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ABSTRACT

Eecause of uncertainty in Geller's refinement (Gel-
ler 1962), the structure of a single crystal of qin-
thetic CoeS6 (of composition Co€.86S8 and o =
9.923(l) A, Sp. Cr. Fm3m), grown by the vapor
transpofr technique using iodine as the transport-
ing agent, was refined using three-dimensional r-
ray intensity data to atr R factor of 0.029. The
observed octahedral cobalt-sulphur distance, 2.359
(2).4" is sliehtty larger tha" the corresponding
distances in cobalt monosulphide Q34L) and
iq cobalt disulphide (2JzI.) and is significantly
larger than the octahedral cobalt-sulphur distance,
2.22L, n CqSa. Previously reported physical prop-
erties, aspects of bonding and the observed bond
distances sugge$t that the octahedral cobalt in CorSe
could be in the low-spin state although the apparent
valency of cobalt in the structure is less than two
fu,'-r.78).

INrnopucrrox

Recent crystal chemical studies on pen,tlan-
dites using single-crystal r-ray diffraction tech-
niques showed that the structures of natural
pentlandites including Fe-Ni pentlandite, cobalt
pentlandite and argentian pentlandite are essen-
tially similar to that of synthetic CogSe (Raja-
mani & Prewitt 1973; Hall & Stewart 1973). The
structure of Co"Sa was refined previously by
Geller (1962) using visually estimated twodi-
mensional x-ray intensity data. In this study, the
pcitional parameter of the su,lphur atom in
equipoint (24e) (whrch is coord,inated to octahe-
dral metal atom in addition to tetrahedral metal
atoms) could not'be refined satisfactorily. The
observed octahedral Co-S distance, 2.39A, using
the unrefined positional parameter of the sulphur
atom is significantly larger tlan the correspond-
ing distances in other cobalt sulphides (2.34A in
Cor--S, Kuznebov 1965; 2.324 in CoSr, Elliot
196O;2.224 in CoaSa, Knop e/ a/. 1968) where
octahedral cobalt is believed to be in the low-
spin staG. A knowledge of the nature of cobalt
(i.e., its valency and spin state) is very desirable
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in understand,ing the solid solution behavior of
iron, cobalt and nickel in the pentlandite struc-
ture. Vaughan & Burns (1971) predicted that
octahedral cobalt in CosSs could probably be in
tho trivalent low spin state. Nevertheless, the le-
ported Yto-S distance in Coesh is too large even
for a divalent low spin cobalt. Because of this
discrepancy which may well be due to uncertain-
ty in Geller's refinement and to provide moro
information on the structure and bonding of
pentlandite, the structure of CoeSe was refined
using a single-crystal grown by vapor transport
techniques and is reported here,

ExpnnrnasNreL

Single crysta,ls of CosSa were synthesized by
a chemical transport technique using iodine va-
por as the transporting agent. The details of the
techniquo including synthesis of other sulphides
will be described elsewhere. To check the stoi-
chiometry of the crystals, two large crystals were
analyzed using an ARl-electron probe micre
analyzr;r, Homogeneous, stoichiometric Fe$ and
CoS: crystals, grown by similar techniques @ou-
chard 1968) were used as standards for sutrphur
and coba,lt, respectively. The crystals of Cos$
analyzed are also very homogeneous. One crystal
of dimensions 0.19 X O.15 x O.13 mm with
well-defined crystal faces was mounted on the
[110] axis and precession photographs were
taken to check the space group. The cell pararn€-
ter was determined from 20 values measwed on
the Picker four-circle diffractometer. Integrated
intensities of. 42O reflections were collected on
the diffractometer. The details of data collection
and reduction including absorption correction
and refinement were similar to those described
earlier (Rajarnani & Prewitt 1973). Crystal data
including cell parameter, composition and start-
ing positional parameters (after Geller 1962)
are listed in Table l.

During the refinement it was observed that
ths intensities of strong reflections such as 44O,
800, and L2.4.O are greatly affected by secondary
extinction. Therefore, an attempt was made to
collest another set of intensity data after sub'
jecting the crystal to thermal shock by dipping
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Table l. Crysta] data for synthetlc Co9S8.

llicroprobe anal., At. X:

Chemical composition:
Space grcup:

Cell parameter a:

Star t lng posl t lonal  ab(M(0)) :
Parameters as given 32f(M(T)):

by Gel ler  (1e62) 8c(s ' l ) :
24e (s2 ):

C 0 . 5 2 . 5 ( 2 ) r  s  '  a 7 . s ( 2 )

co8.e5sg
Fm3m
e. e23( r )n

t l2, 1lz, ' l /2

0 . 1 2 6 , 0 . 1 2 5 , 0 . 1 2 6
1 1 4 ,  1 1 4 , 1 1 4
0 . 2 5 9 , 0 , 0

it repeatedly in liquid nitrogen. However, the
results were not significantly chang,ed by the
above procedure.

Sinco the composition of the crystals h
Cos.ssSh instead of Cos,Ss, the occupancy of
Co in the tetrahedral sites was refined assum-
ing cation vacancies. This did not improve the
results of the refinement. The observed (after
absorption correction and averaging) and cal-
culated strucfure factors are listed in Table 2.
The refined pos'itional parameters and tomper-
ature factors including R factor, and interatomic
distances and angles are listed in Tables 3 and
4, respectively.

Resulrs eNp DrscussloN

The cell parameter of synthetic CoeSs was
shown to be sensitive to he stoichiometrv of the
phase, being smaller when the phase is siturated
with sulphur and laiger wheri it is saturated

TABLE 2. oBSERvm Ao CALCULATEo STruOURE FAOCnS FoR Cogs8 :.

b k z  E o  E c

2 0 0  8 7  8 9
4 0 0  2 2 4 2 q 1
6 0 q  9 6 1 0 2
8 0 0  6 7 0 7 2 7

1 0 0 0  3 0  3 l
1 2 0 0  9 5  9 7
2 2 0  1 0 7  9 6
4 2 0  9 0  8 8
6 2 0  7 0  7 2
8 2 0  3 8  3 9

' 1 0 2 0  5 6  5 8
1 2 2 0  2 5  2 6
4 4 0  * 2 9 ? a
6 4 0  4 2  4 2
8 4 0  1 4 3 1 4 2

1 0 4 0  7 6  n
t 2 4 0  4 7 4 4 4 7

8 6 0  5 8  5 8
1 0 6 0  4 9  4 9
1 2 6 0  l l  t l
8 8 0  4 9 8 5 1 4

I 0 8 0  2 0  1 6
I t l  1 7 8 1 5 3
3 l l  3 3 : } 3 i } 7

b k t  f o  F c

5 1 I 293317
7 1 1  1 3 6 l 4 t
9 l r  3 3  3 4

' n l l  1 2 9 t 3 0
1 3 l 1  l 5 t l 5 5
3 3 1  2 0 3 1 9 0
s 3 r  1 @ 1 0 6
7 3 1  t 9 3 1 9 1
9 3 1  2 0 0 t 9 9

l1 3 I 122123
1 3 3 t  2 1  2 0
5 5 t  4 5  4 5
7 5 1  1 9 8 1 9 4
9 5 I  2 0 6 2 0 7

l t 5 l  7 9  8 l
7 7 1  1 4 7 1 4 4

l t 7 l  8 8  8 8
9 9 1  l 0  9
2 2 2  3 0 7 2 9 t
4 2 2  n  7 t
6 2 2  \ 9 2 1 9 2
8 2 2  4 3  4 5

1 0 2 2  l 4 l  1 4 0

h k t  F o  P c

t 2 2 2  1 9  ? 0
4 4 2  t  5 6
6 4 2  5 4  6 3
4 4 2  4 4  1 5

I 0 4 2  4 8  4 9
1 2 4 2  1 6  1 5
6 6 2  1 6 4 l 5 t
4 6 2  4 0  3 9

1 0 6 2  l 2 o t 2 l
\ 2 6 2  2 t  2 1
8 8 2  2 t  2 0

1 0 8 2  3 7  3 t
3 3 3  2 6 7 2 5 1
5 3 3  2 5 2 2 4 5
1 3 3  l n 1 7 4
9 3 3  6 7  6 7

' I t 3 3  l o t t o l
1333 127 127
5 5 3  2 5 1 2 4 4
7 5 3  i l 7  1 r 4
9 5 3  2 5  2 6

l t  5 3  l l 0 l l t
7 1 3  1 2 2 l l 9
9 7 3  1 3 8 1 3 6

h & 7  
. F o  

F a

l l 7 3  l 3 l t 3 t
9 9 3  r 5 4 : 5 6
4 4 4  2 M 1 8 9
6 4 4  7 8  7 5
8 4 4  6 0 3 6 m

1 0 4 4  2 1  2 3
1 2 4 4  8 8  8 7
6 6 4  5 4  5 3
8 6 d  2 2  2 2

1 0 6 4  5 0  5 0
8 8 4  9 8  9 7

' 1 0 8 4  5 3  5 3
5 5 5  2 5 6 2 4 7
7 5 5  6 5  6 6
9 5 5  l 2  l 0

l l 5 5  r 2 3 1 2 2
7 7 5  ' , t 3 3 I 2 8

9 7 5  r 4 9 t 4 7
6 6 6  r 4 l r 3 9
8 6 6  4 1  4 0

1 0 6 5  r 0 4 r 0 5
8 8 6  3 7  3 7
7 7 '  t 5 4 1 5 0
9 7 7  1 3  7 3

with cobalt (Knop & Ibrahim 1961). The ob-
served cell paramJter. 9923G)4, is smaller than
the previously reported value, 9.929A, for the
stoichiometric Coe'So. This suggests that the
crystals of CogSra grown by vapor transport tech-
nique are slightly cation deficient. This is not
entirely unexpected because the crystals were
grown from a vapor phase which was always
saturated with sulphur, as indicated by the pre-
sence of sulphur at the end of each run. Micro-
probe analysis of the crystals also revealed that
the crystals are cobalt deficient Coa.esSa in agree.
ment with the prediction based on the lattice pa-
rameter. The above observation tends to sup-
port the idea that the nonstoichiometry in pent-
landite is due to metal addition and omission
solid solution (Donnay & Shewrnan 1971; Raja-
mani & Prewitt 1973).

Table 3. FJnal atomic parameters ln Co95g.

B 0.45(4)

x 0,12623(3)
32f  

* t , ,  
0.O0l I7(7)

Btz 0.00006(2)
s 0.46(3)

8c B 0.51 (4)

x 0.2623(1 )
24e B[ 0.00074(2)

n*ur"  
0.00117(9)

B 0.4?(4)

s - p";ifrol - lr"l)2/r*o2 1t/2 - o.oze.
s@ilatg ettLrcx]lq cottiltlq fac+at c - 1.79 x 10'5.

**o 
n*lsit la E4pnthases {ePEsent caldiatad

standard dtots (74) 4d taf?t xo the Tast ddcltu7

Ffa@.

* 8 1 t  
"  8 z z '  8 3 6  B t z "  B r g  "  B z g .

B z z  '  8 s $  B t z  '  8 t g '  B z s  '  0 .

Our refinement rdsults confirm that the struc-
ture of CoeSa as proposed by Lindqvist, Lundri-
vist & Westgren (1936) is essentially correct. The
details of the structure had been adequately de-
scribed in earlier studies. referred to earlier.
Only the positional parameter of the 52 sulphur
atom in (24e) bas changed significanfly from
0.259 to 0,2623. The change is particularly im-
portant because of its influence on the inter-
atomic distances. The octahedral Co-S distance,
2359A, though smaller than the vatue 23924
reported by Geller, is still sligbtly larger than
the correspolding distanes, 2.324 and. 2.344
in CoSa and Cor-S, respectively. Sirnilarly, the
mean ryCo-S distance, 2,2024, is also larger than
the rCo-S distance, 2.1844, in the thiospinel
CogSe which is a normal spinel (Knop er al.
1968). It should be noted here that the observed
vtCo-S distance in CoeSa is even larger for a di-
valent low spin cobalt; therefore, the octahedral
cobalt could not be in the trivalent low-spin state.
The isotropic temperature factors are slightly



smaller than those that were observed in natural
pentlandites. This could be due to the presence
of only eas kind of atom in the present case and
also because of the greater covalency of the
Co-S bond as compared to'Fe-S and Ni-S bonds
in su,lphides (Rajamani & Prewrtt 1972).

Aspects of bonding in CoeSe appear to be
similar to that in the thiospinel CogSa because
both these phases were observed to be metallic
and Pauli paramagnetic (Vaughan 1971;
Vaughan et al. 197L). Also, both these structures
are based on the cubic closs packing (f.c.c.) of
sulphur atoms and the metal atoms are located
in the octahedral and tetrahedral interstices.
Howevet, in the case of CosSa, % of the avail-
able tetrahedral sites and Yz of the octahedral
siGs are occupied by rnetal atoms; whereas in
CosSa metal atoms occupy l/a of the available
ootahedral and r/z of the tetrahedral sites. This
structural similarily suggests that in CorS' three
metal-metal interactions are possible which in-
clude: (1) M(T)-M(T) direct interaction as in-
dicated by the MQ)-MQ) distance, 2.504. This
distance is well below the critical separation Rc
which is 3.274 for cobalt in sulphides (Good-
enough 1967). This direct interaction (or bond-
ing)'leads to the formation of the metallic cube
cluster of tetrahedral metal atoms. (2) M(T)-SL-
M(T) interaction which involves LA9.47" cation-
anion-cation coupling and links the rnetallic cube
cluster in the [110] direction. This interaction
could also be strong because the M(T)-Sl dis-
tance, 2.1.27A, indicates that the bonding be-
tween ryCo-rvS is highly covalent and the strength
of cation-cation interactioDs are direc.tly related
to the degree of covalent bonding (GooJenough
1969). (3) M(T)-\2-M(O) interaction which is
between the tetrahedral and octahedral cobalt
through the 52 sulphur atom. These three metal-
metal interactions would lead to the formation
of d bands of the antibonding d orbitals and
the antibonding d electrons would be completely

Table 4. tnbratmtc dlstances and angles Jn CogSS.r

ATOI{

r,r(o) - sztol"

r(T) - sl
r'r(r) - e[3]
ilean fi(T) - S

!,t(T) - 11(r)l3l
- x(T)t3l
- M(r)t3l

s2 - s2[4]

orsrerce (8)

2.127 l1)
2 .227 (1 )
2,2t2

2 .505( r  )
3 .543( l  )
3.474(l )
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FIc. 1. Schematic energy level diagram for the 3d
orbitals in CosSa.

delocalized in these bands. This is illustrated in
the schematic energy level diagram shown in
Fig. 1. All these three d bands, o*aaror atrd
2c'nutys (with respect to direct,metal-metal bond-
ing in the cube cluster) may coalesce to form a
single, broad, partially filled band giving rise to
the metallic conductivity and Pauli paran-agnet-
ism. The absence of Jahn-Teller distortion for
the octahedral low spin Co(II) (f,z|) could be
due to the delocalization of the unpaired e"
electron in the broad d band.

Although the observed IvCo-S is slightly
larger than the corresponding distances in
CoSz and Cor-,S where vrCo(II) is believed to
be in the low spin state, it is not surprising
when we consider the stoichiometry of CosS".
Assuming S is divalent (S'?-), it can be argued
that Co in CosSe could not be entirely divalent.
It must be emphasized here that in compounds
such as freSs possessing metallic properties,
assignment of formal valencies is not a valid
procedure (Goodenough 1969, p. 272). The
apparent valency of cobalt, p', can be cal-
culated using the exprepsion rnp' : xX'for a
cornpound of the type Mf XI' (Hulliger 1968)
and is found to be 1.78. The observed larger
vICo-S distance (2.359i as against 23AL 

'n

Cor-"S) and 
"ryCo-S 

distance (2.202i as

against z.L8/,A in CosS, in Cosss could be
due to the reduced valency of cobalt in the
pentlandite structure. The presence of me-
tallic properties in Cosss indicates that "ca-
tion" s and , electrons are also involved in the
metal-metal interaction, in addition to d elec-
trons. This is because "a cation concentration
yielding more s and 2 electrons than are needed
to saturate the anion valencies must produce

ATOM AX6LE (DEE.)
s2 - I(0) - s2 90

sr - n(T) - s2 107.42(5)
s2 - r.r(r) - s2 111.44(5)

M(r) - r1(1) - u(T) 90

il(T) - sr - i(r) 109.47

fl(r) - s2 - r1(T) 68.44(6)
M(r) - s2 - r,t(o) 127.32(61
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metallic properties" (Hulliger 1968, p. 68),
thereby supprting the reduced valency of
cobalt in the pentlandite structure.
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