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An Electron-Optical Study of Nickel Monosulfide
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The high temperature form of nickel monosulfide, Nij_,S has the nickel arsenide structure. It is
nonstoichiometric in the range NiS—Nig o;S. Powder X-ray diffraction of synthetic samples suggests a
simple solid solution, but high resolution electron microscopy reveals three different structural re-
gions. One of these, previously reported elsewhere, has rhombohedral symmetry with a 3 x g repeat.
The second region shows a 2 X g repeat, while the third appears to contain disordered vacancies. The
effect of multiple scattering on the electron diffraction patterns and images is discussed.

Introduction

o-NiS is the high-temperature form of
nickel monosulfide. It has the nickel arse-
nide structure (Fig. 1), based on the close-
packing of sulfur atoms. The sulfurs lie in

hexagonally close-packed layers, which are.

stacked in the ““ABABA . . .” fashion to
give a hexagonal unit cell. The nickel atoms
occupy the octahedral interstices, of which
there are two per unit cell, lying on planes
perpendicular to the z-axis, exactly halfway
in between the planes of sulfur atoms. The
structure has space group P6y/mmc with a
sixfold screw axis and perpendicular glide
planes, giving rise to the systcmatic ab-
sence condition # + k = 3n, 1 = odd ({).
The Ni-S phase diagram was determined
accurately by Kullerud (Fig. 2) (2) and has
been confirmed more recently (3). a-NiS
shows nonstoichiometry in the range NiS-
Nig9;S, the unit cell size decreasing with
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decreasing nickel content, consistent with
the formation of cation vacancies. Hence
the phase is often referred to as Ni-S, as
it will be hereafter. Cation deficiency in the
nickel arsenide structure is common, as the
structure can readily accommodate vacant
octahedral sites and many compounds with
this basic structure exhibit superstructures
arising from ordering of the vacancies (4);
for example, the chromium sulfides (5) and
the iron sulfides (6). Ordering of the vacan-
cies into alternate layers of cations causes
the systematic absence condition to be bro-
ken and the (001) spot appears weakly.
Ni;; S was discovered in 1923 (7). It
does not occur in nature, it transforms to
the mineral millerite upon slow cooling (8).
It is readily quenchable and stable for many
months at room temperature. The proper-
ties of Niy_,S are strongly dependent on
composition. As seen from the phase dia-
gram (Fig. 2) the temperature of the transi-
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>«71 Whereas for Fe,_,S the unit cell dimen-
7 sions may be used to give a reliable compo-
sition (/2); Kullerud (2) found that this was
not possible for Ni;;_,S. This was owing to
a phase transformation within the Nij_,S
region of the phase diagram at about 750°C,
which could not, however, be detected by
differential thermal analysis (2). A 3a3a3c¢
b L] superstructure of Niy_,S was detected
o subsequently by X-ray diffraction (/3).
Samples prepared in a controlled sulfur at-

J

.
Fic. 1. The nickel arsenide structure. Filled circles r .

represent nickel atoms, open circles represent sulfur

atoms. "o g

tion to millerite varies markedly with com-
position. Quenched samples of the
stoichiometric compound show a metal to
semi-metal transition at —10°C; this transi-
tion temperature decreases to —269°C with
decreasing nickel content (9). There are in-
consistencies in the literature concerning
the physical properties associated with this
transition (10, 11).

-
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F1G. 3. The 3a3a3c structure. Filled circles repre-

Fi1G. 2. The central portion of the nickel-sulfur sent nickel atoms, open circles represent sulfur atoms.

phase diagram, after Kullerud (2). Stoichiometric «-  Filled squares represent vacant nickel sites. The struc-
NiS and millerite contain 35.3 weight% sulfur. ture has stoichiometry Ni;-S¢ and space group R32.
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mosphere have been examined by X-ray
diffraction and electron diffraction by Noda
et al. (14). Collin et al. (15) have also stud-
ied the phase by X-ray diffraction. Each
group found an ordered 3a3a3¢ region and a
disordered region and independently pro-
posed the same structure model for the
3a3a3c supercell, based on the stoichiome-
try Ni;;S5 and with space groups P3,21 and
P3,21 (Fig. 3). It was suggested that the
more-ordered phase was more stable at
higher temperatures, and that both phases
showed variable stoichiometry (/4). The
structure model has been refined recently
by X-ray diffraction of a twinned crystal, and
an analysis of the observed stacking faults
has been proposed (/6).

The aim of this work was to discover the
structural  modifications which enable
Nij - S to accommodate nonstoichiometry.
X-Ray diffraction alone proved inadequate
so additional compositional and structural
information was sought. No high resolution
electron microscopy had previously been
reported on this phase; due perhaps in part
to the observation that some nickel sulfides
are unstable in the electron beam (/7).
However, in view of the success of electron
microscopy in the study of the iron sulfides
(6), an investigation was undertaken using
primarily this technique.

Results

The samples were prepared by direct
synthesis of the elements, which were ob-
tained at 99.5% purity. They were mixed in
the appropriate proportions, and ground to-
gether. From 2 to 3 g of the mixture was
placed in a cylindrical silica tube; this was
sufficient to fill two-thirds of the tube. The
tubes were evacuated, sealed, and placed in
a steel tube inside a horizontal furnace. The
temperature was controlled by a thermo-
couple placed inside the steel tube, and was
maintained at 750°C for the preparations.
Samples were quenched by dropping the

silica tubes into cold water. No traces of
condensed sulfur were observed on the
tube walls.

Samples were analyzed initially by pow-
der X-ray diffraction in a Philips APD-10
diffractometer. All peaks could be indexed
on the nickel arsenide unit cell. The unit
cell parameters, ¢ and ¢, were consistent
with those reported by Kullerud (2).

The compositions of the samples were
obtained by electron microprobe analysis.
Grain mounts of the samples were polished
and analyzed in a Cambridge Instruments
Mark 9 wavelength dispersive probe. Pyrite
and nickel metal standards were used. The
electron microprobe and X-ray powder
data are summarized in Table 1.

The synthesized samples appeared ho-
mogeneous within the limits of detection of
these techniques. The microprobe analyzed
regions of about 5 um diameter; the consis-
tency of the microprobe data suggests a sin-
gle phase. The microprobe gave absolute
compositions and showed no evidence of
any impurities.

Samples were examined by electron dif-
fraction, energy dispersive analysis (EDA),
and high resolution imaging in a JEOL 200-
CX electron microscope fitted with a high
resolution side-entry goniometer which has
sufficient tilt to enable the [100] and [110]
zone axis patterns from the same crystal to
be recorded. Figure 4 shows electron dif-
fraction patterns down [100], [110], and
[001]. Together these patterns allow un-
equivocal construction of the reciprocal lat-

TABLE 1
UNIT CELL DIMENSIONS AND COMPOSITIONS

Nominal composition NiposS¢ NiS

COmpOSiﬁOl’l by microprobe Nio,ggmsh Nlo 991”3
Unit cell size, a: 3.429(2) 3.448(2)
Unit cell size, ¢: 5.325(7) 5.359(3)

« Results for NigoesS are the average for three sam-
ples.
» Standard deviations are given in parentheses.



FiG. 4. El_ectron diffraction patterns of Ni,,_,,S, taken down three different zone axes: (a) [100], (b)
[001], (c) (110].
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tice, which in addition to the expected
nickel arsenide pattern shows three inter-
esting features:

(a) Spots A-D indicate the presence of a
3a3a3c superlattice.

(b) There are streaks parallel to z* along
(0,0,0) rows, and also along (//2, 0, I) rows.

(c) The (001) spots are strong.

These results are discussed in more detail
below. However, it seemed unlikely that
the streaks and the superlattice spots origi-
nated from the same region, unless an ex-
tremely complex structure was present, so
lattice images were obtained. Figure 5
shows one such image displaying three
structural regions; an optical diffraction
pattern is shown for each.

(i) The 3a3a3c region. This region shows
(001) and inclined fringes, and the optical
diffraction pattern indicates a 3a3a3c su-
perlattice with rhombohedral symmetry.

(ii) The 2a2anc region. The streaks arise
solely from this region which resembles a
defect. The white dots in the image are sep-
arated by 2a; this is consistent with the ap-
pearance of extra streaks along the (0, 1/2,
{) row.

(ii1) The disordered region. This region
shows neither superlattice nor defects. It
has the simple nickel arsenide lattice. The
(001) spot is strongly present in the optical
diffraction pattern, and the (001) fringes
dominate the image.

An attempt was made to obtain composi-
tional information from these three regions
using EDA. The detector was first cali-
brated using a stoichiometric sample. The
variation in analysis from crystal to crystal
was =35% for these elements. The composi-
tional differences to be expected in this
sample are small, in the range Nig g S—NiS.
The three regions were finely intergrown,
individual regions never being larger than
1000 A across. Hence it was not surprising
that this technique failed to give any mean-
ingful compositional information.

The presence of three structural regions

precludes the possibility that this is an equi-
librium assemblage. Therefore, further
samples were prepared and studied in order
to provide more information about the
structures and relative stabilities of these
regions.

Discussion

The 3a3a3c Region

The optical diffraction pattern shown
here (Fig. 5) has rhombohedral symmetry.
Collin (/6) reported that spots at (0, 1/3, 0),
etc. were weakly present, but they were not
observed here. This suggests that, for the
material studied here, the space group R32
is more likely than that previously pro-
posed (/4, 15). This is also the correct
space group for the idealized model (Fig.
3). Patterns such as those in Fig. 4 are ob-
tained if both obverse and reverse orienta-
tions of the superlattice are present. Simple
twinning of the two orientations was not
observed in the images; they were always
separated by slabs of the 2a2anc structure.

A sample containing the 3a3a3c regions
was annealed at 750°C to try and obtain an
equilibrium assemblage. Electron diffrac-
tion studies showed that after annealing,
only the 2a2anc and disordered regions re-
mained; the ordered superlattice had appar-
ently transformed. To investigate the possi-
bility that the 3a3a3c¢ structure was more
stable at higher temperatures, as reported
by Noda et al. (14), two samples were an-
nealed at 900°C. They showed two different
results; in one the 3a3a3c superlattice ap-
peared, in the other a weaker, incommen-
surate superlattice was observed (Fig. 6),
which closely resembles the 3a3a3c¢ su-
perlattice. It shows the 3¢ repeat, but is in-
commensurate in «. Following the nomen-
clature of Morimoto (6), it may be
described as a 2.6a lattice. In order to ac-
commodate variable stoichiometry and pre-
serve the 3¢ repeat, such incommensurate
behavior is necessary.
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FiG. 5. Lattice image of Niy_,,S. taken down [100], showing three different regions. The 3a3«3c
region is uppermost. the 2a2anc region is in the middle and the disordered region is at the bottom. An
optical diffraction pattern is shown for each region.
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FiG. 6. Electron diffraction pattern taken down
[100], showing the 3¢ repeat and an incommensurate
repeat.

The 2a2anc Region

Noda (/4) and Collin (/5) both observed
streaks along (0, 0, /) and also along (0, 1/2,
) rows, indicating a 2a2anc structure. A
2a2a3c¢ superstructure has been reported
for iron sulfide (Fig. 7) (/8), which requires
the stoichiometry Fe,Sg. The correspond-
ing stoichiometry Ni;Sg lies outside the
composition range of Ni,_,S. An attempt
to prepare it produced, as found by other
workers (2), a mixture of Ni_,,S and NiS,.

Optical diffraction on the lattice image
(Fig. 5) shows that the streaks come from
the narrow slabs of crystal which show the
2a repeat. The streaks indicate random
stacking along the z axis. Further micro-
graphs, of which Fig. 8 is typical, enable
these regions to be characterized as fol-
lows:

(i) They are always perpendicular to the z
axis.

(ii) They have variable width along z.
Some are up to 70 A wide, though more
usually they are 15-20 A.

(iii) They are randomly distributed within
the crystals.

(iv) They all show unusual strong con-
trast which varies across their width.

Samples of nominally stoichiometric NiS
did not contain these regions. Conse-
quently ordering of vacancies must be re-
sponsible for the 2a repeat. This repeat sug-
gests a large number of vacancies and it
seems likely that the regions are composed
of a highly disordered structure derived
from the 2a2a3c¢ structure, in which the va-
cancies are separated by 2a¢ within the lay-
ers, but the layers are stacked randomly.
This proposal is tentative, as it cannot be
supported by direct compositional evi-
dence, or by computer simulation of images
(see below).

F1G. 7. The 2a2a3c structure. Sulfur atoms are omit-
ted for clarity. Filled circles represent nickel atoms.
open squares represent vacant nickel sites. The struc-
ture has stoichiometry Ni;Sy.
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Fic. 8. Lattice image of an annealed sample of Ni,,_,,S. Slabs of the 2a2anc structure, with various
widths, are intergrown randomly with the disordered regions.
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F1G. 9. Electron diffraction patterns of NiS, taken from the same crystal down two different zone
axes: (a) [100], (b) [110]. There are neither streaks nor superlattice spots. The (001) spot is present
down [100], but absent down [110].

The Disordered Region

There are three possible structures for
this region: (i) stoichiometric NiS, (ii)
Ni(-»S with completely disordered vacan-
cies, and (i) Ni,_,,S with vacancies which
are ordered into alternate layers but disor-
dered within the layers.

Structures (i) and (i) cannot be distin-
guished by crystallographic techniques,
other than accurate absolute intensity mea-
surements. In the annealed samples, the
disordered regions predominate, and if the
disordered regions were stoichiometric,
then annealed samples would contain more
2a2anc regions in order to preserve the
overall stoichiometry. This was not ob-
served; hence compositional evidence fa-
vors (ii).

It was hoped that electron diffraction

would be able to distinguish between struc-
tures (i1) and (iii). For structure (ii), the
(001) spot should be absent, for structure
(iii) it should be present but weak. To check
this, a sample of nominally stoichiometric
NiS was examined by electron diffraction.
Figure 9 shows zone axis patterns down
[100] and [110] taken from the same crystal.
They show that the (001) spot is strong in
[100] and absent in [110]. The presence of
the (001) spot in [100] must be due to multi-
ple scattering. Therefore the [100] zone
cannot be used to distinguish between the
two structures.

An annealed sample was subsequently
examined; large disordered regions were
sought which could be titled to [110]. The
diffraction patterns obtained were identical
to that shown in Fig. 9b. The (001) spot was
absent, favoring structure (i1).



ELECTRON-OPTICAL STUDY OF NiS 85

Fi1G. 10. Defocussed diffraction pattern from a disor-
dered region, taken down [100]. There is a dark line
parallel to z* through the (001) spot.

An attempt was made to simulate the im-
ages using the multislice technique (/9). It
was not possible to match images taken
down [100]. It was noted that the computed
diffraction pattern for structure (ii) still
showed (001) as absent, even allowing for
dynamical scattering, this being a similar
problem to that of rutile (20). The extinc-
tion condition is due to a glide plane; hence
the (001) spot is kinematically and dynami-
cally forbidden (21). Its presence must be
due to a loss of symmetry caused by beam
tilt, crystal tilt, crystal bending, or crystal
shape. In unusually flat crystals it was pos-
sible to observe a dark band running
through the center of the (001) spot (Fig.
10). This ‘‘Gjonnes—Moodie line’’ indicates
that the glide plane is still present, again
favoring structure (ii).

Unfortunately, the (001) fringes are the
dominant feature of all the images obtained
(Figs. 5 and 8). The intensity of these
fringes cannot be simulated by simple
multislice calculations. More complicated
multislice calculations to allow for possible
asymmetries include too many variables to
be meaningful. This problem affects images
of all three regions taken down [100]. As
the unit cell is so small, imaging down other
axes (e.g., [110]) can only give fringes in
one direction with the resolution available
at 200 kV.

Conclusions

Three different structures were observed
in nickel monosuifide, N, _;S. The 3a3a3c¢
structure observed here was found to have
rhombohedral symmetry corresponding to
space group R32. The model previously
proposed (14, 15) also has this symmetry.
Related structures were observed which
preserve the 3¢ repeat but have an incom-
mensurate a repeat. This may correspond
to variable stoichiometry.

The 2a2anc structure has been character-
ized. It only exists in narrow slabs lying
perpendicular to z. Indirect compositional
evidence suggests that this structure has a
high vacancy concentration. This is consis-
tent with the observed 2a repeat which is
due to vacancy ordering. The exact struc-
ture of these regions is still unclear, and
further studies, especially those involving
higher accelerating voltages to achieve ca.
2.0 A resolution are continuing.

The available electron diffraction evi-
dence suggests that the disordered struc-
ture does not contain any ordered vacan-
cies. Indirect compositional evidence
suggests that the disordered regions are
nonstoichiometric. Therefore it seems
likely that these regions contain completely
disordered vacancies, though it is impos-
sible to confirm this unequivocally.

The 3a3a3c superstructure appears to
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form initially at temperatures higher than
750°C, possibly with some incommensura-
bility in the (001) planes owing to composi-
tional variations. The two possible orienta-
tions of the 3a3a3c structure are invariably
separated by slabs of the 2a2anc structure.
At lower temperatures these slabs persist,
but the 3a3a3c structure transforms to the
disordered structure.

This is the reverse of the case in iron sul-
fides, where the disordered high tempera-
ture phase gives rise to ordered superstruc-
tures at lower temperatures (6). In Nig_,S
some other effect much outweigh configu-
rational entropy considerations.

Electron diffraction and lattice imaging
have revealed considerable structural com-
plexity in Niy_,,S, which must be consid-
ered in studies of its physical properties. In
particular the temperature of preparation
will determine whether or not the quenched
product will contain the 3a3a3c¢ superlat-
tice. Brusetti (//), using a final annealing
temperature of 600°C, reported specific
heat values for quenched samples which
were consistent with those of Ohtani (/0)
whose samples were prepared by heating at
723°C for 1 week. It is possible that this
discrepancy is related to the different struc-
tures present in Nij_,S.
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