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The structure of the tin and chromium sulfide Sn,_,CrsS,_,
was studied by powder X-ray and electron diffraction methods. A
Rietveld analysis using only k k 0 reflections has been performed
to determine the two-dimensional crystal structure projected on a
hexagonal a—b plane. The results of this refinement show that this
compound has the same type of structure as the channel-type
composite crystals such as Eu,_,Cr,Se,_,. In the electron diffrac-
tion patterns, diffuse streaks suggesting the existence of diffuse
scattering planes normal to ¢* were observed between the main
strong diffraction spots. These diffuse scattering planes are attrib-
uted to the column structure around the sixfold axis. These electron
diffraction patterns reveal that this compound has an incommensu-
rate character in the c-direction. The isotypic compound
Ba,_,Cr,S,_, was also studied by electron diffractometry. Besides
main spots and diffuse scattering, weak spots corresponding to
another period along ¢* were observed on the patterns along the
[100]or[—110]zone. © 1995 Academic Press, Inc.

INTRODUCTION

Omloo et al. reported the synthesis and some physical
properties of the series of ternary chalcogenides MCr, X,
(M = Eu, Ba, Sr, and Pb; X = S, Se) in 1968 and 1971
(1, 2). Due to the large ionic radii of the divalent cations,
these compounds do not crystallize in the well-known
spinel type structure, but rather in the hexagonal system.
Chemical analysis indicated that they do not actually have
the integer composition MCr, X (e.g., Eug¢Cr;S; 5, for
EuCr,S, (3)).

In 1973 Sleight and Frederick synthesized “‘SnCr;S,,””
and pointed out that this tin—-chromium sulfide showed a
structure isotypic with Omioo’s compounds, judging from
its powder X-ray diffraction pattern (4).

Except for these chromium chalcogenides, only
“MV,X,” (M = Eu, Sr; X = §, Se) and EuTi,S, have
been reported 1o be isotypic compounds (2). The structure
of this type of compound was reported for the first time
in 1977 by Brouwer and Jellinek (5). They synthesized

! To whom correspondence should be addressed.

single crystals of M,_,Cr,Se, , (p = 0.3) (M = Eu (5),
Ba, and Sr (6)) by heating mixtures of elements sealed in
evacuated silica ampoules. Single crystal X-ray analysis
showed that these hexagonal compounds consist of three
structural units. They constitute the main framework and
two kinds of columns which are sitnated in tunnels running
along the ¢ axis. In the main framework CrSe; octahedra
sharing their edges or faces form a three-dimensional net-
work. Around the three- and sixfold axes, there are large
tunnels containing the columns, which are built up with
the structural units M,Se or M,Cr,Se,, respectively.

They also reported that the rotation diagrams about the
¢ axis showed the next three types of layer lines: (a) strong
layer lines, of which ¢* corresponds to the ¢ dimension
of the unit cell, (b} weak diffuse layer lines, and (¢} weak
layer lines consisting of sharp spots. These layer lines are
due to the main framework (a) and two kinds of columns
about six- (b), and threefold (c) axes, respectively. Repeat
distances along the ¢* of (b) and (¢) are different from
those of (a). And it was concluded that these three struc-
tural units may be mutuaily incommensurate in the c-
direction (except for Ba,_,Cr;Se,_,), but have a common
hexagonal a—b& plane.

Recently powder specimens of Pb,_,Cr,S, ,, Sr_,
Cr;S,_,, and Ba, ,Cr,Se,_, were synthesized and exam-
ined by electron diffractometry (7).

In this paper we report the structural model of Sn,_,
Cr,S,_, refined by the Rietveld analysis (8) of powder
X-ray diffraction data. To avoid the difficulties caused by
the expected incommensurate structure, we performed
the refinement of the two-dimensional structure projected
on a hexagonal a-b plane. Using only & & 0 reflections
in the refinement, we can neglect the influences of the
incommensurability in the ¢-direction, and get the struc-
ture projected along the ¢ axis. The electron diffraction
patterns along the {1 0 0] and [~ { 0] zone were used to
obtain information on the crystal structure aleng the ¢
axis. Furthermore, for the comparison with Sn,_,Cr,S,_,,
we have investigated the electron diffraction patterns of
the isotypic composite crystal Ba,_,Cr,S,_,.
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EXPERIMENTAL

Powder samples of Sn,_,Cr,S,_, were prepared from a
mixture of the elements under the experimental conditions
reported by Sleight (4). The purities of the elements used
were as follows: Sn 99.9% 200 mesh (Rare Metallic Co.,
Ltd.), Cr 99.9% 200 mesh (Rare Metallic Co., Ltd.), and
S 99.9999% (Rare Metallic Co., Ltd.). These elements
were mixed in an agate mortar in a mole ratio of Sn: Cr:
S = 1:2:4, and pressed into pellets in a glove box. After
being sealed in evacuated silica ampoules, the samples
were heated at 800-900°C for several days in an electric
furnace, and quenched in cold water.

In all the products, two parts could be distinguished.
The main product was black, and needle-like crystals (sev-
eral mm in size) were sometimes found to grow on its
surface. A second part, a small weight fraction, was trans-
ported to the low temperature part of the silica ampoules.
It was found to be a mixture of the tin sulfides (SnS,
SnS,, Sn,Sy).

From X-ray analysis, the main product was found to be
amixture of Sn,_,Cr,8,_, and small amounts of chromium
sulfide (Cr,S;: rhombohedral type). This chromium sul-
fide could not be completely separated from Sn,_,Cr,S,_,.

The best sample containing the smallest amount of
Cr,S; was obtained from starting mixture having a compo-
sition with a slight excess of sulfur. When the mixture
was heated slowly, the amount of tin sulfides increased,
and the amount of Cr,S; impurity also increased. So rapid
heating was necessary for the synthesis of pure Sn,_,
Cr,S, ,.

Polycrystalline samples of Ba,_,Cr,S,_, were synthe-
sized according to Omloo et al. (2). Starting materials of
BaS (purity 99% High Purity Chemicals), Cr (99.9% Rare
Metallic Co., Ltd.), and S (99.9999% Rare Metallic Co.,
Lid.) were mixed in the ratio Ba:Cr: S = 0.75:2:3.75
in a glove box, and pressed into pellets. Then the pellets
were sealed in evacuated silica ampoules, heated at
1000-1100°C for 10 days, and quenched in cold water. The
product was found to be a single phase of Ba, _,Cr,S,_,.

Powder X-ray diffraction data were collected in the step
scan mode on a Philips PW 1800 diffractometer with an
automatic divergence slit and counterside monochro-
matized CuKe radiation system. The Rietveld analysis
program used here is the total pattern fit program
RIETAN (9, 10). The program RIETAN does not support
the data collected by the ditfractometer using an auto-
matic divergence slit. Therefore the raw data were con-
verted into the intensities which would be obtained if a
fixed slit were used. The equation of this conversion is:

converted intensity = (intensities of raw data) / (2 sin 8).

This purely geometric relation can be derived from the
relationship between both slits.

The electron diffraction study was performed using
finely crushed particles on a Hitachi 500-type 100 kV
electron microscope.

RESULTS AND DISCUSSION

The powder X-ray diffraction pattern of Sn,_,Cr,S,
was indexed with a hexagonal cell (a = 21.322 f'\ c =
3.466 A). Sleight and Frederick reported the presence of
a small amount of tin sulfide (SnS) which could not be
separated from their samples (4), In our case, however,
tin sulfides were formed, and transported to the low tem-
perature area of the silica ampoules. So we were able to
remove the tin sulfides from our samples. However, a
small amount of Cr,S, (rhombohedral type) was mixed in
the products. Table 1 shows the indices, calculated and
observed values of d-spacings, and observed intensities
for Sn,_,Cr,S,.,.

From the 31mllar1ty of the powder X—ray diffraction
pattern, Sn,_,Cr,S3,_, was expected to have the same type
of structure as Eu,_,Cr,8e,_,, etc. (4). Eu;_,Cr,Se,_, has
a crystal structure described as an intergrowth of three
structural units (5). They are two types of columns situ-
ated in channels, and a framework leaving wide channels.
These three structural units have the common hexagonal
a-b plane, but three different ¢ axes. The columns in the
triangular channels have a threefold axis, so we call these
triangular columns, and their repeat distance in the ¢ di-
rection is called ¢;. The other types of columns are in the
hexagonal channels, so ¢, represents the repeat distance
of these columns. The fundamental repeat distance of the
framework is represented as ¢;. These three structural
upits are mutually incommensurate, so Eu,_,Cr,Se,_,, is
called the channel-type composite crystat, The same types
of compounds having such a composite crystal structure
are listed in Table 2, in which the lattice constants and
the ratios of ¢ axes can be scen. Only Ba,_,Cr,Se,_, was
reported to have a commensurate structure. But our sam-
ple of Ba,_,Cr,Se,_,, which was synthesized and exam-
ined in our previous work (7), had an incommensurate
structure, judging from its electron diffraction pattern.
The other compounds were reported to have incommen-
surate ¢ axes (5).

We tried to confirm the crystal structure of Sn,_,Cn,S,_,,
by applying the Rietveld method to the powder X-ray
diffraction data. However, Sn,_,Cr,S,_, has a compli-
cated structure in the c direction, like Eu,_,Cr,Se,_, and
Ba,_,Cr,Se,_,, and it was expected that we would have
considerable difficulties in the refinement of the three-
dimensional structure of such complicated crystals from
powder X-ray diffraction data. So we performed the re-
finement of the two-dimensional crystal structure pro-
Jjected along the c-direction. It is possible to refine such
a projected structure by using only & k 0 reflections in the
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refinement. In this way we could neglect the influences
of the incommensurability in the ec-direction. In the re-
finement, 28 peaks of & & O reflections (26 region: from
18° to 50°) were used. The Rietveld analysis program used
here is the total pattern fit program RIETAN (9, 10).

The space group P6/m was adopted, and all atomic
sites were given a common isotropic thermal vibrational
parameter. The lattice constant a, the x y coordinates of
all atomic sites, and some site occupancies were refined.
The lattice constant ¢ was fixed for ¢, which is derived
from all observed reflections by least-squares. From this
refinement we finally obtained the result giving the small-
est R-values, Ryp = 7.69% and Ry = 1.90%. The refined
x y coordinates, thermal and occupational parameters,
lattice constants, and some R-values are given in Table
3. In these calculations, the unit cell was defined as the
fundamental structure (a = 21.322 A, ¢ = o = 3.466 A).
So in the refinement of the projected crystal structure,
the different ¢ axes of the column parts have an influence
on the site occupancies of the atom sites composing the
column units. For instance, if the repeat distance ¢ ouma
of a column unit is longer than ¢, of the fundamental
structure (framework), the site occupancies of the atoms
composing the column are ¢4/¢ umn < 1. For the opposite
case, these site occupancies are larger than 1. We per-
formed the refinement of the site ogcupancies of the atoms
composing a triangular column (Snl, §7) and a hexagonal
column (Sn2, Cr3, Cr6, S8). In the structural model, a
columnar structure was assumed (5), and the ratio of
atoms composing the structural unit of the column was
fixed. In the refinement, therefore, we put some linear
constraints on the occupational factors, that is, G(Snl) =

- G(S87) for the triangular column, and G(Cr5) = 2*G(Sn2),
G(Cr6) = 2*(G(8Sn2), and G(S8) = (G(Sn2) for the hexago-
nal column.

Now it must be mentioned that the hexagonal column
parts are assumed to have a sixfold screw axis (5). Then
the space group of these parts is not P6/m (as for frame-

. work and trianguiar columns} but P6,/m. Such a structural
model cannot be analyzed by the ordinary three-dimen-
sional structural analysis method. But here, we performed
a refinement of the projected two-dimensional structure.
So the difference in the space group of three structural
units only influences the site occupancies of Sn(2) and
S(8). This is why constraints were adopted for the hexago-
nal column unit. In the projected structure, Cr(5} and
Cri6), of course, can be brought together (in such a case
the occupational factor becomes 1.26 (twice (.63)), but
to clarify the column structure, we put two Cr atoms into
the refinement. In this way, the structural unit of the
column per repeat distance becomes Sn,S for the triangu-
lar column and SnCr,S, for the hexagonal column by
these constraints. As a result, these occupational factors
become less than 1. This does not suggest a defective

structure, but one where ¢ m. i longer than ¢;. The
number of atoms in the fundamental unit cell calculated
from the data shown in Table 3 is Sn,,Cr;, 58, ;. This
ratio is Sny ¢;Cr,S, 45, 50 we describe the composition of
this compound as Sn,_,Cr,8,_, (p = 0.3). Such an appar-
ent deviation from the stoichiometric composition is a
distinctive feature of composite crystals. From this com-
position, we calculated the valence of chromium, and
obtained a value of +3.0.

The refined two-dimensional structure of Sn,_,Cr,S,_,
projected on the a—b plane is shown in Fig. T (ball and
stick), The rhombus in Fig. 1 represents the hexagonal
unit cell (projected along c axis, a = 21.622 A). There are
a wide hexagonal channel around the sixfold axis at x =
0, v = 0, and triangular channels around the threefold
axisatx = 1/3,y = 2/3; x = 2/3, vy = 1/3. These channels
run along the ¢ axis and are separated from one another
by the framework formed from Cr and 5. The columns
composed of § and Sn are situated in the triangular chan-
nels. The columns consisting of Sn, S, and Cr are situated
in the hexagonal channels. These three structural sub-
units, that is, two types of columns and the framework,
are combined as in Fig. 1, and make up the crystal struc-
ture having a common hexagonal basal plane. Such a
structure is isotypic with the structure of Eu,_,Cr;Se,_,,
and so it has been confirmed that Sn,_ Cr,S,_, has the
same type of two-dimensional structure as the channel
type composite crystals listed in Table 2.

FIG. 1. The structure of Sn,_,Cr,S,_, projected along the c-axis.
Large open, small open, and hatched circles represent S, Cr, and 8n
atoms, respectively. The rhombus represents a hexagonal unit celi,



CHANNEL-TYPE COMPOSITE Sn,_,Cr;S,., 1

FIG. 2.

(a) The structure of the hexagonal column. C, is the repeat
distance of this column. (b} The structure of the triangular column. C;
is the repeat distance of this column.

Figure 2 shows structural models of the hexagonal and
triangular columns of Ew, ,Cr,Se, , proposed by
Brouwer and Jellinek (5). These columns have the struc-
tural unit M, X (triangular), or MyCr,X; (hexagonal). In
most cases the repeat distances along the c¢ direction, ¢,
(triangular) or ¢, (hexagonal), are incommensurate with
¢o (framework). The ratios of the ¢ axes of the channel-
type composite crystals, ¢y/cy and cg/cy, are shown in
Table 2.

The hexagonal column is formed with a chain composed
of face-shared CrX, octahedra surrounded by divalent
cations. The repeat distance ¢, corresponds to twice the
thickness of this octahedron. On the other hand, the
framework surrounding these channels is also composed
of the CrX, octahedra. The repeat distance ¢, corresponds
to the length of the edge of CrX,. So if these structural
subimits are constructed from ideal octahedra, the ratio
of ¢, and ¢4 will be close to cg/c, = 1.633 (= V8/3). As
seen in Table 2, such a relationship holds in the Pb and
Sn system. The repeat distance c; of the triangular column
corresponds to the neighboring M—M distance.

To obtain detailed information on such a complicated
crystal structure along the ¢ axis, the electron diffraction
patterns of Sn,_,Cr;S,_, were observed. The diffraction
photographs containing ¢* axis are shown in Fig. 3. Indi-
ces (h, k, and ) are based on the fundamental hexagonal
cell (@ = 21.322 A, ¢ = 3.4659 A). In these photographs,
besides the main strong diffraction spots corresponding
to the framework, diffuse streaks having another repeat
distance are observed. This repeat distance corresponds
to cf. Therefore these diffuse streaks come from the hex-

agonal colurnns. The reason for the existence of such a
diffuse scattering plane was examined in the case of M, _,
Cr,S,_, (M = Pb, Sr) and Ba,_Cr,Se,_, previously (7).
Such diffuse scattering is explained by a model of two-
directional disorder of the position of the hexagonal col-
umns. These hexagonal columns can be situated in any
position along the c-direction in the channels. So these
columns are disordered in the positional relationship along
the ¢ axis with respect to one another,

In the diffraction photographs of Sn,_,Cr,S,_,, no re-
flections from the triangular columns were observed.
From these electron diffraction photographs, a ratio of
cs/cy equal to 1.636 for Sn,_,Cr,S, , is obtained. This
observed value is close to the ideal value of 1.633 men-
tioned above. On the other hand, the value of the ratio
calculated from the occupational factor of atoms compos-
ing the hexagonal columns derived in the Rietveld analysis
is 1.59.

For the purpose of comparison with Sn,_,Cr,S,_,, we
investigated the electron diffraction of Ba, _,Cr,S,_,, hav-
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FIG. 3. Electron diffraction patterns of Sn;_,Cr,8, . Indicesn(h, k,
and /) are based on the fundamental hexagonal cell{a = 21.322 A, c =
3.4659 A). (a) The incident beam is parallel to [1 0 0]. (b) The incident
beam is parallel to [—1 1 0].
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FIG. 4. Electron diffraction patterns of Ba,_,Cr;5,_,. Indiceg (h, k,
and /) are based on the fundamental hexagonal cell (a = 21.97 A, ¢ =
3.436 ;\). {a) The incident beam is parallel to [1 0 0]. (b) The incident
beam is parallel to [—1 1 ¢],

ing the same type of composite crystal as Eu,_,Cr,Se,_,
(6). The electron diffraction patterns of Ba,_,Cr,S,. , are
shown in Fig. 4. In the case of Ba,_,Cr,S,_,, besides the
main strong diffraction spots, diffuse scattering is also
observed as in the case of Sn,_,Cr,3, ,. In this case,
however, some sharp satellite spots around the main spots
are observed. These spots are considered to be the reflec-
tions from the triangular columns. These results of the
electron diffraction indicate that Sn,_,Cr,S,_, is a chan-
nel-type composite crystal having at least two mutually
incommensurate ¢ axes, in contrast with three mutually
incommensurate ¢ axes for Ba,_,Cr,S,_,.

ACKNOWLEDGMENTS

We thank Dr. F. Izumi for his computer programs, and Drs. H. Wada,
M. Saeki, and M. Ishii for their cooperation.

REFERENCES

1. W, P.F. A. M. Omloo and F. Jellinek, Rec. Trav. Chim. Pays-Bas
87, 545 (1968).

2. W. P. F. A, M. Omloo, J. C. Bommerson, H. H. Heikens, H.
Risselada, M. B. Vellinga, C. F. van Bruggen, C. Haas, and F.
Jellinek, Phys. Status Solidi A 5, 349 (1971).

3. W. Lugscheider, H. Pink, K. Weber, and W, Zinn, J. Phys. Collog.
32, CL, 731 {1971).

4. A. W. Sleight and C. G. Frederick, Marer. Res, Buil. 8, 105 (1973).

5. R. Brouwer and F. Jellinek, J. Phys. Ceollog. C7 38, 36 (1977).

6. R. Brouwer, Ph.D. Thesis, Rijksuniversiteit, Groningen, The Neth-
erlands, 1978.

7. M. Onoda, H. Fukuoka, and T. Saito, Jpa. J. Appl. Phys. Suppl,
32, 3 (1993). i

8. H. H. Rietveld, J. Appl. Crystaliogr. 2, 65 (1969).

9. F. lzumi, Nippon Kesshou Gakkaishi (J. Crystallogr. Soc. Jpn. in
Japanese), 27, 23 (1985).

10. F. lzumi, Kobursugaku Zasshi 17, 37 {1983). [In Japanese]



