O.D. x 12 *-m I.D.) uhich had been ;r v:ous!y heatcd tc

near the melting point to minimize any nucleation sircs. The :ub. 7as

evacuated to 10-5 torr and freshly sublimed :odine teas introduc ;d ts th.

transport agent at a concentration of 5 mg/cc. The tube -:as sealed off ia

enclosed in a tightly wound Kanthal coil (to even out temperature gradients)

and the whole assembly was placed in a three-zone furnace (17). The crystal

growth temperature procedure consisted of setting the furnace to back



transport node for one day, iquilLrat:n *he :,rn .ac.

temperature for three ,aours, and 1.alll, *oolina -* :r7r. =:n it " .'hr to

the growth temperature. o)ptiun zrystal ;roth 4or :n, _..... ini  S

occurred when the charge :one uas maintained it -650r ind the ;rowth :on at

8700C. The transport process ilas carried out for 5 days and the typical

crystal size was 3 x 3 x 1 mm. The actual composition of the single crystal

was determined from the magnetic measurements.

_haracterization of Products

X-ray powder diffraction patterns of the samples were obtained using a

Philips diffractometer and monochromated high intensity CuKtxl radiation

(a a 1.5405A). For qualitative phase identification, diffraction patterns

were taken over the range 120 ( "e < 720 "ith a .can rate of 10 2I/nin, thile

cell parameters were determined from scans taken witn a scan rate oi O.:B5

20/min. Precise lattice parameters were obtainea Crrm zhe .if.:"acton peaks

using a least-squares refinement program which zor., ts :-r :ii systtmatic

errors of the diffractometer.

Optical measurements on .oi. nea singi. r7::zar-3 -r at room

temperature on a Perkin-Elmer 5SO singl. bzai 1n ;g .. ,

spectrophotometer. The measurements were ptrforned :n : nanizion -..ode

over the range 2.5 jim - 25 pm. Transmissijn through zh ;a.-.pla !as :,or-alzEd

to the signal obtained in the absence of the sampl,.

The microhardness measurements (Knoop ind:nt.3r nad' 1 s . :ry7tals

using a Kentron microhardness tester. The results ':eru obtaincd tsing I

diamond indenter with 25 gram loads for Zn!_:jFe:S3 and 10 ;ra:.-s !or Znl_xFeSe.



The stability Of these ,omroun%: zoiarra a n iz .. t: Vzned 7

heating them in al Llowing oxygun zt.-jam (60 zc %-i c- h: .1hanfl In

weight during the heating period. Mae decompo_-iri.n -rt I: 's

determined as the temperature 4here the teight *.f :h anpji., :.,acn to :hanqe.

Magnetic susceptibilities were measured from liquid nitrogen tamperature

(77 K) to 500 K using a Faraday balance at a field strength of 10.4 kOe.

Honda-Owens (field dependency) plots were also made 3nd all magnetic

susceptibility data were corrected for diamagnetism.

Results ind Discussion

Polycrystalline samples of Zna-_*Fe:, Zn_x:aje %nd Cal-_Fe:S "ere

prepared directly from the elements. Samples of Cd_ . .:a' en prepared

and studied by Smith (12). X-ray diffraction patterns indicatd trha thi zinc

iron- sulfide and zinc iron selenide prcaucts , r 31nla. n

crystallized with the cubic zinc-biznce 3trt.ctuc4. :.z s:: uii:de

and cadmium iron selenide a.so uere I.ngl" .... :tizl :rh he

hexagonal wurtzite structure.

For the system Znlx.yexS, compositions z;er nsn :i r.: = 0.03, 0.10,

0.15, 0.25, and 0.30. It was found for this systi zlhat -*e -.a .f

solubility of iron in ZnS was 30 atomic % for th2 above :eth~i tf *neparation.

It was also found that the 30% sample appeared to 'e Zsngie ,nas, *y :-ray

diffraction; however, the magnetic susceptibility shoi'td ficla% c'pendent

behavior (Fig. 1), indicating the presence of an i.apurity ilth % Spontaneous

moment; this magnetic impurity decreased with continued heatln-. %,thcugh the

sample where x = 0.30-appeared single phase by x-ray diffraction ifter only 4

days of reaction time at 9000C, it was found that 16 additional days of



heating ait 9000C were aecessarv r :rr .,,nzn

material iFig. Ui. 'hl&- .su~z a r .. t

susceptibility measurements in _ ttrmininc : n ' he

system Znl-xFeS. The maximun jolub1ily .!ac t ..- n : -c 'tlfides has

previously been determined by Barton ind Toulmin '1, o zi-t -ol percqnt

iron at 890°C. The samples in their studies rook in iverae t 6 -.onths to

show single phase material as indicated by x-ray diffract:on analysis.

Furthermore, it was found that control of the sulfur pressure was necessary

for the preparation of samples containing high iron content.

For the system Zn_xFe..Sa, compositions were cnosen wnere

x - 0.03, 0.10, 0.15, 0.20, and 0.25. All samples appeared to ae singIe phase

as indicated by x-ray diffraction analysis; nowever, the :% - 0.25 sample

showed field dependent behavior. Unli):e the Zn 70 "e.30j sampie, onrnued

heating of the selenide did not improve its fiei_ iape:dent benavior.

Therefore, the solubility limit of iron in :inc ,lniua . :. ,c n , and 25

atomic percent iron, This li.Ait ;f soluzi:ity 1.4 r ,- :znc .zinide :s in

agreement with the work of Tiardows i, " :;n r:o: :z ,xi.:u f 2 zoie

percent iron could be substituted for :inc .n . z, zoui 4row;n frcm zhe

melt (8).

For the system CdI_,&7e:S, compozitions *:ir-a cosn in~r, : 3.03, 0.10,

0.15, 0.20 and 0.25. All samples appeared to be :ingle ihase as indicated by

x-ray diffraction analysis. The x = 0.25 sample showed field dependent

behavior, but became field independent after 121 dditional days oi 'Iacnq at

8500C. Thus, 25 atomic 1 appears to be the solubility l i.it of Fr in CIS.

For all the samples listed in Table 1, the . agnetic .nomnt :r p .er )

obtained from magnetic susceptibility data remains 5.4(1) pS rcLgaidliss Nf



iron content. The Weiss constants are negative, idat:n r rromagnutic

Fe-Fe interactions, and become nora nagat:ve *iith :n:a .,n ..)n sbsti-tion

for zinc or cadmium. The Weiss constants of tha Zn1 _a:.. n Zn1exe

systems are essentially the same. The Weiss constants of the Cd_ .e::S and

Cdl.xFexSe systems are also equivalent, but are markedly smaller than those

obtained for the zinc systems, which indicates that weaker antiferromagnetic

interactions occur in the cadmium systems. This difference in the strength in

antiferromagnetic interactions has been also observed when cobalt is

substituted for zinc and cadmium in these systems. INiu et al. (13) indicated

that the observed differences in the strenath of the antiferromagnetic

interactions were related to the increase in the Co-Co effective distances in

the cadmium systems.

Single crystals of ZniNeS and 4.?r: ;ro;n zy nhemical vapor

transport using iodine as the transport agent. All -: -!.a ?r¢:ucts

crystallized with the cubic ::nc-Inird ztr:ur ix zuzd ..el *.adependent

behavior. The iron concentration . y,;a . : :iparinq their

room temperature susceptibilit: ".th -I s.us t:::Lt: z.tan;. irc.

polycrystalline samples cf 4:nown ir:. = :-s nr ... "v:x11 :rystals of

each system were grown and their R . t' - .rdess and

thermal stability were determinad tTabl .). t :in :=n :"at :-. add:ticon

of iron below 16 mole percent lid not affact a"-in -t '

wavelength end, but a cut off at the high znrgy :asi :a s r:*.%.

Hardness measurements ware :ade on these sanplgs ,-.d ;h..,d ha'.t

initially the addition of iron caused an incraase in harsness. Larer

substitutions of iron did not further affect the hardness. smal stability

measurements showed that there was very little affect .n thd thermal stability

as the amount of iron substituted for zinc was increasud in these systerns.
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Summary of Properties of !:on-Substi ,ccd Ur-"' :%!:mentas

leiss
Cell Constant (A) (Bohr Constant Coll

Coapound a c (Maqnetons) x I Yolume

Z S 5.409(2) ---.. ......
Zn.97TF. 03S 5.410(2) - 5.3 - 55(5)
Zn.9oFe 10S 5.415(2) - 5.5 -MS4(5)
Zn.8 5?e sS 5.417(2) - 5.4
ZnasFe.25S 5.418(2) ---- 5.4
Zn70re.30S 5.420(2) --- 5.5 -4t5)

ZnSe 5.667(2) -----....
Zn.97r*.03Se 5.668(2) 5.: - ,'(5)
Zn gore lse 5.675(2) --- 5.5
Zn85Fe 15S* 5.676(2) 5.3 (5) ---
zuns 0Fe20SO 5.677(2) ----- S.3)

CS 4.136(2) i.715(2) ..
Cd 4.126(2) 6.700(2) 5.3 ----

C4 90 re.10 S 4.105(2) 6.667(2) 5.3 -

Cd.85F*.15S 4.094(2) 6.651(Z) -
C.8of. 20S 4.079(2) i.634(2) 3.2 - -
Cd.?sfe.25S 4.073(.) 6. 21) - ---

*CdSo -.-

*Cd98Fe.02Se . -. .1
*Cd95Fe.osS .. - .

Obtained from Smith et al. t!2): cail *olume is %:jprssec Instead ct
cell constants.



?Ibia2

Properties of Single ,*rystil -f Zon-:um sturv !w; tn InSe

Hardness 7R Transmisson ?harnai Zcability

'iF. (kqI=JI (!icrons) .C,ntijrade)

:ns

0.00 158 2.5 - 14 520
0.03 176 6.0 - 14 530
0.10 184 6.0 - 14 540
0.16 180 6.0 - 12 i40

-ZS_€

0.00 104 2.5 - 020
0.03 149 i.0- 0"
0.10 136 .5 - 00

0.16 136 6.5 - IS



'i~ure Captions

Fig. 1. variation of affccztjv nagnetic uscaptibxiit-;

with inverse maqnetic field as a runction ,wr

time-at-teaperature.

fig. 2. Variation of magnetic susceptibility wuith

composition of standard polycrystalline

samples of US, ZnSe, and CdS
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