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Refinement of the Crystal Structure of Co9S8 

BY S. GELLER 

Bell Telephone Laboratories, Incorporated, Murray  Hill, New Jersey, U . S . A .  

(Received l .1larch 1962) 

The s tructure of (;ouS a has been refined in si)a(:e group O~'~-Fm3m by the least-squares technique 
applied to selected single-crystal data.  The lattice constant  of CoaS a is 9-928 + 0-001 A and there 
are four Coos a in the unit  cell. There are two kinds of cobalt  atoms in the s tructure:  one is surrounded 
by a regular octahedron of sulfur atoms with Co-S distance, 2.39 + 0.03 fit ; the other is surrounded 
by a tetrahedr(m of S atoms, one Co-S distance being 2.13_+0.02 A, anti the other three being 
2.21 + 0"02 A. Each of the cobalt atoms with te t rahedral  sulfur coordination is also linked to three 
similarly coordinated cobalt  atoms at  a distance of 2.50 + 0.02 ,~ which is essential ly the Co-Co 
(listance in the e lementary  cobalts. Some comparison is made with the Rh-S  coordination in l{hlTS,s 
and it is ten ta t ive ly  c(mcluded tha t  an anomaly exists in the apparen t  sizes of the octahedrally co- 
ordinated metal atoms. 

Introduction 

The  c rys ta l  s t ruc tu re  of CogSs was solved b y  L indqv i s t ,  
L u n d q v i s t  & W e s t g r e n  (1936) f rom powder  da ta .  
In  the i r  paper ,  L i n d q v i s t  et al. poin t  ou t  t h a t  several  
au tho r s  h a d  proposed  er roneous  fo rmulas  for th is  
compound  or i ts  i somorph  pen t l and i t e ,  ((Ni,Fe)gSs). 
Also Als6n (1925), a s suming  a fo rmula  of (Ni, Fe)S 
for pen t l and i t e ,  h a d  proposed  an  a p p a r e n t l y  er roneous  
s t ruc tu re .  

As was po in t ed  ou t  in a recent  paper  on the  s t ruc tu re  
of Pd,  TSe15 (Geller, 1962a), the  in t e res t  in CogSs 
resu l ted  f rom the  poss ib i l i ty  of a close re la t ionsh ip  
of i ts  s t r u c t u r e  to t h a t  of the  i sos t ruc tu ra l  Pd~TSe,5 
and  Rh17Sl~ crys ta ls .  This  was p a r t i c u l a r l y  so because 
of the  repor ted  ( Juza  et al., 1935) formula ,  Rh,~Ss, 
for the  l a t t e r  compound.  Because  of some d i f f i cu l ty  
wi th  the  so lu t ion  of the  s t ruc tu re s  of Pd~TSe,.~ and  
Rh17S,5, i t  was decided to check the  CogSs s t ruc tu re  
wi th  s ing le -c rys ta l  da ta .  The  s ingle-crys ta l  ma te r i a l  
used in th i s  ana lys i s  was v e r y  k i n d l y  g iven  to us b y  
])r  J .  R.  S tubb les* ;  i t  h a d  resu l ted  f rom his inves- 
t iga t ions  on self-diffusion in CogSs. 

In  our s t u d y  of the  s ingle-crys ta l  d a t a  from CogSs, 
concluded t h a t  the  s t r u c t u r e  proposed  by L i n d q v i s t  

* Now at the University of Manchester, England. 

et al. was essen t ia l ly  correct.  The  re f inement ,  however ,  
gives a s u b s t a n t i a l l y  d i f ferent  v iewpoin t  on the  Co-S 
in t e ra tomic  dis tances .  

Experimental  

A s l igh t ly  imper fec t  sphere  of average  d i ame te r  
0.28 mm. was m a d e  from the  s ingle-crys ta l  ma te r i a l  
wi th  the  Bond  (1951) sphere  gr inder .  The  c rys t a l  was 
a l igned  a long [100] as r o t a t i o n  axis  a n d  a set  of 
Weissenberg  pho tog raphs*  t a k e n  w i th  Me K~  radia-  
t ion,  for which the  absorp t ion  coefficient,  t t = 1 6 4 . 0  
cm. -1, /~R=2.3 .  A set  of precess ion-camera  photo-  
g raphs  was also t a k e n  wi th  Me K,x r ad i a t i on  and  
[100] as precession axis.  H o w e v e r  only  hk0 a n d  hkl  
in tens i t i es  f rom the  Weissenberg  p h o t o g r a p h s  (50 and  
24 hr.  exposures  respect ive ly)  were e s t i m a t e d  v isual ly ,  
by  compar ison  wi th  a ca l ib ra ted  i n t e n s i t y  s tr ip.  

The d i f f rac t ion  s y m m e t r y  of the  c rys ta l  is m3ra 
wi th  ref lect ions hkl present  on ly  when  h + k and  k +  l 
are even. There  are no f u r t h e r  s y s t e m a t i c  absences.  
Thus  the  p robab le  space groups are" O~-Frn3rn, 
T'~-F43m or 0'~-F432. 

* Customarily, when using Me K x radiation, the author 
uses a three film pack with sheets of Cu foil interleaved result- 
ing in a film:film intensity ratio of approximately 4: 1. 
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Table l.  Final values of parameters 

Atom Position x y z B ~(x) ~(B) 

Co 4b ½ ½ } 0-55 A 2 0.21 A "~ 
Co 32.f 0 .1260 0.1260 0.1260 0.39 0.0003 0.03 
S 8c t :]- ¼ 0"07 0"25 
S 24e 0 0 0.2591 0.17 0.0011 0.11 

The latt ice constant,  9"928+0.001 _~, in good 
agreement  with the value 9-927 _~ (converted from 
9.907 kX. units) reported by Lindqvis t  et al. (1936), 
was obtained from a powder photograph taken  with 
a Norelco St raumanis- type  camera of 114-59 mm. 
diameter ;  Co K~ radiat ion was uscd. The cell volume 
is 978.56 .~3 and with four Co9S8 per unit  cell, the 
X-ray  densi ty is 5.34 g.cm. -3. 

Lorentz-polar izat ion and absorption corrections 
were applied to the visual ly es t imated single-crystal 
intensities, the la t ter  by  means  of the table for 
spherical crystals given by Bond (1959). The appro- 
priate data  were used to calculate* (001) Pat terson 
and electron-density projections and the analogous 
l = l  generalized projections. These had a twofold 
purpose: (1) they  were compared with analogous 
projections of PdlTSe,5 and Rht7S,5 to determine what,  
if any,  similarit ies there were between the two struc- 
tures (this was done main ly  to aid in the structure 
solution of the la t ter  two compounds, Geller, 1962a); 
(2) to corroborate the structure of Lindqvis t  et al. 

R e f i n e m e n t  of the  s t r u c t u r e  

Although the most probable space group of Co9S8 is 
not necessari ty the centrosymmetr ic  one, Fm3m, 
(Geller, 1962a) the structure was refined in this space 
group, in which the atoms of CogSs are s i tuated as 
follows" 4 Co in b, ½ ½~ ; 32 Co in f, + (xxx, x2~, ©) ; 

8 S in c, +_ ~-~21:,1 1 1. and 24 S in e, _+ (x00, r-~); all plus 
face centering. Thus there are two positional param- 
eters to be refined. No a t t empt  was made to refine 
anisotropic thermal  parameters ;  i t  was found tha t  
the isotropic tempera ture  factors were very sensitive 
to observational  errors. This was also noticed in the 
ref inement  of the PdlTSei~ (Geller, ]962a) and the 
Rh,vSI5 (Geller, 1962b) structures. 

Ref inement  was carried out using the IBM 704 
Bus ing-Levy  (1959) least-squares program adapted 
to the IBM 7090 with a compat ib i l i ty  program. In  
the first least-squares cycle all ampli tudes  for reflec- 
tions ac tual ly  observed were given uni t  weight while 
those of reflections too weak to bc observed were 
givcn zero weight. The Co x-parameter  was taken 
ini t ia l ly  as 0.126 and tha t  of S as 0.252. The thermal  
parameters  for the Co atoms in both a and f were 
taken in i t ia l ly  as 0-10 J~" and those of all S atoms, 
().20 A 2. In  the calculation of structure ampl i tudes  
the atomic scattering factors used for Co were those of 

* I n  all of t hese  ca l cu l a t ions ,  I B M  71)4 p r o g r a m s  b y  1:~. G. 
T r e u t i n g  were  used.  

Thomas & Umeda  (1957) and, for sulfur, those of 
Dawson (1960). The real par t  of the dispersion correc- 
t ion (Daubcn & Templeton,  1955) was applied to the 
Co scattering factors. At the end of the first least 
squares cycle the calculated correction to xco was 
+0"00003 and tha t  to Xs was +0"0078 leading to 
xs=0.2593.  The thermal  parameter  of S in e became 
- 0"05 .&2 .  

In  all, six i terations were carried out. In  the final 
four i terations all reflections for which ]AF l >_ 50 
were given zero weight. The total number  of ampli-  
tudes used to refine the parameters  was then  56. 
Including two scale factors, one for each of the Weis- 
senberg levels, there were eight parameters.  The final 
values of the scale factors were 1.038 and 0.960 for 
the zeroth and first layers respectively with a 's 
0-017 and 0.023 respectively. The remaining values of 
parameters  and their  s tandard  deviations are given 
in Table 1. 

Table 2. Observed and calculated structure factors 

hkO hk l  

h k F ° F c h k F ° F c 

2 0 87 90 
4 o 211 -22~ 
6 0 90 91 
8 0 725 744 

10 0 < 43 30 
12 0 104 - 1 0 0  
14 0 87 66 
16 0 420 372 
18 0 < 52 13 
20 0 67 - 60 
22 0 < 48 46 
24 0 176 175 
2 6 0  < 3 1  6 

2 2 87 93 
4 2 85 84 
6 2 70 69 
8 2 39 42 

10 2 56 5h 
12 2 < 48 30 
I b, 2 < 50 42 
16 2 < 52 9 
18 2 < 52 34 
20 2 < 52 5 
22 2 < 48 27 
24 2 < 4o - b, 
26 2 < 31 22 

b 4 773 921 
6 4 37 43 
8 b 157 -142 
I0 h 58 71 
12 4 502 501 
14 1~ < 51 17 
16 4 66 - 72 
18 4 < 53 53 
20 h 266 246 
22 4 < 48 8 
24 4 48 - t~6 
26 h < 29 35 

6 6 66 60 
8 6 48 57 

10 6 53 h8 

hkO 

h k F ° F c 

12 6 < 50 15 
14 6 < 50 h i  
16 6 < 52 20 
18 6 < 52 32 
20 6 < 52 - 2 
22 6 < 46 27 
24 6 < 39 2 
26 6 < 27 20 

8 8 595 564 
10 8 < 48 18 
12 8 51 - 82 
1 b, 8 51 51 
16 8 386 312 
18 8 < 52 8 
20 8 48 - 55 
22 24 38 

154 
10 10 < 50 4b, 
12 10 < 52 38 
14 I0 < 52 35 
16 10 < 52 2 
18 10 < 52 31 
20 10 < h6 13 
22 10 < 42 24 
2h 10 < 31 - 6 
12 12 394 34O 
14 12 < 52 6 
16 12 7 b, - 6 i 
18 12 < 48 35 
20 12 16b 186 
22 12 < 3 1  3 
24 12 32 - 39 
14 114 < 52 33 

20 14 < 39 - b 
22 1)4 < 31 214 
16 16 213 199 
18 16 < hO 0 
20 16 47 - 43 

3 31 I -333  
5 3 19 -302  
7 129 136 
9 < 70 51 

1] 125 -1~,4 
13 181 - 1 6 0  
15 92 89 
17 < 89 11 
3 3 2bO 178 
5 3 103 111 
7 3 236 -199  
9 3 207 -201 

11 3 125 122 
13 3 < 83 36 
15 3 71 - 88 
17 3 89 -108  
5 5 62 61 
7 5 280 - 2 0 0  
9 5 271 -205  

11 5 102 89 
13 5 < 83 I I  
15 5 87 - 95 
17 5 90 - 1 1 4  
7 7 204 139 
9 7 76 68 

11 7 115 - 1 0 6  
13 7 139 -125  
15 7 89 97 
17 7 < 89 26 
9 9 < 81 12 

11 9 108 - - 1 2 0  
13 9 142 - 1 3 7  
15 9 < 90 56 
11 11 86 107 

It  is seen tha t  there was no significant difference 
in the values of the two positional parameters  obtained 
in the first and last cycles. There were changes in the 
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temperature  factors and these, as indicated earlier, 
were very sensitive to the removal  from the calcula- 
t ion of the several ampli tudes  for which ]JF]  > 50. 
Also the s tandard  deviat ions indicate tha t  perhaps 
only the thermal  parameter  of Co in f is meaningful.  
I t  is par t icular ly  unl ikely tha t  the S tempera ture  
factors would actual ly  be smaller  than  those of Co. 

Observed and  calculated ampl i tudes  are listed in 
Table 2. The positional parameters  used in the calcula- 
tions were those listed in Table l,  but  the temperaturc  
factors, in Table 1 order were: 0.562, 0.387, 0.164 and 
0-164 _~2 respectively. The discrepancy factor, in- 
cluding consideration of mult ipl ici ty,  is 0.13. 

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

The interatomic distances in CogSs are given in 
Table 3. Fig. 1, like tha t  of Lindqvis t  et al. gives the 
ar rangement  of atoms in two octants of the unit  cell.* 
The one difference t)etween the two figures, which 
may  perhaps  be noticed, is the ar rangement  of the 
S atoms in e. Lindqvis t  et al. had arr ived at a value 
of ~ for the parameter  of these atoms as opposed to 
the more accurate value of 0.259 given here. The 
x-parameter,  0.126, of the Co atom obtained in the 
present work, however, is not very different from the 
1 reported by  the previous authors. 

Table 3. Interatomic distances and standard 

Atom Neighbors Distance 

Co(b) 6 S(e) 2.392 A 6.011 

Co(f) 1 S(c) 2-132 0.005 
3 S(e) 2-208 0.008 

3 Co(f) 2-501 0.006 
3 Co(f) 3.481 0.008 

4 Co(f) 2-132 0-005 
] 2 S(e) 3.51 l 0.000 

l Co(b) 2.392 0.01 l 
4 Co(f) 2.208 0-008 

4 S(e) 3.382 0.015 
4 S(e) 3.512 0.015 
4 S(c) 3.5l I 0"000 

S(c) 

S(e) 

eFFOF8 

In  CogSs each Co atom in b is surrounded by a 
regular octahedron of S(e) atoms at 2.39/~ (as against  
2.48 /~ reported by  Lindqvis t  et al.). Each Co atom 
in f is surrounded by  a te t rahedron of S atoms: 
l S(c) at  2.13 A and 3 S(e) at 2.21 /~ (as against  2.14 .~ 
for all, found by Lindqvis t  et al.). The Co(f) atoms 
lie at corners of cubes centered at positions 4a and 
with cube edge, 2.50 A. Thus, in addi t ion to the 
te t rahedral  coordination to S atoms, each Co(f)  a!~om 
is coordinated to three Co(f) atoms at 2.50 A. ~his  
distance is s l ightly less t han  the Co-Co distance, 
2-506 .~, in e lementary  cubic cobalt, (Taylor & Floyd, 
1950); in hexagonal  cobalt, there are two Co-Co 
distances, 2.507 and 2.495 .~ (Taylor & Floyd, 1950). 

* There  is ano the r  figure of this s tru( . ture showing a com- 
l)letc unit  cell in Strukturbericbt  for 1(.)36, Vol. IV, p. 26. 

j 

;)o_o 
~ Co C) s 

Fig. 1. The  a r r a n g e m e n t  of a toms  in C%S 8. At.ores in only 
two oc tan t s  are shown (after  L indqv i s t  et al.). 

The three Co(f  )-Co(f)  bonds about a Co(f)  atom 
are re la t ively stronger than  the anah)gous Rh(m)-  
Rh(m) and Pd(m)-Pd(m) bonds in RhI7SI.~ and PdlvSel~, 
respectively (Geller, 1962b, a). The relations are shown 
in Table 4. 

Table 4. Values of analogous metal-metal distances in 
Co9S8, Rh17S15 and PdlTSe15 compared with elementary 

Compound 

Co9S q 
Rhx7Sl~ 
Pd]TSel~ 

distances 

Average Dista nee, 
inet,~l-metal in elementary 

distance metal 

2.50 A 2.51.4 
2.85 2.69 
3.15 2.75 

An S atom in c is at  the center of a regular tetra- 
hedron of Co (f) atoms. An S atom in e is coordinated 
to 1 Co(b) atom at 2.39 ~ and 4 Co(f)  atoms at 
2.21 ~,  the Co atoms being at the corners of a pyramid  
with square base. Thus an S(c) a tom is at the corner 
of four te t rahedra  and an S(e) atom is at the corner 
of one octahedron and four tetrahedra.  In  a sulfur 
te t rahedron each of the three edges involving only S(el 
atoms is shared by another tetrahedron.  The sulfur 
octahcdra share only corners with tetrahedra.  

A comparison of the octahedral  Rh -S  distance, 
2.34 A in Rh17Sl.~ with the octahcdral  Co-S distance, 
2.39 A, in CogSs, indicates an anomaly:  the Rh-S  
distance would be expected to be the larger one. 
(See, e.g., last column of Table 4. Also the lattice 
constant  of pyri te- type RhS2 is 5.585 .~ (Thomassen, 
1929) whereas tha t  of pyri te- type CoS2 is 5.523 
(Kerr, 1945).) The coordination of S to Rh atoms in 
Rh17S~ which is most closely related to the te t rahedrai  
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S to Co coordination in Co~Ss is tha t  of the Rh(m) 
with the S(f) ,  S(i) and S(j)  atoms. The average 
distance for these is 2-33 ,~ (Geller, 1962b) compared 
with the average te trahedral  Co-S distance, 2.19 :~. 
Moreover, the relat ively longer Rh(m)-Rh(m)  than  
Co (f)-Co (f) distances (Table 4) would imply  a relative 
shortening of Rh(m)-S distances. Thus we are able 
to conclude tha t  the 4-coordination distances are 
relat ively as one would have predicted. 

I t  is possible tha t  the more complex bonding and 
packing in the Rhl~S~5 results in the shortening of 
the bonds of the single Rh  atom in the unit  cell 
having octahedral  coordination. By  s tudying the 
systems in which Co replaces Rh  in Rh~:S~.~ and tha t  
in which Rh replaces Co in CoDSs, we hope to gain 
some further  insight into the bonding and atom sizes 
as well as effects on the superconductive properties 
of I{h17S15. 
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The Crystal Structure of the Superconductor Rh~TS~s 
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Crystals of Rh~TS~s, isostructural with those of P(I~TSe~, belong to one of three space groups 
O~-Pm3m, T~-PT~3m or O l- l)432, have a lattice constant of 9.911 _+ 0.001 A, and two formula units 
per unit cell. The structure of l{hl~S15 has been refined in Prn3m from selected single-crystal X-ray 
data. It  is shown that  there are relatively short Rh-Rh  contacts in Rh17S15. 

Introduction 

To date, only Rh17SJ5 and Pd~vSe~s are known to 
crystallize with the structure to be described in this 
paper. A detailed account of the s tructural  s tudy  of 
PdlTSe15 has a l ready been given (Geller, 1962); it  was 
ment ioned tha t  X-ray  data  from both R.h17S~5 and 
Pd~TSe~5 were useful in the solution of the s tructural  
problem. The main  purpose of the present paper  is 
to report  on the s t ructural  details of RhlTSIs and to 
point out how they  differ from those of PdlTSels. 

The rhodium-sul fur  system was first invest igated 
by Juza,  Hulsmann,  Meisel & Blitz (1935). They found 
a compound tha t  they  designated Rh,~Ss, which 
appeared from X-ray powder diffraction data  to have 
pr imi t ive  cubic symmetry .  The compound was found 
to be superconducting by Matthias,  Corenzwit & 
Miller (1954). Recently,  Kjekshus  (1960) carried out 
X-ray studies over a temperature  range on compounds 
alleged to be RhgSs and PdgSes. The s t ructural  s tudy 
has conclusively shown, however, tha t  the correct 
formulae of the compounds are Rh17Sl~ and PdlTSe1.5, 
as shown in the paper on the lat ter  compound. 

Exper imenta l  

The latt ice constant obtained from a powder photo- 
graph (taken with a 114.6 mm. diameter  Norelco 
St raumanis  camera and using Cu K radiation) of a 
specimen with an originally intended composition 
Rh0Ss is 9.911 _+ 0.001 A. This value probably  repre- 
sents the latt ice constant  of Rh17S15 well within 
experimental  error. A compound RhDSs would contain 
78.31% Rh by weight while RhlvS15 contains 78.44% 
Rh by weight;  the difference is small. Fur thermore  
a specimen made up with intended composition RhsS7 
(78-58% Rh) contained e lementary  rhodium as shown 
by  an X-ray  photograph. Excess sulfur would be 
difficult  to see in the 'RhDS8.' The phase appears to 
be fair ly sharply defined in the R h - S  system, but  
even i f  there were some solution of sulfur in the 
Rh17S~, there would probably  not be a significant diffe- 
rence in latt ice constant  between 'RhDSs' and Rh17S~5. 

Wi th  two Rh17Sl~ in the unit  cell, the X-ray density 
7.60 g.cm. -.~ is in good agreement with the value 
7.68 g.cm. -3 obtained pycnometr ica l ly  on an "Rh,~Ss' 
specimen. 


