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The phase diagram of the quaternary system NiCr,S,—
Niln,S,~Cr,S;-In,S; has been studied at 873 and 1223 K by
X-ray powder structure determination of quenched samples.
At high temperatures, spinel-type Ni, (Cr,_,In, ), S, , solid
solutions are formed in a large range of composition (y: 0-0.5, x:
0.3-1). At temperatures below 1183 K, these solid solutions
decompose to Cr-rich and In-rich spinel-type sulfides, whereby
nickel is enriched in the Cr-rich compounds. The decomposition
of the spinel-type sulfides is greatly retarded, even at temper-
atures about 900 K, due to both thermodynamic and kinetic
reasons. The cation distribution established corresponds to a site
preference as Cr** > Ni**>1In** at the octahedral 16d site and
[ (vacancies) > In** > Ni** at the tetrahedral 8a site of the spinel
structure. The metal-sulfur distances of the solid solutions refined
are compared with those calculated from characteristic metal—
sulfur distances in close-packed structures, taking into account
the site occupation established. For the respective indium-sulfur
distances, the following improved values are recommended:
Inm—S = 247.1 pm; Inm—S = 260.6 PM. © 1998 Academic Press

Key Words: nickel chromium indium sulfides; spinel-type; X-ray
powder structure determination; cation distribution; mechanism
of decomposition; characteristic indium(IIT)—sulfur distances

INTRODUCTION

Normal spinel-type chromium sulfides MCr,S, and par-
tially inverse spinel-type indium sulfides MIn,S, (M = Mn,
Fe, Co, and Ni) display complete mutual solid solubility at
elevated temperatures (1-6). These solid solutions show spin
glass behavior at low temperatures. They decompose at
temperatures below 1050-1300 K (depending on M) to
chromium-rich and indium-rich spinel-type solid solutions
(5-8). The sections with constant M" content deviate more
or less from quasibinary behavior. Thus, for M = Co, the
bivalent metal is enriched in the chromium rich solid solu-
tion (8). Therefore, the true composition of the phases for-
med on decomposition cannot be deduced from the unit-cell
dimensions alone (8). In the case of M = Ni, in addition to

a chromium-rich and an indium-rich spinel-type solid solu-
tion, in some cases formation of a third spinel-type sulfide
has been observed (7,9). The rates of the decomposition
reactions under investigation, which have been assumed to
be spinodal (6, 8), however, are extremely small (6, 7).

In this work, we have studied nickel chromium indium
sulfides before and after decomposition using X-ray powder
structure determination techniques in order to establish (i)
composition and cation distribution of the various spinel-
type compounds formed; (ii) the site preference of the metal
ions involved; (iii) the phase diagram of the system under
study; and (iv) the mechanism of decomposition of the
spinel-type solid solutions. In addition, the metal-sulfur
distances refined should be compared with those calculated
from the characteristic metal-sulfur distances in close-
packed structures proposed by Kesler (10).

EXPERIMENTAL

Monophase nickel chromium indium sulfide spinel-type
solid solutions were prepared by heating appropriate mix-
tures of the binary sulfides NiS, Cr,S3, and In,S; in evacu-
ated, closed silica tubes at 1223 K for three days. For details
see Ref. (7,9, 11). Decomposition to Cr-rich and In-rich solid
solutions was established by annealing the monophase sam-
ples for three months at 873 K (11).

The samples obtained were characterized by X-ray
Guinier powder photographs (Huber 600 system) using
CuKu; radiation and a-quartz as an internal standard. The
unit-cell dimensions of the spinel-type solid solutions were
computed from the respective spinel-structure patterns by
least squares methods (LSUCR (12)).

The X-ray powder diffraction intensities were measured
with an MZ IV and a PTS 1000 Seifert powder diffrac-
tometer using CuKo radiation. The measuring ranges (29)
used for structure refinement were 10-80° and the step
width was 0.02°. For diffractometer control, data collection,
and transfer into ASCII format, the program package
XDAL 3000 (13) was used. The background was determined
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The phase diagram of the quaternary system NiCr,S,—Niln,S,~Cr,S;-In,S; at 1223 K with respect to the formula Ni(Cr, _,.In,,); S35,

as established in (7,11); I: spinel-type solid solutions; II: multi-phase (spinel-type and deficient NiAs superstructure-type compounds); contour lines: sam-
ples with equally large unit-cell dimensions; 4: samples characterized by X-ray powder structure determinations; and figures: samples as in Tables 1-6).

graphically. The structures were refined with the Rietveld
program FullProf (14). In order to avoid correlation be-
tween the various parameters, refinement was performed in
the order: scaling factor, zero shift, unit-cell dimension,
halfwidth parameter W, mixing parameter of the Pseudo-
Voigt function #, asymmetry parameter, then the fractional
coordinates x, y, and z (u), the overall thermal parameter
Bgyeran, the profile parameters U and V, and the occupation
factors. In the final refinement, all parameters were varied
with the exception of B,,..an. Convergence is reached when
the standard deviations of all parameters differ less than
11% for the last two cycles. Furthermore, the Cr** ions
were located solely at the octahedral sites because of their
high octahedral site preference and the vacancies were
located only at the tetrahedral sites (15). The concentration
of the vacancies was derived from the molar fraction of Ni**
and then fixed. Further details of data collection and struc-
ture refinement are given in Ref. (11).

RESULTS

The composition of the samples studied are marked in the
phase diagram given in Fig. 1. Samples with equal unit-cell

dimensions are connected by contour lines (7,11). A Rietveld
refinement plot of a decomposed Nig 14Cry 57Ing ¢Sy
sample is shown in Fig. 2. The crystal data and the experi-
mental parameters of structure refinement are given in
Tables 1 and 2!, the fractional atomic coordinates and the
occupation factors in Tables 3—5, and interatomic distances
in Table 6. The phase diagram of the system NiCr,S,—
Niln,S,—Cr,S;-In,S; at 873K due to the formula
Niy(Crz-2,In,,)1 -yS;5 -5, 1s shown in Fig. 3. The margins of
error of the composition of the coexisting spinel-type solid
solutions are Ax = 0.02-0.03 and Ay = 0.04-0.08. They are
estimated from the errors of the occupation factors. In the
case of some chromium-rich samples, e.g. 2 and 3, the
decomposition partly resulted in not fully equilibrated
phases (see Fig. 3). In the case of the samples 6, 9, and 10,
three different spinel-type solid solutions were formed with
the decomposition experiment (see Fig. 3).

! Additional material to this paper can be ordered by referring to CSD
407126-407147, the names of the authors, and citations of the paper at the
Fachinformationszentrum Karlsruhe, Gesellschaft fiir wissenschaftlich-
technische Information mbH, D-76344 Eggenstein-Leopoldshafen, Ger-
many. The lists of the F,/F, data are available from the authors up to one
year after the publication has appeared.
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FIG. 2. Observed (-), fitted (—), and difference X-ray diffraction profiles of Niy 1,Cr; s7In; oS, decomposed at 873 K. Calculated 20 values of the

two spinel-type solid solutions are marked with vertical bars (]).

Cation Distribution and Metal—Sulfur Distances of
Spinel-type Nickel Chromium Indium Sulfides

The results obtained confirm the not fully inverse cation
distribution of Niln,S, (15) and the normal one in the case

TABLE 1
Crystal Data and Experimental Parameters of the Structure
Determination of Monophase Spinel-type Nickel Chromium
Indium Sulfides (Sample Nos. as Shown in Fig. 1, Refinement in
Space Groups Fd3m and F43m for Samples 5, 8, and 11,
respectively)”

of spinel-type chromium sulfides (16). Hence, the octahedral
site preference of the metal ions under investigation range
as Cr** > Ni?* > In®*". The vacancies formed in the case
of nickel-deficient compounds are located solely on the

TABLE 2
Crystal Data and Experimental Parameters of the Structure
Determination of Multiphase Spinel-type Nickel Chromium
Indium Sulfides after Decomposition at 873 K (Refinement in
Space Group Fd3m, Composition of the Starting Materials for
Samples 2—13 as Given in Table 1)*

. No. 2 3 4 11 13

No. Composition a (pm)® Rgragg (%0) GoF*
a (pm) 1001.002) 1005.61(3) 1043.05(1) 1013.73(1) 1009.48(3)

1 NiCro 4In; ¢S4 1039.41(2) 8.95 1.04 1019.25(2) 1032.20(3) 1066.70(3) 1068.03(2) 1065.99(2)
2 Nig 73Cr; s6lng 6254 1007.40(1) 3.28 1.6 Rprage (%) 494 9.75 7.54 3.72 7.51
3 Nig.,3Cro.57In; 3:S4 1029.20(2) 7.49 1.07 4.92 531 8.73 6.70 5.03
4 Nig+3Cro 36In; 5254 1046.35(2) 5.46 0.929 GoF* 1.02 0.745 0.97 L19 0.96
6 Nio.sCro.93In; 4084 1032.64(2) 6.18 0.860 No. 6 9 10¢ 10°
7 Nig 5Cro.sIn; 5354 1046.56(2) 6.74 1.75
9 Nig.31Cro.00ln; 5654 1035.46(3) 6.72 0.944 a (pm)’ 1007.87(3)  1009.86(3) 1007.66(3) 1007.05(3)
10 Nig 31Cro.62In; 5554 1048.12(2) 5.86 1.17 1035.27(3) 1035.10(4) 1035.03(3) 1034.71(3)
12 Nig.14Cry oIn; 5784 1040.52(2) 6.28 1.06 , 1062.3(1)  1061.9(1)  1063.0(1)  1063.6(1)
13 Nig 14Cro. 50IN5 0S4 1057.42(2) 5.21 0.994 Ryrage (70) 2:‘912; ‘5*:;2 ;33 2;5
5 Nig 5sCry.75In0.56S4 1005.09(1) 5.82 1.74 6.61 4.05 6.38 6.82
8 Nig.3:Cry 55In0 6284 1009.72(2) 6.71 1.62 GoF* 1.02 0.889 1.03 1.32
11 Nig 14Cry 5710, 0S4 1022.03(2) 422 1.34

“No. of observations: 3248-3501; No. of reflections: 1518, No of para-
meters: 11-13.

?Data obtained from X-ray Guinier powder photographs are given in
Ref. (11).

¢Goodness of fit.

“No. of observations: 3248-3501; No. of reflections: 28-32; No. of
parameters: 21-33.

®Data obtained from X-ray Guinier powder photographs are given in
Ref. (11).

¢Goodness of fit.

4For decomposition, the sample was annealed for two months at 873 K.

¢ For decomposition, the sample was annealed for four months at 873 K.
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TABLE 3
Fractional Atomic Coordinates and Occupation Factors of
Monophase Spinel-type Nickel Chromium Indium Sulfides Re-
fined in Space Group Fd3m

Occupation factors®

8a site 16e site
Fractional

No.  Composition* coordinate® In Ni Cr Ni In

1 NiCrp.4In; ¢S4 0.2632(2) 0.94 0.06 0.37(1) 0.94 0.69(1)

2 Nig.73Cry 56In0.6254 0.2620(2) 0.72(5) 0.19(5) 1.47(5) 0.54(5) -

3 Nig.73Cro.57Iny.31S4 0.2636(3) 0.91 — 0.84(2) 0.73 0.43(2)

4 Nig.73Cr.36In; 5254 0.2602(2) 0.91 — 0351) 073 0.92(1)

6 Nip.5Cro.03In; 40S4 0.2624(2) 0.83 — 0.89(1) 0.50 0.61(1)

7 Nig.5Crg.sIn; g3S,4 0.2606(3) 0.83 — 0.52(1) 0.50 0.98(1)

9 Nig.31Crp.90In; 4554 0.2617(2) 0.77 — 090(1) 031 0.79(1)
10 Nig.3:Cro.62In; 5554 0.2584(2) 0.78 — 0.63(1) 031 1.06(1)
12 Nig.14Cry oIny 5784 0.2607(2) 0.71 — 097(1) 0.14 0.89(1)
13 Nig.14Cro 501030754 0.2587(3) 0.71 — 0545 0.14 1.32(5

“As synthesized, that calculated from the occupation factors agrees within the
standard deviations given.

b Fractional atomic co-ordinate (u = x = y = z) of S (32e site), those of the tetrahed-
ral 8a and octahedral 16e sites are 1/8 and 1/2, respectively.

“With respect to the formula MM ,.,S4, data without standard deviations have
not been refined.

tetrahedral 8a site of the spinel structure. In the case of
Cr-rich samples with nearly equal amounts of Ni** and
vacancies and In* at the tetrahedral sites, superstructure
ordering of the tetrahedrally coordinated metal ions due to
space group F43m is observed (see Table 4). In this case, the
tetrahedral 4c site with M-S distances of 242-249 pm is
fully occupied by In** ions. The remainder of the In®"
ions, the Ni** ions, and the vacancies are placed at the
smaller 4a site with M-S distances of 227-234 pm (see
Tables 4 and 6).
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Phase Diagram of the System NiCr,S4—Niln,S4—CryS3—
In2S3 at 873 K

The compositions of the spinel-type nickel chromium
indium sulfides obtained after decomposition at 873 K (see
Table 5) reveal non-quasibinary behavior of the system as
shown in Fig. 3. That is, the nickel ions are enriched in the
Cr-rich spinel-type solid solutions as already evidenced for
the respective cobalt compounds (8). The cation distribution
of the spinel-type phases formed on decomposition agrees
with that of the monophase samples of the same composi-
tion, so far as can be determined with sufficient accuracy.

DISCUSSION
Non-quasibinary Behavior of the Spinel-type Sulfides

The enrichment of the Ni** ions in the chromium-rich
spinel-type solid solutions and, hence, the non-quasibinary
behavior is obviously the result of one or more of the
following aspects: (i) the relatively low octahedral site pref-
erence of Ni? ™ ions, at least as compared to that of Cr**; (ii)
the nearly equal characteristic Ni-S and Cr—S distances
compared to the larger one of In—S (10); (iii) the preference
of Ni*" ions for more covalent sulfides rather than more
ionic ones as in the respective indium compounds, and (iv)
the gain of additional cohesive energy on forming (quater-
nary) spinel-type nickel chromium sulfides with much small-
er unit cells than those of the respective indium sulfides.

Characteristic In(111)-S Distances

The metal-sulfur distances at the various sites determined
by the structure refinement deviate significantly from those
calculated from characteristic M-S distances (10) with

TABLE 4
Fractional Atomic Coordinates and Occupation Factors of Monophase Spinel-type Nickel Chromium Indium Sulfides Refined
in Space Group F43m

No. 5 8 11
Composition* Ni 5Cry.75In0.5654 Ni.31Cry 551006254 Nig,14Cry.57In1 0S4
Fractional coordinates® 16e: M, 0.6307(3) 0.6309(3) 0.6300(2)
16e: S(1) 0.3919(3) 0.3904(4) 0.3880(3)
16e: S(2) 0.8693(4) 0.8679(5) 0.8679(3)
Occupation factors® 4a: In(1) 0.186(5) 0.131(5) 0.200(1)
Ni(1) 0.144(5) 0.150(5) —
16e: Cr 1.686(5) 1.840(5) 1.558(1)
Ni(2) 0.313(5) 0.161(5) 0.143
In(3) — — 0.300(1)

“ As synthesized, that calculated from the occupation factors agrees within the standard deviations given.
®Fractional atomic coordinate (x = y = z) of In(1) and Ni(1) (4a) = 0, that of In(2) (4c) = 1/4.
¢ Occupation factors (with respect to the formula M .(1)o.sMei(2)0.5Moct25(1)2S(2),), that of In(2) (4¢) is 0.5, those of S(1) and S(2) are 2.0, data without

standard deviations are not refined.
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TABLE 5
Fractional Atomic Coordinates and Occupation Factors of
Multiphase Spinel-type Nickel Chromium Indium Sulfides
(Space Groups Fd3m and F43m) after Decomposition at 873 K
(Composition of the Starting Materials for Samples 2—-13 as
given in Table 1)

Fractional coordinates®

No. Composition® Mol%  16e (M) 16¢ (S) 32e (S)
2 Nig.73Cry 61In¢.57S4 62.1 0.6302(2)  0.3906(3), 0.8708(4) —
Nio.73Cr1.25In0.0384 379 — — 0.2634(2)
3 NiCry s5Ing.48Ss 18.5 — — 0.2637(5)
Nig.73Cro.77In1.4184 81.5 — — 0.2620(2)
4 Nig.73Cro.salng 64Ss 884 — — 0.2613(2)
Ni.24Cro.01In1.7584 11.6 — — 0.257(1)
11 Nig.14Cry 75Ing 254 82.1 0.6293(3)  0.3882(3), 0.8650(3) —
Nip.14Cro.07In2.5:S4  17.9 — — 0.2574(5)
13 Nig.50Cry 77100 5654 14.7 0.6343(9)  0.393(1), 0.875(2) —
Nig.11Cro.31In5.2954 85.3 — — 0.2573(2)
6 Nip.61Cry 66In0.6054 24.8 0.630(1)  0.387(1), 0.869(2) —
Nig.61Cro.52In1 4554 52.0 0.2601(3)
Nio.14Crg. 351055084 233 0.2575(7)
9 Nig.50Cry 70Iny 3884 33.0 0.6291(7)  0.3882(8), 0.868(1) —
Nig.40Cry.02Iny 3854 220 0.2588(6)
Nig.14Cro 36105 5,84 45.0 0.2563(3)
10! NiggoCry -Io56Ss 140 0.6348(7)  0.392(1), 0.877(2) —
Nig.50Cro.g0lny saSs  22.7 0.2593(5)
Nig.2,Cro.24In; 2884 63.3 0.2545(2)
10°  Nig.40Cry 75Ing 5854 14.7 0.6349(8)  0.392(1), 0.880(2) —
Nio.50Cro.04In1.40S4 19.2 0.2599(6)
Nig22Cro.27In.2584  66.1 0.2536(2)

Occupation factors*

Tetrahedral sites: 4a (F43m),

8a (Fd3m) Octahedral sites: 16e, 16d
No. In Ni Cr Ni In
2 0.073(4) 0.337(4) 1.607(4) 0.392(4)
0.93(1) — 1.25(1) 0.73 _
3 0.48(2) 0.52(2) 1.52(2) 048(2) —
091 — 0.77(1) 0.73 0.50(1)
4 091 — 0.54(1) 0.73(1) 0.73
0.77 — 001 0.24(7) 1.75(7)
11 0.21 — 1.75(1) 0.14 0.11(1)
0.71 — 0.07(3) 0.14 1.80(3)
13 0.06(2) 027(2) 1.7702) 023(2) —
0.71 — 0.31(1) 0.11 1.58(1)
6 0.10(1) 027(1) 1.66(1) 0.34(1) —
0.88 — 0.82(2) 0.61 0.57(2)
071 — 0.38(4) 0.14 1.49(4)
9 0.13(1) 0.20(1) 1.70(1) 0.30(1) —
0.80 — 1.02(3) 0.40 0.58(3)
0.72 — 036(2) 0.14 1.5002)
10¢ 0.06(1) 0.26(1) 1.77(1) 023(1) -
0.84 — 0.89(3) 0.50 0.61(3)
0.74 — 0.24(1) 0.22 1.54(1)
10° 0.08(5) 0.24(5) 1.75(3) 0.25(3) —
0.84 — 0.94(3) 0.50 0.56(3)
0.74 0.27(1) 0.22 1.51(1)

“ As calculated from the occupation factors refined.

b Fractional atomic coordinates (u = x = y = z) of the 32e site (space group Fd3m)
and the three (M, S(1), and S(2)) 16¢ sites (space group F43my); those of the 8a and 16d
sites (Fd3m) and the 4a and 4c sites (F43m) are 1/8 and 1/2, and 0 and 1/4, respectively.

¢Occupation factors with respect to the formula M(1)o.5s Me(2)0.5Mc125(1)2S(2)
and M M,.»S4; those of 4c¢ (In(2)), 16e (S(1) and S(2)), and 32e (S) are 0.5, 2, and 4,
respectively. Data without standard deviations have not been refined.

¢For decomposition, the sample was annealed at 873 K for two months.

¢Same as for % but for four months.
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FIG. 3. Pathways of decomposition of spinel-type nickel chromium
indium sulfide solid solution at 873 K; I: monophase spinel-type solid
solutions; II: multiphase (see Fig. 1); III: multiphase (Cr3*-rich and In3*-
rich spinel-type solid solutions); points of the arrows: compositions of the
Cr3*-rich and the In3*-rich solid solutions formed (see Table 5); |—|:
margins of error; for further explanations see Fig. 1.

regard to the occupation factors established (see Table 6).
This is obviously caused by the too small characteristic
tetrahedral In(III)-S distance proposed in (10). The cal-
culated metal-sulfur distances can be improved by choosing
a greater characteristic tetrahedral In(IIT)-S distance. This
is obtained from the structure data of indium sulfide spinels
assuming that the degree of inversion is smaller than 1,
which, in fact, has been established by recent single-crystal
structure refinements (15). We therefore propose 247.1 ()
and 260.6 pm () instead of 245.0 and 264.0 pm (10) for the
characteristic In(III)-S distances of tetrahedral and oc-
tahedral units in eutactic (close-packed) sulfide structures.

Mechanisms of Decomposition of Spinel-type Chromium
Indium Sulfides

The formation of three spinel-type sulfide solid solutions
by decomposition experiments (see Fig. 3) led to the specu-
lation that there is a third area of stable nickel chromium
indium sulfide solid solutions in the phase diagram under
investigation, viz. at about x = 0.5 (9). This, however, is not
true. The reason for the occurrence of a third phase is rather
the extremely low rate of the decomposition reaction. The
metastable but nevertheless long-range existence of solid
solutions with intermediate chromium indium content (see
Table 5) and, hence, the extreme lowering of the reaction
rate is caused by the competition of several kinetic and
thermodynamic factors. Thus, at the beginning of decompo-
sition, the composition of the parent compound is changed
because of both the different diffusion coefficients of the
metal ions involved, e.g., that of Cr** is much smaller than
that of In®*, and the different gradients of electrochemical
potential inside the crystallites (17).
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TABLE 6
Metal—Sulfur Distances (pm) of Monophase Spinel-Type Nickel Chromium Indium Sulfides Refined in Space Groups
Fd3m and F43m

No. Composition® MS, tetrahedron® MSg octahedron®
1 (Ing.94Nig.06)iet[ Cro.37Nig.04I00 60 ]octS4 249.1(4) 245.6 247.3(3) 247.1
2 (Ing.72Nio.19[70.00)et[Cr1.47Nio 54 J0ciSa 239.3(3) 240.3 240.5(2) 240.7
3 (Ing.91[J0.00)et[Cro.54Nig. 73100 43]0cS4 247.3(5) 2449 244.2(3) 244.7
4 (Ing.01[J0.00)et[Cro.35Nig.73IN0.02]0ctS4 245.6(4) 244.9 250.9(2) 249.5
6 (Ing.8300.17)et[Cro.59Nig.50I00.61]octS4 246.0(4) 243.0 246.2(2) 246.7
7 (Ing.§300.17)ket[Cro.53Nig.50I00.07]0ctS4 245.6(4) 243.0 251.4(3) 250.3
9 (Ing.7700.23)et[Cro.00Nio.31100.70]0ctS4 245.4(4) 241.6 247.5(2) 248.6
10 (Ing.78[J0.22)et[Cro.63Nig.311n1.06]0ctS4 242.5(3) 241.8 253.7(2) 251.2
12 (Ing.71[0.20)et[Cro.97Nig. 14100 50]0cS4 244.8(3) 240.1 249.7(2) 249.7
13 (Ing.71[J0.20)et[Cro.54Nig. 14101 35]0cS4 244.8(5) 240.1 255.5(3) 254.3
5 (Ing.14Nio.19[J0.17)tet1(IN0.5her2[Cr1.69Nio 31 JoctSa 2279(8) 231.8 242.5(5) 240.7
247.4(6) 2471 240.1(5)
8 (Ing.13Nio.19[J0.22)et1(IN0.5)er2[Cr1.84Nio. 16 J0ctSa 230.0(7) 229.2 245.2(5) 245.5
246.3(6) 247.1 239.8(5)
11 (Ing »[0.3)et1(INg.5)ec2[Cry.56I00.30Nig, 14]o0cS 4 234.0(6) 232.6 248.9(3) 244.0
244.5(5) 247.1 243.4(4)
Note. Second columns: mean values calculated from characteristic M-S distances from Ref. (10)* with regard to the occupation factors given in Tables
3 and 4
“In contrast to Ref. (10), 247.1 and 260.6 pm instead of 245.0 and 264.0 pm have been used as characteristic In(III),,—S and In(IIl),—S distances (see
text).

de

W

b As established by X-ray powder structure determination (see Tables 3 and 4).
“In the case of refinement in space group F43m (samples 5, 8, 11), first and second lines due to M—S(1) and M—S(2) distances, respectively.
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