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The crystal structure of gersdorffite (111), a distorted
and disordered pyrite structure

By P.BAYLISS,School of Applied Geology

and N. C. STEPHENSON, School of Chemistry

University of New South Wales, Kensington,
New South Wales

[Taken as read 6 June 1968]

Summary. The crystal structure of gersdorffite (III) has been examined with
three-dimensional Weissenberg X-ray diffraction data. The unit cell is isometric
with a 5'6849::i:0,0003 A, space group PI, and four formula units per cell. This
structure has the sulphur and arsenic atoms equally distributed over the non-metal
atom sites of pyrite. All atoms show significant random displacements from the
ideal pyrite positions to produce triclinic symmetry, which serves to distinguish
this mineral from a disordered cubic gersdorffite (II) and a partially ordered cubic
gersdorffite (I). Factors responsible for the atomic distortions are discussed.

A POWDER X-ray diffraction pattern showed a strong 001 reflec-
tion in gersdorffite (III) from Leichtenberg, Fichtelbirge, Ger-

many (U.S.N.M. R862). Optical observations show faint though distinct
anisotropism in dull orange-pink to dull blue-grey. It is unlike gers-
dorffite (II), which is described by Bayliss (1968) as having arsenic and
sulphur atoms equally distributed over the eight equivalent positions
given for pyrite by Elliott (1960) and space group Pa3. It is also unlike
gerdorffite (I), which is described by Bayliss and Stephenson (1967)
as having partial ordering of its arsenic and sulphur atoms into the
two sets of four equivalent positions given for ullmannite by Takeuchi
(1957) and space group P213. A structure analysis of this gersdorffite
(III) was undertaken to ascertain its relationship to the ordered cobaltite
of Giese and Kerr (1965) with space group Pca21.

Experimental. The impurities of gersdorffite (III) were determined
by spectrographic analysis; 4% iron belongs to extraneous pyrite
detected by X-ray diffraction. The substitution of 2% cobalt for some
nickel and 1% antimony for some arsenic appears to have a zero net
effect on the unit-cell size. Its unit-cell size of 5,6849 ::i:0.0003 A was

determined from a Debye-Scherrer photograph using the function of
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Nelson and Riley (1945). This unit cell size indicates from the curve
of Yund (1962) a composition of NiAso.sS1.2.

Three-dimensional diffraction data were recorded about the a axis
with equi-inclination Weissenberg geometry and Cu-Kex radiation.
Multiple films were used and intensities were estimated visually by
comparison with a calibrated reflection strip. Correlation data were
collected from zero-level precession photographs with Mo-Kex radiation.
Lorentz and polarization corrections were applied to the Weissenberg
data by using the data-processing programmes of Rollett (1961).
Similar corrections to the precession data were applied using the trans-
parent overlay developed by Waser (1951). No corrections were made
for absorption or extinction. These 219 independent hkl observed
reflection amplitudes (Fo) are recorded in table 1.

The reciprocal lattice of gersdorffite (III) does not have intensity
relationships of the type hkl = klh = lhk, and it also has no fourfold
axes. Therefore, it does not have cubic or tetragonal symmetry. There
appear to be intensity relationships of the type hkl = hkl = hki = hE,
which would make the crystal class orthorhombic. In addition there
are no systematic absences in spectra. A three-dimensional Patterson
function, calculated with data from one-eighth of the weighted reciprocal
lattice, indicated that the structure of gersdorffite (III) is essentially
a pyrite-type structure. However, with no systematic absences in
spectra there is no appropriate space group in the orthorhombic or
monoclinic systems compatible with a pyrite-type structure. There-
fore, the unit cell must be triclinic and the space group PI.

Structure refinement. The four nickel atoms were placed in ideal
positions, which are positions 4(a) of the pyrite space group Pa3. The
sulphur and arsenic atoms were assumed to be equally distributed over
the eightfold position 8(c) with x = 0,385 taken from Peacock and

Henry (1948). The atomic scattering curves of Thomas-Fermi for
nickel, arsenic, and sulphur were taken from the' International Tables
for X-ray Crystallography' (1962), and corrections for the real com-
ponents of the anomalous dispersion were made with the 1::..1'values
given by Dauben and Templeton (1955). Full matrix least-squares
procedures with the programme of Busing et al. (1962) were then
carried out using data from one-half of the weighted reciprocal lattice
and allowing each atom to vary its parameters independently according
to triclinic symmetry. The data were given unit weights in the initial
refinement stages and were weighted according to (IFol-1 Fcl)2 in the
latter stages of refinement. Scale factors for each Weissenberg level
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TABLEn. Atomic parameters (x, y, z) and thermal parameters (B), with standard
deviations, for gersdorffite

Point
Atom 1)08ition x y Z B(A2)

Ni la 0-995::,0-002 0-988::i,0'OOI 0'986:1::0-001 1-5=,=0'1
Ni la 0-494:],0-002 0-007 =to-OOI 0-4991::0-001 1-41::0-1
Ni la 0-013::i:0-002 0-503,i::0-001 0-487 ::i:::0-001 l-4::i:O-l
Ni la 0-512,t.0-002 0-487:l 0-001 0-004::i:0-001 l-4::i:O-l
As+S la 0-387 J:.:OOOI 0-378:,=0-001 0-380='=0-001 H::itO-l
As+S la 0-880::i:0-00l 0-616:1:0-001 0-1l4::it0-OOl 1-2::it0-!
As+S la 0-618:LO-OO 1 0-113:,=0-001 Q-874::itO-001 1-0::it0-!
As+S la O-121:i,0-OOI 0-872iO-OOI 0-6] 9:l0-001 l-O::i:O-l
As+S la 0-622,1:::0-001 0-617 ::l:0-001 0.617 ::itO-OO! 0-9::it0-1
As+S la 0-114:1:::0-001 0-379:::0-001 0-878::it0-001 0-9::it0-l
As+S la 0-387,lO-OOI 0-875J:O-OOI O-114:!::0-OO1 1-0::itO-l
As+S 1& 0-887,lO-001 0-1l2:::0-001 0-381 ::it0-001 1-0::itO-l
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alongside the observed data in table 1. The interatomic distances and
angles were computed with the programme of Busing et al. (1964).

The octahedral angles (As+S)-NHAs+S) range from 840 to 98°.
The tetrahedral angles for NHAs+S)-(As+S) range from 99° to 102°,
and for (As+SHAs+S)-(As+S) from 115° to 117°. The interatomic
distances for Ni-(As+S) range from 2.31 to 2.45 A, and for (As+S)-
(As+S) from 2'32 to 2.34 A. -

Discussion. In pyrite-type structures where each metal atom (M)
is surrounded by an octahedron of the same type or of' average' atoms
(A), the metal atom lies on a threefold axis and at a centre of symmetry

as shown in fig. la. Examples of such structures are pyrite (FeS2) by
Elliott (1960) with M = Fe and A = S, disordered cobaltite (CoAsS)
by Giese and Kerr (1965) with M = Co and A = (As+S)j2, and dis-
ordered gersdorffite (NiAsS) by Bayliss (1968) with M = Ni and
A = (As+S)j2; these crystal structures are isomorphous and have space
group Pa3.

When non-metal atom ordering occurs, so that the non-metal atoms
surrounding the metal atoms are no longer equivalent, the symmetry
of the structure is lowered. In the case of gersdorffite (I) by Bayliss
and Stephenson (1967), shown in fig. Ib, the partial ordering of arsenic
and sulphur atoms causes the nickel atoms to move (-0'0065, -0'0065,
-0'0065, fractional coordinates) from their centres of symmetry and
towards the sulphur atoms, since the Ni-S bond distance is shorter
than the Ni-As bond distance. Since the atoms in the plane above
the nickel atom in fig. Ib are each sulphur atoms and the atoms in the
plane below the nickel atom are also internally equivalent (equal to
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TABLE 1. Ubserved hkl reflection nmplitudes (Fo) for yersdorffite (III), nnd cnlculnted
structure fnctors (Fe) for hkl, hkl, hkl, and hH reflections. Unobserved hkl nre not

entered under Fo

hk1 Po Pc Pc Pc Pc

001 10 1
002 67 87
003 7 3
004 53 49
005 6 6
006 9 11
007 1
010 10 1
011 14 5 3
012 73 92 93
013 11 10 4
014 24 9 10
015 13 6 9
016 52 43 44
020 63 86
021 16 8 9
022 55 63 63
023 13 6 8
024 38 35 35
025 9 2 2
026 28 22 23
030 10 5
031 11 3 1
032 64 80 79
033 11 10 4
034 20 10 8
035 9 7 9
036 45 45 44
040 49 49
041 15 9 13
042 38 33 34
043 6 7 7
044 85 98 98
045 8 8 0
046 24 30 29
050 6 6
051 6 4 2
052 46 43 43
053 5 8
054 7 7
055 6 5
060 12 12
061 8 8
062 28 23 23
063 7 7
064 21 30 29
065 7 7
100 11 1
101 18 6 4
102 19 7 9
103 8 5 1
104 6 10 12
105 5 1
106 7 7
107 4 3 2

hk1 Po Pc Pc Pc Pc
110 3 4 4
III 20 19 20 20 19
112 66 65 64 64 65
113 92 92 92 92 92
114 16 8 8 7 9
115 90 69 67 68 69
116 33 30 29 30 31
120 59 91 91
121 53 67 67 67 66
122 14 7 11 9 9
123 61 59 59 60 60
124 75 58 57 59 56
125 36 30 31 ?9 29
126 10 15 9 11 13
130 5 11 5
131 79 92 92 93 93
132 37 42 43 42 42
133 17 15 16 16 17
134 15 6 12 9 8
135 6 3 4 4 4
136 22 24 25 25 23
140 12 9 8
141 11 7 7 9 6
142 6 6 1 6 2
143 9 9 7 9
144 9 7 8 6
145 5 2 5 4 4
150 30 6 11
151 73 69 67 67 66
152 41 41 40 41 41
153 4 6 4 2
154 7 9 11 7
155 9 6 8 6
160 37 43 43
161 26 31 32 32 30
162 6 4 3 4
163 29 31 31 31 32
170 15 6 13
200 63 90
201 79 93 92
202 66 63 63
203 67 79 60
204 35 32 32
205 49 43 42
206 30 23 23
207 3 45 45
206 16 17 17
210 12 6 12
211 60 65 6667 66
212 20 10 12 11 16
213 47 42 43 42 43
214 8 9 2 1 5
215 53 40 43 41 43
216 7 4 6 4
220 52 63 63

hkl Po Pc Pc Pc Pc
221 11 8 12 6 12
222 56 55 52 52 52
223 10 7 5 7 6
224 39 36 35 36 35
225 5 5 4 5 3
226 26 20 22 22 23
230 8 3 10
231 55 58 57 56 59
232 15 8 11 7 8
233 38 40 41 39 41
234 6 9 1 1 4
235 55 41 40 40 43
236 8 6 6 7
240 33 31 31
241 49 58 59 59 58
242 34 36 35 35 35
243 62 59 59 59 58
244 40 33 33 34 33
245 34 31 32 31 31
250 2 2
251 3129 29 30 30
252 5 7 5 5 6
253 23 23 25 24 24
254 4 2 8 4 4
255 2 25 24 26 23
260 23 23 22
261 9 14 10 15 9
262 24 20 21 23 23
263 14 11 13 10 14
270 2 2 1
272 7 5 5 5 7
300 10 3
301 10 6
302 6 6 8
303 10 5
304 7 7 6
305 6 8 7
306 4 6 6
307 5 4 3
310 6 4 2
311 56 89 89 90 90
312 80 61 60 60 60
313 15 17 18 18 19
314 13 10 10 9 9
315 6 5 5 4 5
316 36 32 32 32 33
320 75 82 82
321 44 42 41 40 40
322 10 9 4 7 a
323 44 38 40 38 40
324 74 61 60 61 59
3?5 26 22 '5 23 21326 9 11 13 14 11
330 7 7 6
331 ?1 1718 19 18

hk1 Po Pc Pc Pc Pc
332 42 42 43 43 42
333 53 50 52 51 51
334 6 5 6 6 9
335 47 41 40 41 40
340 15 8 8.
341 6 7 11 6 11
342 6 6 3 61
343 6 5 6 6 6
344 5 10 9 11 10
345 3 6 4 4 3
350 5 13 .
351 4 4 3 2
352 43 43 43 42 42
353 40 41 40 40 39
354 9 10 4 7 6
360 37 46 47
361 19 22 24 23 23
362 3 4 5 5 6
400 71 48
401 17 14 13
402 38 35 33
403 19 12 12
404 99 97 97
405 6 11 8
406 28 31 31
410 4 11 15
411 12 9 11 11 10
412 64 57 58 59 57
413 15 8 10 9 11
41.4 7 10 8 10 7
415 6 8 8 10 11
416 17 33 34 33 33
420 24 34 34
421 6 5 7 2 3
422 35 35 36 36 35"
423 5 5 2 0
424 45 32 30 31 31
425 5 3 4 b 5
430 6 7 6

"431 10 12 11 10 13
432 53 58 57 58 57
433 5 11 6 8
434 10 10 11 9 12
435 4 10 7 7 6
440 96 98 97 '-441 7 14 10 12 10
442 35 31 30 32 32
443 7 11 13 12 13
444 3S 33 33 3l 33
450 6 6 1
451 3 4

.
6 4

452 33 32 32 31 31
453 9 8 5 "5 4
460 22 29

were carried as variants in each least-squares cycle since the correlation
data obtained from precession photographs were not considered to be
sufficiently accurate. In the last cycle of least-squares these interlayer
scale factors were kept constant, and the atomic temperature factors
were allowed to vary anisotropic ally.

The resultant parameters with their standard deviations
in table II, while the calculated structure amplitudes (Fc)

are listed
are listed



TABLE II. Atomic parameters (x, y, z) and thermal parameters (B), with standard
deviations, for gersdorffite

Point
Atom p08ition x y Z B(A2)

Ni la 0'995::f::0'002 0'988::f::0'001 0'986='=0.001 1.5=0.1
Ni la 0'494::f::0'002 0'007J:0.00I 0'499::f::0'001 1.4:1:0.1
Ni la 0'013.1:0002 0503=0'001 0'487.1:0.001 1.4::1::0.1
Ni la 0'512::1::0'002 0,487 ::f::0'001 0'004::f::0'001 1.4:l::0.1

As+S la 0'387J..0'001 0'378=0'001 0'380:l::0001 l-l ::1::0.1

As+S la o 880::f::0'001 0'616:':0'001 0'114::f::0'001 1.2 :1:0'1
As+S la 0'618.':0'001 0'113::!::0'001 Q'874::f::0'001 1-O::f::0'1
As+S la 0.121 ::1::0'001 0.8721 0.001 0.619::!::0.001 1-0:1::0-1
As+S la 0-622JO-00I 0-617 ::f::0'001 0-617 ::1..0-001 0'9::f::0-1
As+S ]a 0-114-':()()()1 ()-379::!::()-()()] ()-878::f::()-()()1 ()'9::f::()-1

As+S ]a ()-387=()001 0'875::L 000] 0-114::f::0-001 I-O::!::O-I
As+S ]a 0887 ::i::0-001 0-1l2:,=0-001 0-381 ::1:0'001 1-01:0-1
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alongside the observed data in table 1. The interatomic distances and
angles were computed with the programme of Busing et al. (1964).

The octahedral angles (As+S)-Ni-(As+S) range from 84° to 98°.
The tetrahedral angles for Ni-(As+S)-(As+S) range from 99° to 102°,
and for (As+S)-(As+S)-(As+S) from 115° to 117°. The interatomic
distances for NHAs+S) range from 2.31 to 2.45 A, and for (As+S)-
(As+S) from 2.32 to 2.34 A.

.

Discussion. In pyrite-type structures where each metal atom (M)
is surrounded by an octahedron of the same type or of 'average' atoms
(A), the metal atom lies on a threefold axis and at a centre of symmetry

as shown in fig. la. Examples of such structures are pyrite (FeS2) by
Elliott (1960) with M = Fe and A = S, disordered cobaltite (CoAsS)
by Giese and Kerr (1965) with M = Co and A = (As+S)j2, and dis-
ordered gersdorffite (NiAsS) by Bayliss (1968) with M = Ni and
A = (As+S)j2; these crystal structures are isomorphous and have space
group Pa3.

When non-metal atom ordering occurs, so that the non-metal atoms
surrounding the metal atoms are no longer equivalent, the symmetry
of the structure is lowered. In the case of gersdorffite (I) by Bayliss
and Stephenson (1967), shown in fig. Ib, the partial ordering of arsenic
and sulphur atoms causes the nickel atoms to move (-0'0065, -0.0065,
-0.0065, fractional coordinates) from their centres of symmetry and
towards the sulphur atoms, since the Ni-S bond distance is shorter
than the Ni-As bond distance. Since the atoms in the plane above
the nickel atom in fig. Ib are each sulphur atoms and the atoms in the
plane below the nickel atom are also internally equivalent (equal to
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a

d

b c

FIG. 1. Positional displacements of metal atoms arising from changes in octahedral
environment. Full circles are sulphur atoms, open circles are arsenic, and hatched
circles are 'average' atoms (S+As). la, pyrite (also disordered cobaltite and gers-
dorffite (II)); lb, gersdorffite (I); Ie, ordered cobaltite; ld, postulated arrangement

for ordered gersdorffite (III); Ie, disordered gersdorffite (III).

0.188+0'82 As due to disordering) the nickel atom remains on a
threefold axis. The unit cell of gersdorflite (I) remains cubic but the
space group degenerates to P213.

In the case of ordered cobaltite shown in fig. Ie by Giese and Kerr
(1965), the non-metal atoms are ordered into a set of four arsenic atoms
and a set of four sulphur atoms. In addition the cobalt has moved
significantly (-0'010, 0.006, O'Oll, fractional coordinates) from the
metal atom position in disordered cobaltite, whereas the arsenic and
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sulphur atoms have not moved from the non-metal positions in dis-
ordered cobaltite. Although the unit cell is isometric, this cobalt
movement is reflected in the lower symmetry of space group Pca2].

The octahedral and tetrahedral angles for pyrite (FeS2), cattierite
(CoS2), and vaesite (NiS2), which were determined from the unit-cell
sizes and atomic coordinates of Elliott (1960), are listed in table III.

TABLE III. Tetrahedral and octahedral angles for pyrite, cattierite, and vaesite
derived from data of Elliott (1960). Numbers in parenthesis denote numbers of

angles

Tetrahedral angles

Pyrite (Fe-S-Fe (6) 115.7°

S-S-Fe (6) 102.1

. . (Co-S-Co (6) 114.9
CattlCrIte

S-S-Co (6) 103.3

Vacsite
{

Ni-S-Ni (6) 113.8
S-S-Ni (6) 104-7

Octahedral angles

S-Fe-S (6) 94,9°
S-Fe-S (6) 85,6
S-Co-S (6) 94,0
S-Co-S (6) 86,0
S-Ni-S (6) 93'5
S-Ni-S (6) 86,5

This table shows that the octahedral angle distortion increases from

3'5° for vaesite to 4° for cattierite and to 5° for pyrite. This shows
that the substitution of transition metal atoms by transition metal
atoms with fewer electrons increases the angular distortion. These
values confirm the distortion limit of 4° to 5° given by Hulliger and
Mooser (1965) for the change from a pyrite-type structure to a marcasite-
type structure. The angles listed earlier show gersdorffite (III) to be

near this upper distortion limit.
The chemical compositions of all three gersdorffites presented are

similar so that any crystal structure differences are unrelated to composi-
tion. The structure of gersdorffite (III) is of the pyrite type. The
nickel atoms therefore have an octahedral environment, while the
arsenic and sulphur atoms are each tetrahedrally coordinated.

A disturbing feature of the refined structure is the persistently high
value for the discrepancy index R of 0.19. There are, however, satisfactory
features of the gersdorffite (III) refinement, such as temperature factors
for the nickel atom of 1.4 12 and the sulphur-arsenic atom of 1.0 12,
which are similar to values obtained for like structures. Standard
deviations were calculated with data from one-half of the weighted
reciprocal lattice and assuming the space group PI. These standard
deviations are low and the small shifts undergone by the individual
metal and non-metal atoms from the ideal positions on threefold axes
arc therefore significant. However, the average positions of all similar
atoms lie on threefold axes as indicated by values in table II. The
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movement of nickel atoms from the ideal metal atom positions found
in pyrite is x = -0.009 (fractional shift), while the sulphur-arsenic
atoms occupy the two sets of fourfold positions with average fractional
coordinates of x = 0.38] and 0.6]8. These values are in fact similar to

corresponding atomic coordinates in gersdorffite (I).
Further ordering may occur in gersdorffite. If each atom is an integer

in 4Ni(As, 8)2 such as Ni4Asa85' the triclinic symmetry would arise when
four sulphur atoms were ordered in a set of fourfold positions and the
remaining one sulphur and three arsenic were distributed over the other
fourfold position but with the atoms ordered (fig. ]d). However, if
there are fractional atoms such as NiAsa'284-8 for gersdorffite, then
disordering occurs on one position to give an average atom. The extent
of the disordering depends on the deviation of each atom from integers
in 4Ni(As,8)2' The unit cell remains isometric, although the space group
degenerates through individual position-ordering into PI.

In a completely ordered gersdorffite, fractional atoms are avoided
by using a larger unit cell. The size of this larger unit cell may be deter-
mined from the superlattice reflections, while the space group remains
PI.

An average arsenic plus sulphur scattering curve was used during
least-squares refinement, and the occupancy factors for non-metal
atoms did not deviate significantly from unity. This result would seem
to indicate that no ordering of atoms occurs in gersdorffite (III),
although the displacement of atoms from ideal pyrite positions and the
triclinic symmetry of gersdorffite (III) would suggest that ordering of
non-metal atoms does occur.

A possible explanation is twinning, which is not revealed by reflection
splitting in the diffraction data from the isometric unit cell. An optical
examination of polished material from the same specimen used for
the crystal structure analysis revealed a complex twin pattern with a
strong suggestion of some lamella twinning diagonal to the cubic
cleavage faces. The only twin type found to give a similar unit cell is
twinning through an inversion centre. This will produce averaged
disordered non-metal atom positions from individual twin lamella
with ordered non-metal atoms, but also will centre the metal atom
positions around the ideal pyrite position. Therefore, twinning is not
an acceptable explanation.

Another possible explanation is that gersdorffite (III) is similar to
ordered cobaltite. To obtain a reciprocal lattice with no systematic
absences, composite twins about the [01OJ and [00] J axes are required.
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With this type of twinning, the atoms in the unit cell do not fall in
approximately equivalent positions. Therefore, this is not an acceptable
explanation.

Gersdorffite (III) is summarized to have a pyrite-type structure in
which sulphur and arsenic atoms are disordered about the nickel atoms.
The average atomic displacements of each set of four atoms indicate
movement along the threefold axes, with a resultant environment that
closely resembles that found in partially ordered gersdorffite (I). In
addition there are small random displacements of atoms from their
ideal positions on the threefold axes as shown in fig. Ie. Since this
sulphur-rich gersdorffite deviates significantly from stoichiometry,
most nickel atoms occupy sulphur-rich octahedra and slight anisotropy
in temperature factors is observed. These random atom displacements
result in the degeneration of the crystal class to triclinic Pl.
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