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Colwmbia Lrni,tersit"t. New York.

ABSTRACT

Single crystal o-ray studies indicate that the mineral cobaltite (CoAsS) is orthorhombic

with the arsenic and sulfur partially disordered Heating in vacuum to 850' C. completely

disorders the arsenic and sulfur The space group of this form is Pa3 and the structure is

that of pyrite. Annealing in vacuum from 450o C. orders the arsenic and sulphur completely'

The space group is Pca21 (pseudoisometric). Examination of the related mineral gersdorffite

(NiAsS) shows that it belongs to space group P213 and has an ullmanite (NiSbS) structure.

INrnopucrrox

The mineral cobaltite is a sulfarsenide of cobalt. CoAsS. in which
minor amounts of iron and nickel substitute for cobalt, and antimony
substitutes for arsenic (Beutell, 1911). It is found in high temperature
veins or as a constituent of disseminated deposits in metamorphosed
rocks. Crystals are common and the most frequent forms are the cube
and pyritohedron, and, less frequentlv, the octahedron (Palache et al.
1941).

On the basis of crystal morphology, cobaltite has generaily been as-
sumed to have the symmetry of the pyrite group. This symmetry is iso-
metric-diploidal-2/m 3 (see for example, Dana, 1892). With the deter-
mination of the pvrite structure (Bragg, 1914) it became clear that cobal-
tite must have a lower symmetr;r, since the substitution of an As-S unit
for the S-S unit of pyrite would destroy the symmetry centers of the S-S
units. This lower symmetry was thought to be tetartoidal -23, and
minerals similar to cobaltite (ullmanite and gersdorffite) were placed in

the "cobal t i te  group" (Palache et  a l .1944).
The first ir-ray study of cobaltite was done by Mechling (1921). From

the symmetry of Laue photographs, he proposed a structure based on
the space group P213. Shortly after, Schneiderh<thn (1922) examined a
single specimen of cobaltite with the reflecting microscope and found it

to be anisotropic in polarized l ight. He suggested that cobaltite had un-
dergone an inversion after formation and was actually orthorhombic
(the symmetry by analogv with pyrite and marcasite). This optical
anisotropy has been confi.rmed by several others (Sampson, 1923;
Fli irke, 1923,1926; Ramdohr, 1950;Onorato, 1957). When heated above
850" C. and quenched, cobaltite was reported to be optically isotropic
(Fl<;rke, 1926).

1 Present Address: Research and Development Division, The Carborundum Company,

Niagara Falls, New York.
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Ransdell considered the question in 1925 and confirmed the apparent
isometric character of powder photographs. He suggested that the optical
anisotropy might be either (1) the result of deformation twinning caused
by grinding and polishing the specimen, or (2) evidence that cobaltite is
pseudoisometric. Peacock and Henry (1947) on the basis of intensity
measurements of powder photographs decided that cobaltite had a dis-
ordered structure in which the arsenic and sulfur were substituting for
each other. This is identical with the structure of pyrite. Onorato (1957)
using intensity data obtained from Weissenberg photographs, proposed
the symmetry P21/c. The agreement between observed and calculated
intensities was poor. It has recently come to the authors' attention,
through the kindness of Dr. Winterberger, that an r-ray study of cobaltite
was done by Le Damany in t962. The study concerned only natural
cobaltite and indicated a partial disorder of arsenic and sulfur.

PnBtrlrrwanY INVE srrGATroN

Several of the previous investigations (Peacock and Henry, 1947;
Onorato, 1957) used copper radiation. This resulted in a very high
fluorescent background from the cobalt. As an initial check on the ac-
curacy of the space group determination, several samples of cobaltite
were examined by powder diffraction techniques with iron radiation and
a very small sample. The results (Table 1) clearly showed several reflec-
tions forbidden by the space group assigned by Peacock and Henry. A
small sample and long exposure were necessary to show these weak lines.
AII such lines were indexable using the cobaltite unit cell, indicating that
they were probably not caused by impurities. To resolve the apparent
contradictions in cobaltite, it was decided to do a structure determina-
tion using single cr1'stal techniques.

Spacp Gnoup DBrBnurNarroN

The cobaltite samples used in the single crystal studies were from Co-
balt, Ontario (Columbia Collection No. 200-83) and were in the form of
small cubes (1-2 mm edge), some being modified by octahedra. Using a
small cleavage fragment, the precession camera was used to take orthog-
onal zero layer and first upper layer photographs with filtered molyb-
denum radiation. The photographs indicated a primitive cell and
orthogonal glide planes as in space group Po3. However, several weak
odd order prism reflections were present which should have been ex-
tinguished by the glide planes. It was later learned that these "forbidden
reflections" were also observed by Tak6uchi (1956). These reflections sug-
gested the possibility of some sort of disorder. One natural form of dis-
order would be a partial substitution of sulfur and arsenic. Complete
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T.tsln 1. Var-t'ns lon SolrB Colalrrre SprcrlrnNs

hkl
d obs. d calc. d obs. d obs.

1001 5 .56
1101 3  .94
1 1 1  3 . 3 0
200 2 .77
210 2 .49
2 r l  2 . 2 7
220 1 .973
300,221 1 .856
3101 1 .762
3 1 1  1 . 6 8 0
222 1 .608
320 1 .545
32r 1.490
400 1.393
4t0,322 1.350
411,330 1.310
3 3 1  1 . 2 7 7
420 r.246
421 r.216
3 3 2  1 . 1 8 9
422 1 .139
5 0 0 , 4 3 0  1 . 1 1 5
510,431 1 .093
5 1 1 , 3 3 3  1 . 0 7 3
520,432 1.033
52t  1 .018
440 .987

5 . 5 8  2
3 . 9 5  1
3 . 2 2  2
2 . 7 9  8
2 . 5 0  1 0
2 . 2 8  9
1 . 9 7 +  6
1 . 8 6 1  1
I .  / O J  ;

1.683 10
1 . 6 1 1  1
1 . 5 4 8  4
1 .492 I
1.400 +
1.3s4 +
1 . 3 1 6  +
r.28r +
| . 2 4 8  3
l 2 t 8  5
1 . 1 9 0  3
1 . 1 3 9  3
| . 1 1 6  +
1.09s  +
r .074 8
1.037 5
1  . 0 1 9  3

.987 5

5 . 5 8  2
3 . 9 4  1
J . J T  Z

2 . 7 9  8
2 . 5 0  1 0
2 . 2 8  9
1 . 9 7 2  3

3  . 3 5
2 . 7 8
2 . 4 9
2 . 2 8
1 . 9 7 0

1 . 2 7 6  t
1 2 4 e  +
1 . 2 t 8  1
1 . 1 8 9  |
r . r41 +

r . 076  6
1 .038  5
| . 02 r  3
.988 7

1 . 6 8 2
1 610
1 5+7
r 490

3 . 2 8
2 8 3
2 . 5 4
2 . 2 9
1 . 9 8 8

1 . 2 5 3
t . 2 2 2
1 . 1 9 8
1 .  1 4 8

3
7

10
9
2

I
2

6
10
8
z

10
I
2

4
6

6
6
1
6

1 . 6 8 1  1 0
1 6 0 8  +
1 . 5 4 8  2
r 4 9 1  8

1 .690 9
1.60e +
1 . 5 5 9  3
1 . 4 9 6  1
1 .403 +

1  1 1 1

1 . 2 1 7
1 . 1 8 9
1 . 1 3 9

1 074
1 . 0 3 6
1  . 0 1 9

.987

1 0 8 0  4
r .042 2
1 . 0 2 2  1
.989 3

1. Cobalt, Ont., 20 hrs., 0.3 mm. glass capillary.
2. Tunaberg, Sr,veden, 18 hrs., very small fiber.
3. Cobalt, Ont., 8 hrs., 0.3 mm. glass cap. (USNM 95740).

4. Cobalt, Ont., ?, ?(Peacock and Henry, 1947).
I Reflections forbidden in space group proposed by Peacock and Henry (1947).

disorder would yield the structure suggested b1' Peacock and Henry
(1947) and have the space group Po3.

Drsonlnnno Srnucrune DBtenutN.q.rroN

Crystals of cobaltite were sealed under vacuum in fused quartz tubes.
These were piaced in a muffie furnace and held at an elevated tempera-
ture for one or two days and then quenched in cold water. After quench-
ing, a small fragment was examined by precession methods. It was hoped
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that an increase in temperature would permit the arsenic and sulfur to
randomly substitute for each other to a greater degree than in the natural
material. As the temperature prior to quenching increased, the forbidden
reflections became weaker.

At the highest temperatures () 700' C.), decomposition became a
problem. After quenching, the crystal surfaces were found to be coated
with a mixture of decomposition products. However, in the center of the
crystal, there appeared to be l itt le alteration. Precession photographs in-
dicated the central material was sti l l  cobaltite. This method was used by
Florke (1926) in his high temperature optical studies.

A sample held at 800-850' C. for two days showed only the systematic
extinctions of space group Po3. This crystal was used to collect (hko) in-
tensity data. It was a roughiy orthogonal cleavage fragment with the
dimensions .20X.13X.04 mm. I t  was mounted (on the precession
camera) with the smallest dimension parallel to the r-ray beam. No cor-
rection was made for absorption errors. Diffraction intensities were esti-
mated by comparison with a standard scale. The usual Lorentz and
poiar izat ion correct ions were made.

Assuming the structure to be of the pyrite type with arsenic and sul-
fur substituting for each other, the structure is determined by one posi-
tional parameter, that of the (arsenic*sulfur) atom. Structure factors
were calculated using various values for this parameter and the normal
R-factor was plotted against the parameter. The atomic scattering fac-
tors were taken from the Internationalle Tabellen, V. 2. The results are
shown in F ig.  l  and Table 2.The best  f i t  is  obta ined when x: .380.  No
temperature factor rvas used in the calculations.

Onnnnno SrnucrunB Dotonltrw.+ttoN

A single crystal from the same localitv was sealed in a quartz tube and
heated to 450' C. It was cooled slowly to room temperature over a period
of ten hours in an attempt to order the arsenic and sulfur. Weissenberg
and precession photographs indicated that the space group was either
Pca21 or Pbcm. The cell dimensions remained essentially the same (5.582
+.002A) and the cell was isometric within measurement errors. A cleav-
age f ragment  ( .25X.10X.07 mm.)  was used to col lect  (hko)  in tensi ty
data with a precession camera and (hoi) data were collected with a Weis-
senberg camera. Intensities were estimated as before and reduced to
structure factors in the usual wa1..

Regarding this as an order-disorder mechanism, the space group of the
ordered form must be a subgroup of the disordered form (Buerger, 1947).
This rules out the centrosymmetric space grotp Pbcm.

A trial structure was found in space group Pca2r based upon an order-
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Frc. 1. Plot of the R factor wrsus the variable parameter, x, in disordered cobaltite.

ing of the arsenic and sulfur atoms. The parameters were refined using
Ieast squares methods and the scattering tables in Volume 3 of the Inter-
national Tables for X-ray Crystallography. The final R factors for (hko)

Tl.srn 2. Drsonorrro CoAsS-Sp,lcB Gnoup Pa3

\ I

\ /

\
/

\ /
\

\

/

hkr F Obs. hkl F Calc. F Obs

200
400
600
210
220
230
240
250
260
270
410

9 1 . 0  8 5 . 0
- 4 8  4  5 2 . 5

3 0 .  s  2 7  . 2
9 7  . 7  9 5 . 2
7 2 . r  7 0 . 0
8 8 . 6  9 3 . 5
49 .9  s3  .8

- s 4 . 4  s 9 . 3
4 2 . 7  3 9  5

- 6 2 . 0  6 1  . 2
8 . 8  1 3  6

420 49.9
4 3 0  8 8
440 134.3
4 5 0  -  5 . 9
460 52.4
610 -56 .4

620 42.7
630 -60 .6

640 52.4
650 40.6

5 1  . 8
8 . 9

129.O
X

5 6 . 9
52.4
4 0 . 5
6 2 . 2
5 2 . 1
4 0 . 8

X:not  observed.
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and (hol) are .10 and .12. The observed and calculated intensities are
listed in Table 3.

Porrsnen SrcrroN Sruly

To verify the results obtained from the r-ray studies, tr,vo samples were
prepared for microscopic study. Both came from Sweden (locality un-
known) and appeared to be single crystalsl one a cube and the other a
pyritohedron.

Tlrr,n 3. Orsrnvnn aNn Car,cur,amt Srnucrunn Fecrons ron Ononnoo CoAsS

hk1hk lhkl F Obs. l i  Calc F Obs. F ('alc F Obs. F Calc.

o20
0.30
040
050
060
070
120
130
140
1.;0
160
170
200
220
230
240
250
260
310
320
330

9 3 . 4

-s6 .  1
4 4 9
3 0 8
49.7
9 9 2
3 1 . 4
1 5  . 6
3 0 . 4
6 7  . 2
l.t .t
9 9 .  1
7 3 . 6
12.3
5 2 9
2 1 8
4 8 0
3 2 . 1
9 0 . 4
3 7 6

- 9 7  8
3 0 7

- 5 5 . 0

4 3 9
- 2 7  3
- 4 6 . i

- 1 0 2 . 6

2 7 . 5
1 1  0

- 2 6 . 5

6 3 .  I
- 1 1  3
ro0 2

-78  r
- 8  5
5 0 4
1 8 0

2 4 6
-99 2

340
350
360
400
4 1 0
420
430
440
.r50

460
5 1 0
520
-\ l0
540
550
600
610
620
640
7 " 0
002

1 9 . 6
3 5 . 2
6 q 5
5 2 . 5
4 0 2
.58 .  5
1 7 3

143 5
1 t  7
5 9 9
3 5 2
6 4 0

8 8
7 8
6 8

3 1  0
1 0 . 3
4 8 0
6 2 0

8 4 9

1 2 . 5
- 3 1 . 6

6 7 3
- 5 3 . 5

3 8 7
- 5 2  7
-44  5
147 8
- 8 6

-56 1
- 2 7  9

5 6 0
- 4 6
- 4 . 6

6 7
2 5 . 4
to .2

-44  3
6 0 2

- 3 3 . 8

1 ,13  4

004
006
200
201
202
203
201
205
206
400
401
102
403
404
405
600
601
602
603
504

-s7  I  54 .6
4 5 . 1  5 9 . 7
99.1  100.2

r2r 2 113.2
92.9  78  8

los 8 102.3
52.1  52  3
4 7 8  6 5 0
38 2  46 .7
52 5 .5.3 5
29 2  20 .4
9 1  6  7 5 . 0
2 0 i  r 2 3

t43  4  148 3
1 6  9  9 . 9

3 1  0  2 . 5 4
7 8 0  6 5 8
5 9  1  4 6 6
8 2 8  i 7 7
7 8 3  6 1 2

The anisotropy of both was weak and difficult to photograph using a
normal l ighting arrangement. The photographs (Figs. 2, a-c) were taken
using a very high intensity xenon light source. Figure 2a shows the cube
cobaltite and Fig. 2b the pyritohedral cobaltite. These clearly show the
previously reported anisotropy. Some small fragments of the latter were
sealed in an evacuated sil ica tube and heated to 825o C. for one hour and
quenched in water. Figure 2c shows a small fragment of this material
which is almost completely isotropic. X-ray diffraction confirmed that
the material was still cobaltite.

DrscussroN

Electron density projections of the ordered and disordered forms of
cobaltite are shown in Fig. 3. The contour interval is on an arbitrary
scale. The final atomic parameters, atomic radii and interatomic dis-



Frc. 2. Polished section photographs of cobaltite (150X). Figs.2a, b-natural

material. Fig. 2c-material quenched from 850'C.
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Frc. 3. Electron density projections of disordered (3a) and ordered cobaltite (3b, 3c).

The contours are drawn with an arbitrary interval. The first solid contour is at height zero.

Figure 3a is projected onto (001). Figures 3b and 3c are projected onto (001) and (010) re-

spectively.
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tances are l isted in Table 4. To more easily compare the ordered and dis-
ordered forms, the parameters of the ordered form have been trans-
formed to coincide with the disordered cell. It is seen that the shifts,
caused by ordering, are small.

T,rlr,n 4. Arourc PARAMETERS, Boxo LeNcrns nNr Arolrrc Relrr rn Omrnro
axn Drsonornro Cogatrrrn

Ordered

Parameters
Disordered

X Y Z X Y Z

Cobat t  - .010 .006 .011 0  0  0
Arsenic .380 .381 .383 .380 .380 .380
Su l fu r  - .380 .380 - .382 - .380 - .380 - .380

Bond Lengths
Ordered Disordered

Cobalt-Arsenic
Cobalt-Arsenic
Cobalt-Arsenic
Cobalt-Sulfur
Cobalt-Sulfur
Cobalt-Sulfur
Arsenic-Sulfur
(Arsenic f Sulfur) -(Arsenicf Sulf ur)
Cobalt-(Arsenic* Sulfur)

2 . 3 1  A
2 . 3 9
2 . 3 6
2 . 3 6
2 . 2 6
2 -29
2 . 3 0

z - J l

2 . 3 1

Atomic Radii
Arsenopyrite

Disordered Ordered (Morimoto and

Cobattite Cobaltite Clark, 1961)

Iron
Cobalt
Arsenic
Sulfur

1 . 1 6  A t . l 7  A
1 . 1 8
t . t 2

1 . 1 4  A

1 2 1
1 . 1 1

(Arsenic and Sulfur) 1.16 1 . 1 5  ( A v . )  1 . 1 6  ( A v . )

The disordered structure, as mentioned before is the pyrite structure
(Fig. aa). The cobalt atoms (smaller spheres) have a face-centered ar-
rangement and the eight (arsenic*sulfur) atoms (larger spheres) are in
the eight subcubes of the unit cell. In each subcube, the (arsenicf sulfur)
atom lies on a l ine joining opposite corners of the subcube (heavy dotted
Iine) . These body diagonals are axes of 3-f old symmetry. This arrangement
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Frc. 4. Structure of cobaltite. 4a. Disordered cobaltite. The smaller spheres are cobalt
and the larger spheres are (arsenicfsulfur).4b. Ordered cobaltite. The smaller spheres are
cobalt and the larger spheres are arsenic (plain) and sulfur (double circles).

places a cobalt atom at the center of an octahedron whose corners are
(arsenicf sulfur) atoms. Each (arsenicf sulfur) atom is coordinated by
three cobalt atoms and one (arsenic*sulfur) atom in a distorted rerra-
hedral arrangement.
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The ordered structure (Fig. ab) has the same spatial arrangement as

shown in Fig. 4a. The eight (arsenicf sulfur) atoms become four sulfur

and four arsenic atoms. The larger spheres in the lower four subcubes

become sulfur and the larger spheres in the upper four subcubes become

arsenic (or a'ice-aersa). All atoms move slightly away from their positions

in the disordered structure. A cobalt atom in the ordered form is co-

ordinated by three arsenic and three sulfur atoms in an octagonal

arrangement. An arsenic atom is coordinated b,v three cobalt atoms and

one sulfur atom and similarly a sulfur atorn is coordinated by three co-

balt atoms and one arsenic atom in a distorted tetrahedral arrangement.
The abil it l 'of arsenic and sulfur to substitute for each other suggests

the possibil i ty of similar behavior in arsenopvrite (FeAsS) and gersdorf-

f ite (NiAsS).

In a restudl' of the cr1'stal structure of arsenopyrite, Morimoto and

Clark (1961) conclude that the space group is P1 approa"ching P2v/c

as the arsenic content increases. This is equivalent to saying that replace-

ment of sulfur br. arsenic increases the symmetry. In fact, the authors

concluded that from the evidence of electron density maps,30 per cent of

the sulfur substituted for arsenic and r.tice-verso. It is unfortunate that

their quenching experiments were not done at temperatures above 600o

C. since this is approximately the lor,ver l imit for observable svmmetrY

changes in cobaltite.
Crystals of gersdorffite are rather rare and no report could be found in

the l iterature regarding its space group and structure based on single

crystals. Por,vder photographs indicated space group Pa3 and a pyrite

structure based on a disordering of arsenic and sulfur (Peacock and

IIenry, 1947). Previous reports indicated space group P2$ (Palache

et al.1944).
Three smali octahedral crystals (origin unknown) were found in the

Columbia Collection. They were identif ied as gersdorffite b1' a compari-

son of the d values with those of Peacock and Henry and an emission

spectrographic analysis which showed: trace-iron, copper' si lver, anti-

mony; moderate-gold, bismuth, cobalt; major-nickel, arsenic' Sulfur

was not included in the analysis. Precession and Weissenberg photo-

graphs of a fragment of one of the crystals clearly- showed space group

P2fi. Yery long exposures failed to show an,v reflections violating this

space group. A comparison of the (hko) intensities with those of ullman-

ite (Tak6uchi, 1956) showed them to be isostructural. Hence, there

seems to be no evidence of substitution between arsenic and sulfur in

gersdorffite. The sample available rvas insufficient to allow any quenching

experiments.
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Cowcr,usrons

We are now in a position to explain the apparentlv contradictory
propert ies of  cobal  t i te .

1. The optical anisotropy results from the non-isometric s1'mmetry of
na iu ra l  coba l t i t e .

2. The complete transformation to isometric symmetrl.at 800-850o C.
confirms Fkirke's observation of the optical isotrop., ' of cobaltite
above 830" C.

3. The isometric appearance of the powder photographs of cobaltite
results from the near identity of the two structures in terms of
atomic positions and the close similarity in interatomic distances
in both forms.

4. The forbidden r-ra1. reflections observed in natural cobaltite are
those which occur in the ordered form and result from the partial
disordering of the natural material.
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