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The limit of single-phase solid solubility in a spinel host lattice in the system In,S;—FeS—FeS, has been
determined. Mdssbauer spectroscopy showed that all iron is bivalent and, for the major part, occupies
the B-sites (8§ = 0.81-0.89 mm/s, A = 3.16-3.25 mm/s). The fraction of tetrahedral iron depends on
the sample composition and the thermal treatment. Mdssbauer spectroscopy also showed the influence
of tetrahedral vacancies by causing quadrupole splittings on tetrahedral subspectra (6 = 0.64-0.74

mm/s and A = 0.55-1.07 mm/s).

Introduction

Spinel-type solid solutions based on the
host lattice of In,S; (/) have attracted con-
siderable interest in recent years (2-5).
The binary system In,S;—FeS was studied
in detail by Rustamov et al. (2) using
X-ray diffraction, D.T.A., electrical con-
ductivity, and microhardness measure-
ments. They found a linear variation of
the cubic lattice constant from 10.72 A
for pure In,S; to 10.52 A for the limit of
solubility containing 55 mole% FeS in the
spinel lattice. From the electric conduc-
tivity of their samples Rustamov er al.
(2) conclude that Fe should be bivalent
in this material. In our investigation we
used Mdossbauer spectroscopy in order
to confirm their conclusion and to extend
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the study to the ternary In,S,—FeS-FeS,
system.

Three modifications of In,S; are known
(6). The low temperature B-form is derived
from the spinel structure. It consists of cubic
close-packed sulfur anions with In** cations
on all octahedral (B) sites and % of the tetra-
hedral (A) sites. The remaining vacant tetra-
hedral sites are ordered into 4, screws along
the c-direction. At 420°C a transition leading
to the a-form with randomly arranged tetra-
hedral vacancies is observed. The a—y tran-
sition from the cubic a-form to the tetrago-
nal y-form occuring at 754°C is accompanied
by a change of all tetrahedral In to octahe-
dral sites. This transition is reversible in
pure In,S;, so that the pure y-form is not
stable below the transition temperature.
However, small amounts of As or Sb can
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block this transition, so that the y-form can
be observed even at room temperature.

The stoichiometric iron monosulfide FeS
has the hexagonal NiAs structure (7) in
which both Fe and S form slightly distorted
hexagonal sublattices. The disulfide FeS,
shows the simple cubic structure of face-
centered NaCl with (S-S)?~-pairs on the
anion positions ordered equally along the
four [1 1 1] cube directions (8). The S-S
distance in these pairs is 2.15 A, which is
considerably less than the S-S distances in
pure In,S, of 3.6-3.9 A or in FeS of
3.30-3.71 A.

Experimental

The binary sulfides In,S,, FeS, and FeS,
have been synthesized by heating stoichio-
metric powder mixtures of the pure ele-
ments in evacuated and sealed silica tubes
(to 450°C in the case of FeS, and to 800°C in
all other cases).

The ternary samples were prepared from
finely ground stoichiometric mixtures of the
binary sulfides by firing them under vacuum
to 550°C (120 h.) and subsequently to 800°C
(170 h.) followed by quenching in cold wa-
ter. Additionally, some samples were syn-
thesized from the elements at 680°C (200
h.) and thereafter cooled slowly to room
temperature. The purities of the binary sul-
fides as well as the structures and lattice
constants of our samples were checked by
X-ray powder diffraction.

X-ray powder diffraction patterns have
been recorded with CuKea radiation on a
Philips powder diffractometer controlled by
a microcomputer,

Mossbauer spectra have been recorded
in standard transmission geometry using a
SICoRh source. All isomer shift values are
given with respect to the center of an a-Fe
spectrum at room temperature.

Results

All samples have first been examined by
X-ray diffraction. In the binary system
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Fi1G. 1. Representation of the sample compositions
as determined from the measured sulfur excess in the
ternary system In,S;-FeS-S. The samples have been
numbered 1 to 22.

In,S;—FeS the limit of single phase solid sol-
ubility was found between 40 and 50 mole%
of In,S;, in agreement with the 45 mole%
found by Rustamov et al. (2, 3). Figure 1
shows their positions in an In,S;-FeS-S
phase diagram where they are numbered
1-11. The samples within the limit of solid
solubility (numbers 1-7) crystallized in the
spinel lattice based on the cubic a-form of
In,S;; samples outside the limit (numbers
8-11) exhibited impurities of FeS. Figure 2a
shows as an example the Mossbauer spec-
trum of a sample prepared from 20 mole%
In,S; and 80 mole% FeS (number 10). It
consists of a doublet, which is due to the
spinel phase, and the typical six-line pattern
of stoichiometric FeS.

All samples of the system In,S,—FeS,
showed deposits of elementary sulfur in the
tubes after reaction. The amounts of these
deposits depend on the FeS, fraction and lie
between 30 and 45% of the sulfur previously
bonded in FeS,, which can be explained by
the decomposition of FeS, to FeS,, , and
sulfur,

FeS, - FeS,,, + (1 — x) S,

where in our case 0.10 = x = 0.40. Such a
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F1G. 2. Room temperature Mossbauer spectra of
samples outside the single-phase solid solubility zone
prepared with an excess of FeS (a) or FeS; (b).

decomposition is necessary since the S-S
distance of 2.15 A of the (S,)?~ anions in
FeS, is too small to allow these sulfur pairs
to enter into the spinel structure. However,
neither X-ray diffraction nor Mossbauer
spectroscopy gave any indication of a reac-
tion pathway of the excess sulfur contained
in FeS,, , compared to pure FeS. Variation
of the FeS, : FeS ratio at constant In,S; per-
centage had no influence on the X-ray spec-
tra; also, no traces of Fe** or (S,)*” pairs
were found by Mdéssbauer spectroscopy in
the form of changes in quadrupole splittings
or line broadenings.

If we suppose that FeS, . , has entered into
the spinel lattice instead of FeS,, the limit
of the solid solution region should be repre-
sented on the basis of a ternary system
In,S;—FeS-S as it is shown in Fig. 1. The
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positions of the In,S;-FeS, samples in this
phase diagram (numbers 12-19) have been
determined from the measured sulfur depos-
its found in the tubes after reaction. The
hmit of solid solubility was equally found
between 40 and 50 mole% of In,S;. Samples
outside the single phase solid solution region
(numbers 16-19) contain impurities of Fe;Sg
and FeS,. Figure 2b shows the Mdssbauer
spectrum of a sample prepared from 20
mole% In,S; and 80 mole% FeS, (number
18). Three subspectra can be distinguished:
the spinel phase, FeS,, and three six-line
hyperfine patterns whose isomer shifts and
quadrupole splittings are typical for pyrrho-
tite, Fe,Sg, at room temperature (9, 10),
which confirms the decomposition reaction
given above.

Additionally, a series of samples with a
constant FeS,: FeS ratio of 1:1 has been
prepared. As before, 30-45% of the sulfur
bonded in FeS, is lost as deposits in the
tubes, and the limit of solid solubility is
found at 40-50 mole% of In,S; (numbers
20-22). Thus, the limit of single phase solid
solution only depends on the In: Fe ratio.
Figure 3 shows the variation of the lattice
parameter with the In,S; concentration in
the system In,S;~FeS. X-ray powder dif-
fraction revealed no influence of the

tattice parameter (Al
10,807

10,70

3._,0»-&"0‘

10,60+

100 80 60 40 20
mol. %% In253

F1G. 3. Variation of the lattice parameter as a func-
tion of the In,S; concentration in the In,S,—FeS system.
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FeS,: FeS ratio on linewidths, intensities,
or the lattice parameters. On the other
hand, the observed variations of the line
intensities with changes in the In: Fe ratio
agree with theoretical spectra calculated
on the basis of random occupation of octa-
hedral sites by Fe and In, and filling of
structural vacancies on tetrahedral sites by
In.

The Mossbauer absorption spectra of all
quenched samples within the single phase
solid solution zone consist of one dominant
doublet and several partially unresolved
secondary doublets. Figure 4 shows the
spectra obtained in the In,S,-FeS system.
The isomer shifts of the main doublet vary
from 0.81 to 0.89 mm/sec, and the quadru-
pole splittings lie between 3.16 and 3.25
mm/sec. Linewidths of 0.26-0.30 mm/sec
are found, except for the samples prepared
from 70 mole% In,S; and 30 mole% iron
sulfides, where the line widths are
0.34-0.44 mm/sec (numbers 5, 14, 21). No
significant variation of these parameters
with composition can be observed. The
values are typical for high-spin Fe?* on
octahedral sites and agree well with those
found by other authors for Feln,S, (11-13).
At low iron concentration the main doublet
shows asymmetry, with a broader, less
intense, low-velocity line and a sharper
high-velocity line of equal area fraction.
This asymmetry decreases as the iron con-
tent increases, and a completely symmetric
doublet is observed if the total concentra-
tion of iron sulfides is higher than 20
mole%. The Mdssbauer parameters of the
secondary doublets depend strongly on the
composition. In a first attempt the subspec-
tra have been fitted roughly as one broad
quadrupole doublet in order to obtain mean
values & and AE, of the isomer shifts and
quadrupole splittings. As can be seen from
Fig. 5, AE, increases from 0.55 to 1.07
mm/sec with increasing iron content, while
the mean isomer shift & is not affected and
varies between 0.64 and 0.74 mm/sec.
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F1G. 4. Room temperature Mdssbauer spectra of
quenched samples prepared from mixtures of In,S; and
FeS. Concentrations given in mole%. Secondary dou-
blets have fitted to three and six doublets in the case of
1 and 5% FeS, respectively, as explained in the text,
and to one large doublet in all other cases.

From those mean values 8 and AE, we con-
clude that the secondary doublets are due
to high-spin Fe?* on tetrahedral sites rather
than Fe®*, in agreement with crystallo-
graphic investigations by Hill et al. (14),
who reported about 5% iron on tetra-
hedral sites in Feln,S,, and Mossbauer
studies of this compound by Riedel and
Karl (/3). The area fraction decreases
from 33 to 7% as the total concentration
of iron sulfides is raised from 1 to S0
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FiG. 5. Variation of tetrahedrat iron fraction (a),
mean_quadrupole splitting AE, (b} and mean isomer
shift 8 (c) of the secondary subspectra with composition
for the systems: O, In,S;-FeS; @, In,S;-FeS,; A,
In,S,~FeS~FeS,. Error bars have been omitted
where they do not change over the whole composition
range.

mole%. This decrease reflects the gradual
filling of structural tetrahedral vacancies in
the spinel lattice mainly by In atoms. As
the amount of iron in B-sites is raised,
more and more indium changes from octa-
hedral to tetrahedral positions. Thus, the
concentration of tetrahedral vacancies
(which could be alternatively occupied by
iron) is gradually reduced from § per unit
cell in pure In,S; to zero in Feln,S,.

To obtain more satisfying fits of the sec-
ondary doublets, we considered all possible
arrangements of nearest and next-nearest
neighbors of a tetrahedral site and calcu-

253

lated the probabilities of each of them. Fe?*
on A-sites is bonded to four sulfur anions
which, in turn, are bonded each to three
metal cations on B-sites. These can be (3
In), 2 In + 1 Fe), (1 In + 2 Fe), or (3 Fe)
which leads to 35 different arrangements of
these next-nearest octahedral neighbors of
an A-site. Additionally, the four nearest tet-
rahedral sites have to be taken into account.
The Fe, —Fe,, distances (4.60 A) are
slightly longer than the Fe, -Fe,, dis-
tances (4.40 A) (14), so that tetrahedral sites
represent the third neighboring shell. These
sites can be occupied by Fe or In, or can be
vacant ([J) leading to 15 different possible
arrangements. The general distribution of
the cations and vacancies on the different
sites can be written as

24 T3+
(Fey™ Inz/34y3-a Oi/3-y3)
2+ 3+ 2—
[(Fe;©yIn3®, 1577,

where y is the number of iron atoms per
one-eighth of the unit cell and varies from
zero for In,S; to unity for Feln,S,, and A
gives the number of tetrahedral iron and
lies between zero and y. A can be calcu-
lated from the areas of main and secondary
doublets using the value of f,/f, = 0.94 for
the Debye—Waller factors of octahedral
(f,) and tetrahedral (f)) iron in Fe,O, (I5).
In the case of sample 1 (1% FeS), 319% of
all iron is on tetrahedral sites which leads
toy = 0.02and A = 6.2 x 1073, Calculat-
ing now the probabilities of each of the 35
octahedral arrangements we find that only
the one consisting of 4 x (3 In) is important
(probability p = 0.92), while we have to
deal with three different tetrahedral envi-
ronments: 4 In (p = 0.20), 3 In + 1
(p =039,and 2In + 20 (p = 0.29).
Thus, the secondary subspectra have to be
fitted to three doublets with quadrupole
splittings increasing from 4 In to 2 In + 2
O. In the fit, the linewidths have been
constrained to be equal and the peak
heights to be in the ratio 2: 4:3. This leads
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to the following values of isomer shifts and
quadrupole splittings:

5 (mm/sec) AE, (mm/sec)
4 In 0.73 0.36
3In + 10 0.73 0.71
2In+ 20 0.74 1.14

The linewidth of 0.30 mm/sec is still in the
usual range, which indicates that no further
subspectrum has to be added. The fact that
even in the completely symmetric case of
4 In, and 12 In,, a quadrupole split
doublet is observed reflects a slight devia-
tion from the ideal tetrahedral symmetry.
Since we considered just the first sphere
of tetrahedral sites in our calculation, this
distortion might be due to vacancies in the
second and outer spheres. In the case of
sample 2 (5% FeS) the same three tetrahe-
dral environments are important, although
their probabilities are slightly changed
@4In,p =021;3In + 10, p = 037
21n + 20, p = 0.25). But in contrast to
sample 1, now two different octahedral
arrangements have to be considered: 4 X
B In), p = 063, and 3 x 3 In) + (2
In + 1 Fe), p = 0.30. Thus, the secondary
subspectrum has to be fitted to six doublets
if we disregard all the possible arrange-
ments of the octahedral iron atom relative
to the tetrahedral vacancies, iron, or in-
dium atoms. Three of these six doublets
should be the same as for sample 1, each
of them accompanied by one further dou-
blet of about half intensity and a slightly
higher quadrupole splitting representing the
presence of one iron atom on one of the
twelve surrounding B-sites. However, it
was not possible to obtain a satisfying
fit by constraining the isomer shifts and
quadrupole splittings of three of the dou-
blets to the values found for composition
1 and their intensities to the values theoret-
ically expected for sample 2. A proper fit to
six doublets with the calculated intensities
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could be obtained by allowing somewhat
smaller quadrupole splittings:

AE, AE,

{mm/sec) (mm/sec)

41Ing, + 12 Inyy, 0.33 41In,, + 11
Ingg, +
1 Feq,

3 Ing;, + Dl
+ 11 Ing, +
1 Feye,

2 Ing + 2 Oy, 0.98
+ 11 Inyg +
1 Fege,

0.37

3 Iy, + Oy + 12 Inggy, 0.51 0.65

2100y, + 2 Ol + 12 Ingg, 0.96

If our previous assumption holds, that the
quadrupole splittings are partially due to va-
cancies in the next-nearest and outer
spheres of tetrahedral sites, slightly reduced
AE_’sin the case of composition 2 compared
to 1 seem to be reasonable since the concen-
tration of vacancies also is reduced.

Considering now composition 3 (10%
FeS) we find that the three most important
tetrahedral environments have to be com-
bined with three octahedral arrangements:
4x 3In),p=037;3x B3In) + 2QIn +
1Fe),p =038,and2 x 31In) + 2 x (2
In + 1 Fe), p = 0.13, so that in principle a
total of nine doublets has to be included in
the fit. As the intensity and resolution of the
secondary subspectra of this and all follow-
ing samples of higher iron concentration de-
creases, no further fits to the structural de-
tails have been tried.

Anyhow, our approach seems to be justi-
fied since the mean quadrupole splitting
AE_ in Fig. 5b reflects well the tendency to
less symmetric octahedral arrangements
with increasing iron content which, how-
ever, is partially balanced by the increasing
probability of the symmetric tetrahedral 4
In-environment.

These secondary doublets are of much
weaker intensity or even absent if the sam-
ple is cooled slowly. Figure 6 shows the
Mossbauer spectra of a quenched (a) and
slowly cooled (b) sample of the composition
6 20% FeS). It is known from the work
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FiG. 6. Room temperature Mgssbauer spectra of a
quenched (a) and slowly cooled (b) sample of 20 mole%
FeS and 80 mole% In,S;.

of Hafner and Laves (16) on MgAl,O, and
LiAl;Oq that the cation distribution on octa-
hedral and tetrahedral sites in spinels de-
pends on the thermal treatment and tends to
a higher degree of disorder if the tempera-
ture of sample preparation is raised. Thus,
Fe?* on tetrahedral sites represents a high-
temperature form which can be preserved
by quenching or reconverted to the low-tem-
perature form with all iron on B-sites by
slow cooling. Samples kept at room temper-
ature for several months after preparation
showed no transition of tetrahedral iron to
B-sites with time by changes of the area
fractions.

The reason of the asymmetry of the main
doublet of octahedral iron has not yet been
determined. Since this asymmetry de-
creases as the iron concentration increases,
we suppose that the asymmetry reflects the
influence of tetrahedral vacancies on the B-
sites. However, to clarify this point, temper-
ature-dependent MOssbauer spectroscopy
should be carried out to distinguish between
relaxation phenomena or a possible Goldan-
skii—Karyagin effect.
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Conclusions

The limit of the single-phase solid solubil-
ity in the ternary system In,S;-FeS-FeS,
has been determined by X-ray diffraction
and Mossbauer spectroscopy. It has been
shown that FeS, decomposes to FeS, , , and
(1 — x) S and that FeS,_, can be entered
into the spinel structure with 0.1 < x < 0.4.
Mossbauer spectroscopy showed all iron to
be bivalent and to occupy mainly octahedral
sites. The structural vacancies on the tetra-
hedral sites of the spinel structure could be
detected directly via quadrupole splittings
of the subspectra of tetrahedral iron, even
in the case of symmetrical environments of
nearest octahedral and next-nearest tetrahe-
dral neighbors.

For more detailed informations on the in-
fluence of the vacancies a series of tempera-
ture-dependent spectra should be carried
out.
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