
J o u r n a l  o f  AUoys a n d  Compounds ,  183 (1992) 129-137 129 
JALCOM 7006 

Structure de terminat ion  of a new misfit  layer  compound  
(PbS)l.18(TiS2)2* 

A. Meerschaut ,  C. Auriel and  J. Rouxel  
Ins t i tu t  des  Matg~iau~T d e  Nantes ,  Labora to i re  de  C h i m i e  des  Solides,  2, rue  de  la 
Houssinidre ,  44072 N a n t e s  Cddex  (France)  

(Received June 25, 1991) 

A b s t r a c t  

(PbS)l.ls(TiS2)2 is a misfit layer compound in which two types of slabs, PbS and 2(TiS2), 
alternate along the c direction, The ]TiS21 blocks (about 11.39 /~ thick) are interleaved 
by IPbSI layers, thus leading to a value for c of 17.46 /~. The misfit between the two 
slab types occurs along the a direction; the parameter values being a(PbS)=5.761 /~ 
and a(TiS2)= 3.390 /~ respectively. This yields a ratio of approximately 1.699, which is 
irrational but close to 5/3. The common in-plane b parameter is equal to 5.873 ~. The 
PbS unit consists of a {001} slice (half an edge thick) of an NaCl-type f.c.c, cell. 

1. I n t r o d u c t i o n  

A grea t  deal  o f  in te res t  ha s  r ecen t ly  b e e n  d e v o t e d  to  the  so-ca l led  misfi t  
l ayer  c o m p o u n d s  wi th  a genera l  fo rmula t ion  c lose  to  MTS3 ( M =  Sn, Pb, Bi 
and  a r a r e -ea r th  e lement ;  T = T i ,  V, Cr, Nb, Ta) [1, 2]. The i r  s t ruc tu re  cons is t s  
o f  an  a l t e rna t ing  s e q u e n c e  a long  the  c axis  o f  IMSI and  ITS21 slabs.  Each  of  
t hese  subla t t i ces  is cha rac t e r i zed  by  a and  b in-plane p a r a m e t e r s .  The  two  
b values ,  bl (MS) and  b2 (TS2), a re  ident ical  bu t  the  ra t io  be tween  the  two 
a va lues  is i r ra t ional  (1 .65  < a l / a 2  < 1.80).  The  c o r r e s p o n d i n g  c p a r a m e t e r s  
are  equal  in length  or  the  length  o f  one  c is twice  the  o the r  a long  the  
s t ack ing  direct ion.  The  misfi t  resu l t s  in chemica l  fo rmula t ions  (MS)nTS2 with  
1 .08  < n  < 1 .23 .  

The IMSI p a r t  cons i s t s  o f  a doub le  IMSI layer  which  is ac tua l ly  a {001} 
slice (half  an  edge  th ick)  of  an f.c.c. NaC1 type .  The  ITS21 p a r t  shows  a 
different  g e o m e t r y  wh ich  d e p e n d s  on  the  na tu re  o f  T. 

(1) F o r  T - - T i ,  V, Cr, the  ITS21 s labs  a re  m a d e  of  edge-shar ing  ITS61 
o c t a h e d r a  as in TiS2. This  is o b s e r v e d  for  e x a m p l e  in (SnS)L20TiSz [3], 
(PbS),.18TiS2 [4] o r  (LaS)L2oCrSz [5]. A monoc l in i c  s y m m e t r y  usual ly  char-  
ac te r i zes  the  ITS21 s lab in this  case.  

(2) F o r  T - N b ,  Ta, the  ITS21 layer  is buil t  up  f r o m  t r igonal  p r i s m s  as  
in 2H-NbS2 or  2H-TaSz. An o r t h o r h o m b i c  s y m m e t r y  is genera l ly  o b s e r v e d  
in this  case  as  i l lus t ra ted  b y  (PbS)H4NbSz  [6]. 

*Dedicated to Professor W. Bronger and Professor Ch. J. Raub on the occasions of their 
60th birthdays. 
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Obviously, one could expect to prepare a new series of phases by 
changing the 1/1 sequence stacking of the slabs. The present paper is 
concerned with the preparation of a phase in which two successive ITiS21 
slabs are separated by a [PbS I part. 

2. E x p e r i m e n t a l  de ta i l s  

The elements Pb, Ti, S were mixed in the proportions 1:2:5 and heated 
in a quartz tube, sealed under vacuum, at 850-900 °C (gradient approx. 50 
°C) for ten days. The product  of the reaction was ground and reheated at 
the same temperature, for one week, in the presence of a small amount of 
iodine (less than 5 mg cm-3) to favour crystallization. Platelet-shaped single 
crystals were obtained under these conditions. 

Preliminary classical X-ray investigations on a single crystal indicated 
a monoclinic symmetry. A least-squares refinement of the unit cell parameters 
was performed on the diffraction pattern obtained with an INEL curved 
detector, calibrated with silicon (~tCu Kal = 1.540598 /~). The unit cell 
constants, along with the X-ray indexed pattern, are given in Table 1. 

Chemical analyses were carried out with an electron microprobe (TRACOR 
model: dispersive energy) mounted on a scanning electron microscope. This 
gives semiquantitative results which are reported in Table 2. 

3. S t r u c t u r e  d e t e r m i n a t i o n  

A platelet-shaped single crystal (0.025 × 0.12 x 0.20 mm s) was mounted 
on a NONIUS-CAD4 diffractometer. Details of the data collection are shown 
in Table 3. The intensities were corrected for polarization and Lorentz effects. 
At the final stage of refinement (before an anisotropic thermal parameter 
refinement), an absorption correction using the DIFABS program [7] was 
applied. 

Two separate sets of reflections belonging to the IPbS] and ITiSel parts 
of the structure were recorded from the same crystal. The unit cells of both 
parts are C-centred monoclinic with corresponding b and c axes parallel and 
equal in length, the c axes being perpendicular to the layers. The corresponding 
a axes are also parallel but differ in length; the ratio, a l : a e  = 1.699, is 
irrational. The fil and fi2 angles are identical. 

The structure determination of this so-called composite crystal [8l has 
been separated into three parts: 

(1) the IPbSI part  excluding reflections with hi = 0  or 5, as they are 
common with those of the ITiS21 part; 

(2) the ITiS21 part  excluding reflections with h2--0 or 3, for the same 
reasons as above; 

(3) the common part, i . e .  the relative position (y and z coordinates) of 
IPbSI and ITiSel sublattices using the common o k l  reflections. 
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TABLE 1 

X-ray powder diffraction pattern for "PbTi2S~" (least-square refinements are conducted for 
separate IPbSI and IWiS21 parts) 

h k 1 Type dobs (/~) d~¢ (/~) Iob ~ 

0 0 3 c 5.808 5.810 44 
0 0 4 c 4.355 4.357 82 
1 1 1 a 3.954 3.960 3 
1 1 2 a 3.789 3.782 9 
1 1 2 a 3.661 3.655 7 
0 0 5 c 3.485 3.486 99 
1 1 3 a 3.431 3.427 8 
1 1 3 a 3.291 3.287 5 
0 2 0 } c { 2.9309 
1 1 4 a 2.9284 2.9254 25 
1 1 0 b 2.9344 
0 0 6 c 2.9049 2.9049 100 

2 00 } a 2.8793 {2.8807 15 
1 1 1 b 2.8788 
0 2 1 c 2.8619 2.8609 12 
2 0 1 a 2.8437 2.8422 13 
0 2 9, c 2.8312 2.8326 7 
0 2 3 c 2.6858 2.6859 9 
1 1 3 b 2.5906 2.5865 10 
0 2 4 c 2.5069 2.5064 16 
0 0 7 c 2.4905 2.4899 32 
0 2 5 c 2.3168 2.3166 11 
0 2 5 c 2.1760 2.1766 20 
1 1 7 a 2.1700 2.1725 1 

2 2 0  } a 2.0532 { 2 . 0 5 4 5  16 
2 2 i a 2.0510 
2 0 6 a 2.0454 2.0455 3 

1 1 8  } a 1.9604 11 .9611  
0 2 7 c 1.9597 14 
0 0 9 c 1.9370 1.9366 13 
0 2 8 c 1.6975 1.6979 9 

t a 
1 3 ~. b 1.6938 
1 3 0 b 1.6943 9 1.6928 
2 0 0 b 1.6948 
0 0 11 c 1.5848 1.5845 9 
0 2 9 c 1.5704 1.5707 10 

0 4  1 } c 1.4526 { 1"4526 
0 0 12 c 1.4524 49 

a, IPbSI; b, ITiS21; c, common. 
IPbSJ part: a = 5.761 (2)/~, b = 5.873(1)/~, c = 17.464(3)/~, a = 93.62(2)°; [TiS21 part: a = 3.390(1) 
/~, b=5 .873(1) /~ ,  c=17 .464(3) /~ ,  a=93 .62 (2 )  °. 

3.1. Refinement of  the ~PbS] part  
Pos i t ions  fo r  the  Pb and  S a toms  were  de te rmined  f ro m  the  Pa t t e r son  

map.  The  IPbS I s t ruc tura l  pa r t  was  ref ined in the C2/m space  g roup  and 
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TABLE 2 

Chemical analysis averaged on three distinct crystals: corrected atomic fraction 

Pb Ti S 

Experimental 14.2 23.9 61.9 

Theoretical 14.1 23.9 62.0 
for (PbS)l.18(TiS2) 2 

yielded reliability factors R -  0.064, Rw = 0.082 for 258 reflections (I>~ 3 q/), 
restricted to the range 0 < s i n  0. A -1 <0.65.  Furthermore, reflections with 
the weakest intensities (F0< l /10  F0 m~, ~ 'o1<4)were  disregarded. Indeed, 
X-ray photographic films showed diffuse lines (in addition to Bragg spots) 
indicating a relative disorder probably related to stacking faults, such as the 
following. 

(1) A shift of building blocks in either the a and/or  b directions 
(translational disorder). 

(2) A misorientation of blocks at their juxtaposition plane (a, b plane); 
for example, there are two orientations (differing by 90 ° ) for the pseudo- 
hexagonal ITS21 layer deposited on the IMS[ layer (see guypers  et al. [9] 
for a detailed study of stacking disorder). 

A refinement of the structure with anisotropic U values did not yield 
better results and even some U components of the sulphur atom became 
negative. The coordinates and isotropic thermal factors are given in Table 
4. 

3.2. Refinement of the IT/S2] part  
The positions for Ti and S atoms were determined from the Patterson 

map. Refinement of the [TiSzl part conducted in the C21/m space group 
converged to reliability factors R = 0.116, Rw = 0.13 7 for 101 reflections I>1 3 
qI; the weakest reflections (Fo < 1/8 Fo m~, ~Fol << 5) being rejected. It was not 
realistic to refine with anisotropic thermal factors as values for isotropic 
ones (Ti atom) were already negative. Although the R values are not very 
satisfactory, no significant feature appears in the Fourier difference synthesis. 
It is undeniable that the presence of diffuse lines giving evidence of disorder 
alters the measurement of intensities and thus the quality of refinement. 
Thus, no major significance should be attached to the large range of values 
of B temperature factors. The coordinates and thermal parameters are given 
in Table 5. 

3.3. Refinement of  the common part  
The relative positions (y and z parameters) of both structural parts have 

to be deduced from the refinement of the okl reflections only. Because of 
the incommensurate character along the a direction, it is impossible to relate 
the x coordinates. Refinements were performed in the space group C2/m; 
the variables being the y and z coordinates of the IPbSI sublattice with 
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TABLE 4 

Coordinates and thermal parameters: IPbSI part 

Site x y z B(/~ 2) 

Pb (4i) 0 0.7671(5) 0.0904(2) 1.20(3) 
S (4i) 1/2 0.768(4) 0.072(1) 3.6(4) 

TABLE 5 

Coordinates and thermal parameters: [TiS2] part 

Site x y z B(/~ 2) 

Ti (2e) 1/4 0.217(2) 0.3355(6) -0.9(5) 
S1 (2e) 3/4 0.042(9) 0.256(3) 8(1) 
$2 (2e) 3/4 0.416(6) 0.423(2) 5.5(7) 

TABLE 6 

Coordinates and thermal parameters: common part 

(a) (b) 

x y z B(/~ 2) x y z B(/~ 2) 

Pb - 0.766(2) 0.091(1) 0.3(2) - 0.766(2) 0.091(1) 0.3(1) 
S - 0.767 0.072 5.0(4) - 0.782(18) 0.055(7) 4.0(3) 
Ti - 0.217 0.336 2.2(8) - 0.219(5) 0.336(2) 2.4(7) 
S1 - 0.042 0.256 -0.4(6) - 0.041(5) 0.254(2) 0.1(6) 
$2 - 0.416 0.423 2.0(1) - 0.390(7) 0.416(2) 1.3(7) 

r e s p e c t  to  the  ]TiS21 one.  Howeve r ,  we  cons t r a ined  the  y and  z coo rd ina t e s  
o f  Pb  and  S to  ge t  d i f fe rences  ident ica l  to  t hose  found  in the  s epa ra t e  
r e f i n e m e n t  of  the  IPbSI par t .  In  cont ras t ,  we  used  the  f rac t ional  coo rd ina t e s  
of  Ti  and  S a t o m s  (be long ing  to ITiS21) ob ta ined  f r o m  the s epa ra t e  ITiS21 
re f inement .  The  re la t ive  we igh t  o f  IPbSI aga ins t  2 × ITiS21 w a s  first f ixed in 
a g r e e m e n t  wi th  the  m i s m a t c h  ra t io  al:a2. Thus,  a diffract ing we igh t  ra t io  of  
0 .59:1  ([PbSHTiS21) is d e d u c e d  f r o m  the  (PbS)L~8(TiS2)2 formula t ion .  At this  
s t age  o f  r e f i n e m e n t  ( see  Tab le  6(a)) ,  re la t ive ly  p o o r  R va lues  were  obta ined ,  
R = 0 . 1 9 3 ,  R w = 0 . 2 1 6  ( for  83 hkl, 8 var iab les) .  A fu r the r  re f inement ,  f ree  
of  any  cons t r a in t  (on  the  coord ina t e s ) ,  w a s  t hen  p e r f o r m e d .  A no t i ceab le  
i m p r o v e m e n t  o f  the  g o o d n e s s  of  fit w a s  obse rved .  The  re la t ive  diffract ing 
we igh t  ra t io  w a s  t hen  changed ,  s tep  b y  s tep.  The  final r e f inemen t  ( see  Table  
6 (b) )  c o n v e r g e d  to  R va lues  of  R = 0 . 1 4 8 ,  R w = 0 . 1 8 0  fo r  a rat io  0.56:1 wi th  
83 ref lec t ions  (I>~2(rI, 0 < s i n  0/h<0.7) and  16 var iables .  Very small  shif ts  
o f  the  a t o m i c  c o o r d i n a t e s  re la t ive  to  the  pos i t ions  ref ined in the  s e p a r a t e  
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parts are noted but  on this occasion the isotropic temperature factors B 
showed greater homogeneous  values. 

4.  D i s c u s s i o n  o f  t h e  s t r u c t u r e  

Figure 1 shows the projection of the complete structure of (PbS)I.ls(TiS2)2 
along the misfit 5 direction. Within the IPbSI part, each Pb atom is coordinated 
by five S atoms located at the corners of a slightly distorted square pyramid 
(NaC1 structure type). The Pb-S  distances are given in Table 7. One Pb-S  
distance (between Pb and S(e) at opposite sides of the ]PbSI "ladder" 
arrangement) is shorter  (2.81 /~) than the other four Pb -S  distances in the 
square basis (Sa, Sb, Sc, Sd) which are 2.895/~, 2.928/~, 2 .895/~ and 2.976 
/~, respectively. Pb atoms protrude from the sulphur planes on both sides 
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Fig. 1. (PbS)l.ls(TiS2)2 projection along the misfit 5 direction. 
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TABLE 7 

Interatomic distances (/~) for (PbS)I.lscris2)2 

PbS TiS2 Within the gap 

Pb-S(a) 2.895(1) Ti-S1 m 2.43(4) 
-S(b) 2.928(9) -$2 ''~ 2.41 (3) 
-S(c) 2.895(1) -2 × S11 2.39(2) 
-S(d) 2.976(9) -2 × $2 ~ 2.52(2) 
--S(e) 2.81(1) 

(Pb-S)av 2.900 (Ti-S)av 2.44 
Pb-Pb ~ a 4.289 Ti-Ti 3.396 
Pb-Pb J 4.253 Ti-Tic 3.390 
Pb-Pbc b 4.110 

0¢-2 × 821 2.40 
-2 × $2 l" 2.40 
--S2 ill 2.30 
--82 l! 2.30 

(O-S)a, 2.35 

aRefers to opposite sides. 
bRefers to same side. 
cO = octahedral site. 

of  the  IPbSI double  layers.  In this  way, each  Pb a tom is also coo rd ina t ed  
by  two or  th ree  S a toms  o f  the  ITiS21 slabs, depend ing  on  the  ac tua l  pos i t ion  
a long the  misfit  direct ion.  Indeed,  with r e sp ec t  to  the  incommensurabi l i ty ,  
and  in o r de r  to  minimize a tomic  repuls ions,  Pb  a toms  should  read jus t  the i r  
posi t ions;  an  equi l ibr ium pos i t ion  for  Pb would  c o r r e s p o n d  to  th ree  equal  
P b - S  d is tances  with r e spec t  to  S a toms  of  the  ITiS2[ lat t ice (S in a h o n e y c o m b  
a r rangement ) .  

Within  the  ITiS21 subsys tem,  each  Ti a t o m  is co o rd in a t ed  by  six S a toms  
in a t r igonal  ant ipr ismat ic  a r rangement .  The  ITiS21 slab is sl ightly d is tor ted  
c o m p a r e d  with 1T-TiS2. The  T i -S  d is tances  are  summar ized  in Table  7. The  
average  d is tance  (2 .44 /~) is close to  tha t  obse rved  in 1T-TiS2 (2 .428  /~) 
[10]. Two ITiS21 slabs are  s t acked  a long the  c axis, be tween  IPbSI units.  

5. Conc lus ion  

This  is the  first s t ructural  s tudy  made  on  a misfit  c o m p o u n d  wi th  a 1:2 
(IMSI:ITS21) rat io  where  bo th  subsys tems  are  of  monocl in ic  s y m m e t r y  (T of  
ITS21 is oc tahedra l ly  coord ina ted) .  The  s tudy  was  car r ied  ou t  using the  
compos i t e  a p p r o a c h  and  wi thout  cons ider ing  the  mutua l  modu la t ion  of  the  
two sublat t ices.  Diffuse sca t te r ing  due  to  s tacking d i sorder  also con t r ibu tes  
to  the  to ta l  diffracted intensity.  This expla ins  the  r a the r  high R f ac to r  values.  
Never the less ,  the  resul ts  appea r  to be  v e ry  rel iable in c o m p a r i s o n  to  wha t  
has  be e n  found  for  the  pa ren t  s t ruc tures .  

The  1:2 rat io  has  also been  found  in (PbS)1.14(NbS2)2 [11] fo r  which  
two success ive  (NbS2) slabs, s epa ra ted  by  a IPbS I layer,  are  s t acked  in such  
a way  tha t  t hey  r e p r e s e n t  two-thirds  o f  the  3R-NbS2 s t ruc ture  (and  no t  the  
two-slab a r r a ngemen t  of  2H-NbS2, as  cou ld  have  been  expec ted ) .  This 1:2 
rat io  was  prev ious ly  men t ioned  by  Guemas  et  al .  [12] and G o to h  et  al .  [13].  
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In  t h e  v a n  d e r  W a a l s  g a p  b e t w e e n  a d j a c e n t  ITiS21 s l a b s ,  t h e  v a c a n t  
i n t e r l a y e r  s i t e s  a r e  o f  o c t a h e d r a l  s y m m e t r y .  T h e i r  s i zes ,  ( O . - S ) a v = 2 . 3 5  /~, 

a r e  a s  l a r g e  a s  t h o s e  w i t h i n  t h e  [TiS21 s l a b  i t s e l f  ( s e e  T a b l e  7).  T h i s  s h o u l d  
a l l o w  i n t e r c a l a t i o n ,  t h e  s t u d y  o f  w h i c h  is  a l r e a d y  in  p r o g r e s s  f o r  ( P b S )  1.14(NbS2)2 
w i t h  l i t h i u m  a s  a n  i n t e r c a l a t i n g  s p e c i e s  [14] .  

S u c h  a s t u d y  c a n  p r o v i d e  d i r e c t  p r o o f  fo r  a c h a r g e  t r a n s f e r  ( i f  i t  e x i s t s )  
f r o m  [MS I t o  ITS2]. I n d e e d ,  t h e  n u m b e r  o f  i n t e r c a l a t e d  Li a t o m s  a n d  t h e n  o f  
t r a n s f e r r e d  e - ( L i - - *  L i + +  e - )  i s  r e l a t e d  t o  t h e  n u m b e r  o f  e m p t y  e l e c t r o n i c  
s t a t e s ,  m a i n l y  t h e  " d "  t y p e  c o n d u c t i o n  b a n d ,  to  b e  f i l led.  T r a n s p o r t  m e a -  
s u r e m e n t s  ( r e s i s t i v i t y  a n d  H a l l  e f f ec t  v s .  t e m p e r a t u r e )  wi l l  a l s o  b e  c a r r i e d  
o u t  in t h e  n e a r  f u tu r e .  
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