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In Cuo5VS;, a phase transition exhibiting a large temperature ‘‘hysteresis’ is found below room
temperature. Electron diffraction and microscopy show that, below the transition temperature, a one-
dimensional superstructure is formed, the crystal being fragmented into domains belonging to three
orientation variants. A model for the superstructure within one variant is proposed in which the Cu
atoms are assumed to occupy strips of the two families of tetrahedral interstices within the same Van
der Waals gap. Within the strips, the room temperature ordered structure is formed. Adjacent strips
are separated by a type of APB planes which, if regularly spaced give rise to the superstructure. This
model seems to be confirmed by computer generated diffraction patterns. Although it is generally
believed that the presence of incommensurate reflections in these compounds is associated with the
formation of a deformation modulated structure, this work shows that the long period antiphase
boundary model (LPAPB) provides an alternative explanation. Physical arguments in favor of the

LPAP model are also given, although some questions still remain to be answered.

1. Introduction

The structure and the physical properties
of the compound Cuy +5VS; have been stud-
ied by Le Nagard et al. (1). In this com-
pound, the intercalated Cu atoms occupy
ordered positions in the tetrahedral sites of
the Van der Waals gap between two VS,
layers. Certain physical properties such as
the electrical resistivity show an anomalous
behavior as a function of temperature
which, according to these authors, could
possibly be explained by the presence of a
CDW, in analogy with other transition
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tion RUCA-SCK and with financial support of the
I.I.LK.W., also under the auspices of the international
exchange relations between Belgium and France.

metal dichalcogenides. It is the goal of this
work to use electron microscopy in order to
follow the changes in this system as a func-
tion of temperature.

2. Structural Considerations

According to (/) the room temperature
ordered phase of Cug75VS, is monoclinic
with space group Bm — C2 and unit cell
parameters a, = 1.1602 nm, b, = 0.7325
nm, ¢, = 0.6657 nm, y = 121.83° with Z =
8; this phase will be hereafter called the m-
phase.

The structure can be described as an fcc
matrix of sulfur atoms in which the vana-
dium atoms occupy the octahedral sites be-
tween two close packed layers of sulfur,
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similar to most of the layered transition
metal dichalcogenides. However, it should
be noted that the pure VS, structure which
is of the CdCl, type (and not CdI, as men-
tioned in (1)) does not occur in nature with-
out intercalation. The Cu atoms occupy 6 of
the 8 tetrahedral interstices of the same
type between two successive VS, sand-
wiches, whereas the tetrahedral sites of the
other type remain empty. Figure 1 schemat-
ically shows the (001) projections of the
monoclinic unit cell with the positions of
the different atoms referred to the fcc ma-
trix.

The stacking of (010) layers (roughly per-
pendicular to [130],,) can be represented by
the sequence

...bABBaCaAcByCb. ..

in which A, B, C represent the sulfur at-
oms; a, b, ¢ the vanadium atoms; and «, 8,
v the copper atoms.
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From Fig. 1 it is clear that the structure
can also be described using a pseudo-
orthorhombic unit cell with the same a and
¢ parameters and with the b parameter
equal to [130],. In this description the
structure can easily be represented in a
[010], projection, which is shown in Fig. 2a
for the Cu atoms only and in Fig. 2b for the
V atoms only. The comparison between
Figs. 2a and b allows one to represent the
relative positions of Cu and V atoms of
neighboring layers. As shown in () the V
atoms, adjacent to tetrahedral vacancies,
are not displaced in the (010), plane,
whereas the other V atoms slightly ap-
proach one another so as to form triangles,
as shown by dashed lines in Fig. 2b.

3. Specimen Preparation

The material is prepared by heating the
constituents in a sealed quartz tube accord-
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Fic. 1. (001) Projection of the primitive monoclinic unit cell, according to (/). The symbols are @, V;
O, S; @, Cu. The stacking symbols with respect to the fcc matrix are also indicated. The structure can
also be described as pseudo-orthorhombic with the y axis along [130],,. Smaller circles are for z = 0

larger circles represent z = §.
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F1G. 2. [010], projection of the pseudo-orthorhombic unit cell, according to (/). (a) Only the Cu
atoms are indicated. The Cu atoms are slightly displaced so as to form zigzag lines instead of planes of
constant z (slightly exaggerated on the drawing). (b) Only the V atoms are shown. The V atoms close to
the tetrahedral vacancies are not displaced whereas the other V atoms are approaching one another so

as to create triangles (shown by dashed lines).

ing to the reaction
3CusS + 4V,S;3 + S — 8Cug15VS,.

The temperature is raised slowly to about
300-400°C in order to facilitate diffusion of
sulfur and to avoid high vapor pressures.
The tube was subsequently heated at a tem-
perature of 850°C (somewhat below the
melting temperature) for 15 days. A micro-
crystalline powder is formed, consisting of
a mixture of the monoclinic phase Cug 75V'S;
and of the spinel phase CugsVS, (2) which
can be identified by electron diffraction.
The specimens are crushed, they do not
present a preferential cleavage along the
(010), plane so that tilting is often necessary
in order to obtain the [010], zone.

4. Experimental Observation

4.1. General Characteristics of the
Diffraction Pattern

The electron diffraction patterns of the
phases Cug75VS; and CugsVS; are very
similar; they can only be distinguished on
the basis of a small number of reflections

that are present in the former but forbidden
in the latter.

The [110] zone diffraction pattern of
Cug.15VS, shows strong reflections related
to the fcc matrix of sulfur but to which
also copper and vanadium atoms contrib-
ute, and weak superstructure reflections
caused by Cu and V atoms only (Fig. 3a). In
general, the contribution of the Cu atoms to
the electron structure factors F (hkl) of the
fcc reflections (e.g. (004)), as well as the
contribution of the V atoms to the electron
structure factors of the superstructure re-
flections (e.g. (200)) is small as shown in
Table I.

On cooling the specimen below room
temperature, each reflection reveals two
major satellites with irrational positions

TABLE I
F(hkl) 1IN 10-2 nm™!

hkl §S+V+Cu S+V Cu
004 1.83 1.39 0.44
002 0.23 0.04 0.27
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Fi1G. 3. [110]* zone diffraction pattern. (a) The ordered monoclinic room temperature phase. (b) On
cooling two major satellites appear on both sides of the basic reflections, not necessarily at rational
positions. (c) Lock-in of the satellites at a commensurate position, corresponding with the ordered t-
phase. All the higher order satellites are present.

aligned along [001]% and whose spacing ap- thermal history (Fig. 3b) [110] zone. A simi-
parently needs not to be commensurate lar effect has already been discussed in
with the monoclinic unit cell, but can vary other systems (3~8). On cooling to —190°C
as a function of local composition and/or followed by heating to 150°C in situ in the
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electron microscope, the satellite spacing
varies continuously and reversibly with a
large hysteresis. Sometimes, the satellites
settle near to a commensurate position
which corresponds to a more stable inter-
mediate phase. When the phase becomes
ordered, i.e., when the satellites lock in at
the commensurate positions the higher or-
der satellites suddenly appear as also noted
in (7) (Fig. 3c) [110] zone. In some speci-
mens, the satellites are already present at
room temperature, before starting the ther-
mal treatment.

Figure 4 shows the diffraction pattern of
the [130]% zone, i.e., viewed perpendicular
to the hexagonal VS; layers. At room tem-
perature, only the fcc matrix reflections and
the monoclinic reflections are present (Fig.
4a). At low temperature, the satellites ap-
pear (Fig. 4b). However, two kinds of satel-
lite rows can be distinguished. In the [001]%
row and in the even numbered rows parallel
to [001]%, the spacing of the most intense
satellites seems to be doubled as compared
to the satellite spacing of the odd rows. In
the [001]% row, the faint odd satellites, can
be completely extinguished by tilting the
specimen, indicating that they are due to
multiple diffraction.

4.2. Temperature Dependence of the
Satellite Positions

Figure 5a shows a systematic [001], row
in which mainly two weak satellites appear
on both sides of each basic reflection. On
decreasing the temperature, the distance
between the satellites and the basic reflec-
tions varies monotonically between 0 and a
value somewhat over } of the distance be-
tween two basic reflections. However, in
the immediate vicinity of the basic reflec-
tions, the satellites can hardly be observed.
At low temperature, the satellites lock in at
4 giving rise to an ordered phase, called the
t-phase. On increasing the temperature, the
satellites again move toward the basic re-
flections. This process can be repeated re-
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Fi1G. 4. Diffraction pattern of the [130]% zone, i.e.,
perpendicular to the hexagonal VS; layers. (a) At room
temperature. (b) At low temperature revealing the sat-
ellites. The spacing of the major satellites is doubled in
the even numbered rows (k = even).

versibly with a large hysteresis, which
makes it possible to maintain the t-phase up
to room temperature.

Figure 5b shows an odd row parallel to
[001])%. Here the satellite spacing appar-
ently is halved, and the satellites are rela-
tively intense. On cooling, the satellites
move from the basic reflections toward a
value somewhat over §. When the t-phase is
locked in at low temperature all the higher
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FiG. 5. (a) Systematic [001]} row without double diffraction spots, on decreasing temperature (from
top to bottom) the satellites drift continuously. (b) First odd row parallel to [001],, with halved satellite
spacing. Low temperature t-phase is indicated. The same behavior as a result of temperature varia-
tions as in (a) is presented.
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order satellites appear, an effect which, as
already mentioned, is a sensitive indication
of the degree of order (7).

4.3. Domain Structures

In general, the satellite reflections are ob-
served simultaneously along three equiva-
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lent rows, enclosing an angle of 120° with
one another (Fig. 6a). Figure 6b shows a
long exposure diffraction pattern taken at
low temperature. In Figs. 6a and b, the sat-
ellite spacing is the same along the different
rows. Figure 6c shows a diffraction pattern
in which two families of satellites are in-

d

F1G. 6. Diffraction patterns of the [130], zone at low temperature. (a) The satellites are present along
three symmetrical directions. (b) Diffraction pattern (long exposure) at lower temperature. Higher
order spots appear. The spacing is incommensurate. (c) One family of satellites has a different spacing
and corresponds to a different degree of order. (d) The satellites have come closer to the basic spots at

somewhat higher temperatures.
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F1G. 7. DF electron micrograph showing two differ-
ent types of domains with 1.8-nm fringes.

tense whereas the third is hardly observ-
able, corresponding to a different state of
order. Figure 6d shows a diffraction pattern
in which only two families are present with
different satellite spacings, as is clear from
the inset. In all cases, the spacing in the
even rows is doubled. These diffraction
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patterns suggest the existence of three ori-
entation variants corresponding to the three
families of satellites.

Figure 7 shows a dark field electron mi-
crograph made with spots along the inter-
section of two odd rows; two families of
1.8-nm fringes can be distinguished sepa-
rately, confirming the existence of domains
in two directions.

Figure 8a shows the diffraction pattern of
the [140]% zone which is only slightly in-
clined with respect to the [130]% of Fig. 6.
Here the satellites can still be observed,
giving rise to a pseudo-hexagonal star
around the basic reflections, which, at first
sight, seems peculiar in an otherwise rec-
tangular diffraction pattern. Figure 8a is
taken during the motion of the satellites;
hence, the satellite spots are elongated.
During the recording of Fig. 8b the satellite
positions were stationary and the satellites
are therefore sharp.

Figure 9 shows dark field images (se-
lected beam shown in the inset) obtained
from a single domain. Figure 9a is the lower
temperature t-phase. Since only two satel-
lites contribute to the image, fringes with a

a b

Fi1G. 8. Diffraction pattern of the [140],, zone, slightly inclined to the [130],, zone of Fig. 6. The
satellites give rise to a pseudo-hexagonal star around the reflections of this rectangular diffraction
pattern. (a) Dynamical recording: the motion of the satellites results in elongated spots. (b) Stationary

diffraction pattern.
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sinusoidal intensity distribution are formed.
On increasing the temperature, the fringe
spacing increases and becomes more irreg-
ular (Fig. 9b). At room temperature the
fringes become widely separated and irreg-
ular (Fig. 9¢) and disappear completely at
high temperature.

Figure 10 shows an intermediate state re-
vealing fringes with mixed spacing.

4.4. Determination of Composition

The composition was determined using
X-ray dispersive analysis (TRACOR). In
general, the accuracy of an absolute com-
position determination is relatively poor (of
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the order of 10%) due to the fact that cer-
tain parameters are not accurately known.
The composition was measured for two ad-
jacent particles respectively of Cuy;sVS,
and Cuy 75VS, which could be distinguished
from their diffraction patterns. If the mate-
rial parameters were adjusted so as to ob-
tain the nominal composition of Cuy 50V,
for the first particle one obtains a composi-
tion of Cug 752005V S, for the second. From
these values it can be concluded that,
within the precision of the measurements,
which seems to be satisfactory, the compo-
sition of the specimen Cug5VS; showing
the characteristic satellites, is the same as

Fi1G. 10. High resolution electron micrograph showing a mixture of fringe spacings corresponding

with a mixed phase.
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the theoretical composition of the room
temperature ordered phase, as reported in

1.

5. Model

5.1. Interpretation of Satellite
Configurations

Since the ordering of the copper atoms
and vacancies takes place in the gap be-
tween the closed packed sulfur layers, it
seems appropriate to analyze the diffrac-
tion patterns taken with the zone axis per-
pendicular to these planes, i.e., along
[130],. Figure 6b shows such a diffraction
pattern for the t-phase.

For reasons of simplicity we shall con-
sider different characteristic aspects in or-
der to propose a structure model.

(a) The satellites with the largest inten-
sity are located in the neighborhood of the
original positions of the monoclinic struc-
ture. (Fig. 5). It is thus likely that the or-
dered superstructure should be described
as a rearrangement of the original mono-
clinic structure.

(b) The satellites are located on rows par-
allel to [001]% which can be explained by
assuming that antiphase boundaries of the
type (001) periodically occur in the mono-
clinic structure.

(c) However, some difficulty arises if one
tries to determine the spacing between ad-
jacent APB from the inverse satellite spac-
ing, since apparently the spacing in the odd
numbered rows is doubled with respect to
that in the even numbered rows. (The faint
satellites in the even rows are probably
caused by double diffraction.)

In a first stage, however, we shall restrict
ourselves to the doubly spaced satellites
which also are also the most intense ones in
the odd numbered rows. In a second stage,
the appearance of the extra satellites will be
considered.

The diffraction pattern is now schemati-
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cally represented in Fig. 11a. For reasons
of simplicity we define a new hypothetical
reciprocal unit cell (in projection) which is
based on the unit vectors &5 = [002]# and €5
= [311]%. The corresponding projected unit
cell in real space is depicted in Fig. 11b.
The satellites in the diffraction pattern can
now be explained by the occurrence of APB
planes perpendicular to ef with a repeat
vector 3é¥. The displacement vector of the
APB planes can be determined from the
shift of the satellites with respect to the po-
sitions of the Bragg reflections of the basic
structure (9). Hence the projection R of the
displacement vector expressed in the (é,;
é,) unit cell obeys the relations

R-(1,00=(R,R) - (100=0>R, =0
R-0,1)=R.R) 01)=3>R,=14%

@ocpoe o0 @
oceo 0eo - opOo——OP O
€y
@ocoeo o " oo @
e,
ceo ceo ceo ce0
a
@coeoc o0 @
{01
€y
e, b
(10)
FiG. 11. (a) Schematic representation of the diffrac-

tion pattern of the [130], zone. New reciprocal unit
vectors are defined, which are more appropriate. (b)
The corresponding unit cell in real space.
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F1G. 12. Lattice spanned by the new unit vectors,
onto which the tetrahedral site lattice is superimposed.

from which R = (0, $) modulus a vector of
the lattice (é,, ¢é,). If one assumes that the
copper atoms are always situated in the tet-
rahedral sites between the S layers, the dis-
placement vector needs to be a vector
which connects two tetrahedral sites within
the same layer. Figure 12 shows the lattice
spanned by é, and é, onto which the tetra-
hedral site lattice is superimposed. It is
clear that apart from equivalent vectors,
the only displacement vector which satis-
fies the requirements is R = (0, %) as indi-
cated. This vector interconnects nearest
tetrahedral sites and is parallel to the APB
planes. The APBs can thus be conserva-
tive, in accordance with the reversible ex-
periments of Section 4.1.

5.2. Structure Model

It is clear that the structure should con-
tain antiphase boundary planes in the
monoclinic structure perpendicular to the
satellite rows, with a periodicity given by
the inverse satellite spacing and the dis-
placement vector deduced in the foregoing
paragraph. This displacement vector R =
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(0, ) need not necessarily be associated
with one single APB but can be the resul-
tant of a periodic series of successive APB
for which the sum of the displacement vec-
tors in one period equals R.

Two cases can now be distinguished:

(i) The Cu atoms are all located in tetra-
hedral sites of the same type, i.e., in one
close packed layer. In this case, the dis-
placement vector which interconnects
nearest tetrahedral sites cannot be decom-
posed. Hence, only one APB is present in
the unit cell, as shown in Fig. 13. However,
since the distance between neighboring va-
cant sites on both sides of the APB is differ-
ent from that of the perfect structure, this
model is not very probable.

(ii) The Cu atoms occupy both types of
tetrahedral sites, i.e., the two close packed
layers can be filled alternately with slabs of
the monoclinic superstructure limited by
APBs. The slabs are shifted one against the
other over a vector 7 which interconnects
two tetrahedral sites of different layers.
Hence considering only the projection in
the (130),, plane their total displacement
vector R = (0, ) is now decomposed into
two partial displacement vectors R = 7 +
(R — 7). Four decompositions are now pos-
sible (apart from equivalent vectors):

() F= (-4 -d Fig. 14a
Q) F=@,0 Fig. 14b
(3) F=(0, -1 Fig. 14c
4 F=(0,9%

Fi1G. 13. Antiphase boundary with the derived dis-
placement vector in a structure in which the Cu atoms
occupy only one type of tetrahedral layer. Only the
vacancies are indicated.
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Fi1G. 14. Three possible models of pairs of APBs
yielding the described displacement vector R, in which
the slabs of ordered m-phase alternately occupy one or
the other type of vacancy layers. Only the vacancies
are indicated.

In two cases, (1) and (2), the partial dis-
placement vector 7 is not parallel to the
APB. As aresult, although the total compo-
sition remains unaltered, the individual
APBs are nonconservative, and the dis-
tance between neighboring vacancies on
both sides of the APB are rather different
from those of the perfect monoclinic struc-
ture. Hence, these structures are not likely
to occur. In cases (3) and (4), which are
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symmetrically related, the displacement
vector 7 is parallel to the APB, so that the
APB is conservative (in Fig. 14c only case
(3) is shown). Furthermore, the nearest
neighbor distance between vacant sites is
approximately the same as that in the per-
fect structure, so that this model has our
preference.

5.3. Refined Model for the t-Phase

The t-phase is particularly suitable for a
refinement of the model as previously de-
scribed, since its diffraction pattern con-
tains a larger number of reflections of ap-
preciable intensity. In the following, we
shall compare the experimental diffraction
pattern (Fig. 4b) with computer generated
kinematical diffraction patterns in order to
refine the model.

As in the preceding paragraph, the t-
phase can be considered as being generated
by pairs of APBs of the type shown in Fig.
14¢ periodically repeated in the monoclinic
structure, the distance between adjacent
APB’s being equal to 3[001],,.

Figure 15a shows a structure model in
which the slabs between APB’s represent
the idealized monoclinic structure (without
atom displacements). The simulated dif-
fraction pattern only shows the double sat-
ellite spacing in each row, in which the orig-
inal monoclinic reflections are absent (Fig.
16a). This doubling is caused by the fact
that the total displacement vector R is a
lattice vector of the idealized monoclinic
structure.

In order to obtain the original monoclinic
reflections in the odd rows, as experimen-
tally observed, it can be assumed that the
slabs represent the real monoclinic struc-
ture, where the V atoms are slightly dis-
placed so as to create triangles and where
the Cu sites, instead of lying in planes of
constant z, constitute puckered planes with
an ac projection as shown in Fig. 2a. Now
the total displacement vector R is not a lat-
tice vector of the real monoclinic structure
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F1G. 15. Successive models used to refine the struc-
ture of the t-phase by comparing the computer simu-
lated with experimental diffraction patterns. (a) Peri-
odical APB in an idealized monoclinic structure. (b)
Periodical APB in the real monoclinic structure. (c)
With relaxation (arrows) at the APB planes.

(although 2 R still is), so that the original
monoclinic reflections will appear and the
satellite spacing in the odd rows will be
halved. The displacement of the V atoms is
of minor importance however, since they
do not contribute strongly to these reflec-
tions. Figure 15b shows the structure model
in which only the Cu atoms and vacant sites
are shown (the displacements are some-
what exaggerated). Figure 16b shows the
corresponding computer generated diffrac-
tion pattern which is already in good agree-
ment with the experimental one.
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There still remains some discrepancy to
be solved. In the computer generated dif-
fraction pattern of Fig. 16b no satellites are
present along the systematic row through
the origin since the projection of each slab

Cc

F1G. 16. Computer generated kinematical diffraction
pattern. (a), (b), (c), respectively, correspond with the
models of Figs. 15a, b, and c.
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onto this axis is the same. In the experi-
mental diffraction pattern however, these
satellites are always present although very
weak, even in the experimental situation
where double diffraction is avoided. One
can account for this effect by assuming re-
laxation effects along the APBs, e.g., so as
to avoid too close Cu neighbors. Such an
hypothetical model is given in Fig. 15c;
with the direction and sense of relaxation
denoted by arrows. The corresponding dif-
fraction pattern is now in good qualitative
agreement with the experiment (Fig. 16c).

5.4. Model for the Other Phases

The other Cug75VS, phases, occurring at
intermediate temperature, can be charac-
terized by labeling the width of the lamellae
between successive APB’s in units of
$[001],, hereby noticing that the number of
units is always odd. In this respect the t-
phase is denoted as [3]".

Figures 17a and b show the computer
generated patterns of the phases [5]* and
[7]7, respectively, in which the higher order
satellites in the odd rows are relatively
weak. In fact, as can be shown from (8), the
amplitude of the second-order satellite is
only % of that of the first-order satellite, and
hence the intensity is relatively weak (~3%).
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In the case of the phase [3]*, the second-
order satellites of two adjacent basic reflec-
tions coincide, giving an amplitude of % and
hence an intensity of §.

The presence of one major satellite in a
pseudo-incommensurate position can be
explained as corresponding with an inter-
mediate state, consisting of an irregular
mixing of slabs of different widths, the
spacing of the satellite corresponding with
the ‘‘average’’ width. The sharpness of the
satellites is related to the variance of the
distribution of slab widths; when the distri-
bution is strongly peaked around the ‘‘aver-
age’’ width, the satellites remain relatively
sharp (5, 7, 10). A lack of correlation in the
distribution of these widths results in a
drastic decrease of the intensity of the
higher order satellites (7). At very low tem-
perature, an almost perfectly ordered phase
has been observed (Fig. 6b) which might be
characterized as [3° 1].

A point to note is that when the major
satellites approach the basic reflections, the
average distance between APBs becomes
very large. Hence, the satellites along the
central row, which according to our model
stem from relaxation effects at the APBs
should become very faint. This effect has
also been observed (see Section 4.2).

b

F1G. 17. Simulated diffraction patterns of the ordered phases [5]” and [7]". The second-order satel-

lites, although sharp, are relatively weak.
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6. Discussion

It has been shown thus far that the pres-
ence of incommensurate reflections shifting
with temperature need not necessarily be
explained by the formation of a one-dimen-
sional deformation modulated structure but
can also result from a long period antiphase
boundary (LPAB) structure with an *‘aver-
age’’ APB distance. However, if one tries
to make speculations that go beyond the
purely descriptive stage, some problems re-
main unsolved and even seem to be contra-
dictory.

Arguments in favor of the LPAPB model
are that:

(i) It enables one to explain the occur-
rence of even very small g vectors (very
large periods).

(ii) The mobility of the Cu atoms is still
high enough below room temperature to ex-
plain the necessary Cu diffusion.

(ii1) The assumed transformation requires
atomic diffusion; this takes some time. For
kinetic reasons some kind of temperature
“‘hysteresis’ is thus to be expected, i.e.,
the transformation will take place at a
higher temperature during a heating cycle
than during a cooling cycle.

However, at this stage, it seems difficult
to explain the increasing concentration of
APBs with decreasing temperature, an ef-
fect which might be influenced by various
factors such as the energy associated with
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the formation of an APB, which is probably
small; Fermi surface effects and entropy ef-
fects resulting from disorder in the APB
distribution.
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