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The crystal structures of Sb,S; and the five ternary compounds of compositionm:n =3:1,2:1, 4:3,
6:5, and 1:1 on the join (SnS),—(Sb,S;), are built from ribbons of edge-sharing MS; pyramids; SnS
contains the same substructure in the form of infinite two-dimensional sheets. The ribbons lie in two
orientations 50-58° apart and are either independent, or linked by shared sulfur atoms. The metal
atoms lie in trigonal prismatic sites created by the juxtaposition of the ribbons; the prisms are capped
by a single pyramid, except for metal sites which lie in the acute angle between two hinged ribbons—in
such cases the prism is bicapped. The underlying structure-building principle involves the elimination
of cation sites from the SnS structure in order to accommodate the stoichiometry of the Sb,S; compo-
nent, while maintaining approximately uniform coordination for the metal sites across the series.

© 1985 Academic Press, Inc.

Introduction

The ternary system Sn-Sb-S has been
the subject of a number of phase equilib-
rium studies leading to somewhat contra-
dictory results, particularly with regard to
phase relations on the join SnS—-Sb,S;. Re-
search on this system prior to 1975 has been
reviewed comprehensively by Moh (/) and
will not be considered in detail here. A sig-
nificant contribution to our understanding
of this system was made by Wang and
Eppelsheimer (2), who reported unit cell
parameters for phases of composition
3:1,2:1,and 1:1, where m : n denotes the
ratio of the end-member components
SnS : Sb,S;. Subsequent studies have con-
firmed the existence of the 3:1 and 2:1
phases (3, 4), but a crystal structure analy-
sis of the (monoclinic) *‘1:1”’ phase shows
that its correct composition is given by the
ratio 6: 5 (5). Jumas et al. (6) synthesized a
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fourth compound, of composition 4: 3. Fi-
nally, a 1: 1 phase with orthorhombic sym-
metry has recently been reported by Smith
and Parise (7), making a total of 5 known
ternary compounds on the join SnS-Sb,S;.

Crystal structure analysis of these sulfo-
salt compounds has been hampered by the
difficulty of growing single crystals of suit-
able quality for X-ray diffractometry, al-
though the 6:5 and 4:3 structures were
solved by this method (5, 6). The 3:1 and
1: 1 structures were solved by high-resolu-
tion electron microscopy (3, 7); the former
was subsequently refined by neutron pow-
der diffraction (8) and in the case of the
1:1 composition a single-crystal X-ray re-
finement has been carried out on the sele-
nium analog SnSb,Ses (7). The structure
of the 2:1 compound Sn,Sb,Ss was deter-
mined by noticing the relationship of its
unit cell parameters to those of stibnite and
meneghinite (4); a single crystal X-ray re-
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TABLE I
CoMmposITIONS AND UNiT CELL DATA FOR COMPOUNDS IN THE SYSTEM SnS—Sb,S;¢

Space
m:n group a b c B Reference
B-SnS (>878 K) 1:0 Bbmm?® 11.480 4.177 4.148 10
a-SnS (<878 K) 1:0 Pnma® 11.200 3.987 4.334 n
Sn;Sb,Se 3:1 Pnma 23.18 3.965 34.94 3,8
Sn,Sb,Ss 2:1 Pnma 19.59 3.938 11.426 4)
Sn,SbeS13 4:3 12/m 24.31 3.915 23.49 94.05° (6)
SngSbiS,; 6:5 C2/im 44,995 3.9023 20.613 96.21° &)
SnSb,S, 1:1 Pnmn* 25.641 3.8973 20.381 7
Sb,S; 0:1 Pnma 11.3107 3.8363 11.2285 (12)

¢ The ratio m: n is the mole ratio of the end member components.
b Space group given here in different setting from that in the original reference.

finement has also been carried out for the
Bi-substituted analog Bi,Sb,_,Sn,S; (9).

The purpose of the present paper is to
compile the structural information for the
end members and the 5 ternary compounds
on the join SnS-Sb,S;. A unified descrip-
tion is presented for these structures, which
prove to be closely related.

Crystal Structures

Space group and unit cell data for the
compounds under consideration are given
in Table I. In all cases there is one unit cell
repeat of ~4 A perpendicular to a mirror
plane and this direction is taken as the b
crystallographic axis; the structures can
then be drawn conveniently in [010] projec-
tion. Since the X-ray scattering factors for
tin and antimony differ by only 2% these
atomic species have not been distinguished
in the structure determinations of the ter-
nary compounds, except in the case of
SnySbeS;3 where a distinction was made on
the basis of the thermal parameters for the
metal sites (6). It should be noted that in
the single crystal refinements of SngSbS,;
(5) and SnSb,Se, (7) the fit between the cal-
culated and observed structure factors was
not significantly improved by any ordered
arrangement of Sn and Sb over the avail-

able metal sites, as compared to the disor-
dered model.

The crystal structures of the end mem-
bers SnS and Sb,S; are described first as
these illustrate the underlying structure-
building principle for the series. The ter-
nary compounds are then considered, in or-
der of increasing Sb content. Except where
indicated otherwise, structural information
is from the references listed in Table I.

B-Sns. Above 878 K SnS adopts the thal-
lium iodide (B33) structure type shown in
Fig. 1. The structure consists of infinite
sheets of edge-sharing pyramids, with the
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F1G. 1. The structure of 8-SnS projected on (010) (a)
and (001) (b). The monocapped trigonal prismatic co-
ordination of tin is represented by line shading (hori-
zontal prisms) or dot shading (prisms viewed end on).
Small circles = Sn, large circles = S; open circles
height = 0.25, filled circles height = 0.75. Crosses
denote the corners of the unit cell.
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metal atoms lying on the axis of the pyra-
mid, just outside the pyramid base. Two
longer bonds to sulfur atoms in the next
pyramidal sheet complete the sevenfold co-
ordination polyhedron, which is a mono-
capped trigonal prism as shown in the lower
part of Figs. la and b. The metal-sulfur
distances at 905 K (B8-SnS cannot be
quenched to room temperature) are 2.63, 4
X 2.96, and 2 X 3.74 A, the shortest dis-
tance being that to the capping sulfur. The
two long M-S distances of the trigonal
prism result from the volume occupied by
the lone 5s? pair of electrons on the Sn?*
ion. The B33 structure can be derived from
the B1 (NaCl) structure simply by displac-
ing alternate layers of half-octahedra by a/2
along the a axis.

a-SnS. The room temperature form of
SnS has the B16 (GeS) structure type (Fig.
2) which is closely related to B33. In the «
form the tin atoms are displaced from the
axis of the pyramid and the pyramid base
departs further from an exact square, as ev-
idenced by the b and c cell parameters for
the two polymorphs. The pyramidal layers
are also displaced slightly with respect to
each other, causing a slight shear of the tri-
gonal prisms. As a result of the offset of the
metal atom there are three short M-S dis-

F1G. 2. The room temperature a form of SnS pro-
jected on (010). Small circles = Sn, large circles = S;
open circles y = 0.25, filled circles y = 0.75. The tin
atoms lie in slightly sheared trigonal prisms (line
shaded) with single caps formed by the pyramidal
sheets.

F1G. 3. The structure of stibnite Sb,S; projected on
(010).

tances, the bond lengths being 2.627 (cap)
and 2 X 2.665 A (basal edge of pyramid).
The four longer M-S distances are 2 X
3.290, 3.388, and 4.093 A.

The pyramidal sheet of the a-SnS struc-
ture is the basic building unit for all the
compounds on the SnS-Sb,S; join, but in
the antimony-bearing members it occurs as
ribbons of various widths extending along
b, rather than as infinite two-dimensional
sheets. Also, these ribbons always occur in
two orientations rather than in parallel lay-
ers as in SnS itself. In all cases the metal
atoms lie in trigonal prisms formed by the
juxtaposition of adjacent pyramidal sheets,
with one or two pyramidal caps formed by
the sheets themselves.

S$b,85. The upper part of Fig. 3 shows the
structure of Sb,S; depicted as isolated
bands of the SnS structure, each band hav-
ing the composition (M;Se),. The ribbons
extend parallel to the b axis and they are
related by glide reflection planes in (100)
and (001). The angle between the ribbons is
such that the triangular faces of the pyra-
mids at the edge of one ribbon are approxi-
mately parallel to the basal faces of the
pyramids in the adjacent rtibbon; this
relationship also holds for the five ternary
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compounds in the system. The lower part
of Fig. 3 shows that this arrangement of the
ribbons gives rise to monocapped trigonal
prismatic coordination for both of the two
independent Sb atoms; one prism has its
axis parallel to the b axis (dot shaded) and
the other is parallel to the (010) plane (line
shaded). In both cases the two longest Sb—
S bonds are those to sulfur atoms in neigh-
boring ribbons. As in the case of SnS the
long metal—-sulfur distances result from the
stereochemical activity of the lone 5s? pair
of electrons, the Sb** ion being isoelec-
tronic with Sn2*.

The structure of Sb,S; can thus be
viewed as a simple way of achieving trigo-
nal prismatic coordination for the metal at-
oms in a compound of M,S; rather than MS
stoichiometry. Cations are eliminated from
the infinite SnS-type sheets by cutting the
sheets into narrow ribbons. The pyramid
coordination is thus retained and the two
longest bonds of the trigonal prism are ob-
tained by a suitable packing of ribbons in
the (010) plane. This will be seen to be the
case for all the phases on the SnS-Sb,S;
join, with the ribbons becoming progres-

sively narrower as the Sb content in-
creases, i.e., with increasing cation elimi-
nation.

Sn3Sh,S6. The structure of Sn;Sb,S¢ (Fig.
4) consists of lozenge-shaped blocks, each
block being made up of three ribbons of
composition (M4S12),. Two such lozenges
comprise the unit cell, which thus has the
cell contents M,S7;. The ribbons of adja-
cent layers meet at an angle of 52° in the
manner described above for Sb,S;. The
structure within each block is close to that
of 8-SnS (cf. Fig. 1b), although the metal
atoms are offset from the axes of the pyra-
mids as in «-SnS. At the interface between
adjacent blocks the structure solves the
problem of matching the ribbon edges (tri-
angular faces of the pyramids) to the ribbon
faces (pyramid bases) by forming two
““horizontal’’ prisms and three ‘‘upright”
prisms.

All the metal atoms lie in monocapped
trigonal prisms, with the exception of M(13)
which is in a bicapped prism. This situation
arises because M(13) can be considered to
belong to two different ribbons, the ribbons
being hinged together at this point. The

Fi1G. 4. The structure of Sn;Sb,S4 projected on (010). Metal atom M(13) is shared between two
pyramidal ribbons and thus lies in-a bicapped trigonal prism of sulfur atoms. The (100) plane of the
SnS-type substructure is indicated at the bottom right.
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metal atom lies in the acute angle between
the two hinged ribbons and its prism is thus
capped by pyramids from both ribbons.
This type of coordination will also be en-
countered in the 4:3, 6: 5, and 1:1 phases
and will be described further under those
headings. The articulated ribbons are read-
ily recognized by the fact that the metal
atom concerned is displaced toward the
center of the prism, so as to lie approxi-
mately midway between the two caps.

Sn,SbySs. The structure of the 2:1 com-
pound (Fig. 5) is closely related to those of
meneghinite and stibnite (4). The structure
is obtained from that of Sb,S; simply by
doubling the width of each ribbon, to give
the composition (MgS o), as required by the
stoichiometry of the compound. The metal
atoms close to the (100) n-glide planes lie in
‘‘upright’’ monocapped trigonal prisms, the
others in horizontal prisms.

In theory this structure type is infinitely
adaptive, forming compounds of stoichiom-

F1G. 5. The structure of Sn,Sb,Ss projected on (010).
Compare with Sb,S; (Fig. 3); both structures may be
derived from the SnS structure type by glide-reflection
twinning on the unit cell scale.
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FiG. 6. The structure of the paraelectric form of
SbSI projected on (010), space group Pnma (21). The
ferroelectric form differs only in the heights of the
atoms, which are displaced slightly from the mirror
planes. Small circles = Sb, large circles = S, crosses
= I. Empty symbols y = 0.25, filled symbols y = 0.75.
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etry (MS),(M,S;) with ribbons (n + 2) cat-
ions wide. In practice the 3:1, 2:1, and
0:1 members occur in the PbS—Sb,S; sys-
tem, but in the case of SnS-Sb,S; the 3:1
compound Sn3Sb,S¢ is represented by the
block structure described above. In these
two systems the stoichiometry of Sb,S; re-
stricts the minimum ribbon width to two
cations, i.e., ribbons (M4Se), as in stibnite
itself. It is of interest to note here that the
stoichiometry SbX, can be attained by sub-
stituting a monovalent ion for half of the
sulfur, as in the compound SbSI. Figure 6
shows that the structure of SbSI is closely
related to that of stibnite, with the same
space group Pnma, but the stoichiometry
now calls for the narrowest possible rib-
bons (M,X4),.

SnySbeS13. Jumas et al. (6) based their de-
scription of this structure on ribbons of
composition (MsS;),. Figure 7 shows a
slightly different interpretation of the struc-
ture, based on hinged ribbons. The struc-
tural motif consists of a wide band of com-
position (M1,54),,, With two ribbons (M;S,),
attached to it at an angle of ~50°. The nar-
row ribbons thus share a line of sulfur at-
oms with the wide ribbon at the hinge point,
and metal atom M(6) has the double-capped
prismatic coordination polyhedron charac-
teristic of this situation. This distinctive
and larger cation site accounts for the ele-
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FiG. 7. The monoclinic structure of Sn,SbeS,; pro-
jected on (010). Metal atom M(6) is shared between the
(MuSM),, and (M5S7),, ribbons.

vated thermal parameter reported for M(6).
It has apparently not been noticed previ-
ously that this compound is isostructural

with the mineral robinsonite (PbS)4(Sb,S;)s,
the structure having been solved indepen-
dently for the tin- and lead-bearing phases.
The relationship is obscured by the fact that
Petrova et al. (13) solved and refined the
structure of PbSbeS;; in the triclinic space
group P1, whereas the observations made
by Wang (/4) indicate that robinsonite in
fact has monoclinic symmetry with a unit
cell almost identical to that of SnySbeSy3.
SneShioS2. The upper part of Fig. 8
shows the structure of the 6:5 phase de-
picted as isolated ribbons of the SnS struc-
ture; the lower part of the figure shows how
this leads to capped trigonal prisms of sul-
fur atoms about the cations. The repeat unit
consists of two diad-related ribbons of
composition (MS,,),, two of composition
(M,4Se),, also diad-related, and an indepen-
dent (M,4S¢), ribbon that lies on a screw diad
axis. The structure is described in more de-
tail by Parise and Smith (5). Although the

F16. 8. (010) projection of the monoclinic structure of SngSby,S,;. In the upper part of the figure the
structure is depicted as isolated ribbons; notice that M(14) is shared between two ribbons and has
bicapped trigonal prismatic coordination. The cation numbering follows Parise and Smith (5).
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ribbons are shown as isolated it is clear
from the structure drawing that M(14) is a
““hinge cation,’’ linking an (M;,S;,) band to
an (M,S¢) band. M(14) thus has the double
capped trigonal prismatic coordination
characteristic of such sites, as noted al-
ready for the 3:1 and 4:3 phases. M(14)
has the largest thermal parameter of all the
metal sites, with the thermal ellipsoid elon-
gated towards the two caps.

SnSb,Ss and SnSbySe,. This structure
was solved by locating the metal positions
in HRTEM images of the sulfide, but has
only been refined for the selenide (Fig. 9).
The structure consists of ribbons of compo-
sition (M;Se;), that are hinged together at
Se(10), with the metal atom M(7) in the
acute angle between two ribbons. As antici-
pated, M(7) has a strongly anisotropic ther-
mal parameter (Fig. 10). In addition to the
linkage at Se(10) the ribbons are also joined
at Se(6), forming a structural unit that is not
found in any of the other compounds in the
SnS—-Sb,S; system.

Discussion

The essential feature of this series of
structures is the means by which cations
are eliminated from the underlying SnS
structure in order to accommodate the stoi-

FiG. 9. Orthorhombic structure of SnSb,Se, (and
SnSb,S,) projected on (010).

F1G. 10. The bicapped trigonal prism coordination of
M(7) in SnSb,Se,. Notice the large anisotropic thermal
motion along a line joining the two caps. This coordi-
nation polyhedron is characteristic of metal atoms that
lie in the acute angle between two hinged ribbons, as
occurs in the 3:1,4:3, 6:5, and 1:1 phases.

chiometry of the Sb,S;-containing phases.
The required decrease in the cation/anion
ratio is achieved by cutting the infinite py-
ramidal sheets into relatively narrow rib-
bons; the structures are then built by pack-
ing these ribbons in two orientations 50-58°
apart. This configuration juxtaposes the
broad (100) face of one SnS-type ribbon ei-
ther with the (100) face of a parallel ribbon
or with the narrow edge ((201) or (210)) of a
ribbon in the alternative orientation. This
situation is analogous to the matching of
(100) and (111) faces of the B1 structure, a
structure-building principle described by
Makovicky (15) for the Pb-Bi sulfosalts.
The (100) to (210) match is seen most
clearly in the structure of Sn;Sb,S¢ (Fig. 4)
where it is maintained across the face of a
ribbon five pyramids in width. Here the
““‘interblock’’ angle of 52° is close to the cal-
culated angle of 54.0° for (100)-(210) for 8-
SnS, or 54.6° for a-SnS. The average width
of the structural ribbons decreases with in-
creasing Sb content, culminating in the
(M,Sq), ribbons of Sb,S;.

This structure-building principle may be
contrasted with crystallographic shear (/6)
and unit-cell twinning (I/7), which both
modify the cation/anion ratio by forming
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extended planar faults, thus generating ho-
mologous series of phases as the fault plane
spacing varies. In the case of SnS-Sb,S;
most of the compounds are formed by
faults of limited extent, and the structures
depend on the existence of particular com-
plex mosaic patterns in the (010) plane. The
exception is the Sn,Sb,Ss—Sb,S; homolo-
gous series (4) which is formed by glide re-
flection twinning of the SnS structure. This
clearly provides a possible mechanism for
accommodating nonstoichiometry (cation
deficiency) in SnS, which shows consider-
able solid solution towards Sb,S; (7).
Apart from the obvious structural simi-
larities noted in the descriptions of the
(Sn\S),.(Sb,S3), phases the structural rela-
tionship is also evidenced by a kind of Ve-
gards law behavior in the unit cell dimen-
sions across the series. The decrease in the
b parameter with increasing Sb content re-
flects the relative size of the Sn?* and Sb**
ions (Table I). Thus in «-SnS the shortest
metal-sulfur distance is 2.627(4) A whereas
the shortest Sb-S distance in Sb,S; is
2.455(3) A, a difference of 6.8%. Since the a
and c¢ cell parameters for the various phases
cannot be compared directly it is more ap-
propriate to consider V'V, where V; is the
unit cell volume divided by the number of
sulfur atoms in the cell. In Fig. 11 this pa-
rameter is plotted against the Sn—Sb con-
tent. SnS and the five ternary compounds
lie on a well-defined straight line with a dif-
ference of 6.6% between the values V'V, for
the end-member compositions, in good
agreement with the wvariation in bond
lengths noted above. The small deviation of
Sb,S; from this line presumably results
from the geometry of the particular struc-
ture—in this phase the SnS-like structural
units are at their narrowest and the specific
volume for sulfur thus depends critically on
the efficiency of the ribbon packing. The
variation in the specific volume of sulfur
was used predictively by Parise and Smith
(5) to determine the number of S atoms in

360
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Fic. 11. Variation of ¥V, with Sn—-Sb content,
where V, is the unit cell volume divided by the number
of sulfur atoms in the cell. The line is the least-squares
best fit to the data points for SnS and the five ternary
compounds.

the unit cell, and hence the ratio m: n, for
Sﬂ(,Sb]oSz].

So far we have only considered phases
on the join SnS-Sb,S;, but it is worth
briefly mentioning the closely related
phases Sn,S; and SnsSb,Ss, both of which
contain Sn** in addition to Sn?* (I8, 19).
Sn,S; contains continuous ribbons (M,Sg),
of the SnS, (= Cdl,) structure; between
these ribbons the Sn?* ions form narrow
ribbons (M,S,), of the SnS structure.
SnsSb,Ss bears no simple structural rela-
tionship to the other tin—antimony sulfides;
Sn?* is coordinated by a very distorted bi-
capped trigonal prism but these do not com-
bine to form elements of the SnS structure.

Finally it should be noted that several
other sulfosalt structures can be described
very simply in terms of the pyramidal rib-
bons used to describe the SnS—Sb,S;
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Fic. 12. Structure of boulangerite projected on
(010).

phases. We have already seen that robin-
sonite is isostructural with (SnS)4(SbyS;)s;
other examples that can be considered simi-
larly are jamesonite, boulangerite, and the
synthetic phase Pb,Sb,S;;. These have been
drawn and described by Makovicky (15) in
terms- of rods of B1 structure that have un-
dergone ‘2 A shear’’; this is of course the
same shear that transforms Bl to the B33
structure. As an example Fig. 12 shows how
boulangerite PbsSb,S;; (20) may be repre-
sented very simply by the linkage of
(M 4S16). strips to form a tunnel which con-
tains a narrower (MsSg), strip. As one might
expect, the large cation site in the acute
angle between the hinged ribbons contains
Pb; consequently this site does not have the
elevated thermal parameter noted for the
Sn, Sb sulfosalts where a large ion is not
available to fill this site.
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