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IN HONOR OF ¢*. N.

High-resolution clectron microscopy is used to illuminate the
structure and structural defects of the nonstoichiometric nickel
Chevrel-phase sulfide Ni;Mo.S;¢. The specimen consists of two
phases, each showing threcfold symmetry. The minor phase corre-
sponds to that described by Guillevic ef af. The majority phase has
the same R3 symmetry with ., = 6.78 A and ¢y, = 14.5 A with
19 Chevrel clusters in a volume of 1732 A3, In extended defects
such as dislocations and boundaries the clusters are preserved
intact and behave as units. Electron-beam-induced decomposition
does occur slowly during observation, first disordering and then
reducing the clusters, yielding regions of Mo metal or Mo—-Ni alloy
in the edges. It has not been possible to interpret the nature of the
disordered regions. © 1994 Academic Press, Inc.

INTRODUCTION

The intercsting and potentiatly useful chemical and
physical properties of the Chevicl phascs have lead to
their extensive study. The purpose of this work is to
apply the techniques of high-resolution clectron micros-
copy {(HREM) to explore further the structure and tex-
turc of the nickel Chevrel-phase sulfide NiMogS7,, and
its electron-beam-induccd decomposition. Such a study
should also provide information about defects that cxist
in Chevrel phases. Thus far, little has been learncd con-
cerning the defcets in this important family of structures.

There appears to be some ambiguity in the declared
. compositions of the nickel Chevrel-phase sulfides that
have previously been studied. In most instances inade-
quatc analytical data have been included in the publica-
tions to judge the accuracy of the compositions reported.
Tanjo er al. (1) established the single-phase limits of the
nickel Chevrcl phase which have been recently reported
by Uchida and Wakihara (2) as Nij o5 Mo0gS7 £77. Out-
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side thesc limits, under the conditions of their prepara-
tion, two-phase rcgions cxist. Nevertheless, in the dis-
cussion that foilows, the compositions claimed by the
authors of the papers cited in each case have been re-
corded.

The structure of the stoichiometric Chevrel phase,
Ni;Mo0¢Sg, has been determined by refinement of X-ray
powder diffraction data by Guillevic et al. (3, 4). The
space group is R3 or R3. The rhombohedral unit cell
parameters are a = 6.462 A and o = 94.68°. The hexago-
nal cell parameters are ¢ = 9.504 A and ¢ = 10.239 A.
The atomic positions are as follows: Mo, x = 0.0162, y =
0.1710, z = 0.3883; §5(1), x = 0.3143, y = 0.2797, z =
0.4127; 5(2), z = 0.1999; : Ni(1), x = 0.738, y = 0.499, 7 =
0.318; & Ni2), x = 0.160, y = 0.246, z = 0.900. More
recently these same authors reported the structure of
Ni; sMoS; as isostructural with the stoichiometric com-
pound and with only slightly different lattice parame-
ters (4).

In this paper a model of the structure of Ni;MogSs ¢ is
considered, using the structure of the stoichiometric
compound as a reference and comparing its symmectries
and atomic positions with those obtained in the specimen
studicd by HREM. Convergent beam elcctron diffraction
(CBED) pattcrns reveal the symmetry and HREM im-
ages provide information on the positions of the atoms in
real space in dcfect regions.

The Chevrel-phasc sulfide structure consists of a
nearly cubic assembiage of MogSy clusters in which
metal-metal bonded Mo atoms are at the corners of an
octahedron embedded in a cube of S atoms. The Mo at-
oms are close to but just outside the face centers of the
cube. This cluster (shown in Fig. 1a) is the basic unit in
these Chevrel phases. There would be 20 electrons in the
molecular orbitals of the metal-metal bonds of the mo-
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(a) The basic atomic arrangements in the Chevrel cluster with respect to possible positions of the intercalated nickel atoms (after

Uchida and Wakthara (2)). (b) The arrangement of the units of (2) in the nickel Chevrel-phase sulfide (after Uchida and Wakihara (2)).

lybdenum octahedron if none were contributed from
some other source such as the intercalated nickel. The
cubic cluster is distorted in the structure, preserving only
the threefold axis. As Fig. 1b suggests, the corners of
each tilted cubic cluster lie opposite the face centers of
adjacent cubes forming donor-acceptor sulfur-molybde-
num bonds. The nickel atoms are intercalated among the
special sites (illustrated in Fig. 1) in this assemblage.

This configuration results in a thombohedral unit ceil
with a = 90° and, therefore, an almost cubic shape. How-
gver, the structure would not be cubic even if @ were
exactly 90° since the MogS; clusters are not oriented par-
allel to the unit cell vectors, but are turned by an angle of
about 27° around the threefold axis (5). This means that
the diffraction pattern and the high-resolution images in
the threefold [0 0 1] direction will reveal important infor-
mation about the structure and any structural adjust-
ments that result from the nonstoichiometry.

EXPERIMENTAL DETAILS

The Ni;MogS;¢ sample was prepared from a stoichio-
metric mixture of Ni, Mo, and S powders. The mixture
was sealed in a quartz ampoule under vacuum and was
heated at 1000°C for 48 hr, followed by quenching. After

grinding, this procedure was repeated. Since there was
no evidence of reaction of the sample with the quartz
ampoule, and no trace of unreacted sulfur, the overall
composition of the reactants initially sealed into the am-
poule was considered to be the final equilibrium composi-
tion. Phase identification was carried out by powder X-
ray diffractometry using CuKe radiation (ROTAFLEX,
Rigaku Denki Co., LTD). The specimen used here is
clearly in the single-phase region reported by Tanjo er al.
as shown in Fig. 2 of their paper (1).

Concerning the basis of nonstoichiometry of Chevrel-
phase sulfides, Wada et al. (6) measured the density to
determine the defect type in the iron Chevrel-phase sul-
fides. The measured density is in good agreement with
the value calculated from a sulfur vacancy model. This
work supports our assumption that the nickel Chevrel
phase also has sulfur vacancies. However, the concentra-
tion of vacancies is small ((8-7.6)/8 = 0.05) and probably
not detectable in HREM.

The powdered product, sonicated in pure alcohol, was
captured on holey carbon grids for observation in the
JOEL 2000FX and 4000EX electron microscopes oper-
ated at 200 and 400 kV, respectively. A video recording
of the slow in-situ decomposition of the Chevrel-phase
sulfidle was made during observation in the JEOL
4000EX electron microscope.
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FIG. 2.
pattern of the Chevrel phase in the [0 Q 0 1] projection.

RESULTS AND DISCUSSION

Figure 2a shows the atomic arrangement of the Chevrel
phase in the [0 0 0 1] projection. The calculated kine-
matic diffraction pattern from this projection is shown in
Fig. 2b. The electron microscope images calculated using
the multislice method, as a function of specimen thick-
ness and microscope defocus (7), are shown in Fig. 3a.
Some experimental images are shown in Fig. 3b. Note
that the black-dot image a corresponds to a defocus
of approximately —500 A corresponding to the first
Scherzer defocus. The white-dot image ¢ corresponds to
the second Scherzer defocus at about 760 A, while the
image b indicates a defocus of about 600 A. In anticipa-
tion of the need to compare the diffraction patterns and
images of the Chevrel phase in another zone they are
calculated (see Fig. 4) along the [1 1 2 1] direction of the
hexagonal cell. (This would be the [1 0 0] direction of the
cubic cell if it were not distorted.)
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(a) The atomic arrangement of the Chevrel phase in the {0 0 0 1] projection (from data in Refs. (3. 4)). (b) The calculated diffraction

The kinematic ditfraction pattern calculated for
Ni;MogSs from the structural data given by Guillevic
et al. (3, 4) is shown in Fig. 2b. It indicates the arrange-
ment of the Mo atoms by the strongest spots because the
metal atoms have larger scattering factors. The d-spacing
corresponds to one-half the distance between the Mo at-
oms. The weakest spots indicate the unit cell. Figure 5 is
the expertmental diffraction pattern of one region of the
sample. It is similar to that calculated and shown in Fig.
2b. More frequently, however, the diffraction pattern
shown in Fig. 6 is observed. Both structures have three-
fold symmetry, but the very weak spots in the former are
missing in the latter. This indicates that the uvnit cell of
the major phase is smaller than that of the minor phase.
Furthermore, the unit cell vectors are rotated by 30°.

In order to establish the true symmetry of this majority
phase, convergent beam diffraction patterns were taken
(8). Figure 7a shows the CBED pattern for the zero-layer
Laue zone. This pattern demonstrates the threefold sym-
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(a) Calculated multislice images of the Chevrel phase as a function of specimen thickness and microscope defocus. (b) The experimental

images to be compared with (a), Note the evolution from black-dot to white-dot condition frem a to c.

metry in the central and all other discs. The higher order
Laue zone (HOL.Z) pattern shown in Fig. 7b confirms the
threefold symmetry of the whole pattern. The CBED pat-
tern of the [1 1 2 1] zone of the hexagonal structure re-
produced in Fig. 7c shows no fourfold symmetry such as
would be necessary if cubic symmetry were present. The
experimental diffraction pattern in this zone (Fig. 7d)
should be compared with that catcuiated for the reported
stoichiometric compound recorded in Fig. 4. These
results indicate that removal of the sulfur does not

change the space group, R3 (3, 4). The unit cell of the
majority phase has ape, = 6.78 A and cpex = 14.5 A and
contains 19 MogS; clusters in a volume of 1732 A3, This
suggests that there are nine or more vacant sulfur sites
per unit ¢ell. This would require randem occupancy of
the sulfur atom positions since the threefold axis is
present.

In order to image the cluster arrangement directly this
crystal is best viewed down the [0 0 0 1] zone axis. Fig-
ure 8a is such an image and the inset confirms that the
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FIG. 4. The calculated electron diffraction pattern of the Chevrel phase along the [1

12 1] direction of the hexagonal cell.

FIG. 5.

An observed diffraction pattern to be compared with the calculated pattern shown in Fig, 2b.
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FIG. 6. The most commonly observed diffraction pattern. Note the
absence of the weak reflections of Fig. 5.

cluster arrangement corresponds to that of the published
structure of the stoichiometric material. This imaged re-
gion of the crystal has many imperfections but the overall
arrangement of the clusters is clear, It should be noted by
comparison with Fig. 3a that the observed and calculated
images are very similar. Although the images of the clus-
ters vary as they must, if some have sulfur deficiencies, it
is not obvious that the sulfur atom deficits are regularly
arranged,

Figure 8b presents the high-resolution image of Ni:Mo,
S7¢ in the [1 12 1] zone. The inserted sketch shows the
cluster arrangement in this zone. Again, there appear to
be no symmetry differences between the two structures
observed in the specimen and that published as the struc-
ture for the stoichiometric nickel Chevrel phase.

EXTENDED DEFECTS OBSERVED IN THE NICKEL
CHEVREL PHASES

Defects in metals, alloys, semiconductors, and any or-
dered materials where the interparticle bonding is at the
atomic level have been extensively studied, some ex-
haustively, However, little information has appeared
about defects in aggregations of greater complexity such
as in cluster compounds where the elementary particles
consist of several atoms. This HREM study of the nickel

Chevrel phases has yielded a view of some types of ex-
tended defects that exist in the original material and in
beam-induced decomposition products.

A. An “"Edge’’ Dislocation

Figures 9a and 9b are a [1 12 1], zone image of a
region of the original crystalline Chevrel phase in which
an edge dislocation can be clearly seen. This region is
shown in the white-dot condition in Fig. 9a and near the
black-dot condition in Fig. 9b. In each image a single
MogS; cluster is the complex white or black blob making
up the pattern. The dislocation can be easily observed in
either, but is more clearly seen in Fig. 9b.

If we choose the cluster as the ultimate element of the
structure and make a Burgers circuit around the disloca-
tion core in the regular structure, we obtain the Burgers
vector, [1 0 1 1]ye,. (This would be the [0 1 0], direction
if it actually had that symmetry.)} There is only one extra
plane of clusters inserted into the regular structure.

The small distortion of the region is centered about the
core of the dislocation. The clusters at the core of the
dislocation are apparently rotated, and accommodation
has been made for some extra nickel atoms if stoichiome-
try is preserved. The core image in Fig. 9b suggests that
an additional nickel atom could be located in the extra
tunnel formed by the five MogS; clusters at the core of the
dislocation to preserve charge balance.

There is a group of dislocations located in the same
plane that create great distortions (Fig. 9¢). The positive
and negative ‘‘edge”’ dislocations balance the charge, but
two dislocations of the same sign create a large strain.

b, Interfaces

An interface in the nicke! Chevrel phase can be either
coherent or incoherent. The different types that have
been observed are shown in Fig. 10. A coherent tilt
boundary in which dislocations occur at regular intervals
is shown in Fig. 10a. Figure 10b records a shear displace-
ment coherence boundary, but the extra planes of dislo-
cations are almost perpendicular to the boundary and
cause the observed distortion. A boundary caused by an

irregular arrangement of dislocations is shown in Fig.
10c.

c. Decomposition Processes

Little has thus far been said of the mechanisms of for-
mation or decomposition of the Chevrel phases. These
HREM studies provide an opportunity to observe the in
situ electron-beam-induced decomposition of the nickel
Chevrel phase. This capability depends on the time-
resolved recording of the changes occurring at essentially
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FIG. 7. (a) A CBED diffraction pattern for the zero-layer Laue zone of the Chevrel phase showing the threelold symmetry. () A higher order
Laue zone confirming the threefold symmetry. (¢} A CBED pattern in the [1 12 1] zone showing the absence of fourfold symmetry. (d} A
diffraction pattern in the [1 [ 2 1] zone to be compared to that shown in Fig. 4.
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FIGURE T—Continued
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FIGURE 7—Continued

atomic resolution in the specimen during observation in
the electrom microscope. Shown in Fig. 11 are micro-
graphic records of these changes occurring over scores of
minutes. Figure 1la shows the specimen before much
decomposition has occurred. The structure of the speci-
men can be identified by reference to Figs. 3a and 8a. The
clusters may be considered to be the dark, irreguiar spots
forming an almost hexagonal net. At this stage the regular
structure persists almost to the edge. Twenty minutes
later the image in Fig. 11b was recorded and extensive

changes are manifest. In the thicker regions the image is
not greatly changed, but in the intermediate regions in-
creasing disorder is apparent and at the edge new struc-
ture types are indicated by fringes of about 2.4 A spacing.
Figure lic, recorded 1 hr later, shows the distinct ad-
vance of the decomposition processes. The obvious can-
didates for reaction products would be Mo, Ni, nickel
sulfides, and molybdenum sulfides. Analysis of the image
indicates that some areas are Mo or a dilute Mo-Ni
alloy.
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FIG. 8.

(a) The experimental image taken down [0 0 0 1] with an inserted structural model. (b} The observed high-resolution image down
fi 12 1} with a drawn image model inserted.
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FIG.9. (a) A[l ! 2 1] zone image of the Chevrel phase in the white-dot condition showing an edge dislocation. (b) The same region as shown in
{(a) in the black-dot condition. (c) A highly distorted region of the ¢rystal resulting from a group of dislocations.
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FIG. 10. Various boundaries observed in the Chevrel phase. (a) A
coherent tilt boundary. (b) A shear displacement coherence boundary.
{c) A boundary resulting from an jrregular arrangement of dislocations.



FIG. 11. Images showing the progress of beam-induced decomposition of the Chevrel phase over about 80 min. irradiation. (a) A region
relatively free of decomposition. (b) The same region of the crystal about 20 min later showing substantial decomposition. (¢) One hour later the
details of the decomposition are clearly shown. There is a disordered region separating the undecomposed crystal from the ordered decomposition
products at the edge.
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