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Perturbed angular correlation study of the thiospinel B-In,S;
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The electric field gradient$EFG’s) of in(EC)'*'Cd nuclei at the different crystalline sites in spinel
B-In,S; have been measured, using perturbed angular correlation spectroscopy. The radid4ntivacers
were introduced into the samples by means of ion implantation or during the chemical synthesis using natural
indium doped with*'lin. The radiation damage after the implantation was annealed by heating the samples to
above the transition temperatufe= 693 K where the phase transition to cubkien,S; occurs. In contrast to
previous PAC measurements, three electric field gradients were found. Their temperature dependences were
measured in the temperature range between 8 and 743 K. The crystalline structure was checked by x-ray
diffraction and refined by means of a Rietveld analysis. Fully consistent with the refined structure, the three
observed EFG’s were attributed to probes residing in the different sulphur octahedra and tetrafSelirSef
The EFG values are reproduced by the point charge model. A strong damping of the perturbation functions was
observed in the temperature range between 150 and 370 K, which was attributed to dynamical hyperfine
interactions caused by aftereffects of the electron capture deciyiiof [S0163-182(08)05341-7

I. INTRODUCTION Spinels are composed of octahedra and tetrahedra. Only a
few examples are known where thélin probe was safely

The perturbedyy-angular correlation methodPAC) has  attributed to the central site in an oxygen tetrahedron; in
often been used as a tool to study, via the hyperfine interadngO, with a high EFG valué,in Fe;0,,'% and in CdInS,
tion of a radioactive probe nucleus, the properties of solidéRef. 11 with a low value. In3-Gg0j3, which is also com-
such as magnetic and structural phase transitions, chemicepsed of octahedra and tetrahedra, only the octahedral site is
reactions, and defects on an atomic scale. Measuring tHeccupied by the probe atolf. In,S; exists in three
electric field gradienEFG) in semiconductors offers the Phases>*In the defective spingB-In,S; (stable up to 693
possibility to change the electron density by adding electriK), the regular sites of indium atoms are the centers of both
cally active impuritiesie.g., Li or by varying the tempera- disturbed sulphur-octahedra and tetrahedra. In addition, the
ture. The EFG’s at''Cd probe nuclei on substitutional cat- Probe atom does not represent an impurity but belongs to the
ion sites for binary metal oxides have been studiedconstituting elements of the compound. Therefore, this com-
systematically in Gtiingen!=® including bixbyites (1,03) pound offers the unique possibility to observe the different
(Ref. 6 and ternary oxides with eithév ,Cu,Os structuré  types of local environment@ctahedra and tetrahednander
or delafossite ABOZ) Structures_ The PAC experiments for Oth.erW|Se .|dent|ca.| COﬂdItIOI’]S. Furthermore, It W|” be |nte.r'
the last three classes of compounds gave information on thsting to find out if the general rules found for oxides will
local oxygen configuration in terms of the cation size. In allhold for chalcogenes, too.
of these compounds th€in(EC)'*'Cd probe was found to
replace the central cation of the oxygen octahedra.

The structure of the spinels generally is of great interest as
it provides the possibility to use the free space in this lattice All the samples were prepared by solid state reactions.
for storage of foreign atoms such as lithium. Either theirThe binary thiospineB-In,S; was synthesized by means of a
exact position, their number, or their chemical binding are ofdirect reaction from stoichiometric mixtures of the elements
major importance. The large band-gap semiconductoin evacuated tubesP=10"> Pa). Afterwards, this mixture
B-In,S; is also interesting as a window material in thin-film was heated up to 573 K for one day. Then, the temperature
CulnSe photovoltaic devices. was raised to finally reach a value of 1373 K which remained

Il. SYNTHESIS OF -In,S;
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constant for three hours. As an annealing treatment, the tenzontaining all the information on the hyperfine interaction. In
perature was then kept at 1073 K for eight days. Pellets madie case of static electric interactidB,,(t) is defined as
from each substance were implanted witdin™ ions at an

energy of 400 keV and a total dose of about?i®ns, using >

the Gatingen ion implanter IONAS®6 Then the samples GZZ(t):nZO Son(7)cOg wit)

were annealed under the conditions described below in order

to remove the radiation damage. Xexd —dan(7) ot]d[gon( 7)) vat, 7R] (©)]

One sample was synthesized using indium metal, into

which the radioactive'*lin tracer atoms were introduced by with w, being the primary transition frequencies aBg,
electrolysis. The deposition of*in was performed in an their respective amplitudes; their values are defined in Ref.

electrochemical cell with a natural indium cathode and at20 T_he paramete$ denotes the W!dth of a Lorentzian dis-
platinum anode. The electrolyte was a mixture of,8(@,, ribution of the EFG and the functio{ gon(7) vqt, 7r] ac-
an ammonium salt, and"inCl,;6H,0. A voltage of 5 V counts for the damping dB,,(t) due to the finite time reso-

was applied to the cell loading to a current of 140 mA. Fi_lutlo.n 7r Of the apparatus. The PAC experiments were
nally, the electrochemical reaction was carried out using a conventional slow-fast setup with four

Nal(Tl) detectors in 90° geometry or a fast-fast sétupith

cathode: 114n3* + 3~ — 114n?°, four BaF, detectors positioned in the same geometry. Then,
the twelve time spectra obtained from all possible combina-
2H" +2e™ —H,, (1)  tions of the four detectors were used to calculate the experi-

mental perturbation functioR(t), given by

anode: DH™ —0,+4e +2H,0.
N(180f)— N(904%)

N(1801)+ 2N(90%)

5
R(t)=2 Azzzl fiGh(t), (4)

After the electrolysis, 0.41955 g of indium, containing an
activity of 0.41 mCurie oft!lin tracers, were placed in a tube _ _ _
together with the sulphur, to react ®1In,S;. Subsequently, where f; denotes the relative fractions for different EFG’s
the same thermic program was performed as in the case §Pntributing to the PAC spectrum an@,(t) the corre-

the nondoped samples. sponding perturbation factors.
Ill. PAC METHOD AND APPARATUS IV. EXPERIMENTAL RESULTS
The time-differential perturbed angular correlation tech- A. PAC measurements

nique with radioactive'*in probe atoms was used to mea-  pAC measurements in the different phases g8jrwere
sure the EFG’s at the different crystallographic sites Ofperformed in the 1980’s during the investigation of ¥
B-In,S;. A detailed description of this method can be foundscaling behavior of the EFG's in metals and compolffids.
in the literature:~*° The short overview given here will The most detailed study in this context is Gabriele Lanzen-
demonstrate how, in principle, the EFG in a solid compountyjorfer’s diploma thesié® She found two nearly axially sym-
can be measured. metric EFG’s in the temperature range between 25 and 623
The EFG is a tensov;; defined by the second derivative k: apout 75% of the probes showed an EFG with
of the electric potential/(r) at the probe site. Its nine com- —g5 MHz, which did not depend on the measuring tem-
ponents can be reduced to the three diagonal elengqts  peratureT,,. The rest were found to have a temperature-
Vyy, andV;,, arranged as/y, <V, <V,,. The diagonal dependent EFG ofy=140-122 MHz. From the known ra-
traceless tensor is completely described by the largest of they of the number of octahedral/tetrahedral sites in the spinel
three components\{;;) and the asymmetry parameter  structure(75/25 she attributed the lower EFG to probes on
= (Vxx— Vyy)/Vz, with 0< n<1. The quadrupole interaction the octahedral site. At high temperatureg,& 1048 K)
coupling constantvg=eQV,,/h represents the strength of only one EFG withrg=119.5 MHz was observed in the
the EFG andp is a measure of the tensor’s deviation from phase of 1S;. Following the crystallographic data, at these
axial symmetry ¥,,=Vyy). temperatures only octahedral sites are occupied by In and,
The probe atom™in decays with a half-life ofTi,  consequently, this EFG was attributed to In at the octahedral
=2.83 days to the excited 7/2state of **'Cd via electron  sjte in they phase of IpS;. As the probetlin is always a
capture(EC). This state, in turn, decays to the 1/ground  host atom of the compound, only substitutional sites have to
state of *''Cd via the emission of the 171-245 ke¥y  be considered in well annealed material.
cascade. The intermediate 5/fvel is characterized by the
quadrupole momen®=0.83 b, the magnetic momenpt= 1. Annealing behavior
—0.766uy, and the half-lifeT,,,= 85 ns!®
The perturbed time-differential angular correlation in
polycrystalline materials is expressed by

As already described in Sec. Il the synthesis of all the
In,S; samples ended with an eight-day annealing at 1073 K
as the last step. For th&'in implantations, the powder-

W(0,t) =1+ AyGoy(t) P,(COSH), ) material had to be pressed to pellets of 4 mm diameter. After

the implantation further annealing in vacuum was necessary

whered is the angle between the detectoks; is the anisot- to remove the radiation damage introduced by the implanta-
ropy coefficient of theyy cascadeP,(cosé) is the second tion. Figures 1a)—1(d) show a series of PAC spectra taken at
Legendre polynomial, an6,,(t) is the perturbation factor, room temperaturéRT) after heating the implanted sample
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FIG. 1. Annealing behavior of #-In,S; sample implanted with'*in. The PAC spectra and their Fourier transforms are shown,
measured at RT after annealing in vacuum ¥ch atdifferent temperature¥, (a)—(d). For comparison, PAC spectra from the chemically
doped bulk sample are shown obtained at different measuring temperatufes(f).

for one hour at increasing annealing temperatdigsAfter ~ the Fourier spectra observed at higher temperatlifés
allowing for a phase transition into the cubic phase T  1(f)] can be explained by a macroscopic-visible texture of
=693 K), the sample is perfectly annealed. This can bdhe bulk sample.

seen by a comparison with Fig(€], taken at RT from the i

bulk sample which was chemically doped within. There 2. Temperature dependence of the EFG'’s

is no obvious difference between the implanted and the After annealing the radiation damage, the PAC spectra
chemically doped samples. The small intensity differences invere measured at different temperatufgswhich are indi-
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FIG. 2. PAC spectra and their Fourier transforms f6iCd in anneale¢B-In,S;, measured in vacuum at different measuring tempera-
turesT,,=RT.

cated in Figs. 2 and 3. The temperatures were chosen iRef. 23 for the dominant EFG withg=65 MHz. It seems
random order. All the PAC spectra had to be fitted with a sethat in the measurements of Refs 22,23, the experimental
of three different frequencies. As the result, two of themresolution did not allow one to detect the lowest frequency.
(vo2 andvqg) agree quite reasonably with the ones found inFurthermore, the temperature region from 150 to 300 K was
the previous PAC experimert$?® The third one is a lower not shown or discussed in Refs. 22,23. The low-temperature
frequency, characterized by the EFG parametegs;  measurements given in Fig. 3 show a dramatic damping of
=35 MHz and#,=0.6. In all the Fourier spectra, the first the perturbation function in that temperature region, whereas
peak of this triplet is either clearly separated from the largesat lower temperatures the three frequencies reappear. A simi-
one at about 60 MHz or at least visible as a shoulder on th&ar behavior was observed in some oxides, especially in
left side of the large peak. In fact, the fractiohsandf, of  La,O; (Ref. 24 and also in I1gO; (Ref. 25. In these cases,
these two EFG’s amount to 75%. This value was fitted init could be proven by usingd''™Cd probes, that the after
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FIG. 3. PAC spectra and their Fourier transforms f6iCd in anneale¢B-In,S;, measured in vacuum at different measuring tempera-
turesT,,<RT.

effect of the'lin probe’s electron-capture decay causes dy- The (various EFG parametersq;, &;, and »; obtained
namical hyperfine interactions: damping occurs when in &y fitting the spectra of the present work are also summa-
semiconductor a low availability of electrons leads to relax-fized in Table I. As the data obtained from implanted
ation phenomena within the PAC observation time. In thes¢éamples and chemically doped samples agree with each
case$'2® at very low temperatures the sharp frequenciesther, all the temperature-dependent PAC parameters are
reappeared which was interpreted as an increased electr@iven together in Fig. 4. In the region of strong damping
availability at the probe, caused by either a change of thébetween 150 and 370)Kvq; and »; were fixed and the
conductivity mechanism or the closure of other electrondamping was accounted for by fitting an increasing distribu-
traps. As will be reported in a forthcoming pagéthe dop-  tion width &, .

ing of In,S; with the electron-donor Li suppresses the damp- The last diagram of Fig. 2, taken @&f,=728 K, is one

ing of the R(t) function in this temperature range—a clear example of a PAC spectrum of the cubieln,S; phase char-
proof of our assumption. acterized by an exponentially decreasing perturbation func-
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TABLE I|. Experimental hyperfine parameters at different measuring temperakpréi) for g-In,S;.
vq; is the quadrupole coupling constant afidhe width of a frequency distribution, both are given in MHz.
7; is the asymmetry parameter afid%) the observed fraction. Previous data fgin,S; are shown in

addition.
Tm Vo1 M1 o1 fi Vo2 72 > fa Vo3 73 O3 fa Phase
8 39.7 046 6.7 396 70.1 26 38.2 1477 014 26 221

70 36.6 047 9.7 472 69.7
87 347 059 58 401 703
107 359 052 88 359 688 47 399 1456 0.10 34 193
140 359 0.29 94 40.0 68.8 83 350 1456 0 115 250
165 359 029 99 400 688 0 111 350 1456 0 200 250
293 342 06 00 108 63.1 012 246 76.2 1400 00 160 130 B
473 350 052 26 216 634 019 74 559 1378 004 20 225
523 362 05 08 222 650 018 28 522 1351 003 16 256
573 377 05 18 219 650 023 40 615 1298 006 26 16.5
628 392 05 13 231 644 023 32 602 1223 00 21 16.7
673 387 05 26 267 622 034 38 622 1184 0.03 09 148
674 372 059 53 324 641 034 15 40.7 116.7 0.02 3.9 26.8

23 324 1469 012 21 204
44 39.0 146.0 0.12 3.7 209

cNoNeoNolNo

293 346 059 014 256 619 097 229 539 1617 052 6.7 205
383 35,7 060 00 246 627 019 215 506 138.1 0.08 26 248 B°@
523 376 054 00 293 672 002 0.2 532 1339 003 01 174
673 315 09 59 305 644 035 1.7 450 1161 0.01 3.1 245

1048 1195 00 101 100 Yy
1172 103.1 0.0 4.8 100 (Refs. 22,23

&The bulk sample.

tion. A_s discussed in Ref. 28, such a spectrum_ca_n be_,- fittelon factorsS=2.17 andRg,.qe= 4.07 validating our struc-
assuming a broad &=420 MHz) frequency distribution tra| hypothesis. Three different In sites were obtained from
around a central value afo=0, or it can be fitted with an  thjs analysis. Two of them are located in octahedral sites 8
exponential function expfit) having a decay constam  and 16, the third one occupies a tetrahedral sie &ur-
=83 MHz. thermore, this analysis shows that the two nonequivalent oc-
tahedral sites have important differences in their local envi-
B. XRD measurements ronments. Site 8 may be _descr_ibe(_j b_y classical Jahn-Teller
compression along theaxis. This site is surrounded by four
sulphur atoms placed in a planar square at a distance of 2.68
A and two additional sulphur atoms at a distance of only
; : ! <€ I 2.54 A above and below. The situation is completely differ-
x-ray powder diffractionXRD) with a Philips6-26 diffrac-  ent for site 16. In this case, the two smallest sulphur dis-
tometer, using CKi, radiation and a nickel filter. The tances(2.55 A) make an angle of 90° instead of 18(Fig.
Rietveld refinements were carried out with the aid of theg) Taple Il summarizes the results of the parameter refine-
computer cod@aws-900sdeveloped by Wiles and Yourfd.  ment.
The Rietveld analysis confirms that no drastic variations
occur in the lattices, they do not depend on the compounds
preparation method. An XRD spectrum of the sample pre-
pared with radioactive tracers is presented in Fig. 5 and the The compound I58; has a model aspect: as a host atom,
results are summarized in Table Il. They demonstrate thahe PAC probe!'lin should occupy all possible cation sites.
the radioactive synthesis does not involve any change in th€herefore, according to the XRD analysis of the structure,
compound structure. The structural parameters are in goo@le expect to find three different sites for the probe in ghe
agreement for both types of compoung®wder and bulk phase of 1gS;, a tetrahedral site anvo nonequivalent oc-
samplg. As the main result, it is confirmed thgtIn,S; can  tahedral sitegsee Fig. 6. In fact, the main difference be-
be described in thé4,/amd space group with cell param- tween our present work and the study reported
etersag andcg of about 7.6 and 32.3 A, respectively, where previously*#?is the observation of an additional frequency
ag~v2/2a; andcgo~3a. (& is the cell parameter of cubic of about 35 MHz. The following section will explain how the
a-In,S;). three observed EFG’s can clearly be attributed to the three
The calculated reflections match very well with the x-raysites in theB phase. Due to this a new interpretation of the
diffraction pattern shown in Fig. 5. We obtained the correla-previous PAC data is required. As a by-product it gives a

The purity and structure of both types of,8 samples,
either chemically synthesizegowder samplésor prepared
with radioactive tracergbulk samplg, were examined by

V. DISCUSSION
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FIG. 5. XRD pattern of the3-In,S; bulk sample, chemically
doped with*4n during the synthesis.

analysis. This allows a direct attribution of ERZbto probes
residing on the distorted octahedral In sitdd@ith the sym-
metry Oy.

Additional arguments are needed to find out which EFG
corresponds to probes at the tetragonal site, as both remain-
ing fractions are about equal. Here we use first the experi-
mental results known fory-In,S;. This high-temperature
modification of InS; has a layered trigonal structure, in
Temperature (K) which only octahedral sites are occupied by In atdfrBon-

FIG. 4. Temperature dependence of all the fitted PAC param-sequen.tly’ this leads to only one fr_equency in the PZ’;C spec-
eters for 1Y1Cd in In,S;. In the first diagram the results of the tr_a, Wh'Ch has been reported previously by Fratlal: A_S
previous experiments are given as filled points. given in Table I, the observed frequency at 1048 Kvig

=119.5 MHz, surprisingly close to the valuevgs
simple explanation of the previous data on the high-= 118..4 MHz which was observed at the highest tempera-
temperaturey phase of I5S;. tures in thepB phase(673 K). Therefore, we propose that
EFG(3) corresponds to the symmetric octahedral sitevith
the symmetryOy .

This site allocation simply eliminates the dilemma of

In the case ofB-In,S;, the values of the different frac- Refs. 22,23: as these authors missed BifGlue to their
tions observed in the PAC spectra can be taken as the stroexperimental resolution, they had to attribute EBGo the
gest indication of a specific site. As shown in Fig. 4, thetetrahedral site, using the general ratio between the number
three frequencies appear above RT with the nearly constawnf octahedral and tetrahedral sites in the spinel structure. As
fractions f,~27%, f,~53%, andf;~20% close to the a result, the EFG on a tetrahedral site in fhghase seemed
numbers 25, 50, and 25 % expected from the crystallographito be identical to the one on the octahedral site in the

(%)

0 200 400 600 800 1000 1200

A. Site identification

TABLE Il. Structural parameters obtained from the Rietveld analysis of the x-ray diffraction pattern for
the three different In sites i8-In,S;. Two parametersS and Rg,q9 control the refinemenRg,,qq Charac-
terizes the difference between the theoretical and experimental intensities of the Bragg refl&cisoas.
similar parameter, which takes into account the complete XRD pattern.

In,S; Position x/a y/b zlc

In(Tgy) (8e) 0 0.2500 0.204Q2)
In(Opy) (8c) 0 0 0

In(Oy,y) (16h) 0 0.02478) 0.33292)
S (16h) 0 0.002@28) 0.25144)
S (16h) 0 0.004231) 0.08064)
S (16h) 0 0.0018298) 0.41625)

14, /amd a=7.6143(3) c=32.3078(13) Rerags=4-07 S=2.17
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frequencieqtaken at 473 K vg3/vg,=137.8/35=3.9. Our
site attribution is confirmed by this good agreement.

B. Point charge model calculations

It is knowrt™® that in ionic oxides the PCM reproduces the
coupling constants and asymmetry parameters quite well as
long as the distances between the probe and its nearest neigh-
bors are larger than 2.1 A. Although in sulphides such a rule

Site (8e) Ty Site (8c) Oy, Site (16h) Oy, has not been shown yet, we may apply a similar scaling and
In-S: 2.45Ax2 In-S: 2.54A x2 In-S : 2.55A x2 expect a critical distance of 2.54 &he sum ionic radii of
2.51A x2 2.68A x4 2.65A x4 S?~ and It ions). In In,S;, most of the distances at the
three different cation sites are larger and the PCM may be
Iﬁ-llnzsfi >|< * applied, using the standard antishielding factet,=
Ll —29.27%837 The results obtained by PCM calculations are

reported in Table Il and compared to the experimental re-
FIG. 6. Crystalline structure g8-In,S;. The three different In  sylts.
neighborhoodgnote the zig-zagging of the octahedra baseline only ~ The strength of all three EFG’s is quite well reproduced
for site 161) are shown. The Irs distances are given and the di- by the PCM calculations. This can be taken as a further
rections of the shorter bondlength. confirmation of our site identification. On the other hand, the
predictions of the asymmetry parametegsand 75 are quite
phase. Using our new interpretation, EBBalways corre-  wrong. Figure 4 shows that at most temperatujess about
sponds to probes in the center of a symmetric sulphur octe.2 and finally rises to the value of 0.35, close to fhe a
hedron. phase transition. Buty; is always close to zero, different
Our identification of EF@L) as the tetrahedral site is also from the PCM calculation. This points to a serious problem,
supported by the results of Msbauer experimentdS).  as the asymmetry parameter is safely predicted by the
The Spinel |@Sg,, in which one third of the tetrahedral cation PCM—at least in the oxides. An exp|anation may be found
sites are unoccupied, can be used as a host lattice for solif the fact that the binding in the thiospineL8 already has
solutions within the system }8;-FeS. Up to 55 mol% of 3 more covalent character. The uncertainty where to localize
FeS can be solved in J8;.% All such solid solutions show the charges makes the PCM less successful in the case of
the spinel structure of-In,S;. If °’Fe is introduced as a covalent binding. This different type of binding might also

local probe, the structural vacancies of the spinel structurexplain why indium ions can be found in a site of tetrahedral
can be detected by means of Mbauer spectroscopy®*  symmetry in this structure.

Several typical values of quadrupole splittings have been ob-
served which can be related to the number of vacant tetrahe-
dral sites around an iron atom. In the casesshn,S;, the
main contribution to the guadrupole splitting of about 3.16 The temperature dependence of the PAC parameters is
mm/s (Refs. 31,32 comes from a trigonal distortion of the given in Fig. 4. To account for the strong damping of the
sulphur octahedro? A small contribution of about 0.77 perturbation functions in the temperature range between 150
mm/s was attributed to Fe on tetrahedral sites, mainly byand 370 K, the widths; was allowed to strongly increase
comparing to the MS parameters found in many other ironwhile the other parameters were fixed. As already mentioned
sulphur spinel$? above, we propose that the strong damping occurs due to
In order to compare the hyperfine parameters frons$4o dynamic hyperfine interactions following the EC decay of
bauer spectroscopguadrupole splittingand the PAC tech- 'lin. Such a strong damping was not reported before and
nique(gquadrupole coupling constanf) we can calculate the R(t) functions from this temperature range are not shown in
ratio Ag/A1=3.16/0.7%4.1 from the MS results. This ra- Refs. 22,23. The temperature dependencesgfand vq;
tio, in turn, can be directly compared to the ratio of theare in perfect agreement with the data of Refs. 22,23. Com-

C. Temperature dependences

TABLE Ill. PCM calculation for the three different sites BIn,S; and ina-In,S;. For comparison, the
experimental values of th/Fe Massbauer quadrupole splittinfy for the octahedral and tetrahedral sites in
a-In,S; are given, as well as thE4n quadrupole coupling constants; (MHz); the asymmetry parameters
n; obtained in this work are given for the spectra recorded at 473 K.

In,S; site (1= =) vo(pcm) n(pcm) Agxlmmy/s) voP 7P
1o 25% T4y 35.2 0.35 0.77
75% Oy, 144.2 0.03 3.16
B 25% T4y 31.2 0.34 35.0 0.52
25% 0Oy, 170.5 0.86 137.8 0.04

50% Oy,, 74.5 0.54 63.4 0.19
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paring the behavior of the two different sulphur octahedrathe PAC probe**!in occupies all the possible cation sites. In
we find that EF@3) of the symmetrical octahedron decreasesfact, the main difference between our present work and the
with temperature without changing the asymmetry paramprevious studies is the observation of an additional BFG
eter. In a purely ionic picture, this simply tells that the size ofhaving a frequency of about 35 MHz. In agreement with the
the octahedron increases. Efpof the asymmetric octahe- refinement of XRD spectra taken from the same samples,
dron stays constant, but its symmetry changes in the vicinithere we identified three different sites for th#in probe in
of the phase transitio— a. The PAC parameters for the the g8 phase of 18S;, a tetrahedral site and especially two
tetrahedral site seem to be temperature independent, whigfbnequivalenbctahedral sites. This identification leads to an
can be understood as the sign for the stability of the sulphuihterpretation of the previously reported E@Band EFG3),
tetrahedron in thg8 phase of 1gS;. which are now attributed to the two different octahedral
The XRD pattern of8-In,S; is characteristic of the qua- sites. As a consequence, we now obtain agreement with two
dratic distortion of the cubic structure atIn,S;. Therefore, other experiments: in thg phase of 1gS;, only octahedral
the structure analysis of the lattice specifies three sites for theites are occupied by In at high temperatures and only one
In atoms in the ratio 8:16:8T,0h2,0n1). During the 3 EFG withvg=119.5 MHz was observed:*Its parameters
— «a transformation the two different octahedral sitesahd  agree surprisingly well with EF@) now attributed to one of
16c are involved in a global translation of their centers, lead-the octahedral sites. Furthermore, $8bauer spectroscopy
ing to a single octahedral site d®f cubic structurgspace with FeS-doped IsS; gives the ratio of EFG’s at the
group Fd3m). This mechanism corresponds to an order/octahedral/tetrahedral site with 4.1, which is in good agree-
disorder transition of the distribution of empty sulfur tetra- ment with the frequency ratiogz/vq;=137.8/35=3.9.
hedra. As described above, both octahedra change their pa- The experimental EFG’s can be reproduced by the PCM
rameters Qy; the frequency an@®,, the asymmetrywith  but, in contrast to the case of oxides, the asymmetry param-
increasing temperature, which may already be the beginningters are not predicted correctly. A possible explanation can
of the B— o transformation of the lattice. be found in the different type of binding. In most cases ox-
Finally, the temperature behavior of the different siteides show highly pure ionic binding. As a consequence, the
population has to be discussed. At temperatures above 308%n probe is usually found in the center of oxygen octahe-
K, the measured fractions are in agreement with the resultgra. In In,S;, covalent binding appears and th¥in probes
of the XRD analysis, but below BOK a change may be can be found in sulphur tetrahedra, too. Therefore, one has to
deduced from Fig. 4f; andf, are both found with 40%. expect less good agreement of PCM predictions in sulphides.
This might be the indication of a different crystalline phase Both types of octahedra change their parameters above
at low temperatures. On the other hand, the observed chang@0 K with increasing temperature which may already be the
in the two fractions may be artificial, caused by the difficul- beginning of the8— « transition of the lattice. A change of
ties in the fitting procedure. As the first peaks of both fre-the fractions at low temperatures may be interpreted as an
quency tripels of the two EFG’s partially overlap, their in- indication of a still unknown new phase, but only additional
tensities are less safe to determine in case of an increasingw-temperature XRD studies can answer this question.
frequency distribution width. Only with the help of a low- More important is the strong damping of the PAC spectra
temperature XRD measurement can the question of the exigetween 150 and 370 K. In analogy to the oxides, this re-

tence of a new low-temperature phase be answered. versible damping can be understood as dynamical hyperfine
interaction, induced by the EC decay of th&in probes.
VI. CONCLUSIONS However, it is still unknown why at very low temperatures,
again electrons are available, as similarly observed in some

The B phase of 1gS; has a defective spinel structure, oxides
where a fraction of the sulphur tetrahedra is empty, i.e., no In '
ion is found in the center. Th8— « transition of the lattice
at 693 K corresponds to an order/disorder transition of the ACKNOWLEDGMENTS
distribution of empty sulfur tetrahedra. Before studying the
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