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Single crystals of a new mutually incommensurate composite
crystal with layered structure, (BiS), ,,NbS, were synthesized and
the average substructures were studied by the single crystal X-
ray diffraction method. The commensurate superlattice reflections
along mutually incommensurate directions were observed for the
BiS subsystem with the main diffractions of the Nb$, subsystem.
The NbS, subsystem with a = 5.7504(9) &, b, = 3.3306(11) A,
¢ =23.0001(17) A, Z = 4, and space group F 2mm takes the form
of ZH-type NbS, sandwiches with Nb atoms trigonal-prismatically
coordinated by S atoms. The BiS subsystem with a4 = 5.752(4) &,
b, = 36.156(5) A, ¢ = 23.001(5) A, Z = 48, and space group
F2mm has distorted two-atom-thick double layers with an NaCl-
type superstructure. The superstrnciure has Bi—Bi bonds and non-
bonded S-S pairs along mutually incommensurate directions.
The periodic Jength of b; is six times as large as those of simple
NaCi-type arrangements. The Bi-Bi bonds are located in each
half-length of b; in the BiS double layers. Each NbS, sandwich
and BiS double layer stack alternately to form a mutually incom-
mensurate composite crystal with a layered structure. The struc-
tural relations among (BiX),TX, (T = Nb, Ta; X = S, Se) type
compounds are also discussed. © 1995 Academic Press, Inc,

INTRODUCTION

Ternary chalcogenides with layered composite crystal
structures (MX), TX, (M = Pb, Sn, rare earth elements;
T=TiV,Nb, Ta, Cr; X = §, Se; x = 1.1-1.2) are
composed of three-atom-thick TX, sandwiches and two-
atom-thick MX double layers, alternately stacked. (1-21).

In the TX, sandwiches with T = Ti, V, and Cr, T atoms
are octahedrally coordinated by X atoms, and 1T-type
TX, sandwiches are formed. On the other hand, Nb and
Taare trigonai-prismatically coordinated by X atoms, and
2H-type TX, sandwiches are obtained.

The MX double layers between the TX, sandwiches
generally have a distorted NaCl-type structure with M
atoms protruding toward the pseudohexagonal planes of
the X atoms of the TX, sandwiches.

! To whom correspondence should be addressed.

The TX, sandwiches and MX layers are incommensu-
rate because the ratio of the in-plane lattice constants of
the average structures of the two subsystems is irrational.
As for the stacking direction of (MX),TX, compounds,
lattice dimensions are equal or commenstrate between
the two subsystems. (MX).TX, compounds, therefore,
form a quasiperiodic system which can be described with
(3 + 1)}-dimensional superspace group symmetry and are
called composite crystals and/or misfit layered crystals
with two interpenetrating subsystems (6, 11, 12, 16,
22-26, 28).

The stacking sequences of (MX),TX, compounds are
simply explained based only on the two-dimensional com-
mensurate section of (MX),7X, which is common to both
subsystems. In this section, the protruded M atoms of
the MX double layers are located at the dimple interposed
by X atoms of the TX, sandwiches. For the compounds
with 2H-type TX, sandwiches, in particular, four forms
of the stacking model of (MX),TX, compounds with ortho-
rhombic symmetry are thus proposed (3). Each subsystem
in the orthorhombic compound is able to take a C-centered
lattice with ¢ in the range from about 11 to 12 A or an F-
centered one with ¢ from about 22 to 24 A. Consequently,
four combinations of subsystems of C: C,C: F, F: C, and
F:F types are possible.

Along the mutually incommensurate direction, (i.e., the
direction in which the two layers are incommensurate),
on the other hand, the quasiperiodic interactions between
the TX, sandwiches and the MX double layers suggest that
(MX),TX, compounds may be expected to show unique
physical properties and crystal structures. Recently, the
preparation and structure determination of single crystals
of mutually commensurate (BiSe), oTaSe, (27, 28) and
mutually incommensurate (BiS), ,,TaS, (29) compounds
were reported. In these compounds, the TaX, sandwiches
have a rather rigid 2H-type structure as do the TaX, ones
in other (MX} TaX, compounds, while BiX double layers
have a superstructure of the MX ones with a simple NaCl-
type arrangement along the mutually commensurate or
incommensurate directions. Both of the BiX double layers
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in (BiSe), gsTaSe, and (BiS), ;TaS, contain bond between
the Bi atoms and not between the Se or S atoms in their
superstructure. However, the guite different types of X-
ray diffraction patterns observed for (BiSe), ,,TaSe, and
(BiS), ;Ta8, have shown that the ordered structures with
Bi-Bi bonds in both compounds are distinct from each
other. In addition, the BiSe subsystem in (BiSe), ,TaSe,
is mutually commensurate with the TaSe, subsystem,
whereas the BiS subsystem in {BiS), ,;TaS; is mutually
incommensurate with the Ta$; subsystem. These features
described briefly above seem to allow further varieties of
crystal structures in the series of (BiX),TX, type compos-
ite crystals.

In the present work, we have made single crystals of
a new ternary sulfide, (BiS), ;;NbS,, and investigated its
crystal structure. Furthermore, the crystal structure of
(BiS}, |, NbS, will be discussed in comparison with those
of (BiSe), zTaSe, and (BiS}, ;TaS,.

EXPERIMENTAL

A powder sample was prepared using elements as start-
ing material. The ratio of the elements was 1:1: 3 for Bi,
Nb, and S. The elements were heated at about 800°C in
an evacuated quartz tube. Crystals were grown as thin
platelets with a metallic luster from the powdered prod-
ucts using the chemical vapor transport method. The tem-
perature gradient of the electric furnace used was con-
trolled from 900 to 700°C and samples were maintained
for about 1 week. About 15 mg of NH,CI used as the
transfer reagent was added to the quartz tube with about
500 mg of powdered (BiS), ;;NbS,. A single crystal of
(BiS), ;;NbS, with dimensions about 0.4 x 0.3 x (.02 mm®
was used for the structure analysis. A precession camera
technique with MoKa radiation (x = 0.71073 A) was used
to determine the crystal system and cell dimensions of
each subsystem of (BiS), ;;NbS,. We have taken the b-
axis as the mutually incommensurate direction as for the
series of first structure determinations of (LaS), 5,CrS,
with triclinic symmetry (1, 6) and (PbS), ,VS, with mono-
clinic symmetry (9, 11). The X-ray reflection data of both
subsystems were collected together with common k0! re-
flections using a Rigaku AFCS diffractometer (MoK« radi-
ation). The cell parameters and data collection process
are summarized in Table 1. The cell parameters were
refined by a least-squares method using reflections in the
range 20° < 28 < 30°. The composition of (BiS), [ NbS,
was determined from the ratio of cell dimensions of each
subsystem, Lorentz polarization corrections and absorp-
tion corrections using the Y-scan empirical method were
applied to all of the collected reflections. All of the calcula-
tions for structure analysis were carried out using the
UNICS HI system (30). In all our calculations, neutral
atomic scattering factors were taken from Cromer and

TABLE 1
Experimental Summal'y fDl' (BiS)HleSZ
Subsystem BiS NbS,
Crystal system Orthorhombic Orthorhombic
a (&) 5.752(4) 5.7504(9)
B (A 36.156(5) 3.3306(11)
c(A) 23.001(5) 23.0001(17)
V4 48 4
Diffractometer Rigaku AFC-5
Radiation (A) MoK 0.71073
@ range: min, 1.5,35.0 1.3, 40.0
max (%)
Scan mode - w 20 - w
Aw =150 + 0.35tan 4 Aw =130+ 035tan @
Data set f: 0-9, k: 0-58, 1: 0-37 A 0-10, k; 0-6, [, 0-41
Observed refiec- 1933 407
tions with

|F,| = 2.50(|F,))

Mann (31). Anomalous dispersion factors used throughout
this procedure are those given by Cromer and Liber-
man (32).

RESULTS AND DISCUSSION

NbS, Subsystem

The X-ray precession photograph with the k0 reflec-
tions of (BiS), ;NbS, showed the composite reflection
patterns of the NbS, subsystem and the BiS subsystem.
The schematic representation of e¢ach diffraction pattern
is given in Fig. 1. Every diffraction observed is classified
into two sets with an orthorhombic system, thatis, {# k, [}
for the NbS, subsystem and{& &, {} for the BiS subsystem.
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FIG. 1. Schematic representation of the X-ray diffraction pattern
with h%0 type reflections of (BiS), ;;NbS, observed by a precession
photograph. The main reflections of the NbS, subsystem are indexed
with k&, and the superlattice reflections of the BiS subsystem are indexed
with k;. The reflections with 400 are common to both subsystems.
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TABLE 2
Atomic Parameters and Equivalent Temperature Factors (AY
for the NbS, Subsystem (esd’s in Parentheses)

x ¥ z B, Occupancy
Nb 0.0 0.0 0.0 0.2(3) 0.5
) 0.335(6) 0.0 0.0672(17 0.5(9 1.0

Note. By = Bn¥3)Z 2, Usatar a; a;, where Uyis the mean square

displacement tensor of atoms.

The diffraction vector q of (BiS), |\ NbS, is, therefore,
expressed as

q = ha* + kb + lc* + kb3,

The reflections with k,, k, = 0 are common to both sub-
systems.

The NbS, subsystem is present as the F-centered lattice
defined by the orthorhombic space group F2mm with
a =5.750409) A, b, = 3.3306(11) A, ¢ = 23.0001(17) A. The
structure model with two 2H-type NbS, sandwiches in
the unit cell was adopted in the course of structural an-
alysis. This model has been already recognized for
other NbS, subsystems with orthorhombic symmetry in
(PbS), 1,NbS, (7), (La8), ,NbS, (3, 7, 10, 12}, (CeS); (NbS,
(14), (SmS), xNbS, (15), and (NdS), yNbS, (21) com-
pounds. All of the parameters were refined by means of
the full-matrix least-squares method, where the value of
R% = X w(|F,| = {F.)}Z w|F,|* was minimized. The final
refinement converged with R-value of 0.116 and R, -value
(w = /o XF)) of 0.149 using 310 reflections excluding the
h0l type. The atomic parameters of NbS, subsystem are
listed in Table 2.

In the 2H-type NbS, sandwiches, Nb atoms as well as
S atoms form pseudohexagonal planes and ¢ach Nb atom
is trigonal-prismatically surrounded by six neighboring S
atoms {Fig. 2). The value of the ratio a/b, is 1.7263, which
is quite close to V3 for the hexagonal system. The Nb-Nb
distances are 3.3227(4) A (x4) and 3.3306(11) A (x2). The
Nb-S$ distances are 2.46(3) A (x4) and 2.47(3) A (x2).
The thickness of each sandwich is 3.09(5) A. Conse-
quently, the NbS, sandwiches are less distorted than the
BiS double layers which will be described below. It is
concluded that the NbS; sandwiches have a fairly rigid
2H-type structure which can be regarded as the host part
of (BiS), ;;NbS,; as in other (M S),NbS; compounds (3, 7,
10, 12, 14, 15, 21).

BiS Subsystem

The schematic representations of the X-ray diffraction
patterns with A0 reflections in Fig. 1 and 14/ reflections

b1

FIG. 2. The average structure of 2H-type NbS, sandwiches of the
NbS, subsystem in (BiS), ;;NbS,.

in Fig. 3 suggest that the BiS subsystem in (BiS), ;Nb§,
has the NaCl-type superstructure along the mutually in-
commensurate b-axis. It is clearly shown that the intensi-
ties of the reflections with &k, = 0, 12, 24 [= 6(2n)] are
stronger than those with &, = 2, 10, 14, 22 [= 6(2n) = 2],
ky = 4, 8, 16, 20 [= 6(2r) = 4], and &k, = 6, 18
[= 6(2n) = 6] for hk,{ (h, I = 2n) (Fig. 1), and the reflec-
tions with k, = 5,7, 17, 19[= 6(2n + 1) = 1] are stronger
than &, = 3,9, 15,21 [= 6(2n + 1) £ 3] and k, = 1, 11,
13,23 [= 6(2n + 1} = 5] for hk,l (h, [ = 2n + 1) (Fig. 3).

The diffraction patterns of the BiS subsystem in

!
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FIG. 3. Schematic representation of the X-ray precession photo-
graph with 14! type reflections of (BiS), ;NbS;.
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FIG. 4. Schematic representation of the X-ray precession photo-
graph with 14/ type reflections of (BiS), ;;T2S;. The main reflections of
the TaS, subsystem were indexed with k, and the supertattice reflections
of the BiS subsystem were indexed with k,.

(BiS), ;,NbS, are similar to those reported for the BiSe
subsystem defined by the orthorhombic space group
F2mm with a = 5.967 A, b, = 37.62 A, and ¢ = 24.342
A in (BiSe}, i, TaSe, (27, 28}, (To simplify the discussion,
the lattice parameters of the BiSe subsystem presented
here are given by interchanging the a-axis with the b-axis
in the original form with Fm2m symmeiry.) They are,
however, quite clearly distinguished from another type
of superstructure pattern obtained for the BiS subsystem
in (BiS), ;TaS; (29) (Fig. 4). As for the (BiS), ,;TaS,, the
BiS subsystem is present as the B-centered lattice defined
by the orthorhombic space group B2mm with a = 5.732(4)
A, b, = 15.368(6) A, ¢ = 23.135(5) A. The schematic
representation of the X-ray diffraction pattern of the BiS
subsystem in (BiS), (;Ta$S, givén in Fig. 4 shows that the
reflections with &, = 2,3, 7, 8 [= {5(2rn + 1) = 1}/2] are
stronger than those with &, = 1, 4, 6, 9 [= {5C2n + 1) =
3H2]and &, = 0, 5, 10 [= {5(Zn + 1) * 5}/2]. On the basis
of the structure determinations, it has been found that
these BiX (X = S, Se) subsystems with such characteristic
patterns of intensities have Bi—Bi bonds and but no Se-Se
or S-S bonds in their average substructure, The difference
between these substructures is mainly the ordering of the
Bi-Bi bonds.

For the structure analysis of the BiS subsystem in
(BiS), |NbS§,, we have, therefore, emploved the super-
structure model of the BiSe subsystem in (BiSe), ;zTaSe,
{27). All of the reflections are indexed with an F-centered
superlattice as described above. The superstructure
model with Bi-Bi bonds and no S-S bonds along the
mutually incommensurate b-axis is defined by the ortho-
rhombic space group F2mm with a = 5.752(4) A, by =
36.156(5) A, ¢ = 23.001(5) A. In the structure model
employed here, we must note that the simple NaCl-type

TABLE 3
Atomic Parameters and Equivalent Temperature Factors (A2)
for the BiS Subsystem (esd’s in Parentheses)

x y z B, Occupancy
Bi(1) 0.0 0.0432¢1)  0.3188() 13D 1.0
Bi(2)  —0.0012¢11}  0.1243(1)  0.1799%2) 1.9(1) 1.0
Bi{3) 0.0226(8) 0.2087(1)  0.3173(1) L) 1.0
S 0.022(6) 0.0490(3) 0.1965(10) 1.5(5) 1.0
S(2) 0.028(6) 0.1337(6)  0.2962(10)  1.5(5) 1.0
SN 0.034(5) 0.2104(7y  0.2022(R)y 178 1.0

Note. By = (873 2,2, Usa*ala;- a;, where Uy is the mean square
displacement tensor of atoms.

arrangement of Bi and S atoms is retained along the a-
axis which is common to the NbS, subsystem,

The structure was refined using 823 reflections with
|F,| = 6.0a(]F,|). The h0f common reflections and 4111,
h221, h331, h44l, and k35!, ones that partially overlapped
the main reflections of the NbS, subsystem were excluded
throughout the calculations. In the structure refinement,
the block-diagonal matrix least-squares method was used
to avoid correlation between structural parameters. The
refined atomic parameters are listed in Table 3, where the
R-value converged to 0.083 and the R -value (w = 1) was
0.104. The list of selected atomic distances in a BiS double
layer is given in Table 4. Along the common g-aXis, the
BiS double layers with simple NaCl-type arrangement are
distorted in the same manner as the MS subsystems in
other (M S),NbS, compounds (M = Pb, Sn and rare earth

TABLE 4
Selected Atomic Distances (A) for the BiS
Subsystem in (BiS), ;;NbS, (esd’s in Paren-

theses)
Bi(I}~S(1) Bi(1)-S(1) 2.822(23)
Bi(1)-8(1)i 2.78(3)
Bi(1)=8(1)i 3.03(3)
Bi(D~Bi(1) Bi(1)-Bi(1) 3.125¢3)
Bi(1)-S(2) Bi(1)-S(2) 3.315020)
S(1)-8(1) S(H-5(1)! 3.545(27)
Bi(2)-S(1) Bi(2)-S(1 2.751020)
Bi(2)-5(2) Bi(2)-5(2) 2.701(22)
Bif2)-S(2) 3.1K3)
Bi(2)-S(2yi 2.79()
Bi(2)-8(3) Bi(2)-8(3} 3.160(27)
Bi(3)-5(2) Bi(3)-5(2) 2.755(20)
Bi(3)-5(3) Bi(3)-5(3) 2.647(19)
Bi(3)-S(3)f 2.86(3)
Bi(3)-S(3)i 2.96(3)
Bi(3)-S(3¥ 2.961(27)

Note. Symmetry operations: () x, —y, Z;
yx + V2, y, —z+ V2, (i x — U2, y, -2+
V25 (iv) x, —y + 172, —z + /2,
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‘b

FIG. 5. Projection of the average structure of {BiS), ;;NbS; along
the common g-axis.

elements) (3, 7, 10, 12 14, 15, 21). That is, all Bi atoms
protrude toward the NbS, sandwiches. The distorted BiS
double layers and the rather rigid NbS, sandwiches will
be related to each other with a two-dimensional commen-
surate section using the common A/ reflections.

The short Bi-Bi bonds appear in every b,/2, that is,
every half of the cell dimension along the mutually incom-
mensurate b-axis {Fig. 5). Antiphase domain boundaries
across the Bi—Bi bonds and nonbonded S-S pairs are
simultaneously present along the b-direction. In each do-
main, a distortion of Bi and S atoms similar to that ob-
served along the common @-axis occurs, which is also
recognized for (BiSe), s TaSe, (27, 28), and (BiS), o7 Tas,
{29). The short calculated Bi-Bi distanceois 3.125(3) A,
which is almost the same value as 3.109 A for the BiSe
subsystem in (BiSe), wTaSe, (28) and 3.120 A for the BiS
one in (BiS), i7TaS, (29). As for the BiS subsystem in
(BiS), (;Ta8,, short Bi-Bi bonds are present in every su-
percell, which is 2.5 times as large as the unit cell of
the simple NaCl-type MS subsystem in other (MS), TaS,
compounds (Fig. 6). Both of the BiSe subsystem in
(BiSe), oo TaSe, and the BiS subsystem in (BiS), ,;NbS,

FIG. 6. Projection of the average structure of (BiS), (;TaS, along the
common a-axis.

FIG. 7. Precession photograph with 1 reflections of (BiS), }Nb&S,,
where only the region with high values of &, and k; is partially magnified.

have supercells with b, siX times as long as the unit cell
of the simple NaCl-type subsystem.

In (BiSe), ¢TaSe,, the BiSe subsystem with a = 5.967
A, b,=37.62 A, and ¢ = 24.342 A is mutually commensu-
rate with the TaSe, subsystem with a = 5.970 A, b, =
3.421 A, and ¢ = 24.341 A (28). The b, value of the
supercell of the BiSe subsystem is 11 times as large as
the b, value of the TaSe, subsystem. However, the BiS
subsystem is mutually incommensurate with the NbS,
subsystem in (BiS), ;NbS; (Fig. 5). Though the reflections
with &, = 1 for the NbS, subsystem and &, = 11 for the
BiS subsystem are almost indistinguishable, the reflec-
tions with &k, = 3 are present at the positions ¢learly dis-
placed from those expected for ones with &, = 33 (Fig.
7). The intensities of the reflections with &k, = 33 were
too weak to be observed in our present measurement.
The deviation from the commensurate ratio of 1/11 is
calculated to be (b,/b, — 1/11) = 0.0012, which is signifi-
cantly larger than the corresponding value of 0.00003 ob-
tained for the mutually commensurate (BiSe), goTaSe,
(28). The BiS subsystem in (BiS), ;;TaS, which has an-
other type of superstructure is also mutually incommensu-
rate with the TaS, subsystem with 2H-type sandwiches
(Fig. 6). In (BiS), (;TaS,. the reflections with £, = 1 for
the TaS, subsystem and the reflections with &, = 5 for
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TABLE 5
Atomic Parameters and Isotropic Temperature Factors (132) for
(BiS); ,,NbS, along the b-Axis (esd’s in Parentheses)

x ¥ z B, Occupancy
Bi 0.5990(1%) - 0.182X(5) 1.02) 0.5528
S 0.042(5) — 0.1841(29) 0.2(7) 0.5528
Nb 0.0 — 0.0 0.5(3) 0.5
S 0.330(d) — 0.0687(14) 0.2(d) 1.0

the BiS subsystem are quite explicitly separated from
each other (Fig. 4).

Commensurate Section

The common A0 reflections were essential to show that
(BiS), ,NbS; is a composite crystal with twe interpene-
trating subsystems. The commensurate section of
(BiS); ;;NbS, was defined by the space group B2mm with
a = 5.7504(9) A and ¢ = 23. 0001¢17) A. The refinement
converged to an R-value of 0.136 and an R, -value (w =
1/o*(F)) of 0.152 using 76 reflections. The corresponding
atomic parameters are listed in Table 5. The occupancy
for the BiS subsystem, calcnlated using the value of b,
by, and Z in Table 1 as (48h,/4b,)/2 = 0.5528, was fixed
in the refinement.

The arrangements of Bi and S atoms obtained in the
BiS double layers are simple NaCl-type along the common
a-axis. In the ac-commensurate section given in Fig. 8,
the BiS double layers are distorted and the protruded Bi

el
a

FIG. 8. Proiection of the common section of (BiS}, ;NbS, along the
mutually incommensurate direction,

atoms preferably fall into the dimples of the ptanes of the
S atoms in the 2H-type Nb$S, sandwiches with a much
more undistorted structure.

The distortion of the MX double layers (M = Pb, Sn,
rare earth elements, Bi) between every two 2H-type NbX,
or TaX, (X = §, Se) sandwiches seems to be essential in
stabilizing the ordering of the alternate stacking sequences
in all of the (MX) NbX, and (MX),TaX, compounds. In
the same manner, we can further understand the presence
of triclinic (LaS}, 5, CrS, with 1T-type CrS, sandwiches
and monoclinic (PbS), ,VS, with 1T-type VS, ones,
though binary CrS, and VS, are¢ respectively known to
be unstable and metastable compounds. From the studies
of their structure determination (1, 6, 9, 11), both of the
LaS and the PbS double layers between these 1T-type
sandwiches have the distorted NaCl-type structure, and
La and Pb atoms also protrude toward the dimple of the
planes of S atoms of the CrS, and/or the VS, sandwiches.

CONCLUSION

In the present study, we have prepared the single crystal
of (BiS), ,NbS,, a composite crystal with mutually in-
commensurate layers. Both of the average substructures
were determined together with a commensurate structure
with two interpenetrating subsystems. The NbS; subsys-
tem has 2H-type three-atom-thick sandwiches with a
rather rigid structure. The BiS subsystem has doubie lay-
ers with the NaCl-type superstructure along the mutually
incommensurate direction. In the superstructure, bonded
Bi-Bi and nonbonded S—8 pairs are located in the same
manner as found in the superstructure of the BiSe subsys-
tem in mutually commensurate (BiSe), zTaSe,. We have
also compared the structure of the mutually incommensu-
rate (BiS), ;NbS, with those of the mutually commensu-
rate (BiSe), i, TaSe, and another type of mutually incom-
mensurate (BiS), ,,TaS,.
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