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Abstract 

Electron diffraction data are reported and discussed for 
a series of so-called 'Ln,/~S 3' compounds (Ln = La, Ce, 
Pr and Nd, M = Cr; Ln -- La, M = Ti, V and Cr) and 
for cannizzarite (~46PbS.27Bi2Sa). The structures of all 
these compounds consist of two layer types alternating 
along the stacking direction - which is the zone axis in 
most instances. In the first group the mismatch between 
the layers varies slightly (by up to 2.5%) as the cations 
are varied. In the last we find only the ~ 12/7 and 17/10 
layer matches, and not their combinations 46/27 and 
41/24 as reported by Matzat [Acta Cryst. (1979), B35, 
133-1361. 

Introduction 

There is a group of synthetic and mineral sulfosalts with 
apparently complex structures and large unit cells 
which can be simply described as consisting of stacks of 
two alternating layer types, A and B. One is a thin 
tetragonal [ -- (100)] section of NaC1 type, the other a 
thin trigonal [ =  (111)1 section of NaC1 type. The 
complexity arises mainly from the incommensurability 
between their unit-layer vectors, but also from the 

* Now at The Research Institute for Materials, Tohoku Univer- 
sity, Sendai 980, Japan. 

consequent small distortions (modulation) of the layers. 
Many examples of such cases of two interpenetrating 
substructures have been reviewed and described in 
some detail (Makovicky & Hyde, 1981) ranging from 
the most complex, such as cylindrite (~FePb3Sn 4- 
Sb2S~4) and the related franckeites (~FePb6_xSn2+x - 
Sb2S~4) and lengenbachite I~Pb6(Ag,Cu)2AsaS13] to 
the simplest such as '~LaCrS  3' and other '~LnMS 3' 
(Ln = a rare-earth or yttrium cation). Their structural 
details are best explored by electron microscopy/ 
diffraction (Williams & Hyde, 1988; Williams & Pring, 
in preparation). A previous paper (Otero-Diaz, Fitz 
Gerald, Williams & Hyde, 1985) included such an 
examination of '~LaCrS3';  the purpose of the present 
paper is a similar examination, first of other '~LnA/S 3' 
and then of cannizzarite (~ Pb46Bi54S~27). 

'~LnMS 3' 

This group of structurally similar compounds is a 
particularly simple example of non-commensurate layer 
structures in which the pseudotetragonal layer T is two 
atom layers thick and the pseudo(ortho)hexagonal layer 
O is three atoms thick. Fig. 1 shows the monoclinic 
structure of ' ,- ,LaCrS 3' as reported by Kato, Kawada & 
Takahashi (1977) which has a =  5.936, b =5 .752 ,  
c =  11.036 A, a - -  90.39, f l=  95.30 and y =  90.02 ° 

0108-7681/88/050467-08503.00 © 1988 International Union of Crystallography 
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for T, a = 5.936, b = 3.435, c = 11.053 A, ~t = 93.29, 
fl = 95.29 and y = 90.03 ° for O and, for the true unit 
cell, a = 5 . 9 4 ,  b = 1 7 . 2 ,  c = 6 6 . 2 A  and ~t=90.3,  
f l =  95.3, y =  90.0 °. The style '~LaCrS3' reflects the 
fact that there has been some argument about the exact 
stoichiometry of this compound: the non-commensur- 
ability between the two layer types suggested an ideal 
composition La6CrsSl6 since, for the subcells, a r = ao, 
e* = e*, but b r ~ b o x 5/3 and, for full occupancy of 
sites, the subceU contents are T = 2LaS, O = CrS 2. We 
believe that any doubt has now been resolved in favour 
of the more complicated formula (Otero-Diaz et al., 
1985), so that there is no need to invoke disorder on the 
La sites of the structure as was previously done (Kato 
et al., 1977) in order to accommodate the simpler (but 
incorrect) stoichiometry 'LaCrS3'. 

Many other virtually isostructural '~LnMS 3' with 
Ln = La, Ce, Pr, Nd, Gd, Dy(?), Ho, Er as well as Y, 

o ' _ _  ~ o ~  ~ o ~  ~ o ~ '  ~ o ~  _ 

- " 7  - ~ - - ~ "  -6 

Cr- 70 
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Fig. 1. The structure of 'LaCrS 3' according to Kato et al. (1977) 
projected along a. Four pseudo-tetragonal T layers and five 
pseudo-orthohexagonal O layers are drawn; the outline of half 
the unit cell, i.e. three layer-pairs in the e direction and the full 
3b r • 5b o match is indicated by broken lines. The subcell outlines 
are indicated by full lines, and illustrate the different stackings of 
the T and O layers. Small circles are S-atom positions, medium 
circles are La, and large circles are Cr: the atom heights are given 
as a percentage of a. Cr-centred octahedra (O layer) and 
S-centred square pyramids (T layer) are shaded. 

and/or M = T i ,  V, Cr have also been reported 
(Takahashi, Oka, Yamada & Ametami, 1971; 
Takahashi, Osaka & Yamada, 1973; Donohue, 1975; 
Murugesan, Ramesh, Gopalakrishnan & Rao, 1981; 
Serebrennikov & Alekseeva, 1981), but their structures 
have not been determined. We here describe the results 
of electron diffraction studies of some of these. 

E x p e r i m e n t a l  

High-purity lanthanide oxides in a graphite crucible 
were sulfided by r.f. induction heating in H2S + Ar gas 
mixtures, first for 3 h at 1773 K and then for two 
periods totalling 6h  at 1473 K, with intermediate 
grinding and remixing. The products were always 
fl-type (tetragonal) Ln~0Sls_xOx, 0 < x _< 1.0 
(Besanqon, 1973; Besanqon, Carr+ & Laruelle, 1973), 
which, at low temperatures, are apparently stabilized 
with respect to the stable orthorhombic a-type and pure 
sesquisulfide by oxygen contamination. (Our cell 
parameters for fl-'LaES 3' suggested x ~ 0.92 to 0.95.) 

Transition-metal sulfides were prepared by synthesis 
from the elements, heated in evacuated and sealed silica 
ampoules at 1173 K for several days. 

Appropriate sulfide mixtures ( L n / M ~ 2 / 1 ) w e r e  
heated in silica tubes in similarly evacuated and sealed 
silica ampoules for 30 days at 1273 K. After grinding 
the products they were returned to similar containers 
with iodine (5 mg cm-3), and chemical transport at- 
tempted for several weeks. Only the La-Cr  compound 
was transported successfully. In the other cases a mass 
of smaller, often lamellar crystallites was produced by 
mineralization. All had a similar appearance, dark grey 
and metallic. (In transmitted light the lamellar -. LaCrS 3 
was ruby red, and occasionally the crystals were curved 
rather than flat.) Platelike crystals were selected for 
study. 

All X-ray powder diffraction patterns (from a 
Guinier-H~igg camera with CuKcq radiation) were 
similar, suggesting similar structures in all cases. 
(Because of strongly preferred orientation - a con- 
sequence of the highly lamellar nature of the crystals - 
intensity measurement is futile and was not attempted.) 

Electron microscopy samples were prepared by 
dispersing the lamellar crystals in ethanol using a 
400 W ultrasonic probe, followed by deposition on a 
'holey carbon' support grid. These were examined in 
Jeol 100 CX and 200 CX microscopes. 

Because the crystalline products of the syntheses 
were so thin (tens of ~trn) attempts to prepare (100) and 
(010) sections were unsuccessful. Hence, because of 
their extreme lamellar morphology, almost all low- 
index-zone-axis diffraction patterns were [0011 [in 
contrast to cylindrite etc. in Williams & Hyde (1988)]. 
Images in this zone are singularly uninformative, and so 
we are largely restricted to a consideration of their 
diffraction patterns. 



• " 040" O~ 
• 0 , ~  / 

• . • .°2° 6 .'~2o d 

: ~ 0 2 0 " _  0 
• 0 ~ 0 2 0 ~  

• , oJ:  oo. 
Q 

• • • 

• • • • 

• • • 

• • • 

"1 • • 040T 

• 0200 
sO 

• 020T • . 

sO 
sO 

0000  .200 

T. B. WILLIAMS AND B. G. HYDE 469 

• . 0 4 0  T 
• 020 0 

s o  

o020 T 
S o  

s o  

0 0 0 0  200 

• •040 .  - 

• 0200 

sO 

• " o020T • 

sO 

sO 

0 0 0 9  .200 

e ' O  
020 

0 

0213 
o T  

• .,1~..---,I ~ 
,e- . - - -  

• 040 T 

• 0200 
S o  

- 0 2 0  T • 
S o  

SO 

g o 0 0  .200 

f . 0 4 0 . T  • 

°0200 
sO 

• " -020 T • 

sO 

sO 

Oooo 2oo 

• \ 

Fig. 2. (a-f) [001] zone-axis electron diffraction patterns from 
LaCr, CeCr, PrCr, NdCr, LaV and LaTi preparations, respec- 
tively. (b'-f ') Enlargements of a part of (b-f), which display 
finely-spaced reflections from true-cell b parameters which are 
much larger than for the LaCr compound (~ 17.2 A). In (a), the 
reciprocal subceUs T (light stippling) and O (medium stippling) 
and the true subcell t (heavy stippling) are shown. Some groups 
of weak reflections s are circled in (b-f), and the separation of 
two such reflections indicated by arrows and 's' in the 
enlargements (b'-f'). 
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Table 1. Mismatch between b r and bofrom measurement of[O01 ] diffraction patterns of '  ~ L n M S  a' 

L n M =  L a C r  C e C r  P rCr  N d C r  LaY LaTi  
Ratio b r / b  o (from 5/3 123/74t 41/25 26/16 34/20 99/59"1" 

all reflections along b*) =1.66~ =1.66~ =1.640 =1.62 s =1.700 =1.67~ 

R(O2Oo) /R(O2Or)=br /b  o 1.66~ 1-66 o 1.63~ 1.62~ 1.70~ 1.676 

b~ (A)~ (= numerator x b o ~17.~ ~42~ ~14~ ~89.~ ~115. 0 ~33~ 
=denominator x b r 
- n  and dfrom line 1) 

Formula of '  ~ I.,nMS~' La~.~ooCrS3.~0 o Ce~.~0~CrS~.~0 ~ pr~.~oCrS~.~ ° Nd~.~tCrS~.~ h LaH~sVS~.~s LaHg~TiS~.~9 ~ 
corresponding to line 2 

Average cation valence 2.90~ 2.90 s 2.90~ 2.89~ 2.919 2.91 

~" These values, ill particular, are obviously prone to error because the multiplicities are so high. 
~: Accurate values for these cannot be obtained from electron diffraction patterns because of unavoidable variations (of several percent) in the camera 

constant of the electron microscope. They have been calculated from the ratios br/b o (in line 1) assuming b r = 5.752 A for LaMS3 or b o = 3.43~ A for 
LnCrS3 [both as determined for LaCrS 3 by Kato et al. (1977)1. 

: ~ ~ ' ~ ' ~ . ~ ' = : ~  

Fig. 3. (a) Image and (b) corresponding [310] zone-axis diffraction 
pattern from an area of LaCr preparation. The rows of horizontal 
contrast in (a) correspond to sections of T layers (black dots) and 
O layers (unresolved). Traces of (130)t-=(110) r and of (001) 
planes are shown. The crystal is twinned, as the diffraction 
pattern confirms. The streaking in (b) arises from the (001) 
composition planes [one only appears in (a)]. 

Results and discussion 

A typical  [0011 zone-axis pattern from each pre- 
para t ion  is shown in Fig. 2. The simplest is that  for 
' ~ L a C r S  3' (Fig. 2a) which is identical to that  previously 
published (Otero-Diaz et aL, 1985). It confirms the 
C-centring of  the T and O subcells and of  the true unit 
cell, t. As far as one can tell the true cell reflections are 
unsplit, so that  br/b o = 5/3 exactly;  a relation which 
would appear  to be confirmed by the relatively high 
intensity of  these reflections. 

In all the other patterns,  groups of  two or 
three closely spaced, weak reflections (rather than 
single, s tronger reflections) appear  close to the 
posit ions n/3 x (020) r (n mod 3 :/: 0 ) =  m/5 x (020)o 
(m mod 5 :/: 0); cf. Figs. 2 (b - f )  and, especially, 2 (b ' - f ' ) ,  
where some are marked  's'. This indicates that  in these 
cases br/b o is close to but not  exactly 5/3;  the 
difference is very little in the case of  ' ~ C e C r S  3' and 
' ~ L a T i S  3' but  more in the other cases. Careful  
measurements  of  the posit ions of  the reflections (for T, 
O and t) along b*, and assuming that  b* is an integral 
submultiple of  b* and b i t  leads to the ratios br/b o and 

"[" This assumption is not important. There is always an irrational 
number (corresponding to a truly incommensurate structure) 
insignificantly different from a ratio of integers; but the reverse is 
equally true. 

Fig. 4. [0101 projection of the cannizzarite structure (Matzat, 1979). Slightly more than half of one unit cell is drawn; the full ~74 A e 
repeat and half the ~ 190 A true-ceU a. Two layers of each kind (A and B) are drawn, with cation-centred octahedra (both B layers), and 
both S-centred (upper A layer) and cation-centred (lower A layer) polyhedra drawn to emphasize the intralayer (upper A) aml interlayer 
(lower A) bonding. Puckering or undulation of the layers is evident. Atom heights are 0.25b (open circles) and 0.75b (filled circles). 
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the values b t given in Table 1, which are estimated to be 
accurate to better than ~0.5%. The first two rows of 
numbers in the table are from all reflections; the third 
row is from only the subcell reflections 020o and 020r; 
the fourth row is a calculated, approximate b t (subcell 
b o and b r values are not very accurately known). 
Clearly, the agreement between the two values of the 
ratio b r / b  o is satisfactory. The measured ratios in the 
second row of Table 1 differ from 5/3 by approxi- 
mately 0, - 0 . 3 ,  - 1 . 6 ,  - 2 . 5 ,  2-0 and 0.7% respec- 
tively. Except for LaCr however, the values of b t are  
m u c h  less certain. (A small change in the ratio b r / b  o 

can give a very large change in bt.) But all b t values are 
large (except for LaCr). 

LnCrS 3, Ln = La, Ce, Pr, Nd. Other things (e.g.  

valences) being equal, the bond length L n - S  decreases 
along this series. In the crudest terms therefore, one 
might expect b r to decrease, and hence b r / b  o also. This 
is in accord with the observations. 

LaMS 3, M = Ti, V, Cr. By analogy with the previous 
paragraph one might expect the ratio b r / b  o to increase 
in the sequence Ti--,V--,Cr (as the bond length M - S  
decreases). But this is not so; the respective values being 
1.678, 1.700, 1.667. The anomaly is significantly greater 
than the experimental error. 

But the crudest terms are not good enough. For a o to 
equal a r there must be some adjustment of S - M / L n - S  
bond angles and/or lengths as Ln and/or M are varied. 
It is possible that the greatest flexibility is in the O layer 
- where the height of each M S  6 octahedron can change 
(within reason) as its area [in the (001) plane] changes, 
while retaining constant bond lengths. (This is clearly 
seen in the c / a  ratios of many CdCI 2- and Cd(OH) 2- 
type structures.) But we do not have sufficient data of 
sufficient accuracy to explore this. 

Since in any given '~LnMS a' the subcell parameters 
a and c* [or d(001)] are clearly identical for both 
subcells T and O, it follows (if substitutional disorder 
between Ln and M is neglected, as we believe it should 
be) that the stoichiometry is determined by the ratio, 
r = b r / b  o. It should be 2LnS.rMS 2 (as is clear from Fig. 
1), or ( 2 / r ) L n S . M S  2 = Ln2/rlVlZ2+(2/r  ). These latter values 
are given in line 5 of Table 1. None is LnMS 3. Hence, 
all average cation valences (calculated by assuming 
only S 2-) are somewhat less than 3.00 - which is not 
unexpected given the preparation conditions of the 
sulfides: the binaries also have cation valences less than 
3 (~2.7+ for Ln, 2.4+ for Cr). 

In conclusion it should be emphasised that bond 
length is not the only geometrical factor involved in 
these compounds and their structures, and that geom- 
etry is by no means the only variable parameter. Since 
the mismatch determines the stoichiometry Ln~+YS3+ x 
and the stoichiometry determines the average cation 
valence [ = 2(3 + x)/(2 + x)] then in hindsight it seems 
likely that a variation in sulfur activity during the 
preparation (and it was not controlled) will affect the 

average cation valence and, given that the structure 
consists of LnS and MS2 layers, the stoichiometric ratio 
L n / M  = 1 + x also. This thermodynamic aspect of the 
behaviour of these systems has yet to be explored. 

Our only useful result with a zone axis other than 
1001] is for the LaCr preparation. Shown in Fig. 3, its 
zone axis is [310] t = [ l i0]r .  The diffraction spots (Fig. 
3b) are streaked, and reveal twinning [by reflection in 
(001), as previously reported by Kato et  al.  (1977)], 
with a preponderance of one twin. The corresponding 
image (Fig. 3a) confirms this, as seen by the orienta- 
tions of the traces of (130) r This image clearly exhibits 
(001) layer stacking, the contrast showing two alter- 
nating types of rows - the projected T and O layers. 
The repeat distance along [3i0] t is rather long for 
reliable image simulation (~24.4 A); but the image may 
be plausibly interpreted in a naive way because 
(130) t= ( l10 )  r The interplanar spacing d(130)t= 
d(110) r = 4.12 A, which corresponds to the spacing of 
the black dots resolved in the horizontal rows of the 
image - the measured value of which [using d(001) 
= 11.0 ]~ as internal standard] is 4.04 ]k. These rows 
therefore correspond to the T layers. The intervening 
lines of dark contrast are not resolved, which is to be 

~ b  

Fig. 5. Scanning electron microscope image of synthetic 'canniz- 
zarite'. The larger, bladelike crystals are cannizzarite, whilst the 
finer material is a mixture of eannizzarite and bismuthinite, Bi2S 3. 
The extreme thinness and fragility of the crystals is evident in this 
image; most crystals are bent and the cannizzarite is both frayed 
and transparent to the 20 kV electrons used in this study. 



472 'Lrt/~S 3' LAYER COMPOUNDS AND C A N N I Z Z A R I T E  

expected since they should correspond to the O layers 
with (530)o11(130) t and d(530) o = 0.82 A - well below 
the resolving power of the microscope. 

C a n n i z z a r i t e ,  ~ Pb46Bis4S12~ = ~ 4 6 P b S . 2 7 B i 2 S  3 

The first description of this mineral species (Zambonini, 
de Fiore & Carobbi, 1925) preceded its structure 
determination (Matzat, 1979) by more than 50 years, 
and its synthesis (Graham, Thompson & Berry, 1953) 
by about 25 years. These intervals reflect its structural 
complexity although once again it is simple in prin- 
ciple. Two interpenetrating substructures arise from the 
interleaving of two types of layers: a two-atom-thick 
pseudotetragonal layer, T [(100)N~c:typel and a five- 
atom-thick pseudohexagonal layer, O [(111)Nac:type]. 
As in '~LnMS3', the former consists of edge-shared 
square pyramids, but the latter is two octahedra thick 
(instead of one), cf Fig. 4 (after Matzat, 1979). The 
true unit cell is rather large and oddly shaped: 
monoclinic, P21/m, with a =  189.8, b = 4 . 0 9 ,  c =  
74.06 ,/k, f l =  11.93 °, contents = 2 x (~Pb46Bi54Si2.~). 
The subcells are: a = 4 . 1 3 ,  b = 4 . 0 9 ,  c =  15.48A, 
f l = 9 8 . 5 6  ° for 7', and a = 7 . 0 3 ,  b = 4 . 0 9 ,  c =  
15.46/k, f l - 9 8 . 0 0  ° for O; both also P2Jm. The 
T-layer stoichiometry is (PbaoBi16S46) 16+ and that of the 
O layer is (Pb~6Bi3sS81) ~6-. The large a parameter of the 
true cell corresponds to the match 46 × a r = 27 × ao; 
and b r = bo.t 

Although very similar in structure to '-,.LnJ~S 3' the 
differences are interesting: (i) and most obviously, the 
difference in the O-layer thickness; (ii) the orientation of 
the T layers (relative to that of O) differs by 45°; (iii) 
the misfit directions for the O layers differ by 90 ° 
(compare Fig. 4 with Fig. 1 for '~LaCrS3'). Also, (iv) 
the stacking unit is in this case just one pair of layers 
[instead of the six pairs reported for '~LaCrS 3' (Kato et 
al., 1977)]. Notice also the undulations (in the e* 
direction) of the layers in cannizzarite (Fig. 4): this is 
more plausible than the planar layers reported for 
'~LaCrS 3' (Fig. 1; Kato et al., 1977). 

For cannizzarite, Graham et al. (1953) reported 
12 x a r = 7 x a o. Matzat (1979) suggested that this 
was only a subcell of the true unit cell, and that there 
was also a second large subcell with 17 x a t =  

5"Graham et al. (1953) also reported the presence of an 
additional phase (phase 3) in the product of their synthesis. It 
resembled cannizzarite (phase 2) in habit, diffraction pattern and 
cell dimensions, except that its layer-pair thickness was greater by 
~3.3A: CrSin fl= 18.54A compared with 15.31 (natural) and 
15.20 A (synthetic) for cannizzarites. This corresponds to an extra 
MX layer, but whether to T or O is difficult to determine in the 
absence of further information such as an analysis. From the 
Matzat structure in Fig. 3 one can measure thickness changes of 
---3.5 A for an additional plane of atoms in a T layer, and -,-3.3 A 
for an additional octahedral layer to O: hardly unequivocal but 
perhaps slightly in favour of a three-octahedron-thick O layer, as 
proposed by Matzat (1979). 

10 x ao.t His large true cell is then (12 x at )+ 
2 ( 1 7 x a  r ) = ( 7 x a o ) + 2 ( 1 0 x a o )  or 4 6 X a r = 2 7 x  
a o. He also reported a related, synthetic 'cannizzarite' 
in which 2 ( 1 2 x a  r ) + ( 1 7 x a  r ) = 2 ( T x a o ) + ( l O x  
a o) or 41 x a r -  24 x a o. The multiplicity ratios are 
then 46/27 = 1.7037 for the first and 41/24 = 1.7083 
for the second: a small difference. For the two subcells 
they are 12/7-- 1.714 and 17/10 = 1.700. Divided by 
the last the resulting ratios are 1.0022 , 1.0049 , 1.0084 
and 1.000 - a total range of < 1%. Clearly, variation in 
the ar:ao match is feasible, and likely to be related to 
the stoichiometric ratio Pb:Bi (Makovicky & Hyde, 
1981). Electron diffraction patterns with a e* zone axis 
are therefore of some interest. 

Experimental 

Only one natural specimen of cannizzarite was 
available to us - small, extremely thin, lath-shaped 
crystals on the surface of a vuggy, volcanic silicate 
specimen from the type locality, Vulcano (Italy); a 
2 × 2 × 2 cm chip from sample R4089, kindly pro- 
vided by the Smithsonian Institute (Washington, DC). 
Accordingly, synthesis was attempted, using the hydro- 
thermal method of Graham et al. (1953). Only one 
preparation was successful: it contained small clusters 
of laths and a large amount of fibrous material (Fig. 5). 
Scanning electron microscopy revealed that the former 
resembled cannizzarite, and that the latter was Bi2S 3. 
This was confirmed by X-ray powder diffraction. 

The lath-like crystals (synthetic and natural) were 
studied by electron diffraction, as described above for 
' ~ LnMS 3'. 

Results and discussion 

Only approximate e* zone-axis patterns could be 
obtained and, again, exact orientation was not possible 
because the crystals were so thin and, to a degree, the 
patterns therefore independent of tilt angle. Some 
typical results are shown in Figs. 6(a-c) and 
6(a '-c ' ) ,  the first two samples being synthetic and the 
last natural. At first sight, the distribution of the 
intensity over the various reflections appears odd; 
probably because of inexact orientation. In a, for 
example, the stronger reflections 200r, 2000, 020 and 
+110 r and i l 0  r are clear: some additional, fairly 
strong reflections appear, e.g. those close to +010. Thus 
the subcell reflections are again identifiable and hence 
the ratios of the resulting subcell parameters can be 
determined. All the latter are rather similar: 

(a) ao/b = 1.71, ar/b = 1.002, ao/a r = 1.705; 
(b) ao/b = 1.728, at~b= 1.009, a j a r =  1.715; 
(c) ao/b = 1.746, ar/b = 1.015, a j a  r = 1.72; 

t These subcells are not to be confused with the O and T subcells 
referred to earlier. 
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the first two columns being reasonably close to the ideal 
values for orthohexagonal and tetragonal subcells, V/3 
and 1. 

In addition, there are many  weaker ('superlattice') 
reflections aligned along a*, see especially Figs. 
6(a'--c'). Careful measurement of  these shows that 

within the error of measurement (~1%) the smallest 
interval between them is (a ')  a'r~17 = a * / 1 0 ,  (b')a*/ 
12 = a*/7, and (c') a~/12 = a*/7 also. These ratios 
correspond to the two substructures recognised by 
Matzat  (1979) and referred to above and, within 
experimental error, agree with those listed for ajar .  

Fig. 6. Transmission electron diffraction patterns (a-c) and 
enlargements of part of the h00 rows from each (a'--c') from two 
synthetic (a,b) and one natural (c) cannizzarite crystals. The 
reciprocal subcells T and O are indicated by light and heavy 
stippling respectively. In the enlargements (a'--c') the order n of 
the true-cell reflections h,,O0 is shown adjacent to the subcell 100 
reflections. 
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Whether the 'superlattice' spots correspond to the a 
axis of the true unit cell [as the 12:7 case was reported 
to be by Graham et al. (1953)] or only to one of the 
large subcells proposed by Matzat cannot be deter- 
mined definitively from these measurements which, at 
+ 1%, are insufficiently precise. The enlargements, Figs. 
6(a '-c ' ) ,  do not help in this respect. That the intervals 
17/10 and 12/7 dominate the diffraction patterns 
(irrespective of the exact measurements), and that there 
are no additional (more closely spaced) reflections, 
strongly suggests that each true structure is (at least) 
dominated by one of these substructures. Since our 
selected-area diffraction patterns come from very small 
volumes of crystal (compared with that required for 
X-ray diffraction) it may well be that the two 
substructures are true (local) structures; and that a 
large crystal (as used for X-ray diffraction) may be a 
heterogeneous mixture of the two. Certainly there is no 
evidence here for the larger cell, 46 × a t =  27 x ao, 
reported by Matzat. 

This implies that the stoichiometries are 17PbS.- 
10Bi2S 3 for (a,a') and 12PbS.7Bi2S 3 for (b,b') and 
(c,c'), i.e. ~PbBil.176S2.765 and ~PbBil.16782.750 instead 
of Matzat's ~PbBi~.I74S2.76 r Again these are very small 
variations: only ~0.2% and ,-,0.6% for Bi, and ~0.1% 
and ~0.4% for S (relative to Pb). 

Concluding remarks 

In the 'LrtMS 3' cases we again find no evidence of 
disorder [cf. Otero-Diaz et al. (1985)], apart from 
twinning on (001). The variation in the br/b o mismatch 
with change in Ln and/or M seems to us to support the 

earlier suggestion (Otero-Diaz et al., 1985) that there is 
no other disorder (e.g. empty Ln sites or M on Ln sites). 
It follows that none of these has stoichiometry LnMS3, 
but rather ~ Ln 1.2MSa.2. 

In synthetic and natural cannizzarite we find the two 
basic, layer mismatches a j a r =  12/7 and 17/10, but 
no evidence for their combinations 4 6 / 2 7 = ( 1 2  + 
2 x  1 7 ) / ( 7 + 2 x  10) or 4 1 / 2 4 = ( 2 ×  12+ 17)/(2× 
7 + 10), as proposed by Matzat (1979). 
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Abstract 

A new pseudo-binary tungsten oxide which has the 
composi t ion W17047 (WO2.765) has been discovered in 
the S b - W - O  system. The phase is stable up to about 
1233 K and decomposes to W18049 and W2402s above 
this temperature. The approximate structure has been 
determined by high-resolution electron microscopy and 
powder X-ray diffraction methods. The monoclinic 
unit-cell parameters are a =  18.84, b = 3 . 7 8 7 ,  c =  
12.33 A, f l=  102.67 °, Z = 1, space group P2/m. The 

0108-7681/88/050474-07503.00 

structure is built up of octahedra and pentagonal 
columns linked in such a way as to form hexagonal 
tunnels. 

Introduction 

Tungsten trioxide has a crystal structure which can be de- 
scribed as being built up from slightly distorted octahedra 
arranged so as to share corners. Reduction of WO 3 to 
compositions below approximately WOE.s7 results in the 
formation of structures which are built up from WO7 
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