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One of the phases in the Th-S system is identified as ThTS~. This compound is hexagonal with one 
molecule in a unit cell with dimensions a l =  11-041 +0.001 kX., a3=3.983+0-001 kX. The space 
group is P68/m. 

The complete structure is described and discussed. 

The phase ThTSI~ 

This paper  describes the  determinat ion of the  crystal  
s t ructure of a thor ium sulfide phase encountered hi the 
course of a systematic  X- ray  diffraction s tudy  of the 
system Th-S.  Prof. L. Brewer of the Universi ty  of 
California kindly furnished the various sulfide samples 
for which the ratio S : T h  had been de~ermined by 
direct chemical analysis. 

X - r a y  diffraction pat terns  showed the existence of 
three phases in the  range S :' Th = 1.50-2.00. As shown 
by the results presented in Table 1 the three phases 
correspond to compositions Th2S3, ThS1.7 and ThS2. 
The compound Th~S a has  the  Sb2S a type  of structure,  
while ThS2 is isostructural  with PbC12. Crystal- 
s t ructure  da ta  for these two sulfides will be given in 
a subsequent paper.  

In  contrast  to Th2S a and ThS~. the intermediate  phase 
ThS1. 7 does not  correspond to a sharply  defined chemical 
composition. This fact  is shown by the variat ion in the 
unit-cell dimensions with chemical composition. Ac- 
cording to the  da ta  given in Table 1 the homogeneity 
range of the phase ThS1.7 extends from S : T h =  1.71 
to S : T h =  1-76. The ideal formula of.the phase might  
thus be ThaSs, Th4S: or Th7S12. 

Table 1. Phase composition of sulfide samples 

% % % 
S : Th ThS2  ThSr7 ThS1.50 
2-00 100 0 - -  
1-902 65 35 - -  
1.87 50 50 - -  
1.814 30 70 - -  
1-774 0 100 - -  
1.75 0 100 - -  
1.67 - -  85 15 
1-660 - -  85 15 
1-62 - -  85 15 
1.50 - -  0 100 

Unit-cell dimensions 
of ThS1.7 

( , -  

a l  a a 

11.062 kX. 4.004kX. 
11.063 3.999 
11.067 4-002 
11-041 3.984 
11-040 3.983 
11.042 3.983 

Some of the sulfide samples contained small, needle- 
shaped crystals of ThS1.7 with which complete sets of 
oscillation photographs and equi-inclination Weissen- 
berg pat terns  were taken  about  the needle axis. Cu K 

radiat ion filtered through nickel foil was used both for 
the  powder photographs and for the single-crystal 
pat terns.  

The single-crystal da ta  showed the Laue s y m m e t r y  
to be 6/m. Observations in the  back-reflection region 
gave the following values for the dimensions of the  

• hexagonal  unit  cell: 

a 1 a s  

S : Th= 1 .76  11.064+'0.002 kX. 4.002+ 0-002 kX. 
S : Th= 1 .71  11.041+0.001 3.983+0-001 

Prof. Brewer found a density value of 

p = 7.78 _+ 0.02 g.cm. -a 

for a sample with S : Th = 1-774. However,  the  sample 
contained, according to Prof. Brewer, 2-7 ~/o ThO2. 
Hence, a density of p = 7 . 7 3  g.cm. -a is indicated for 
THS1.76. This density value corresponds to a unit-cell 
content of 6.9 thor ium atoms and 12-1 sulfur atoms. 
Accordingly, the  ideal chemical formula of the  phase 
is Th7S12. The calculated density for this formula,  
using the unit-cell dimensions observed for S : Th = 1.71, 
is p = 7.88 g.cm. -3. 

At . the  upper limit of the homogeneity range, i.e. a t  
S : Th = 1.76, the  unit  cell m a y  contain exact ly twelve 
sulfur atoms and 6.82 thor ium atoms, or it m a y  contain 
exact ly seven thor ium atoms and 12-32 sulfur atoms. 
In  the former ease one c a l c u l a t e s ' a  densi ty of 
p = 7.65 g.cm. -a, and in the la t ter  case p = 7-85 g.cm. -3. 
The observed density value o f  7.74 g.cm. -a does not  
permit  us to distinguish between the two possibilities. 
The results given in the next  section of this paper  show, 
however, t ha t  some thor ium atoms can be removed 
from the s tructure without  destroying the  stabili ty,  
whereas there is not  room for more t han  twelve sulfur 
atoms per unit  cell. Accordingly, the  composition of 
the phase can b e  expressed by  the  formula Th7_AS19, 
O~<A~<0.2. 

The determinat ion  o f  the structure for Th7S12 

The Laue symmet ry  exhibited by  the  single crystals of 
ThvS12 is 6/m. Reflections 001, 003, 005 are absent,  
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while reflections 002 and 004 appear with high in- 
tensity.  The possible space groups are therefore P6, 
P6/m, P6a and P6a/m. 

The single-crystal data  show striking features which 
greatly facili tate t h e  determinat ion of the thor ium 
positions" 

(1) Except  for the variat ion in scattering power with 
scattering angle the condition 

I I = I r . ,  I 
is satisfied for any  set H1, Hg, H a. 

(2) geflections H1H~H a with even H a appear with 
very high intensi ty  ff H 1 - 2He = 7n. I f  H 1 - 2H 24: 7n 
the reflection is absent  at  small  scattering angles and 
appears with very low intensi ty  at large scattering 
angles. 

These observations cannot be explained if  the 
thorium atoms have space-group symmet ry  P6 or 
P6/m. However, in the remaining space groups P6 a 
and P6a/m it is not possible to have seven thor ium 
atoms per unit  cell in strict accordance with space- 
group theory. 

Since no evidence could be found in the X-ray  
diffraction patterns for the existence of a larger unit  
cell or for a lower Laue symmet ry  than  6/m, it  had  to 
be concluded tha t  the space-group theory does not 
str ict ly apply  to the structure of ThiSbe, i.e. tha t  the 
structure exhibits disorder. 

The observations listed under (1) and (2) above are 
readily explained if  the thor ium atoms are distr ibuted 
in accordance with the space-group symmet ry  P6a/m 
or P6 a. The thorium positions which account for the 
observations correspond to symmet ry  P6a/m and are: 

1Th I in +(0,0,¼).  

6 T h  H in + ( x , y , } ) ( ~ , x - y ,  ¼) (Y - X, ~, ¼), 

with x~{- and y ~  9. 

It  is necessary to associate on the average hal f  a Th I 
atom with each of the twofold sites. The values 1 and 
--~ given for the Th H parameters  are approximations,  
as demonstrated by the fact tha t  reflections H~H~H a 
with even H a and H 1-2H~=~ 7n are missing for low 
indices but  in general increase in in tensi ty  with in- 
creasing indices. 

Table 2 shows the observed intensities for reflections 
H 1H~0 and H~ Hgl occurring at small  scattering angles. 
The observed intensities for reflections H1H20 and 
HIH21 at large scattering angles are given in Table 3. 
The columns labelled ' I '  in these tables give the calcu- 
lated values for the contribution of the thorium atoms 
to the structure factors using the parameter  values 
x = } and y = - ~  for the Th H atoms. 

The agreement with observations (particularly the 
in tens i ty  differences between a reflection H1H20 and 
the correspor/ding reflection H~H~O, between H~H21 
and H 2 H 11) is very greatly improved if  the Th H para- 
meters are changed from the values x=~, y = - ~  to 
x=0 .153  ± 0.002, y-- - 0 . 2 8 3  ± 0.002. The thor ium con- 

t r ibut ion to the structure factors calculated with these 
new parameters  are listed in Tables 2 and 3 under the 
columns labelled ' I I ' .  

Next  an a t tempt  was made to place the twelve sulfur 
atoms per uni t  cell in accordance with space-group 
symmet ry  P6 a or P6a/m such tha t  unreasonable inter- 
atomic distances were avoided and such tha t  the agree- 
ment  with observations was further improved. This 
a t t empt  was successful in the sense tha t  unique 
positions for the sulfur atoms were deduced. Owing to 
the relatively small  scattering power of sulfur it was 
not possible, however, to fix the sulfur parameters  
with great accuracy. The final structure obtained for 
Tl~Sl~. is as follows: 

Space group" P6a/m. 
Atomic positions : 

1Thx in _+(0,0,¼). 
6 Thi i ,  6S I and 6S H in _+ (x,y, ¼); (~, x -y ,  ¼.); (y-x,~, ¼) 
with parameters  

x y 
Th H 0.153 ± 0.002 - 0.283 ± 0.002 
S I 0.514 ± 0.010 0.375 ± 0.010 
S H 0.235 +_ 0.010 0 ± 0.010 

The columns labelled ' I I I '  of Tables 2 and 3 give 
the structure factors calculated on the basis of this 
structure. Some of the discrepancies still remaining 
can be a t t r ibuted  to absorption effects. 

The disorder in the ThTSl~ structure 

In  order to account for the intensities observed for the 
Laue-Bragg reflections it was necessary to associate 
one hal f  Th I atom with each of the twofold sites 
_+ (0, 0, ¼). Along a given sixfold axis those sites are 

separated by only 1.99 A. One is accordingly forced to 
conclude tha t  only every other site along a given six- 
fold axis can be occupied by  Th I atoms. Since it is 
known tha t  the sites (0, 0, ¼) and (0, 0, ~-) are statisti- 
cally equivalent  one must  assume the sites (0, 0, ¼) to 
be occupied for 50 % of the sixfold axes, the sites 
(0, 0, ~) for the other 50 %.  The closest distance be- 
tween sixfold axes being 11.04 A., zero correlation is 
to be expected. 

The presence of disorder in  the Th7S19. structure is 
deduced from a s tudy  of the Laue-Bragg .reflections. 
There is no direct evidence for disorder in  the form of 
disorder scattering. Hence, an explanat ion is needed 
for the fact tha t  no disorder scattering has been 
observed. 

The disorder scattering represents the difference 

[ A ]9._ [ A [3, where A is the scattering ampli tude.  I t  
is readily verified tha t  the disorder scattering in the 
present instance is zero except in those scattering 
directions for which H a is odd. The disorder scattering 
should thus show up in rotation and oscillation photo- 
graphs about the a a axis as continuous streaks along 
the odd layer lines. The intensi ty  of these streaks is, 
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S t r u c t u r e  f a c t o r  

T a b l e  2 .  Weis senberg  da ta  

x , I n t e n s i t ~  
H1H~0 I I I  I I I  o b s e r v e d  

100 0 --  10 --  8 Ni l  
110 0 0 - 18 Ni l  

• 200 0 ' - -  10 -- 14 Ni l  
210 566 564 500 s 
120 0 24 26 Nf l  
300 0 --  42 --  58 T r a c e  
220 0 --  56 --  104 vvw 
310 0 --  34 40 Ni l  
130 0 20 32 Nf l  • 
400 0 54 94 vw 
320 0 50 20 Ni l  
230 0 - -  34 - -  40 vvw 
410 0 12 14 Ni l  
140 501 494 544 vs 
500 0 20 46 T r a c e  
330 0 48 26 Nf l  
420 476 464 440 s 
240 0 - -  54 --  92 vw 
510 0 --  52 -- 38 Nf l  
150 0 --  34 --  66 vw 
600 0 38 50 v w - -  
430 0 --  6 34 Ni l  
340 0 10 --  4 Nf l  
520 0 - -  54 --  100 v w +  
250 0 76 98 w - -  

S t r u c t u r e  f a c t o r  
~ I n t e n s i t y  ( 

H 1 H  ~ 1 I I I  I I I  o b s e r v e d  

101 --  213 - - 2 2 8  - -  188 w 
111 210" 188 164 w - -  
201 --  208 -- 196 - - 2 0 0  w - -  
211 0 -- 2 - -  96 vw 
121 --  202 - - 2 0 0  - - 2 3 8  w +  
301 199 224 254 m - -  
221 194 230 258 w +  
311 --  196 - - 2 3 8  - - 2 4 6  w +  
131 --  196 --  148 --  162 w 
401 --  188 --  158 --  172 w 
321 186 134 140 vw 
231 186 182 200 w +  
411 --  183 - -  146 - -  126 v w +  
141 0 0 4 w w  
501 178 184 166 w 
331 --  175 ~ 162 - -  150 w - -  
421 0 8 46 vvw 
241 --  174 - - 2 0 4  --  158 w +  
511 172 200 180 w +  
151 172 226 156 w +  
601 167 90 84 vvw 
431 166 198 210 w +  
341 --  166 - -  104 - -  104 vw 
521 --  164 --  228 - - 3 0 2  m 
251 164 110 80 vw 

T a b l e  3.  Weis senberg  da ta  

S t r u c t u r e  f a c t o r  
- - - - ^  I n t e n s i t y  

H1H~0 I I I  I I I  o b s e r v e d  

10,0,0 0 - -  63 --  68 v w - -  
92O 0 10 --  4 Ni l  
290 0 --  45 --  70 v w +  
660 0 - -  65 --  86 v w +  
750 0 83 75 vw 
570 0 4 ~ 19 T r a c e  

10,1,0 0 --  58 --  86 vvw 
1,10,0 0 44 36 vvw 

840 339 309 321 s 
480 0 "21. 42 vvw 
930 0 --  60 --  34 T r a c e  
390 0 114 156 m 

11,0,0 .0 107 89 w -  
10,2,0 0 66 40 vvw 
2,10,0 ' 0 --  37 --  66 w - -  

760 0 --  1 14 Ni l  
670 0 100  79 w - -  
850 0 --  11 17 Nf l  
580 0 - -  45 --  25 vw 

11,1,0 0 --  28 4 Nf l  
1,11,0 325 291 290 vs 

940 0 --  67 --  27 w w  
490 325 294 319 vs 

h o w e v e r ,  v e r y  s m a l l  c o m p a r e d  w i t h  t h a t  o f  t h e  L a u e -  

B r a g g  r e f l e c t i o n s  b e c a u s e  t h e  d i s o r d e r  i s  a s s o c i a t e d  

o n l y  w i t h  t h e  T h  I a t o m s .  H e n c e ,  o n e  c a n n o t  e x p e c t  t o  

o b s e r v e  t h e  s t r e a k s  e x c e p t  f o r  u n r e a s o n a b l y  l o n g  

e x p o s u r e  t i m e s .  

I t  w a s  s h o w n  e a r l i e r  t h a t  t h e  h o m o g e n e i t y  r a n g e  o f  

t h e  p h a s e  e x t e n d s  f r o m  S : T h  = 1 .71  t o  S : T h  = 1 -76 .  

C o n s i d e r a t i o n  o f  t h e  s t r u c t u r e  f o u n d  f o r  Th7S12  s h o w s  

t h a t  t h e r e  i s  n o t  a v a i l a b l e  s p a c e  f o r  m o r e  t h a n  s e v e n  

t h o r i u m  o r  m o r e  t h a n  t w e l v e  s u l f u r  a t o m s  p e r  u n i t  

ce l l .  I t  i s  f u r t h e r  d i f ~ c u l t  t o  i m a g i n e  t h a t  t h e  s t r u c t u r e  

r e m a i n s  s t a b l e  i f  s o m e  o f  t h e  s u l f u r  a t o m s  o r  s o m e  o f  

t h e  T h i i  a t o m s  a r e  r e m o v e d .  T h e  m o s t  p r o b a b l e  e x -  

S t r u c t u r e  f a c t o r  
I n t e n s i t y  

H 1 H ~ I  I I I  I I I  o b s e r v e d  

10,0,1 131 177 164 w 
921 130 144 137 w 
291 130 191 160 w +  
661 --  128 - - 2 0 7  - - 2 4 0  m 
751 --  128 - -  95 --  117 v w +  
571 128 173 155 w +  

10,1,1 - 127 - -201  - - 2 4 2  w +  
1,10,1 - - 1 2 7  - -  3 2  - -  6 1  N f l  

841 0 - -  4 19 vw 
481 - - 1 2 7  -- 30 --  35 T r a c e  
931 126 150 140 w 
391 126 55 48 v w - -  

11,0,1 --  124 --  66 --  59 T r a c e  
10,2,1 124 31 25 Nf l  
2,10,1 124 80 85 v w +  

761 - - 1 2 3  -- 32 - -  21 Nf l  
671 123 45 82 v w - -  
851 123 149 153 m - -  
581 123 99 83 vw 

11,1,1 - - 1 2 2  - -  5 3  - -  69 v w - -  
1,11,1 0 --  10 - -  .38 vw 

941 - - 1 2 2  - - 2 0 0  , - - 2 0 7  m +  
491 0 --  5 13 vw 

p l a n a t i o n  o f  t h e  w i d e  h o m o g e n e i t y  r a n g e  o f  t h e  p h a s e  

is  t h a t  t h e  s ~ a b i l i t y  o f  t h e  s t r u c t u r e  is  n o t  m a t e r i a l l y  

a f f e c t e d  f f  s o m e  o f  t h e  T h  I a t o m s  a r e  r e m o v e d .  T h e  

u n i t - c e l l  c o n t e n t  a t  t h e  u p p e r  l i m i t  o f  t h e  h o m o g e n e i t y  

r a n g e  i s  t h u s . 0 . 8 2  T h  I ,  6 T h l i ,  6 S I ,  6 S I I .  A t  t h e  e x a c t  

c o m p o s i t i o n  ThTSz2  a S I I  a t o m  is  b o n d e d  e i t h e r  t o  o n e  

o r  t o  t w o  T h  I a t o m s .  I t  i s  r e a s o n a b l e  t o  a s s u m e  t h a t  

t h e  s t r u c t u r e  b e c o m e s  u n s t a b l e  u n l e s s  e a c h  S I I  a t o m  

is  b o n d e d  t o  a t  l e a s t  o n e  T h  I a t o m ,  T h i s  r e q u i r e m e n t  

n e c e s s i t a t e s  a t  l e a s t  0 . 6 7  T h  I a t o m s  p e r ,  u n i t  ce l l ,  i . e .  

t h a t  t h e  u p p e r  l i m i t  o f  t h e  h o m o g e n e i t y  r a n g e  m u s t  b e  

b e l o w  S : T h  = 1 . 8 0 ,  a s  h a s  i n d e e d  b e e n  o b s e r v e d .  

A t  t h e  c o m p o s i t i o n  S : T h - -  1 - 7 6  t h e  a v e r a g e  n u m b e r  
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of Th  I a toms  per  un i t  cell is 0.82. The  separa t ion  be- 
tween  consecut ive  Th  I a toms  along the  same sixfold 
axis is t h e n  e i ther  4.00 or 6.00 A., t he  l a t t e r  va lue  
occurr ing to  the  ex t en t  of 54 % .  

Discussion of  the structure 

The figure shows the  s t ruc ture  of  Th~S12 viewed along 
~the sixfold axis. Two of the  four Th  I a toms  con ta ined  
in the  figure are shown to be a t  (0, 0, I) ,  the  o ther  two 
to be a t  (0, 0, ~). 

Each  Th I a t om is bonded  to  nine a toms  SII,  while 
each  T h l i  a t om is bonded  to  five S I a toms  and  to th ree  
Six a toms.  

@ ,© 

© o 

* b 
o © 

o1=11"041 kX. 

The Th¢Slz structure viewed along a sixfold axis. Two of the 
four Th I atoms shown in the figure are placed at z = ¼ and 
two at z ---- -~. Arrows indicate displacements of S H atoms from 
their mean sites. 

Since a Th  I a t om is e i ther  a t  (0, 0, I)  or a t  (0, 0, ~) 
i t  becomes necessary to regard  the  pa ramete r s  for the  
S H a toms  as var iable .  Consider the  SII a t om a t  (x, y, I) 
wi th  m e a n  pa rame te r  values x = 0.235, y = 0. I f  a Th  I 
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a tom occupies the  site (0, 0, I) ,  t he  d is tance  f rom this  
t h o r i u m  a t o m  to the  SII a t om a t  (x, y, I)  assumes the  
un reasonab ly  smal l  va lue  of Th I -S I I  = 2.60 A. On the  
o ther  hand ,  one finds an  un reasonab ly  large va lue  of  
T h I - S I I = 3 . 2 7  A. if  the  Th  I a t om occupies the  site 
(0, 0, ~). Accordingly  one m a y  expect  the  SII a toms  
to be shif ted f rom the i r  m e a n  posit ions,  the  d i rec t ion  
of the  shif t  depending  upon  whe ther  the  Th  I a t om 
occupies the  site (0, 0, ¼) or the  site (0, 0, ~). The  
direct ions  of the  d isp lacements  of the  SII a toms  f rom 
the i r  mean  posi t ions are ind ica ted  by  arrows in the  
figure. 

The  suggested changes in the  SII pa ramete r s  are 
shown below: 

Interatomic 
(0, 0, ¼) (0, 0, ~) x y distances 

Occupied Vacant 0.255 0 Thi-3 SII ---- 2.82 A. 
Vacant Occupied 0.215 0 Thi-6Sxi -- 3.09 A. 

Mean 0.235 0 ThI-3SII= 2.60 A. 
Thr-6 SII = 3.27 A. 

The  c o n f g u r a t i o n  of  sulfur  a toms  a b o u t  the  t h o r i u m  
a toms  is : 

Thi-3 Sli = 2.82 A. 
Thi-6 SII ---- 3.09 A. 

Mean Thi-9SII=3.00 A. 

ThlI-2S I ----2-95 A. 
ThlI-3S I --2-98 A. 
Thli-2 SIX: 2.85 A. 
Thir-1SII -- 3.00 A. 
Thli-SS =2.94 A. 

The  observed in t e r a tomic  dis tances  T h - S  in t h o r i u m  
sulfides are:  

ThS Th-6S = 2.83 A. 
Th~S 3 Th-7S---- 2-90 A. 
Th~SI~ Th-9 S = 3.00 A. 

Th-8 S -- 2.94 A. 
ThS2 Th-9S -- 2.95 A. 

A de ta i led  discussion of  the  i n t e r a tomic  dis tances  
will be given in a subsequent  ar t icle  of th is  series. 

The  wri ter  t h a n k s  Miss Anne  P le t t inge r  for hav ing  
t a k e n  the  powder  diff ract ion pa t t e rns  and  Prof.  L. 
Brewer  for hav ing  suppl ied all sulfide samples.  
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A number  of sulfides and oxy-sulfides of 5f-elements and of cerium have crystal structures of known 
types as follows: NaCl-type: CeS, ThS, US, PuS, 

Sb2Sa-type: Th2Sa, U~Sa, Np2S3, 
PbCl~-type : ThS 2, 
PbFCl-type:  ThOS, UOS, NpOS. 

The  crys ta l  s t ruc tures  of  some sulfides and  oxy-sulfides 
of 5f-elements and  of l a n t h a n u m  and  cerium were 
descr ibed in earlier art icles of this  series (Zachariasen,  

1948 a-e, 1949 a-d) .  Addi t iona l  c rys ta l - s t ruc ture  d a t a  
for sulfides and  oxy-sulfides of  these e lements  are pre- 
sented in this  paper .  


