
X. Z. LI AND F. FREY 275 

References 

BENDERSKY, L. (1985). Phys. Rev. Lett. 55, 1461-1463. 
HIRABAYASH], M. & HIRAGA, K. (1987). Mater. Sci. Forum, 22/24, 45- 

54. 
JANSSEN, T. (1986). Acta Cryst. A42, 261-271. 
JAmC, M. V. (1986). Phys. Rev. B, 34, 4685-4698. 
KONTIO, A., STEVENS, E. D., COPPENS, P., BROWN, R. D., DWIGHT, A. E. 

& WILLIAMS, J. M. (1978). Acta Cryst. B36, 435-436. 
LI, X. Z. (1995). Acta Cryst. B51, 265-270. 
LI, X. Z., DUBOIS, J. M. & KUO, K. H. (1994). Philos. Mag. Lett. 69, 

93-98. 

LI, X. Z., DUNEAU, M. & Kuo, K. H. (1994). Europhys. Lett. 26, 589- 
594. 

NIL~Erd, K. (1993). Mater. Trans. JIM, 34, 109-115. 
SHOEMAKER, C. B., KESZLER, D. A. & SHOEMAKER, D. P. (1989). Acta 

Cryst. B45, 13-20. 
Sin, N. C., L1, X. Z., MA, Z. S. & Kuo, K. H. (1994). Acta Cryst. B50, 

22-30. 
STEINHARDT, P. J. (1987). Mater Sci. Forum, 22/24, 397-408. 
STEORER, W. (1991). J. Phys. Condens. Matter, 3, 3397-3410. 
STEtmER, W. & Kuo, K. H. (1990). Acta Cryst. B46, 703-712. 
TAYLOR, M. A. (1959). Acta Cryst. 12, 393-396. 
YAMAMOTO, A. & ISHIHARA, K. N. (1988). Acta Cryst. A44, 707-714. 

Acta Cryst. (1995). B51, 275-287 

(3 + 2)-Dimensional Superspace Approach to the Structure of the Incommensurate 
Intergrowth Compound: (SbS)I.lsTiS2 

BY Y. REN, A. MEETSMA, V. PETRICEK,* S. VAN SMAALEN AND G. A. WIEGERS 

Chemical  Physics, Materials  Science Center, University o f  Groningen, Nijenborgh 4, 9747 AG Groningen, 
The Netherlands 

(Received 8 August 1994; accepted 1 December 1994) 

Abstract 

The inorganic misfit-layer compound (SbS)l lsTiS2 
was prepared by high-temperature reaction of the 
elements. The structure, determined by single-crystal 
X-ray diffraction, is described by two interpenetrating 
incommensurately modulated subsystems. The first 
subsystem comprises TiS2 sandwiches, with Ti atoms in 
trigonal-antiprisms o f  S atoms. The lattice parameters are 
a~l - 3.403 (1), a~2 = 3.410(1) ,  a ' 13 = 11.385 (1) •, 

! 

oq = 81.544(7),/31 = 82.817 (8) and 71 = 60.08(1) °. 
The second subsystem is built of intrinsically interface- 
modulated double layers of SbS. The basic structure 

t ! 

unit-cell dimensions are given by a21 = 2.954 (1), a22 = 
t 

2.968(1),  a23 = 11.311 (1)fl,, o~2 = 83.973(8),  ~2 = 
85.87(1) ,  7)'2 = 84.06 (1) °. The interface modulation 

. t  

wavevector of SbS is given by q = 0.409(a~' 1 + a22 ). 
The two subsystems have the common (a*'2, a*'3) plane. 
The whole X-ray diffraction pattern is indexed with five 
integer indices, thus a (3 +2)-dimensional superspace 
group is used to analyse the complete structure. Both 
the superspace-group symmetry and the subsystem 
symmetries are centrosymmetric triclinic, belonging 
to the superspace group P i .  Refinement on 2483 
reflections with I > 2 .5a ( I )  converged to w R  = 0.069 
(R = 0.062). The final structure model consists of both 
occupational and displacive modulations for the atoms 
in the SbS subsystem, which results in zigzag clusters 

- -  

o f - S b - S b -  and - S - S -  parallel to the [110] direction 
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of SbS. The shortest S b - - S b  and S - - S  distances are 
2.84 and 3.43 A, respectively. The average valence of 
Sb was calculated as 3.13. The distinguishing feature is 
the incommensurate ordering of Sb/S atoms on the rock- 
salt structure, with a modulation wavevector apparently 
unrelated to the periodicities of the TiS2 subsystem. 

1. Introduction 

Recently, misfit-layer compounds (A4X)1+6(7-X2)n, 
(.A// = Sn, Pb, Bi, Sb, and rare earth elements; 7- = 
Ti, V, Cr, Nb, Ta; X = S, Se; 0.09 < 6 < 0.23; 
n = 1 or 2) have attracted much attention, because of 
their special crystallographical features as well as many 
interesting physical properties (Wiegers et al., 1989; 
Wiegers & Meerschaut, 1992; van Smaalen, 1992a). 
These compounds are built of two different types of 
layers: two-atom-thick (.A4X) layers with a distorted 
NaCl-type structure and (7-X2)n (n = 1, 2) sandwiches 
with a NbS2- or TiS2-type structure. Commonly, the 
layers .A4X and 7-X2 are stacked alternately, but also 
compounds have been found with paired sandwiches of 
7-X2 (Meerschaut, Auriel & Rouxel, 1992). Structures 
of misfit compounds can be described by assigning 
different unit cells to the .A4X and 7-X2 layer types. 
Both unit cells have c* axes in common, perpendicular 
to the layers, and one common b* axis. The two unit 
cells are mutually incommensurate, as expressed by 
the collinear a axes with incommensurate length ratio. 
Thd interaction of the subsystems induces a mutual 
modulation, where a~l is the modulation wavevector 
of the second subsystem, and a~l the modulation 
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wavevector of the first. A complete description of all the 
structural features is only possible within the superspace 
approach (van Smaalen, 1992a; Janner & Janssen, 1980; 
van Smaalen, 1989; Kato, 1990; van Smaalen, 1991). 
With only one incommensurate direction, a (3 + 1)- 
dimensional superspace description has always been 
applied. The SbS subsystem has a structure with an 
interface-modulated ordering of Sb and S, replacing the 
usual rock-salt-type order. The modulation wavevector 
for this ordering is independent from the periodicities of 
the TiS2 subsystem, and the structure of (SbS)I.15TiS2 
is analysed in (3 + 2)-dimensional superspace. 

For 7- = Ti, V or Cr, trigonal-antiprismatic coordina- 
tion by S or Se results, and monoclinic or triclinic lattices 
are found for the two subsystems. Four possibilities 
for the combinations of the intralayer axes for the two 
subsystems were predicted [Fig. 1 (Wiegers, Meetsma, 
van Smaalen, Haange & de Boer, 1990)]. However, so 
far, only case (d) is reported in real structures, and the 
3' angles were always found to be equal to 90 ° . In this 
paper, the first example (SbS)1.15TiS2 is presented for 
case (c) (Fig. 1), with 3"(TiS2) = 90 ° and 3"(SbS) = 
84.06 °, being different from 90 °, and being different 
from each other. (SbS)l+sZiS2, prepared by Gotoh, 
Onoda, Akimoto & Oosawa (1991), was characterized 
by these authors presumably as a misfit compound using 
[001J-zone electron diffraction; d0ol = 11.24/~ from 
X-ray powder diffraction (001 reflections only). 

2. Experimental 

The compound (SbS)I+6TiS2 was synthesized from the 
elements by high-temperature reaction. A mixture of 
the elements Sb, Ti and S, in the ratio expected for a 
misfit-layer compound with 6 = 0.12, was sealed in 
an evacuated quartz ampoule and heated in a single- 
zone furnace at 573K for 2 d and at 723K for 1 
d. The ampoule was then kept at 893 K for 1 month, 
during which single crystals were formed. The crystals 
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Fig. 1. Four different possibilities for the combination of the intralayer 

axes for the two subsystems; the axes have been given a common 
origin for clarity. 

of dimensions up to 2 x 2 x 0.02 mm 3 are thin platelets 
with a metallic lustre. 

A single crystal of a parallelepiped shape of c a  

0.2 x 0.2 × 0.02 mm 3 was selected for X-ray diffraction 
experiments. Weissenberg photographs of the crystal 
clearly show diffraction due to two subsystems with 
common b*, c* vectors. Fig. 2 shows the Weissenberg 
photograph and the undistorted reciprocal lattice for the 
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i 
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(b) 
Fig. 2. (a) Weissenberg photograph and (b) undistorted reciprocal lattice 

of the common reflections Okl. 
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common reflections Okl. The TiS2 region has a triclinic 
lattice similar to that found in (SnS)I.20TiS2 (Wiegers & 
Meerschaut, 1992). However, for the expected unit cell 
of SbS with asbs ~ bsbs ~ 5.9 ,~,, only main reflections 
with h and k even are present. Rather than hkl reflections 
with h and k odd, satellites are observed along the [110]* 
direction. Fig. 3 shows the Weissenberg photograph and 
the undistorted reciprocal lattice of the main reflections 
hhl, together with the satellites of the SbS subsys- 
tem. The satellite reflections are as sharp as the main 
reflections and no diffuse intensity is found. These obser- 
vations resemble those found for the Bi-containing com- 
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Fig. 3. (a) Zero-layer Weissenberg photograph and (b) undistorted 
reciprocal lattice of the crystal aligned along the [1i0] direction of 
SbS. 

Table 1. Unit-cell dimensions of the TiS 2 and SbS 
subsystems 

Subcell v avi (/k) av2 (]k) a~3 (/k) ot~ (o) fly (o) y~ (o) 
TiS 2 1 3.403 (1) 5.911 (1) 11.385 (1) 84.39 (1) 82.817 (8) 90.01 (1) 
SbS 2 5.908(2) 5.936(2) 11.311 (1) 83.973(8) 85.87(1) 84.06(1) 

pounds (BiSh.0sTaS2 (Gotoh, Onoda, Akimoto, Goto & 
Oosawa, 1992), (BiSe)l.0QNbSe2 (Zhou, Meetsma, de 
Boer & Wiegers, 1992) and (BiSe)x.10TaSe2 (Petricek 
et al., 1993). Fig. 4 illustrates the arrangement of the 
satellites in the (a*, b*) plane of SbS. A new feature 
different from other misfit-layer compounds is that the 
"7 angle between a and b of the SbS subsystem is no 
longer 90 ° . 

Single-crystal X-ray diffraction measurement was per- 
formed on an Enraf-Nonius CAD-4F diffractometer with 
monochromatized Mo K 6  radiation (A = 0.71073/~). 
25 reflections were used to determine the lattice param- 
eters of the two subsystems. Using the program DIRAX 
(Duisenberg, 1992), most reflections could be indexed 
on either one of two triclinic unit cells. The remaining 
reflections were found to be satellites, with modulation 

* 1  * l  wavevector q 0.409(aSb s + = bsbs), based on the 
primitive SbS reciprocal lattice of main reflections. 

In order to obtain more accurate values, unit- 
cell dimensions and their standard deviations were 
re-determined independently for each subsystem from 
the setting angles in four alternate settings of 15 
reflections in the range 24.59 < O < 34.66 ° for TiS2, and 
21 reflections in the range 7.26 < O < 19.39 ° for SbS. 
For comparison with other misfit-layer compounds and 
facilitating the analysis, the fourfold unit cell (2a x 2b 
of the primitive unit cell) of the SbS subsystem is used 
and the TiS2 subsystem is described in a C-centred 
unit cell (Table 1). The modulation wavevector q, with 
respect to the basic lattice of SbS, was determined as 
q = 0.818(a~1 + a~2 ). From the volume ratio 2VI/V2, 
equal to the ratio 2all~a21, of the subsystem unit cells, 
one finds that the composition of this compound is 
( S b S ) l . 1 5 T i S 2 .  

5 3 I 1 3 5 
.me - -- A ~ _~lh 

w 

21 

201 
Fig. 4. Arrangement of satellites in the (a~l ,  a~2) plane of SbS. 
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Data collection was performed separately for the two 
subsystems using the 0-20 scan technique. Intensities 
were measured at the nodes of the reciprocal lattices 
based on the two sets of the primitive cell dimensions. 
All main reflections were measured in one hemisphere 
up to 0 = 35 °. The first- and third-order satellites of the 
interface modulation of the SbS region were measured 
together with its main reflections. The experimental sta- 
bility was checked by the standard reflections (119) and 
(013) for TiS2 and (01:]) and (013) for SbS, measured 
every 2h  of X-ray exposure time, showing a long- 
term variation of less than 2%. The intensities were 
corrected for scale variation, Lorentz and polarization 
effects, and for absorption (# = 98.8 cm -1) using a 
Gaussian integration method (Spek, 1983). 

A total of 1451 reflections were measured for the 
TiS2 subsystem. For the SbS subsystem 6899 reflections 
were measured, including 2734 first-order and 2768 
third-order satellites. The common reflections (Okl) were 
used to bring the two data sets into one data set with 
the same scale. 145 common reflections with I > 
2.5o(1), present in both sets, resulted in an average 
scale factor of 6.23 (1), which was used to multiply 
to the SbS intensities. The two sets of (Okl) reflections 
were averaged; 11 reflections were omitted because of a 
relatively large difference between their values in both 
data sets. The internal consistency is R1 = 0.037. The 
result was a single data set for the complete structure 
with 8350 reflections which were further combined into 
6769 unique reflections, using Laue symmetry i. The 
internal consistency is R1 = (~2,i ]Ii - -  I~Vl)/(~_,i Ii) = 

0.034 for the observed reflections with I > 2.50.(1). 
With this criterion for observability, the number of 
unique reflections finally reduced to 2483, including 
134 (Okl) reflections for the common part, 802 for 
the TiS2 subsystem, 526 main reflections for SbS and 
804 and 217 for the first- and third-order satellites of 
the SbS subsystem. Refinements on this data set were 
carried out with the computer program system JANA93 
(Petricek, 1993). Plots of the interatomic distances and 
bond valences as functions of the internal coordinates 
(tl, t2) have been made with the program MISTEK (van 
Smaalen, 1993). 

3. Superspace symmetry 

Intergrowth compounds are aperiodic crystals, charac- 
terized by the presence of two or more interpenetrating 
periodic structures. Their interaction makes each subsys- 
tem an incommensurate modulated structure. Inorganic 
misfit-layer compounds are one class of composite struc- 
tures, consisting of two layered structures of different 
chemical composition. The diffraction patterns always 
show two sets of strong reflections which belong to 
the two basic structure reciprocal lattices. Weak satellite 
reflections are present, due to the mutual interaction. 
So-called antiphase boundaries have been found in Bi- 

containing misfit-layer compounds, resulting in strong 
satellite reflections. Such a phenomenon occurs again in 
(SbS)I 15TiS2, but with the wavelength of the antiphase 
boundary structure incommensurate with the TiS2 lattice. 

The complete diffraction pattern of (SbS)a 15TiS2 can 
be indexed using five integer indices (H, K, L. M1, I V ] 2 )  

with respect to a set of (3 + 2) basis vectors: M* = 
(a~, ..., a~). The first three vectors are chosen as the three 
reciprocal basis vectors of the TiS2 subsystem (which is 

* * for chosen as the first subsystem, u = 1): a, = a l i  
i = 1, 2, 3. The fourth and fifth vectors are chosen as 
a~ = a~l (a* axis of the SbS subsystem, which is the 
second subsystem, u = 2), and a ;  = q describing the 
interface modulation in the SbS subsystem. The last two 
vectors can be expressed as a linear combination of the 
first three by a (2 x 3) matrix a 

a~ = 0. ~ a2 ' (1) 

where the components of the or matrix have been deter- 
mined as 

(0"110"120"13) Or = \0"21 0"22 0"23 
_ {0.576(1) -0 .105(2 )  
-- k,0.471 (1) 0.732(2) 

0.102 ( 2 ) )  
0.085(2) " (2) 

Superspace can be obtained in the usual way, by the 
identification of the five basis vectors of M* with the 
perpendicular projection of five independent translation 
vectors in (3 + 2)-dimensional space. For subsystem 
u, the reciprocal basis vectors A*, together with their 
modulation wavevectors %,i (i = 1, 2), can be written 
as an integral linear combination of the basis vectors in 
M* (van Smaalen, 1992a) 

/au*l) /a~ ) au* 2 a2 
au* 3 = ")A2 a~ . 

\ q * 2  

(3) 

where the (5 × 5) matrix W ~' can be written as a 
juxtaposition of a (3 × 5) (Z")  and a (2 x 5) matrix (V~'), 
which extract the basis vectors of the basic structures and 
the modulation wavevectors, respectively 

For further application, the (3 x 5) matrix Z ~" is expressed 
as a juxtaposition of a (3 x 3) (Z~') and a (3 × 2) matrix 
(Z~), and the (2 x 5) matrix "12 ~' as a juxtaposition of 
a (2 × 3) matrix (V~) and a (2 x 2) matrix (V~). The 
W ~" matrices define a coordinate transformation between 
superspace based on M* and subsystem superspace 
based on A* and q,,i (i = 1, 2) for each subsystem. 
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For the present study, the following matrices are used 

i 0 0 0 0 )  1 0 0 0 
1421 = 0 1 0 0 , 

0 0 1 0 
0 0 0 1 (!00 0) 
1 0 0 0 

I,'V2= 0 1 0 0 . (5) 
0 0 0 0 
0 0 0 1 

From the above expressions, one can see that each 
subsystem is modulated with the mutual modulation 
wavevector given by the periodicity along the a* axis 
of the other subsystem, and with a common modulation 
wave vector q which has different expressions when 
based on the basis vectors, A~,, of the two subsystems. 
For both subsystems, the basic structures have triclinic 
symmetry. Systematic extinction conditions were found 
for the (H, K, L, M1, M2) reflections as H + K + 
M~ = odd are absent. It implies a C-centring translation 

(a ~ 0 ,½,0) .  (6) 

For a centrosymmetric triclinic structure, there is one 
possible superspace group 

Gs -" C1(0.11,012, 0.13; 0.21,0.22, 023), (7) 

with a tentative symbol C representing the centring 
translation as given by (6). With the coordinate trans- 
formations defined by the matrices 142 ", the elements 
( v v R~ [G ) of the subsystem superspace groups can be 
derived as (van Smaalen, 1991) 

R~ : W V R s ( W V )  inv 

f f  = w ~r~, (8) 

where R~ and r~ represent the rotation and translation 
operations, respectively, of superspace group G~. With 
I,V 1 the identity, the subsystem superspace group of the 
first subsystem G] is identical with the superspace group 
G~. For the second subsystem, the subsystem superspace 
group is again the same as G~ 

Gs 2 __ CT(0.11, , , t , , 0.12, 0.13; 0.21,0.22' 0.23), (9) 

with the same centring translation C as given by (6). 
However, a non-trivial transformation occurs of transla- 
tions, and of the modulation wavevectors 

0.2 --. (0.~1 0.12 0.13 "~ 
\0.h 0.h Y 

= + + 

-- (1/0.,1) 

O"21 O"110"12 -- O"210"12 O"110"23 -- O"210"13 

{'1.737 0.182 -0 .180 '~  
= \0 .818 0.818 0.000 ,]" (10) 

The space groups describing the symmetry of the basic 
structure of each subsystem can be obtained as the 
restriction of G~ to three-dimensional physical space: 
G1 = G2 -- C 1  with C representing the normal C- 
centring translation (½, ½,0). 

4. The structure in superspace 

In the composite structure of the misfit-layer compound 
(SbSh.15TiS2, the coordinates of each atom # can be 
specified with respect to the subsystem lattice basis A~,, 
to which this atom belongs 

u (x~,~4, x~,85), (11) 

/.t for v = 1,2 and i = 1,2,3.  u~, i are the displacive 
modulation functions for atom # with periodicities of 1 
both in Yh,~4 and :G~5, the fourth and fifth subsystem- 
superspace coordinate. Let t = (t l ,  t2) be the set of two 
real numbers characterizing a particular section of super- 
space describing physical space. In the incommensurate 
case, each section t gives an equivalent description of 
physical space. The average structure coordinates Y:~,i 
can be written as (van Smaalen, 1992a) 

Xli (~)  -- n l i  -1- XOi(#), i = 1,2,3;  

721(#)  = n21 4- X°l ([z) -- t 1 ; 
0 x2 i (~)  -- n2i + X2i(P )' i = 2, 3; (12) 

where n~,i runs over all integers. The coordinates x°i(/z) 
of atom /z with respect to its own subsystem unit cell 
are to be determined in the structure refinement. The 
fourth and fifth subsystem-superspace coordinates can 
be expressed as (van Smaalen, 1992a) 

( X v s 4 ( # ) )  o.V /g~vl ( / - t ) )  ( t l ) ( 1 3 )  
Xvs5(a)  -- /Xv2(~ )  -}- V~ t2 " 

\Xv3 (#)  

Phase t ,  of the modulation functions of each subsys- 
tem is implicitly contained in (12) and (13), and amounts 
to 

t ,  = (V~ - 0."Z~)t .  (14) 

Using the transformation matrices W ", one finds that 
t l = t and 

t2 = \t22 = ~,-0.~1 1 t2 

_ ; -1.737   
-- \ - 0 . 8 1 8 t l  + t2 ) "  

(15) 
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The complete structure of (SbS)l.15TiS2 involves both 
displacive and occupational modulations. The coef- 
ficients of the Fourier expansions of the modulation 
functions are used as independent parameters in the 
refinements: for the displacive modulation 

Uui 

= [Aw~,n2sin(27r(n12~,~4 + n22~,~5)) 
n l  , ~ 2 ~ 0  

+ B -~ cos(27r(n~2"~4 + ne2~s) ) ] ,  (16) Z,rt 1T/, 2 

for i - 1, 2, 3; and for the occupational modulation 

P ;  = + 
cx) 

/ 2 , s  = P~ + E [P~n,n2 sin(27r(n1~,s4 + n2:rvs5)) 

+ P~u:~ 2 cos(27r(n12,,,4 + n22~,~5))], (17) 

excluding the term (nl ,  nz) = (0, 0) in both summations. 

5 .  S t r u c t u r e  r e f i n e m e n t s  

5.1. The basic structure 

In the basic structure of (SbS)l.15TiS2, Ti is at the 
inversion centre at (0,0,0),  and Sb and S of SbS 
occupy the general position (x, y, z), with respect to 

1 its own subsystem unit cell, with an occupancy of 
because main reflections (hkl) of the SbS subsystem 
occur only for h and k even. Structure refinements were 
carried out step by step. First, 134 common reflections 
(OKLO0) were used to determine the common projection 
of the structure along the [100] direction. The basic 
coordinates of (PbS)118TiS2 (van Smaalen, Meetsma, 
Wiegers & de Boer, 1991) were chosen as starting 
values for the atomic positions in this refinement. A 

Fig. 5. Orthogonal projection of the structure of (SbSh .15TIS2 along 
! 

the common [100] direction; b' = a~,2sin ~, and c -- a,,3sin %, for 
u = 1, 2. Large open and filled circles denote S atoms, small open 
and filled circles denote Ti atoms and middle ones denote Sb atoms. 

good fit resulted in R -- 0.044 {wR = 0.060 with 
w = 1/[a2(lFobsl) + (0.031FobsI)21}. The orthogonal 
projection of the average structure along the a axes is 
depicted in Fig. 5. Along the misfit a axes, one can 
recognize rows of S atoms in the TiS2 subsystem and 
find that rows of Sb atoms are located in between the S 
rows, which leads each Sb atom to fulfil the maximum 
possible coordination by sulfur, between (5 + 2) and 
(5 + 3), depending upon its position along the a axes. 

After the determination of the common part, the 
basic structures of both subsystems SbS and TiS2 were 
independently refined using 802 main reflections for 
TiS2 and 526 main reflections for SbS, where the com- 
mon reflections were discarded. In order to obtain the 
complete basic structure, refinements on 1642 reflections 
(HKLMIO)  were performed which converged smoothly 
to R = 0.057 (wR = 0.70).* 

5.2. The modulated structure 

5.2.1. The (3+2)-dimensional superspace approach. 
The complete structure of (SbS)l.15TiS2 involves both 
displacive and occupational modulations, with the 
latter restricted to the SbS subsystem. As with the Bi- 
containing misfit-layer compounds, the specific pattern 
of satellites surrounding the extinct main reflections 
of the SbS part could be ascribed to an antiphase 
boundary structure in SbS. Alternatively, this can be 
described by an occupational modulation function. In 
(BiSe)109TaSe2 this was found to be a block wave, 
in good approximation (Petricek et al., 1993). Here a 
significant deviation from a block wave is found, and 
the Fourier coefficients in (17) are retained as structural 
parameters. 

Since only first- and third-order satellites were 
measured, initial refinement parameters included only 
Fourier amplitudes of the first- and third-order of the 
occupational modulation function for Sb and S(2) of 
SbS. The ordering of Sb and S(2) at the positions (x, y, z) 
with slightly different coordinates for each is restricted 
in such a way that the average occupancy of each site 

1 for both Sb and S(2), and the total occupancy is 1. is 
These conditions were firstly approximated using (17), 
with restrictions given by 

p o S ( 2 ) , s  _ p S b , s  and p S ( 2 ) , c  _ p S b , c  
,n~ - -  ~ 0 , n 2 ,  " 0 , n ~  - ~ 0 , n ~ ,  ( 1 8 )  

for n2 = 1 and 3. 
As is well known, displacive and occupational mod- 

ulations exert their influence on the magnitude of the 
structure factor in different ways. In the case of a 
displacive modulation, the intensities of the nth-order 

* Lists of structure factors, anisotropic thermal parameters, atomic 
coordinates, unit-cell dimensions, amplitudes of occupational modula- 
tion functions and displacive modulation parameters have been 
deposited with the IUCr (Reference: SE0161). Copies may be obtained 
through The Managing Editor, International Union of Crystallography, 
5 Abbey Square, Chester CH 1 2HU, England. 
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Table 2. Reliability factors for the (initial) refinement 
REF-i and the final refinement REF-f in (3 + 2)- 

dimensional superspace 

The R-factors are defined as e = ~-~ IlFobsl- IF~alcll/~lFobsl and 
we = [~ w(Ifobsl -- IF~al¢l)2Z/~ WlFobsl2] ~n, with weights w = 
1/[a2(IFobs I) + (0.03 IFob ~ I) ]. Partial R-factors are defined with a subset 
of reflections. Satellites of the order M 2 are defined as HKLM~M 2 
reflections. 

Reflection Number of REF-i REF-f 
subset reflections R/wR R/wR 

All 2483 0.063/0.070 0.062/0.069 
Main 1462 0.051/0.059 0.050/0.059 
TiS 2 802 0.046/0.056 0.046/0.056 
SbS 526 0.059/0.063 0.057/0.062 
Common 134 0.043/0.064 0.042/0.064 
M 2 = 1 804 0.078/0.080 0.078/0.079 
M 2 = 3 217 0.176/0.206 0.173/0.206 

Table 3. Basic atomic coordinates as obtained by the 
final refinement REF-f in (3 + 2)-dimensional super- 

space of the modulated structure 

Coordinates refer to the subsystem lattice bases. 

Atom v ~1 ~2 ~3 
Ti(l) 1 0 0 0 
S(I) 1 0.4463 (2) -0.1905 (1) 0.12715 (6) 
Sb(2) 2 0.2339 (4) -0.0236 (4) 0.6223 (2) 
S(2) 2 0.2612 (15) -0.0175 (10)  0.5980 (5) 

satellites are dominated by the Fourier amplitudes up 
to the nth-order for relatively small displacements from 
the average structure, and are affected by the Fourier 
amplitudes with order even greater than n if the deviation 
from linearity becomes larger (van Aalst, den Hollander, 
Peterse & de Wolff, 1976). During the refinements of the 
complete structure, the displacive modulation parameters 
A ~ and B .u [see (16)] were subsequently added. 

"t ~'rl4 n 5 ~ n 4  TI 5 

The displacements of Ti and S(1) of TiS2 were found 
to be zero within the standard deviations and did not 
have a significant influence on the R-factors. Thus, in 
further refinements the displacive modulation as well as 
the occupational modulation were only applied to the 
SbS subsystem. Displacive Fourier amplitudes up to the 
fourth order of the modulation wave q22 for Sb and 
S(2) were employed. Some sine parts of the Fourier 
amplitudes had to be discarded to make the refinements 
more stable due to the too high correlations between 
sine and cosine amplitudes, which often occurs in the 
refinements of modulated structures with occupational 
modulation waves (van der Lee et al., 1993). This may 
be due to the fact that the functions constituting the 
Fourier series of the displacive modulation functions are 
not well defined within those intervals of the phase (t) 
where the occupation probability of Sb or S(2) is zero 
or close to zero. Further addition of Fourier amplitudes 
of higher order did not improve the fit. 

With the basic structure and modulation parameters 
as described above and a single anisotropic tempera- 
ture factor for each independent atom, the refinement 
converged smoothly to w R  = 0.070 (R -- 0.063). 
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Using the basic structure coordinates and modulation 
parameters as obtained from the refinement, the ordering 
of the occupancy of Sb and S(2) of SbS at each position 
was calculated. It was found that some sites were 
occupied by either Sb or S(2) and some were occupied 
by both Sb and S(2), each with a partial occupancy. 
The total occupancy was found to be largely deviating 
from 1 at some sites. This is caused by the large 
difference between the basic structure coordinates of Sb 
and S(2) and the unsuitable restriction (18) for (17). This 
problem can be solved by taking the difference of the 
basic coordinates of Sb and S(2) into account on the 
restrictions for (17), as given by 

p0s(2),s Sb s pS(2),c 
,1 ---- -1-021P(~,1' , 'o ,1 ---- --0"204P(~Sbl '~" 

p0S(2),8 Sb s p S ( 2 ) , c  ,3 = -1"194P(),3' , • 0,3 ---0"157P0S, b'c" (19) 

The coefficients which determine the restrictions were 
obtained using an iterative procedure from the basic 
structure positions from the refinements. During refine- 
ments it was found that the change of the occupational 
modulation parameters as restricted by (19) strongly 
affected the basic coordinates and the displacive mod- 
ulation parameters of Sb and S(2), and also improved 
the R-factors (Table 2). Using the restrictions for the 
occupational modulation parameters as given by (19), 
one finds the sum occupancy of Sb and $2 at nearly 
the same position as 1.000 :t: 0.007. The final R-factor 
was w R  = 0.069 (R = 0.062). The partial R-factors 
are listed in Table 2, where REF-i corresponds to the 
refinement with the occupational restrictions given by 
(18) and REF-f with the restrictions given by (19). The 
basic coordinates, temperature parameters and modula- 
tion parameters are summarized in Tables 3-6. 

5.2.2. Commensurate versus incommensurate Sb/S(2) 
ordering. Within standard deviations, the modulation 
wavevector q = q 2 1  - -  0.818(a~1 + a ~ 2  ) c a n  be 
approximated by the commensurate value 9/11 = 
0.81818 .... To test the significance of this commensurate 
value, refinements should be performed using the 
commensurate structure-factor formalism for integration 
over t22, not the incommensurate formalism for 
integration over t21. Unfortunately, such an approach 
is not possible with the presently available refinement 
programs. However, since the interlayer interaction is 
weak and the satellites of the mutual modulation have 
not been obtained, the structure of the SbS subsystem 
can be refined separately (excluding Okl reflections) in 
a (3 + 1)-dimensional approach, using only the q-type 
modulation. 

The SbS subsystem is treated as a normally modulated 
structure with one modulation wavevector q48. The 

1 
basic unit cell is chosen as a481 = 7a21,a4s2 = 
1(a22 - a21),a483 - a23. The superspace embedding 
then follows from four reciprocal vectors, given by 
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*2 Table 4. Final values for the temperature factors (A) ,  as obtained from the final refinement REF-f in (3 + 2)- 
dimensional superspace of the modulated structure 

Atom v U ll U22 U33 Ul2 U13 U23 
Ti(1) 1 0.0110 (3) 0.0071 (3) 0.0183 (4) -0.0003 (2) -0.0020 (3) -0.0018 (2) 
S(1) 1 0.0098 (3) 0.0054 (2) 0.0148 (3) -0.0004 (2) -0.0018 (3) -0.0017 (2) 
Sb(2) 2 0.0341 (9) 0.0171 (7) 0.0174 (4) 0.0041 (6) -0.0020 (5) -0.0009 (5) 
S(2) 2 0.0077 (29) 0.0141 (16) 0.0139 (12) -0.0001 (16) -0.0025 (16) -0.0020 (13) 

The temperature factor appearing in the expression of the 
T = exp[ - ( f l l lh  2 + fl22 k2 + ~3312 -+- fll2hvku d- fll3hvlv d- ~23kvlv)] and Bq = 27r2 Uija~ia~i., • 

structure factor is def'med by 

Table 5. Final values for the amplitudes of the 
occupational modulation functions for Sb and S(2) as 
obtained from the final refinement REF-f in (3 + 2)- 
dimensional superspace of the modulated structure (17) 

amplitude is calculated as [(e~'~2) 2 + (PU.,~.2)2]1/2. T h e  

Atom (tt) 
Sb 

S(2) 

/z,s p.,c nl n2 P,~n2 Pn,n2 Amplitude 
0 0 0.5 0.5 
0 1 0.575 (4) 0.121 (3) 0.588 (5) 
0 3 0.097 (3) 0.064 (3) 0.116 (4) 

0 0 0.5 0.5 
0 1 -0.587 (4) -0.0247 (6) 0.588 (4) 
0 3 -0.115 (3) -0.0101 (4) 0.115 (3) 

$ 
* * * * where = q4s ---- 0.409a4~1. a4s  1 ~ a 4 s 2 ,  a 4 s 3 ,  a4 s4 ,  a4s4  

The (3 + 1)-dimensional superspace group is G4s = 
P i (0 .409 ,0 ,0 ) .  The data set of the SbS subsystem 
is obtained by discarding the main reflections of TiS2, 
as well as all the common reflections from the com- 
plete data set. The indices of reflections are changed 
corresponding to the new basis vectors. 

For direct comparison, we first treated the vector 
q4s as an incommensurate modulation wavevector. The 
refinement was performed step-by-step as before, and 
the structural model was identical to the SbS subsystem 
in the (3 + 2)-dimensional superspace-group description. 
Reasonable restrictions on the occupational parameters 
were found as 

pS(2),s = _ 1.019pSb,s, pS(2),c = --0.317pSb'c; 

pS(2),8 = -1 .184P3 sb'8,'3"s(2)'c = -0 .298P3 sb'c, (20) 

which gives a sum occupancy 1.000 + 0.002 of Sb and 
S(2) at nearly the same positions. A final refinement 
on 1547 reflections with I > 2 .5a( / )  converged to 
wR = 0.080 (R = 0.073). Partial R-factors for the 
main reflections and the satellites are close to those for 
the (3 + 2)-dimensional refinement (Tables 2 and 7). A 
direct comparison of R-factor values is not meaning- 
ful, because of neglecting the mutual modulation and 
discarding the common reflections. 

From Table 5 one finds that the occupational mod- 
ulation wave is not a simple block function as in the 
Bi-containing misfit-layer compounds, because in the 
Fourier expansion of the simple block function the 
amplitude of the third-order harmonics is one third of 
the first-order harmonics. For comparison, a refinement 
using the simple block function has been carded out, 

the displacive modulation parameters being the same 
as before. The final R-factors are much higher than 
those of the refinements using the Fourier series. This 
indicates that there is mixed occupancy of both Sb and 
S atoms at some positions, or that there is some disorder 
in the width of the domains separated by the antiphase 
boundaries. 

In the superspace group description of modulated 
structures, the difference between incommensurate and 
commensurate cases is characterized by the internal co- 
ordinates, i.e. the phase parameters t of the modulation 
wave functions (van Smaalen, 1995). For the former, 
t can run continuously through space and sections with 
different t in superspace provide equivalent descriptions 
of the structure in real space, whereas t is limited to some 
discrete points for the latter and different sections within 
an interval along the internal axes describe different 
structures, which means one has to find a suitable t-value 
corresponding to the real structure. In the commensurate 
approach of the SbS region, such a suitable t-value can 
be found within any interval of 1/22 along the internal 
axis. Ten points of t have been chosen to perform refine- 
ments. Within the printed accuracy of three digits, only 
R-factors for the third-order satellites exhibited a slight 
variation, with a minimum at to = 0.4 x 1/22. This 
optimum value is almost equal but slightly smaller than 
that obtained in (3 + 1)-dimensionally incommensurate 
refinement (Table 7). The parameters of the structure 
from both refinements are similar to those obtained from 
the (3 + 2)-dimensionally incommensurate description. 
Therefore, the measured intensities do not provide a 
clue as to whether the modulation is commensurate 
9/11 or truly incommensurate. This can be understood 
in the following way: in the refinements of the SbS 
structure, the integral over the internal coordinate ~:4 
for the structure factor in the incommensurate case is 
replaced by a sum over the 11 different values in the 
commensurate case. Since there is no or very little 
overlap of reflections of different diffraction orders, the 
expressions of the structure factor for both cases lead to 
nearly identical results. 

For a commensurate modulated structure the de- 
scription by either a superspace group and modulation 
functions, or a three-dimensional space group using 
a supercell should be equivalent. However, the 
superspace approach generally requires less parameters 
than the supercell description (van Smaalen, 1995). 
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Tab le  6. Displacive modulation parameters,  A~,.,, aoi (,4,) and  B.U,.,.~ a~i (,~), as obtained f rom the f inal  refinement 
REF- f  in (3 + 2)-dimensiona[ superspace of ' the modulated structure (16) 

Atom (/z) 
Sb(2) 

S ( 2 )  

n I n2 A~n,,2. a21 Ay.n n2 a22 AUz..,,~n a23 B~n,,~n a21 B.U,.., n2 a22 B~.~.~a23 
1 0 -0.017 (6) 0.014 (2) -0.005 (2) -0.024 (7) 0.~12 (2) -0.013 (2) 
0 1 - -  - -  - -  0.018 (3) 0.042 (3) -0.025 (2) 
0 2 . . . .  0.076 (9) 0.069 (9) 0.057 (8) 
0 3 0.093 (14) -0.132 (11) -0.001 (14) -0.009 (3) 0.018 (2) -0.002 (3) 
0 4 - -  - -  - -  0.120 (18) -0.152 (11) -0.036 (17) 
I 0 0.043 (28) 0.061 (11) -0.002 (11) 0.048 (29) 0.003 (11) 0.019 (11) 
0 1 - -  --  - -  0.312 (7) 0.295 (5) -0.005 (6) 
0 2 - -  - -  --  0.438 (32) 0.006 (19) -0.023 (20) 
0 3 0.648 (37) 0.005 (26) 0.071 (28) -0.031 (9) -0.021 (8) -0.021 (10) 
0 4 . . . .  0.392 (24) -0.001 (22) -0.063 (24) 

Tab le  7. Reliability factors  f o r  the refinements o f  the SbS 
region 

The R-factors are def'med as R = ~ IIFobsl- IF~,cll/~ IFobsl and 
wR=[Y]w(IFobsl--IF,,cl)2/~_,wlFob~12] ]/'z, with weights w =  
1/[o-2(IFob~l) + (0.03lFobs l) ]. Partial R-factors are defined with a subset 
of reflections. Satellites of the order m4s ,I are def'med as h4skaslasmas.~ 
reflections. 

Number 
Reflection of 
subset reflections 
All 1547 
Main 526 
m4s.t = 1 804 
m~s.n = 3 217 

R/wR 
Incommensurate Commensurate 

Fourier Block t o = 
series function t o = 0 0.4 x 1/22 

0.073/0.080 0.086/0.106 0.073/0.080 0.073/0.080 
0.055/0.059 0.062/0.066 0.055/0.059 0.055/0.059 
0.078/0.079 0.086/0.087 0.078/0.079 0.078/0.079 
0.169/0.199 0.259/0.375 0.170/0.201 0.168/0.198 

In the s t ructure  de t e rmina t ion  of  the SbS subsys tem,  
re f inements  us ing  the supercel l  descr ip t ion  fai led to 
p rov ide  a g o o d  solut ion.  S ince  the bas ic  coord ina te s  
o f  the Sb and S(2) a toms o f  the SbS subsys t em are 
a lmos t  equal ,  but  not  the same,  and  the occupa t iona l  
m o d u l a t i o n  is not  a s imple  b lock  wave ,  thus in the 
supercel l  the two  d i f ferent  a toms wil l  o c c u p y  a lmos t  the 
same  posi t ions  wi th  part ial  occupanc ies .  To ref ine the 
o c c u p a n c y  toge the r  wi th  the coord ina tes  appea red  to be  
imposs ib le .  This  i l lustrates  the p o w e r  o f  the superspace  
approach  to the c o m m e n s u r a t e l y  m o d u l a t e d  s t ructures  
c o m p a r e d  wi th  a superce l l  descr ip t ion .  

6. Discussion 

The  TiS2 subsys t em is s imi lar  to that  in o ther  TiS2- 
based  misf i t - layer  c o m p o u n d s .  Its uni t  cel l  is t r ic l inic  
and the Ti a toms  are loca ted  in t r igonal  an t ipr i sms o f  
S(1) a toms.  N o  s ignif icant  mu tua l  m o d u l a t i o n  o f  the S- 
a tom posi t ions  in the TiS2 reg ion  has  been  found.  T h e  
T i - - S ( 1 )  in te ra tomie  d is tances  are 2 × 2.428,  2 × 2 .429 
and  2 × 2 .432 /~ ,  s imi lar  to those  in TiSz,  w h i c h  indica te  
that  the oc tahedra l  s y m m e t r y  o f  the Ti ions is on ly  

s l ight ly dis tor ted.  
As was  seen  in the re f inements ,  the extra  m o d -  

u la t ion  o f  the SbS reg ion  can  be in te rpre ted  as an 
( i n ) c o m m e n s u r a t e  o rde r ing  o f  the two  a toms Sb and  
S(2). H o w e v e r ,  the o rde r  is not  perfect ,  and the mod-  
u la t ion func t ions  are not  s imple  b lock  waves ,  as seen 
in Fig.  6. C o m p a r e d  wi th  the B i -con ta in ing  mis f i t - layer  
c o m p o u n d s ,  w h e r e  the an t iphase  bounda r i e s  are buil t  up 

by s imple  B i - B i  and S - S  or  S e - S e  pairs  a long  the a 
axis o f  the BiS or  B iSe  subsys tems ,  the Sb-con ta in ing  
misf i t - layer  c o m p o u n d  shows  as a n e w  fea ture  that  the 
S b - S b  and S - S  contac ts  fo rm a long  both a and  b axes o f  
the SbS lat t ice s ince  the m o d u l a t i o n  w a v e  q is a long  the 
d iagona l  o f  the SbS rec iproca l  lattice. Fig.  7 i l lustrates  
the fo rma t ion  of  the an t iphase  boundar i e s  in the SbS 

S b  S ( 2 )  

© 

0 - -  - -  

- 1  i ! n n 

0 . 0 0  0 . 2 0  0 . 4 0  0 . 6 0  0 . 8 0  1 . 0 0  

t22  

Fig. 6. Occupational modulation waves for Sb and S of SbS as a function 
of the phase parameter t22. 
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Fig. 7. One layer of the ab planes of the modulated structure of the 
SbS subsystem looking along the normal direction of the plane. Open 
circles denote S atoms and filled circles denote Sb atoms. It should 
be noted that in the antiphase boundaries only Sb-Sb and S-S clusters 
exist instead of the continuous chains, as shown here for clarity. 



284 (SbS)l.15TiS2 

region on the assumption that only occupancies 1 and 
0 occur for Sb and S(2) (an occupany larger than 0.6 
is considered as one, otherwise as zero). In the SbS 
subsystem one can discern two phases which form a 
lamellar structure: the normal phase (denoted as the 
N-phase) has the rock-salt structure as found in other 
misfit-layer compounds; while the anti phase (denoted 
as the A-phase) consists of zigzag chains of Sb-Sb and 
S-S contacts which build up the antiphase boundaries. 
It is found that the partial occupation only occurs in 
the antiphase boundaries. The reason for the partial 
occupations could not be determined uniquely. Possible 
origins are 

(i) In the A-phase the zigzag chains of Sb-Sb and S-S 
along the [1i0] diagonal of the SbS subsystem lattice are 
not perfect. The Sb-Sb chains are broken somewhere 
by S atoms, which result in Sb-Sb clusters. Considering 
that one Sb atom in an Sb-Sb chain is replaced by a 
S atom, then this S atom, together with the S atoms of 
the adjacent N-phase, will form S-S contacts as found 
in the S-S chains, but the nearest-neighbour Sb atoms 
should no longer be substituted by S atoms. The same 
situation occurs for the S-S chains which are broken by 
Sb atoms. In this case, from the structural parameters 
and the modulation wavefunctions (Tables 3, 5 and 6), 
one can establish that 22% of Sb atoms are formed in 
the Sb-Sb contacts. 
(ii) There are perfect chains of Sb-Sb and S-S con- 
stituting two types of antiphase boundaries, but during 
stacking along the c axes each double-layered SbS shifts 
along the ab plane irregularly due to the weak interaction 
between two subsystems, and thus the shifts lead to the 
statistically partial occupation in the antiphase boundary 
regimes. 
(iii) There are perfect chains of Sb-Sb and S-S, but the 
distances between adjacent antiphase boundaries are not 
regular. For instance, looking along the [ i l0 ]  diagonal 
direction in Fig. 5, one row of the Sb atoms of an Sb-Sb 
chain may be replaced by one row of S, and this S row 
forms a new S-S chain with the adjacent S row of the 
N-phase. This may also occur for S-S chains where a 
Sb row replaced a S row to form new Sb-Sb chains. 

In both cases (i) and (iii), one should expect ~ 36% 
of Sb atoms in the Sb---Sb bonds. 

From refinements one cannot decide which one is 
the real case, but physical measurements may provide 
further information. X-ray photoemission spectroscopy 
(XPS) performed on a single crystal of (SbS)1.15TiS2 
shows clearly a splitting of each peak of the Sb 3d core 
levels (Ren, Haas & Wiegers, 1995). The splitting is 
1.1 eV and the Sb atoms have two different electronic 
states: one is trivalent and the other has metallic-like 
behaviour. The area ratio (3.65) of the two peaks 
indicates that 22% of Sb are involved in the metallic-like 
states. This XPS result strongly supports case (i) that the 
antiphase boundaries consist of clusters of Sb-Sb and 

Table 8. Selected interatomic distances (.&) 

T h e  bas ic  s t ruc ture  pos i t i ons  o f  the  a t o m s  are:  Sb  = ( ~ , ~ 2 , ~ 3 ) ,  
x+ 1 x- i + 

S b  = ( ~ , + i , ~ 2 , ~ 3 ) ,  S b  = ( ~ , - i , ~ 2 , ~ 3 ) ,  SbY = 
0 1 - I (x2,,~2 + 3,~3), SbY = (~,,~2 - ~,~3); S(2) = (~, ,~2,~) ,  

S 2 ~+ - ! ~- __ 1 v+ 23 ( )  - (~ ,+2 ,~2 ,~3) ,  S(2) - (~ , -~ ,~2 ,~3 ) ,  S(2) = 
1 - | 0 z !~,,~2 + ~,~3), _ S(2) y = (~,,~2 - ~, x23), S(2) = 

(3--x2°, , --x~22, 1 --~3); Ti(1) = (~,,~2,~3)" S(1) = (~, ~2 ~3) 
S(1)' =(1--~,,--X0L2,1--~3), S(li2=(½-x~, -~:'_x?21 

3 I 1 - - i--  
I - x ~ 1 3 ) ,  S(1)  = ( - ] - ~ , , - ~ - ~ 2 , 1 - ~ 3 ) ,  S(1)  = 

( n - ~ , , - ~ 2 ,  1 - x ° 3 ) ,  S O ) n =  ( n + ½ - ~ , , - ½ - ~ 2 ,  1 - x~13) and 
the bas ic  coo rd ina t e s  ~ i ,  c o r r e s p o n d i n g  to e a c h  a tom,  r e fe r  to T a b l e  3. 

M o d u l a t e d  s t ruc ture  
A t o m  pai r  Bas ic  s t ruc ture  N o r m a l  r e g i o n  A n t i p h a s e  b o u n d a r i e s  
S b - - S b  x'2 2.95 - -  2.84-2.92 
S b - - S b  y± 2.97 - -  2.90-2.95 
$ 2 - - S ( 2 )  ~ 2.95 - -  3.43-3.73 
$ 2 - - S ( 2 )  ~ 2.97 - -  3.53-3.66 
S b - - S ( 2 )  ~+ 3.11 2.62-3.24 2.48-3.46 
S b - -  S(2) ~- 2.82 2.62-3.16 2.62-3.37 
S b - -  S(2) y÷ 3.01 2.66-3.10 2.60-3.4 i 
S b - - S ( 2 )  y- 2.96 2.59-3.16 2.59-3.32 
S b - - S ( 2 y  2.48 2.45-2.54 2.42-2.54 
T i - -S (1 ) l  2.428 2.428 2.428 
T i - -S ( I )2  2.432 2.432 2.432 
T i - -S( I )3  2.429 2.429 2.429 
S b - - S ( I ) '  3.21 3.21- 3.15- 
S b - -  S( ! )ii 3.15 3.1 4 -  3.07- 

S-S contacts with 22% of the Sb atoms in the Sb---Sb 
bonds, rather than continuous chains with ~ 36% of Sb 
in the Sb- -Sb  bonds. 

For the basic structure the shortest distance from a 
Sb to a S(1) atom of the TiS2 subsystem is longer than 
Sb to S within the SbS subsystem (Table 8), similar to 
that observed in the Pb-, Sn- and Bi-containing misfit 
compounds, but different from the rare-earth misfit- 
layer compounds, where the intra- and intersubsystem 
distances are of equal magnitude. The Sb---S distances 
from Sb to S(2) in the ab plane are several tenths of 
an Angstrom longer than that from Sb to S(2) at the 
opposite side of the double layer, which has the shortest 
Sb- -S  distance of 2.42/~, close to that in Sb2S3. 

The presence of the Sb-Sb and S-S contacts in the 
antiphase boundaries makes a straightforward interpreta- 
tion of interatomic distances and bond valences difficult. 
For the normal region (N-phase) of the SbS subsystem, 
the distances and angles can be calculated as usual. 
Selected interatomic distances are listed in Table 8. The 
shortest distances from Sb to S in the TiS2 region show 
little change, although their distribution as a function 
of the phase parameters t have been strongly modified 
due to mutual and occupational modulation (Fig. 8). 
The variation, due to the modulations, of the bonding 
distances between an Sb atom and its four nearest S 
atoms in the ab plane is much larger than the Sb---S 
distance along the c direction (Fig. 9). 

For the antiphase boundaries (A-phase), a distance 
calculation is strongly correlated with the occupational 
modulation, because the occupancy of Sb or S varies 
from 0 to 1, and thus one has to discover a suitable limit 
for the occupancy of Sb and S(2). As shown in Fig. 7, 
the zigzag chains of closed circles are, in fact, occupied 
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by mainly Sb (occupancy larger than 0.60); chains of 
open circles are mainly S atoms. In order to investigate 
these clusters we choose 0.60 as an occupancy limit for 
both Sb and S(2), as assumed for Fig. 7. The shortest 
bonding distance in the Sb-Sb clusters is 2.84/~ along 
the a axis of SbS, whereas the shortest S- -S  distance 
in the S-S clusters is 3.43/~, much larger than the 
Sb---Sb distance. This is quite similar to the antiphase 

7 ' U '  \ ' [  

/ \  E, \ , /  
3 . 4 -  

~5 

\ 
3.2 

n ~ a 
B 

-0'.6 - ; . 3  0'.0 0'.3 0:6 

t21 

Fig. 8. Coordination of  Sb (v = 2) by S(1) (u = 1) as a function of  the 
subsystem superspace coordinate t21 at t22 = - 0 . 1 .  Distances are 
given for the basic structure (broken curves) and for the modulated 
structure (solid lines)• The curves are from Sb at (:rot 0 . 0 , X 2 2 ,  X 2 3  ) t O  

S(l )  at ( r i l l  -- X ° l , - - x ° 2 ,  1 -- x °a )  for the lines marked A and to 
S( l )  at ( r i l l  + 0 . 5 - -  X°l ,  - - 0 . 5 - - x ° 2 ,  1 - - x ° 3 )  for the curves marked 
B ( n i l  is an integer and x~,i refers to Table 3). The curves with the 
same mark correspond to different values for n 1 l ,  but translationally 
equivalent S( l )  atoms. 

boundaries of the Bi-containing misfit-layer compounds 
where the S- -S  or Se--Se distances are much longer 
than Bi--Bi  (Gotoh, Onoda, Akimoto, Goto & Oosawa, 
1992; Petricek et al., 1993) The atom pair along the 
c axis in the SbS subsystem has the shortest distance 
of 2.42/~, equal to the shortest Sb--S distance in 
Fiilrppite [PbaSbsS15 (Edenharter & Nowacki, 1974)]. 
The variation of the bonding distances in the N-phase is 
greater than that in the N-phase. The shortest distance 
from an Sb atom in the antiphase boundaries to S atoms 
of the TiS2 subsystem is reduced to 3.07 g,, tending to 
stabilize the metallic Sb--Sb bonds. 

As is well known, the bond-valence method can 
quantitatively measure the bond strengths of the atoms. 
The valence of atom i in a structure is usually expressed 
as (Brown, 1981) 

Vi = ~ vii = ~ exp[(R°j - dij)/b], (21) 
J J 

where b = 0.37/~, is a constant and Ri ° depends upon 
atoms i and j .  The interatomic distance of this atom 
pair is dij. The summation is usually restricted to the 
nearest neighbours of atom i. For an incommensurately 
modulated structure an atom has an infinite number 
of bond-valence values, corresponding to an infinite 
number of different coordinations (van Smaalen, 1992b). 
In this new misfit-layer compound (SbS)I.lsTiS2, due to 
the occupation disorder in the antiphase boundaries, it 
is impossible to distinguish each Sb. In order to calcu- 
late the average bond valence of Sb, the occupational 
modulation is introduced in (21), and the average bond 
valence of Sb is given by 

3.2 i i , 
2 

4 
3.0 5 

% 

2.8 "~ 

~5 

2.6 

2.4 
-0.50 -0.25 0'.00 0J25 0.50 

t 2 1  

Fig. 9. Coordination of  Sb (u = 2) by S(2) of  the same 
subsystem as a function of  t2t  at t22 = 0. The distances 
for the basic structure are the horizontal lines and the wavy 
curves show the distances for the modulated structure. The 
curves correspond to the distance between (EI0 ,  0, 0, 0, 0)Sb and 
the following five symmetry  equivalents of  S(2): S(2) ~+ = 
(ilO,O, 1 ,0 .5 ,0 )S (2 ) ,  S(2) ~ -  = (110, O, 1 , - 0 . 5 , 0 ) S ( 2 ) ,  S(2) ~+ = 
(i1{l,O.5,0, 1 ,0 ,0 )S (2 ) ,  S(2) u -  = (ilo,-0.5,1,0,0)s(2), s(2)"  = 
( i10 ,0 ,  1 , 0 . 5 , 0 ) s ( 2 ) .  The curve and horizontal line marked 1 is 
the distance Sb---S(2)~; 2 for S b - - S ( 2 ) ~ + ;  3 for S b - - S ( 2 ) * - ;  4 lbr 
Sb---S(2)u+;  5 for Sb-- -S(2)Y- .  

foil01 17 =[ (~-~ vijPiPj)dt21dt221/ 
J 

(folfo1pidt21dt22), (22) 

where Pi and Pj are the occupancies of the Sb atom 
and its neighbours. Using this modified expression and 
parameters of Ri ° = 2.80/~, for Sb---Sb and Ri ° = 

o 
• 

/ 03 /  

t21 

5 

I • 

t22 

Fig. 10. Bond valence of  Sb as a function of  (t21, t22). The parameters  
R i ° ( S b - - S b )  = 2.80, R ° i ( S b - - S ) =  2.45 and b = 0 .37 /~  have been 
used in the calculation. 
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2.45 A for Sb- -S  (Brese & O'Keeffe, 1991), the average 
valence of Sb is calculated as 3.13, including 0.98 from 
the metallic Sb- -Sb  bonds, which is close to the valences 
of Bi and rare-earth elements in misfit-layer compounds. 
Fig. 10 shows the variation of the Sb bond valence as a 
function of the phase parameters (t21, t22). One can see 
that the bond valence of Sb versus t21 varies smoothly, 
and its variation as a function of t22 at t2~ = 0.0 is 
illustrated in Fig. 11. The Sb---S(1) bond between the 
two subsystems gives a contribution of 0.21 (Fig. 12), 
which is close to that of the Pb atom (0.29) in O- 
(PbS)I.lsTiS2 (van Smaalen, Meetsma, Wiegers & de 
Boer, 1991). 

7. Concluding remarks 

The crystal structure of the new type misfit-layer com- 
pound (SbS)l.15TiS2 has been studied in detail. This 
is the first example of a misfit-layer compound where 
the b axes of the two subsystems are not parallel, and 
with a modulation of the double-layer subsystem along 

3 

2 

I 

0 
-0.50 -0.25 0.00 0.25 0.50 

t22 
Fig. 11. Variation of the bond valence of Sb as a function of tee at 

t')l : 0 .  

0.20 
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I I B I I I 
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/ / /  \ 

0.10 - /,\/\/,, 
0.05 ~ ~< 

0.00 
-0.6 -0.3 0.0 0.3 0.6 

t21 
Fig. 12. Bond valences for the distances given in Fig. 8. The parameters 

Ri°(Sb-lS) = 2.45 and b = 0.38 A have been used in the calculation, 
and the occupancy of Sb is not taken into account. 

its lattice diagonal. The (3 + 2)-dimensional superspace 
approach shows that the interface modulation of the SbS 
subsystem can be described by occupational modulation 
waves of the Sb and S atoms of SbS and the complete 
structure model consists of both displacive and occupa- 
tional modulations. The occupational modulation wave 
leads to the presence of so-called ant iphase  boundar ies  
in the SbS part, zigzagging along the [1i0] diagonal 
in the ab plane. In the antiphase boundaries, the 
occupational disorder results in 22% of the Sb atoms 
in the Sb----Sb bonds, in perfect agreement with the XPS 
performed on a single crystal. The distance in the Sb-Sb 
clusters is much smaller than the S- -S  distances in the 
S-S clusters, representing strong Sb---Sb bonds and the 
formation of non-bonded S-S contacts. This gives rise 
to a stronger displacive modulation for Sb and S(2) in 
the ab plane than along the c axis. The shortest Sb----S 
distance is 2.42/~ between an Sb atom and the S atom 
at opposite sides of the SbS double layers. Taking into 
account the occupational modulation, the average bond 
valence of the Sb atoms is found to be 3.13, including 
a contribution of 0.21 from the intersubsytem bonding 
between the Sb and S(1) atoms of the TiS2 subsystem. 

The research of one of us (YR) has been made 
possible by financial support from the Nederlandse 
Organisatie voor Wetenschappelijk Onderzoek (NWO). 
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Abstract 

The crystal structure of potassium sulfate, K2SO4, was 
studied at five temperatures from 296 down to 15 K using 
an off-center four-circle diffractometer. The temperature 
dependence of lattice constants is well explained by the 
Grtineisen relation. The crystal structure is confirmed 
to be orthorhombic, space group Pmcn, down to 15 K. 
The S---O bond lengths in SO4 tetrahedra with thermal 
motion correction are almost independent of tempera- 
ture. Atomic positions of K(1), K(2) and S atoms in 
the /%K2SO4 structure are found to approach the spe- 
cial positions in the ol-K2SO4 structure as temperature 
increases. No evidence for any phase transition has been 
detected below room temperature. 

Introduction 

Many compounds of A2BX4-type crystals have the ~- 
K2SO4-type structure and some of these compounds 
have interesting features. For example, ammonium 
sulfate, (NH4)2SO4, shows ferrielectric temperature 
dependence on spontaneous polarization (Unruh, 1970). 
Potassium selenate, K2SeO4, transforms into an in- 
commensurately modulated phase (Iizumi, Axe & 
Shirane, 1977). Tetramethylammonium tetrabromo- 
cobaltate and tetramethylammonium tetrabromozincate, 
[N(CH3)4]2XBr4 (X = Zn, Co), show ferrielastic temper- 
ature dependence on monoclinic angle deviation from 
90 ° below Tc (Hasebe, Mashiyama, Tanisaki & Gesi, 
1984; Sawada, Tanaka, Matsumoto & Nishihata, 1995). 
Potassium sulfate, K2SO4, is the most fundamental 
crystal among the ~-K2SO4-type crystals. Lattice 
constants and positional parameters at room temperature 
were reported by Robinson (1958) and later refined 
by McGinnety (1972). This crystal undergoes a first- 
order phase transition from the/% (orthorhombic, space 
group Pmcn) to the a-K2SO4 structure (hexagonal, 
space group P63/mmc) at high temperature. EI-Kabbany 
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(1980) reported a hysteresis with a transition temperature 
of 844K on heating and 839K on cooling. High- 
temperature study of the structure has been reported 
by van den Berg & Tuinstra (1978), Miyake, Morikawa 
& Iwai (1980), and Arnold, Kurtz, Richter-Zinnius, 
Bethke & Heger (1981). On the other hand, it was 
suggested from measurements of specific heat and 
dielectric constants that K2SO4 might undergo another 
phase transition at 56K (Gesi, Tominaga & Urabe, 
1982). The crystal structure of potassium sulfate below 
room temperature has not yet been reported. 

The purpose of the present work is to study the 
crystal structure of potassium sulfate by single-crystal 
X-ray diffraction in the temperature range from room 
temperature down to 15 K. In particular, we examine 
whether such a phase transition really occurs. 

Experiment 

Single crystals of potassium sulfate were grown by slow 
evaporation of an aqueous solution. Integrated intensity 
data were measured using an off-center-type four-circle 
diffractometer with a x-cradle of inner diameter 400 mm 
(Huber Eulerian cradle model 512), installed in the X-ray 
Laboratory of Okayama University. Graphite monochro- 
matized Mo K s  radiation was used. The shape and 
size of the crystal used during the experiments was 
spherical, diameter 0.298 (2) mm at 296, 50 and 15 K 
and 0.265 (2) mm at 200 and 100K. The specimen 
attached to a sapphire rod was cooled by a closed- 
cycle helium gas refrigerator which was mounted on 
the cp-circle of the diffractometer. The temperature was 
measured by a thermocouple, Au(Fe)-chromel, attached 
on the supporting rod apart from the specimen by ca 
1.5 mm. Temperature stability during the experiments 
was within +0.5 at 296, 50 and 15 K, and also within 
+ 1.0 at 200 and 100 K. Lattice parameters were refined 
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