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Abstract :

Semi-magnetic semiconductors are a clacs of loped IX=I zompounds
which are of interest in the study of nagnetic interactions. Samples of iron-
doped ZnS, ZnSe, and CdS were prepared by the direct combination of the
elements, Magnetic measurements indicata that the antiferromagnetic
interactions of the iron in the zinc systems were greater than those obsarvad
in the cadmium chalcogenides. Single crystals of iron-deped zinc
chalcogenides were grown by chemical vapor transport. Their IR transmissicn

vas nmeasured and the iron concentration for naximum hardness was determined.




Introduction

The substitution of magnetic ions into II-YI semiconductors results in a
class of materials known as semi-magnetic semiconductors which are of interest
to the physics comnunity. The II-VI chalcogenides containing manganese have
besn extensively studied and their magnetic properties appear to be vell
understood (1-3). Studies have also been performed where iron is substituted
for zinc in the II-VI semiconducters (4~12). The two systems which have
received much attention are Zu..Fe,.Se and Cdy..Fe,Se (8~12). There has,
however, been little reported work on the diluts magnetic semiconductors
Zny . Fe.5 ané Cd;. Fe.8. Barton and Toulmin (13) have reported that the
solubility linit of iron in the systenm iny.,Fe,5 was 58 nmole percent irom.
Papalardo and Dietz (14) studizd the spectra of iron-doped CdS; however, no

magnetic measurements wire parformed in their study.

2nS and ZnSe have been used as IR windows because of their wide
transmission range in the infrared. However, both ZnS and ZnSe are soft,
vhich limits their suitability for some applications. It was noted (15,16)
that in the systems Zny..Ni,S and (GaP),(ZnSej;_, the infrared spectra were
not changed appreciably from those of pure ZnS and ZnSe, but the hardness was
enhanced sigrificantly. MNi(II)(3d%) prefers octahedral coordination and it
has been shown that it is difficult to introduce a significant quantity of
Ni(II) into the structure (15). Since it has been reported that up to 58 mole
percent iron can be substituted for zinc at 890°C, it should be possible to
modiry the properties of II-VI compounds using iron as a component. This
paper concerns itsel: with the preparation and characterization of the systenms
Zny_yFe.S(Ss) for both powder and single crystal samples and Cdy_yFe,S for

pouder samples. Th: study includes problems associated with attempts to
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prepare single phase materizis, 5 *to.. 37 e CWIRETIY t.LaATRIS Cf JAMIt o

a tetrahedcal site, IR sransnissian, nardness iag 2T-0lit cnotunygan.
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Polycrystalline samples were prepared by using stoichiometric amounts of

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

99.999%), selenium (UMC 23333 99.999%), iron (Leico 46987) pre-reduced in
Ar/R, (85/15), sulfur (Gallard and Schlesinger 39.999%) sublimed prior to use
and iodine (sublimed, Deepwater Chemical Co., Std. ACS rzagent 99.9%). The
appropriate weights of the reactants to give a total weight of 3 graas of
product were sealed in evacuated 12 am silica tubus, and heated in the
following manner: 500°C for 48 hrs, 600°C for 48 hrs. The rubes were then
transferred to a two-zone rfurnace and th2 charge end was .aaintained at 300°C
and the other end at {50°C for 48 hrs in order o semplere zhe :2action
between the netal and sulfur or seienlum without «xpiodinhy the sample Tubes.
The samples were then heated at 700°C Ior 23 .rs, 109°C Zox 35 ars, and 300°C

for 96 hrs. The sampies were LnCimateédy a3iedq 3LTor cach aaat credtsenc.

Crystal Growth

Stoichiometric amounts of zinc, iron 1ind sulfur or selehrun vere placad

in a silica tube (14 am 0.D. x 12 =m I.D.) hich had been previously heatecd te

nesr the melting point to minimize any nuclzation sitss. The tud=z vas
evacuated to 10-3 torr and freshly sublimed :odine wwas introduced =s the
transport agent at a concentration of 5 ag/cc. The tube was sealed O£f md
enclosed in a tightly wound Kanthal coil (to even vut 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
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transport aocde for one day, ::quilisrating che zurnace > *L. hLatus
temperature for chree aours, and £inall;, :ooling ~he rrouwen ziue 1T 197/hkr fo
the growth temperatura. Jptinun crystal groweh for Ia,_.fu.l ind IRyl 2S¢
occurred when the charge :zone as naintained it 26%°C and the srowth :cone at
870°C. The transport process was carried out for 5 days and the typical
crystal size was J x 3 x 1 mm. The actual compnsition of the single crystal

vas determined from the magnetic measurements.

Cnarqcterization of Products

X-ray powder diffraction pattarns of the samples Were obtained using a
Philips diffractometer and monochromated high intensity CuKay radiation
(A = 1.5405A). For qualitative phase identification, diffraction patterns
vere taken over the range 12° ¢ 28 < 72° with a scan rate of 1° la/ain, “hile
cell parameters were determined from scans taken witn a scan rate of 0,53°
267min. Precise lattice parametaers were obtainea fram the JdriZraction peaks
using a least-squares refinement program which corrects or tiic systamatic

errors of the diffractometer.

Optical measurements on polishea siagle Jrystals rz ,orferned at room
temperature on a Perkin-Elner 230 single bean ssanuiug Jnirarea
spectrophotometer. The measurzsments were perforned in ae Zransnlssion sode
over the range 2.5 ya - 25 pm. Transmission through the sanpl: “ras sor-alized

to the signal obtained in the absencz of the samplu.

The microhardness neasursments (Knoop 1adentar) Welw made . irystais
using a Kentron microhardness tester. The resulis vrere obtaincd asing 2

diamond indenter with 25 gram loads for Zny _,Fe..5 and 10 jrams for Inj_(Fe,Se.




The stability oI these comrounus terara  iiad an 13 .ctovninad o7
heating then in a flowing oxygeh storam (60 26,10 %ad n.ttwius *hl change in
weight during the heating period. e decomporxtisn temporatur2 s

determined as the temperature where the -reaght ~f <hs ranpie l2aan o change.

Magnetic susceptibilities were measured from ligquid nitrogen tamperature
(77 X) to 500 K using a Faraday balance at a field strength of 10.4 kOe.
Honda-Ovens (field dependancy) plots were also made and all nagnetic

susceptibility data were corrected for diamagnetism.

Results 1nd Discussion
Polycrystalline samples of Iny_oFe 3, Iny.gr@.de 3nd Cd . Fe.d  vere

Y v Yy we

prepared directly from the elements. 3aaples of ¢d,._,72.

3¢ .2ave jeen prepared
and studied by Smith (12). X-ray diffraction patterns indicated that che zinc
iron sulfide and zinc iron selenide sroducts 7=r: JilJic 20a3s. Al

crystallized with the cubic zinc-bi:nce structucs, The Zxaalc. avou sullide

and cadmium iron selenide also were single juur: waw ZUYST4il.Zew ATR The

hexagonal wurtzita structure.

For the system Zny_y7e.S, compositions were ntseh nerd o= J.93, 0.10,
0.15, 0.25, and 0.30. It was found for this syston that the .iait of
solubility of iron in Za$ was 30 atomic % for thz above asthoed I »reparatiom,
It was also found that the 30% sample appear2d to e single ppase Uy z-ray
diffraction; however, the magnetic susceptibility shewed fic¢id derendent
behavior (Fig. 1), indicating the presenca of an iapurity +71th z spontaneous
moment; this magnetic impurity decreased with continued heating. Jlthcugh the

sample where x = 0,30 appeared single phase by x-ray diffraction iiter only

days of reaction time at 900°C, it was found that 15 additienal days of

st




heating at 200°C were aacessary .o oraet > 2% L .. wiehenazInt
material (Fig. l;. ~uis vasust L2lORITTRL.G .. . WeYULLYc T AgRRrLY
susceptibility measuraments :n L¢BerMIRIRG Ionmiefanose 2 I1aution In the
system Zny_, Fe.5. The aaxiaux Jolugalzzy “aimac ¢ .o'w s sine nlfide has
previously been deternined by 3arton ind Toulmin '3 ro 22 %3 wol2 percant
iron at 890°C. The samplas in their studies rook in 1veraqe af 6 wonths to
shovw single phase material as indicatad by x-ray diffraction inalvsis.

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

for the preparation of samples containing high iren content.

For the system Zny._(Fe.32, compositions Were chosan wnere
x = 0.03, 0.10, 0.15, 0.20, and 0.25. All sanples appearad to pe single phase
as indicated by x-ray diffraction analysis; nowever, the x = J.I5 sampile
shoved field dependent behavior. Unlike the in qgpfe 3gv sampie, sontanuad
heating of the selenide did not iaprove its Iieid icpehdent bdenavior.
Therefore, the soiubility linit of 1ron i 2iInC jeieMlue .3 :ele¢eh «v and 25
atomic percent iron. This liait of sclusality =i irid i Idae seleidde is in
agreement with the work of Tuardowsikl, %R0 IiBOrisd "Ral ¢ o.axiauwa of 12 Jole

percent iron could be substituted Ior ziac :n Ials 20Uies greNn Ircw ae

melt (8).

For the system Cd;.,7e.5, conpositions "%

=

2 ¢nosen nete 2 = 9.33, 0.10,
0.15, 0.20 and 0.25. All sanmples appeared to 5z ingl2 rhase 1s indicated by
x-ray diffraction analysis. The x = 0.25 sample showed f:ield depuendent

behavior, but became field independent after i2 additional days of Gcating at

850°C. Thus, 25 atomic % appears to be the solubility limt of Fe in CJS.

For all the samples listed in Table 1, the agnetic .oment Der F2(IX)

obtained from magnetic susceptibility data remains 5.4t1) pg regardliss of




iron content. The Weirss conmstants are nagative, indalatsini ntlrilrromagletic
Fe-Fe interactions, and bacome nora negat:ive with incr2asiny .Zon substitation
for zinc or cadmium. Th2 Weiss constants of the Iny_,T:.. inc Imy.,TecSe
Systems are essentially the same. The Weiss constants of the <d,_,7e.5 and
Cdy.yFe,Se systems are also a2quivalent, 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. liu a2t al. (18) indicatad
that the observed differences in the strenath of the antifervomagnetic

interactions were related to the incraase in the Co-Co zffective distances in

the cadmium systems.

Single crystals of ZnyyTeed and Iny..le.de  2re Jrown Y Cheddcidl vapor
transport using iodine as the transport agsnt. Ali .2 ~Le srsducts
crystallized with the cubic zinc-kisnde sTructure ud Sueed iieid sadependant
behavior, The iron concintration oI Jyrystaid «25 .2Taii:d ¥ Isaparang their
room temperature susceptibiiities 1Th ~n3 GUSSLRTLSIliTias JLlalles frea

polycrystalline samples oI Inown irox rantelt (L7, ... Cavival orystals of

each system were grown and theiy IR pripartacs 3 2.1 & their hurdness and
thermal stability were determined (Table ). It 2un 2: jesf T22T Tae addition

of iron balow 16 mole parcent did not affzcy svransaissicn st the l.ag

waveiength end, but a cut off at the high 2nergy ont #is .ooirved.

Hardness measurements were nade on these sanplus nd shossd that
initially the addition of iron caused an increase in apavaness. Lavger
substitutions of iron did¢ not further affect the hardness. Thermal stabiiity

measurements showed that there was very little affect :n the thermal stability

as the amount of iron substituted for zinc vas increased 1n these systems.

.
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Sunmary of Propertias of

~abla |
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Izon=-Suhsti*vecd IX-~'I Thal:+canidas

ilonent Heiss

Cell Constant (A) {Bohr constant Cell
Coapound a ¢ (magnetons) ( X)) Yolume
ins 5.409{2) =-=-- m——— == -
In_gqFe o35S 5.410(2) ----- 5.3 - £5(5) —
zn.gor..los 5.415(2) ==--- 5.5 ~1383(5) ;-
zn.asri.lss 5.417(2) ====~ 5.4 =224 (8) ne-
20 jcFe 258 5.418(2) =----- 5.4 -1§5(5) ---
zn_7°r‘.303 $.420(2) ====- 5.5 =3541(9) -
ZnSe 5.667(2) =-==-- - - ——-
Zn'97ro'°3$o 5.668(2) or=-- S5ea - 43 .-
Zn_,orc.1°Se 5.675(2) ==--- 5.5 =199 5} -
Zl‘ssr..15$0 5.676(2) ===--= 5.3 <iU3(§) .-
zn.sorﬁ.zos. 5.677(2) =====~ 3.4 So413) -
cds 4.136(2) 35.715(2) —— == -
Cd_gqPe o3S 4.126(2) 6.700(2) 5.3 - 233) ---
cd"goFe 108 4.105(2) §.867(2) 3.3 - 31 ---
Cd.ssti;lss 4.094(2) 95.851(2) IR =il 5 -
Cd’ goFe 205 4.079(2) $.834(2) 5.2 “lasid ---
cd’qgFe 258 $.073(2) 5.32102) 3.4 i ---
*CdSe - == dAlee
‘Cd.gare.ozsC K . ———d
*Cd.ger.ossO =~ a1 Ll

®x Obtained from Smith et al.
cell constants.

volume is .upressea instead of




Properties of Single wrystals ~f Ivon-suastaituryd InS sna Iale

Txbie 2

dardnass IR Transmission harnal Scability
YFPe (kg/mms) {microns) .CentlICade)
ins

0.00 188 3.8 - 14 £20

0.0) 176 §.0 - 14 530

0.10 184 6.0 - 13 -1

0.16 180 8.0 -~ 12 340

—.2nSs

0.00 104 2.5- 20 20

0.03 149 5.0 - 20 230

0.10 136 2.5 = 2 149

0.16 135 8.3 - 18 0




Tizure <aptiong

Fig. 1. Variation of affcctive magnetic suscaptibiliey
with inverse magnetic field as a runction ot

time-at-temperature.

Fig. 2. Variation of magnetic susceptibility with

composition of standard polycrystalline

samples of 2nS, ZnSe, and CdS
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