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The elastic strain energy of the matrix lying between pairs of crystallographic shear (CS) planes in the
ReO, type structure has been calculated as a function of CS plane spacing and CS plane type. The CS

planes considered are {104}, {105}, {106}, {107},

and {001}, and in addition the results for 1102} and

{103}, reported previously are included. These results are used to discuss and explain the relative stabilities
of differing {10m} CS plane arrays and also the relative stabilities of members of the homologous series
generated by ordered arrays of these CS planes. The microstructures of arrays of CS planes that may
occur in reduced binary or ternary tungsten oxides, which are slightly distorted variants of the ReO, type.

and in NbO,F which has the ReO, structure are also

Introduction

The crystallographic shear (CS) structures
resulting when the ReO; (DO,) related
materials WO, and NbO,F are reduced have
been the subject of much research. It is well
known that initial reduction of WO, results in
isolated CS planes on {102}! planes and at
greater degrees of reduction arrays of ordered
or partly ordered CS planes are found on
{103} planes. If WO, is reacted with Nb,O,,
CS plane arrays also form on {104} and {001}
planes. Reduction of NbO,F, on the other
hand, leads only to Nb,O,F, containing an
ordered array of {001} CS planes. These
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ing, Faculty of Engineering, Yokohama National Univer-
sity, Ohoko, Minami-ku, Yokohama, 233 Japan.

! Throughout this paper the WO, CS plane indices are
referred to an idealized cubic cell of the DO, (ReO,)
type.

considered.

results, and others of importance, are surveyed
in a number of review articles (1-5).

In an attempt to analyze the large amount
of information concerning the microstructure
of the CS phases several authors have at-
tempted to assess the - interaction energy
between pairs or arrays of CS planes. The
first of these were Bursill and Hyde (6), who
proposed a qualitative form for the interaction
energy between two parallel CS planes in
reduced rutile, (TiO,_,), but did not specify the
origin of the forces. They expanded this idea in
a discussion of WO,-derived CS structures (7)
and suggested that CS plane interactions could
be divided into an inter-C'S plane component,
and an intra-CS plane component. The inter-
CS plane interactions were supposed to
change with CS plane separation from attrac-
tive to repulsive, while the irira-CS plane
interactions depended upon ihe ratio of anti-
phase boundary to coliapse steps within each
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CS plane. These ideas, though, were not
treated quantitatively and the origins of the
interactions were not specified.

Stoneham and Durham (8) proceeded
further than this, and calculated the elastic
strain energy between a pair of parallel {001}
CS planes in an idealized ReO, matrix. In this
treatment, the forces causing the strain were
supposed to arise in the CS plane due to inter-
actions between the ions within the CS plane.
The matrix between the CS planes was con-
sidered to transmit the forces from one CS
plane to the other. They also made an estimate
of the electrostatic interaction energy between
the CS planes.

The present authors have made further
progress in a quantitative understanding of
these interactions. First, the elastic strain
energy in the matrix surrounding isolated pairs
and arrays of {102}, {103}, and {001} CS
planes in an idealized cubic WO, lattice has
been calculated (9). It was found that many of
the microstructures to be observed in WO,_,
crystals containing CS planes could be ex-
plained by assuming that configurations with
minimum elastic strain energy were preferred.
Second, electrostatic interactions were cal-
culated for the same CS plane types (10) and
it was shown that this energy was negligible
compared to the elastic strain because of the
large value of the dielectric constant of WO,.
Neither of these results is able to explain why,
‘on reduction of WO;, the sequence of CS
plane arrays {102} - {103} - {104} - {001}
is observed as reduction increases, nor why
CS plane arrays with indices greater than
{104} have not been observed. In a similar
way it is unable to explain the preference of
NbO,F for only {001} CS planes.

In an attempt to answer these questions
Iguchi (11) has evaluated the absolute mag-
nitude of the elastic strain energy, and Tilley
(12) has considered the formation energy of
{10m} CS planes in a qualitative way. Iguchi
and Tilley have considered this formation
energy more quantitatively and these con-
siderations form Part I of this paper (13). The
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present paper continues the calculations des-
cribed above by evaluating the elastic strain
energy in an idealized cubic ReO, matrix con-
taining arrays of {10m} CS planes, where m
takes values from 4 to 7 and also c0. These
results are discussed in terms of the micro-
structures found in the niobium oxyfluorides
and tungsten oxides.

CS Structures

The WO, derived CS structures have been
described at length in many of the publications
referred to in the Introduction (see especially
(1-3, 9, 12 and references therein)) and will
only be described very briefly here. Tungsten
trioxide itself is built up of an infinite array of
corner-sharing octahedra, which, in reality, are
somewhat distorted, and lower the symmetry
of WO, from a cubic form isostructural with
ReO,; and possessing the DO, structure to
monoclinic.

A CS plane in reduced WO, can be
imagined as a plane along which the crystal
has collapsed so that the corner-sharing octa-
hedra have become linked by edge sharing
instead. They can be constructed geo-
metrically by removing a plane of oxygen
atoms and rejoining the separated crystal
halves so that no oxygen positions remain
empty. Figure 1 shows representations of
idealized WO, and some of the {10m} CS
planes discussed in this paper, all of which
have been idealized somewhat by making all
the octahedra regular instead of slightly dis-
torted as they are in practice. Other diagrams
will be found in the preceding paper (13).

If a reduced WO, crystal contains an
ordered array of parallel {10m} CS planes, its
overall stoichiometry will be given by
W, 0,,_(m_y)» Where n specifies the number of
octahedra between the CS planes in a direction
parallel to the c axis, as shown for a {104} CS
plane in Fig. 2. The composition of the
reduced crystal, x, in the formula WO, will be
given by

x=3n—(m—1/n

(D
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FiG. 1. Idealized representations of (a), the ReO,
structure which is the same as as idealized WO,, (b) a
{104} CS plane. The shaded squares represent (MOy)
octahedra. The crystallographic a and ¢ axes are also
indicated.

and the spacing between CS planes in a crystal

of overall composition x, d,, is given by
al2n — (m— 1]

{200m — D? + (m + 121}2°

The composition of a crystal can be changed
by altering n, the separation of the CS planes,

d,= (2

F1G. 2. A diagrammatic representation of a {104} CS
plane pair. The n-value of this pair is 28. The crystallo-
graphic a- and c-axes are indicated.

133

in which case a homologous series of oxides of
general formula W,0,, .., is formed. Alter-
natively, if the orientation of the CS plane,
represented by m, changes, the composition
can change while the CS plane spacing
remains virtually unaltered. In practice the real
microstructures of reduced crystals show dis-
order and a variety of spacings occur between
parallel CS planes and on occasion different
CS plane orientations are also found in
crystals.

Calculations and Resulits

(Us)2

In this report we have calculated values for
(Uy),, the elastic strain energy between a pair
of parallel CS planes. These results are then
used to estimate the elastic strain energy per
unit volume of ordered arrays of CS planes in
a similar fashion to that employed in our
previous report (9). The CS planes considered
here have indices {10m} where m takes values
between 4 and 7, and also co. To do this we
have used classical elasticity theory; the
method of calculation following the treatment
by Hirthe and Lothe (I4). This has been des-
cribed in detail for {102} and {103} CS planes
(9). The method employed here for the other
{10m } CS planes follows that exactly and will
not be elaborated here. It should, however, be
noted that we have made a number of
simplifying assumptions. These are, first, that
the crystal structure of WO, has been taken to
be of the idealized cubic ReO, (DO,) type,
with a lattice parameter, a, of 0.38 nm. All CS
plane indices are referred to this unit cell.
Second, we assume that the crystal can be
treated as an isotropic continuum except in the
region of the CS planes, which are considered
to contain discrete ions.

Following the procedures detailed in (9) we
have calculated the elastic strain energy in the
matrix between a parallel pair of {10m} CS
planes, per unit area of CS plane. This is
defined as (U,),. The strain of any ion
between a pair of CS planes should ideally be
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FiG. 3. The elastic strain energy (U,), between a pair of {102}, {103}, {1041, {105}, {106}, {107}, and {001} CS
planes, in units of (C/a%, as a function of the number of (MO,) octahedra, n, between them, where C = (4 + 24)
(f/8muy? (47ry/3) and a is the lattice constant. The vertical axis represents (U,), and the horizontal axis n.

the summation of the strains due to all of the
units of blocks of edge-shared pairs of octa-
hedra in the CS planes I and 2, but as this is
impractical, in making the calculations we
have chosen to sum the strains due to 17 x 41
units in the case of {104} CS planes, 15 x 41
units in the case of {105} CS planes, 13 x 41
units in the case of {106} CS planes, and 11 x
41 units in the case of {107} CS planes. In the
case of {001} CS planes, which are equivalent
to {10c0} CS planes, it is impractical to
calculate the terms exactly. Therefore we have
made the approximation that a unit of a
{10,85} CS plane is equivalent to a unit of an
{001} CS plane, and calculated the strain due
to a block of 1 x 41 units in this structure.
This block has the same area as those for the
other {10m} CS planes. As the method of
calculation for {001} CS planes in this report
is different from that in our previous paper (9),
the magnitudes of (U,), for {001} CS planes
differ slightly from those published before, but
this difference is too small to change the overall
situation greatly. We have employed this treat-
ment in this paper because it is more consistent
with the calculations for the other {10m} CS
planes. It was found that the absolute value of
the ratio of the strain due to a unit in the

boundary of these blocks to the strain due to a
unit in the center (which gives the largest
strain) was less than 0.01.

Naturally it is to be expected that (U,), will
depend upon the spacing between the CS
planes. Thus in Fig. 3 we have shown (U}), as
a function of n which is the value in the
formula (M, W),0,,_.,_,, generated if we had
an array of CS planes instead of just a single
pair. The values for {102} and {103} CS
planes, reported elsewhere (9), are also
included in this figure.

The Elastic Strain Energy of an Ordered
Array of CS planes

If a crystal has a composition x, equal to 3n
—{(m—1)/n, due to an ordered array of
{10m} CS planes then the increase in elastic
strain energy per unit volume due to the (U)),
component of the elastic strain energy of the
ordered CS plane array will be given by
(U,/L). The number of CS planes introduced
into the crystal, N, is related to the spacing
between the CS planes, d, and L by the
equation

N.d, =L.

X x

2
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(U,/L) can then be written as
(U /L)Y = (N, — D(UY,/L + (Uy),/L, (3

where (U), is the elastic strain energy of the
matrix surrounding a single isolated {10m} CS
plane

=N, — DUY,/N.d, + (U)/N.d, 4

and as we are supposing N, to be high, i.e., N,
> 1,

(U/L) = (Uy),/d,. (5

We should note here that we have ignored
elastic strain within the CS planes themselves,
and are also only concerned with the strain in
the matrix between CS planes. Moreover in
our treatment, interactions between CS planes
other than nearest-neighbor interactions have
not been considered at this stage, as our pre-
liminary results, ignoring these cumulative
effects, appear to be in fair agreement with
experiment (9). At present calculations involv-
ing interactions other than just nearest-
neighbor interactions are under way and will
be reported in the future.

The elastic strain per unit volume due to
(Uy), in a crystal containing an ordered array
of CS planes is given by Eq. (5). As the
spacing between the CS planes at any com-
position of the crystal x is not of such
importance as the relationship between the
elastic strain and the overall composition of
the crystal we have plotted in Fig. 4 (U)),/d, vs
composition x. We have, as for Fig. 3, also
included in this figure the values of (U,),/d, for
{102} and {103} CS planes calculated pre-
viously (9). We should also point out here that
the numerical values for (U),/d, reported here
are slightly different from those in (9) as here
we have expressed d, in terms of a, the WO,
octahedron diagonal rather than directly in
nanometers. The values in (9) can be equated
with these given in Fig. 4 simply by dividing by
212 This does not affect the trend shown in
Fig. 4 and is of no significance in the
discussion that follows.
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FiG. 4. The elastic strain energy per unit volume
(U),/d, for an ordered array of {102}, {103}, {104},
{105}, {106}, {107}, or {001} CS planes plotted as a
function of the composition of the crystal x in MO,. The
vertical axis represents (U,),/d, and the horizontal axis x
in MO,. Some of the theoretical points have been omitted
from the part of the curves at higher x values for clarity.
The broken lines are extrapolated ones.

Discussion

Before we consider the significance of the
elastic strain energies calculated in this report
it is useful to consider some more general
aspects of the approach employed. First, it
would seem reasonable, on chemical grounds,
to assume that forces, f, exist within the CS
plane arising from the bonding between the
atoms. Clearly these may be attractive or
repulsive and the matrix between the CS
planes will then be either under tension or
compression. The magnitude of the elastic
strain energy depends upon f2, and as such
whether the matrix is in tension or com-
pression is not vital, as similar energy values
result in either case. For our purposes, an ionic
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model using repulsion between cations seemed
the most reasonable first model to take. Should
the results of the calculations be at variance
with the experimental data, more elaborate
models could be exploited. However, the
results obtained so far suggest that this is not
necessary.

For somewhat similar reasons we have
assumed that the forces in the CS plane decay
in an inverse square (1/r?) fashion with
distance. The most logical alternative is to use
a simple inverse (1/r) relation, which is
generally assumed to hold for the forces
around a dislocation core. We have, in fact,
also tried such a model, but it had a number of
shortcomings, the most important of which
was that it did not allow a clear distinction to
be made between the crystallographic struc-
tures of {10m} and {10, m + 1} CS planes.
For this reason and others the 1/r force model
was abandoned. Further calculations for {001}
CS planes (Iguchi, to be published) suggests
that the force actually varies in a rather
complex manner and that although the 1/r?
dependence is a much more reasonable
approximation than 1/r dependence, neither is
exactly correct. The differences this would
make are likely to be important in under-
standing the fine details of the micro-
structures, but not so important in considering
the broader aspects discussed here.

Another point of interest concerns the
applicability of calculations involving the
idealized cubic ReO, structure to WO, which
has a slightly distorted ReO;-type structure.
The source of the distortions in WO, are not
clear, although a number of factors will be of
importance. These are most likely to involve
the bonding between the cations and anions,
and also the small size of the W*¢ cations,
which in itself will favor an off-center environ-
ment for the W ions in their coordination octa-
hedra. In addition, elastic strain and relaxation
may also contribute to the observed dis-
tortions. These factors, though, should not be
overemphasized, as at the temperatures at
which most of the CS phases are prepared the
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distortions will be considerably less than at low
temperatures, and moverover the lattice will
not be static but vibrating appreciably. This
suggests that the average structure at high
temperatures will be fairly well approximated
by an ReQ, type of model.

Analytically we can say that if we write the
strain energy of an ion at r in ReO, as w(r), in
WO, we must write w(r + dr), where dr is the
term representing the distortion of the WO,
structure relative to the ReO, structure. We
can therefore approximate the strain in the
WO, structure to w(r + or) = w(r) + drw'(r).
As dr will be small, w(r) > drw'(r) and we
expect the two strain energies to be very
similar., In fact our numerical calculations
show that the strain of an ion at r is not very
different from that of its nearest neighbor at
r + a, and for this reason, the extrapolation of
our results to WO, seems perfectly reasonable.
We can therefore apply the (U;), terms both
to an ReQ, structure material such as NbO,F
or to the slightly distorted WO, with a fair
degree of confidence.

As can be seen from Fig. 3 the value of
(Uy), is smallest for {001} CS planes and
greatest for {102} CS planes. In addition, all
the curves show, to some extent, a series of
maxima and minima, although this is hardly
pronounced in the case of {001} CS planes. In
practice, the strains from each CS plane will
either tend to add together or to cancel each
other depending upon the relative dispositions
of the blocks of edge-sharing octahedra in the
two CS planes. If the pairs of CS planes are
drawn it will be found that the relative
dispositions of these units is periodic, and
depends upon the separation of the CS planes,
n. For {102} CS planes the same relative
disposition occurs every other n value, for
{103} CS planes at n = n + 3, for {104} CS
plane at » = n + 4 and in general for {10m}
CS planes at n = n + m. Clearly in one of
these dispositions the strains will cancel and so
yield a minimum every n + m, while at one dis-
position the strain will add to yield a maximum
every n + m. Thus the (U,), curves would be
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expected to have a series of maxima and
minima with a periodicity m as is shown
clearly in most of the curves of Fig. 3. For
{105}, {106}, and {107} CS pilanes the
minima occur when the space between two
units of edge-shared octahedra in CS plane 1
coincides with the middle of the block of edge-
shared octahedra in CS plane 2. For {102},
{103}, and {104} CS planes this criterion is
not true. It wonld therefore seem that as the
units of edge-shared octahedra get longer the
position of minimum strain becomes easier to
define and is agspciated with an “out-of-phase”
positioning of* the CS planes but this simple
situation fails as the block size decreases.

Relative Stabilities of {10m} CS Plane Arrays

The (U,), resuits can be used to discuss the
microstructures to be expected in arrays of CS
planes. First, we will consider which array of
CS planes is likely to be stable at any given
composition, WO,. As we have stated in Part [
we can divide the energy terms into parts, and
SO we can say that the excess internal energy
of a crystal containing an ordered array of
{10m} CS planes over and above that of the
original WO, matrix will consist of the energy
of formation of the {10m} CS planes and the
interaction between them.

Part I of this communication shows that the
formation energy of a {10m} CS plane is
lowest for the {102} CS geometry, passes
through a maximum for {104}, and then drops
to a low value for {001} CS planes. The inter-
action energy will be divided into the elastic
strain energy (UJ),, a coulomb interaction
between the CS planes and the surrounding
matrix (U,), and if the CS planes are not
neutral, a repulsive coulomb energy (U,.). In
general, except perhaps at very close
separations, the CS planes can be regarded as
neutral, making (U,,,) zero. Moreover (U,), is
negligibly small compared with (U,),. (8-10).
Thus we can take the CS plane energy as
simply the sum of the formation energy and
the elastic strain interaction energy (U),.
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Figure 4 shows the elastic strain energy per
unit volume, (Uy),/d,, for a variety of arrays
between {102} and {001}. In general, at any
composition x, the elastic strain interaction
energy is lowest for {001} CS planes and
highest for {102} CS planes. This allows us to
draw two conclusions. In the case of NbO,F it
is known that initial reduction leads to the
formation of random {001} CS planes (6).
Clearly, as these become closer, and inter-
actions become important the formation of an
ordered array of {001} CS planes would be
expected. The formation of an array of any
other {10m} CS planes would lead to an
increase in the total energy of the system and
would be most unlikely.

In WO,, on the other hand, initial reduction
leads to the formation of {102} CS planes. At
low CS plane densities the (U), term would be
negligible. However, as the CS plane
population increases, the (U), interaction will
become increasingly important. Unlike
NbO,F, we now have two opposing energy
terms. Formation energy would prefer {102}
while the (U), interaction would favor an
{001} CS plane geometry.

As we have discussed previously (12) the
interaction will increase as the CS plane
density increases, and at some value a change
from {102} to another CS plane type will
become favorable. As the formation energy of
{10m} CS planes has its minimum value when
m = 2, and passes through a maximum, m_,,
at m = 4, before falling to the value for m = oo,
applicable to {001} CS planes, we suppose
that the transition {102} - {103} — {104}
needs energy. This may be supplied by (U),
and at some value of CS plane density a {102}
array may change to a {103} array and gain
energy in doing so. That is, above some critical
composition the {102} array will have a higher
free energy than a {103} array. As the
composition falls the {102} array will give way
to a {103} array. We would expect the same
thing to happen on further reduction and
{103} CS planes should give way to {104}
CS planes. However, if the formation energy
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FiG. 5. (a) Electron micrograph of a crystal fragment of slightly reduced WO, containing CS planes lying on
{102} planes. (b) The same fragment after being heated in the electron beam. The {102} CS planes have increased in
density, and a number have broken into segments with an orientation along {103}. Note especially CS plane labeled

A, and the CS plane segment arrowed.

of the CS planes with m > 4 is lower than that
of {104} CS planes, and as the elastic strain
energy (U)), is also lower, the transition {104}
- {105} - {106} — ... {001} will give out
energy. In this case, the {104} CS planes
should transform directly to {001} and arrays
of CS planes with m > 4 should not be
observed. More generally, we expect tran-
sitions {102} —» {103} —... {10m,,,} and then
{10m,,,} - {001}, with m_, being probably
equal to 4. This is good agreement with the

data available to date in both the binary and
ternary CS phases.

Whether transformations of one CS plane
type to another are actually observed will
depend upon the mechanism of formation of
the CS plane arrays. In general at the
preparation temperatures used (~ 1600°K in
the Nb—W-0 system for example) the crystals
of CS phases form by way of a vapor phase
mechanism and the initial formation of {102}
CS planes followed by {103} would not be
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expected. The change is most likely to be
observed in large crystals of WO, reduced at
rather low temperatures. Such conditions can
be achieved in the electron microscope, and if
crystals containing ordered arrays of {102}
CS planes are gently reduced by electron beam
heating a partial transformation of {102} to
{103} CS planes can take place. Figure 5
shows this process.

The changes shown in this figure are worthy
of some comment. First one can note that
rather small regions of CS plane rotate and
that at low magnifications the CS planes take
on a wavy appearance. This has the advan-
tagé, as Anderson has pointed out (I5), of
permitting readily reversible behavior in the
regions where CS planes swing from one
orientation to another. The internal energy is
raised, though, by the extra lattice strain in the
region of terminating CS planes, and there is
no doubt that prolonged annealing would cause
the CS planes to reorganize themselves into
linear arrays. This process, however, is likely
to be relatively slow.

Stability of homologs

Within any one family of CS planes it has
been found empirically that some homologs,
those with n even in the W ,0,,_, series based
upon ordered {102} CS planes for example, are
favored over those with n odd. Similar
behavior is found in other CS phases, includ-
ing rutile based structures (see, e.g., (16)) and
this has led to the supposition that some
members of a series are thermodynamically
more stable than others. The formation energy
of the CS planes should not play a controlling
role in this, only the interaction forces, so we
should be able to analyze the situation using
the (U,), data in Fig. 3. Such an analysis had
already been described for {102}, {103} CS
phases (9).

Let us consider here the case of {104} CS
phases. In general a preparation will be made
by heating reactants in a sealed tube. We
suppose that the composition is such as to
form the oxide W,0,,_, where we ignore the
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presence of ternary metal dopants. We can
imagine that either this oxide will form, or else
it will gain in energy by disproportionating to
its neighboring homologs W, 0,, ;(g=n—1)
and W,0,, ; (p = n + 1). If we assume that
the driving force for this is (U), we can readily
calculate whether we will achieve a gain or a
loss of energy (9), and we can generally state
that if

Uys > HUY + (UN)
we get disproportionation, while if
(U < {HUYB + (UN

we will not get disproportionation. In Table I
we have shown values of A(U)?, = (U); —
HUYS + (U9l for {104} CS phases. If
4(U)L, is positive the phase will disproportion-
ate to the phases on either side while if 4(U),
is negative the W,0,,_; oxide will be stable.
The results in Table I show an irregular
sequence, and reveal that in any preparation
oxide phases with compositions close to the
starting composition will be found. This is in
agreement with results in the Nb,O,- WO,
system, where {104} CS planes form, as there
is no evidence of disproportionation and n
values in the range of 54—63 have been
observed (17, 18).

These calculations can readily be extended
to other {10m} CS plane series. However, little
experimental evidence is available except for
the {001} arrays in NbO,F and the niobium-
doped tungsten oxides. In the case of NbO,F
reduction leads to Nb,O,F, the member of the
homologous series M, (0,X),,_, with n = 3
(7). Calculations for {001} which parallel
those above for {104} CS planes have been
reported earlier (9). In these it was found that
disproportionation is favored, and in terms of
elastic strain energy alone, the parent matrix
containing a very low density of CS planes in
which (U,), is effectively zero, should coexist
with a phase in which n is 8, or lower. All
higher n values would tend to dispro-
portionate into these two end members. Taking
into account the fact that many other terms in
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TABLE 1

THE STABILITY OF VARIOUS MEMBERS OF THE
HomoroGous SERIES OF OXIDES W, O,,,_;, CONTAINING
ORDERED ARRAYS OF {104} CS PLANES

Formula,

n W,0,,.; (U)* AU e Stability®
13 W,0, 0.169088

14 W, 0, 0.157600  —0.007694 S
15 w0, 0.161500  —0.011744 S
16 W, 0, 0.188888 +0.013530 U
17 W,,04 0.189216 +0.004486 U
18 W0, 0.180572  —0.008952 S
19 W04, 0.189832 +0.004916 U
20 W,0, 0.189260  —0.012261 S
21 W,,0 0.213210 +0.015389 U
22 W,,0, 0.206382  —0.006759 S
23 W,,0 0.213072  —0.002433 S
24 W0 0.224628 +0.008418 8]
25 W0, 0.219346 -0.001434 S
26 W0, 0.216936  —0.010078 S
27 W,,044 0.234680 +0.011333 U
28 W, 0y, 0.229754  —-0.002318 S
29 W,,0,, 0.229464 +0.000098 U
30 W,04, 0.228978  —0.001698 S
31 W,,0,, 0.231888 —0.000475 S
32 w,,0,, 0.235748 +0.001194 U
33 W,,0, 0.237220 +0.000503 U
34 W0, 0.237686 +0.000238 U
35 W, 0, 0.237676 —0.002316 S
36 W,0, 0.242298 +0.001432 U
37 W0, 0.244056  —0.000552 S
38 W,0,, 0.246918 +0.001928 U
39 w,,0,, 0245924  —0.001346 S
40 W,0,,, 0247622 —0.000148 S
41 W, 0., 0249616 -0.000003 S
42 W,0,, 0.251616 +0.000697 U
43 W0, 0252222 —0.000128 S
44 w,0, 0253084 —0.000292 S
45 WwW,0,,, 0.254530 +0.000043 U
46 W, 0,  0.255890 +0.000163 U
47 W0, 0256924 +0.000189 6)
48 W,0,, 0.257580 —0.000156 S
49 W0, 0258548 —0.000056 S
50 W,0,, 0.259628 +0.000109 6]
51 Wg,0,,  0.260490 +0.000021 U
52 W,0,, 0.261310 +0.000126 6]
53 W,0,, 0261878 —0.000084 S
54 W,0, 0262614 —0.000024 S
55 W04, 0.263398 +0.000073 U
56 W0, 0.264036 —0.000263 S
57 W0, 0.265200 +0.000635 8]
58 W0 0.265094

w
4
g3
~

@ The units of (U,), and A(U,)?. are (C/a?).
5§ = stable; U = unstable.
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addition to (U,), are of importance in control-
ling crystal structures, this is in fair agreement
with the experimental findings for NbO,F.
{001} CS plane arrays also form in the
Nb,O,-WO; system (I/7). In this case the
analysis is complicated by the fact that {104}
and {103} CS planes also form. However, our
own results (/8) suggest that the true equilib-
rium situation consists of a mixture of slightly
reduced WO, containing a few {102} CS
planes and crystals containing arrays of {001}
CS planes with n values in the range 8—14, but
centered upon n = 10. This lies on the other
side of the theoretical result from NbO,F, and
suggests that other factors as well as elastic
strain are important, but once again the overall
agreement between theory and experiment is
fair.

In general, therefore, the assumption that
the most stable members of a homologous
series are those corresponding to minimum
values of the elastic strain energy (U,), seems
to hold fairly well. For {102} and {001} arrays
the calculations suggest that equilibrium
should lie between the almost unreduced
parent phase and a homolog with a fairly low »
value, in the region of 10. This means that
oxide mixtures will generally disproportionate
into a greatly reduced component and a
component which is only slightly reduced.
Experimentally this is found to be so. On the
other hand, {103} and {104} CS plane series
have a large number of stable homologs, sug-
gesting that a preparation will result in phases
of overall composition fairly close to that of
the starting material. Once again, this behavior
is well supported by the experimental evidence.
The overall conclusion to be drawn from this is
that the elastic strain energy in the matrix
between CS planes does have a role to play in
controlling the microstructures of these
materials.

Conclusions

The results described above suggest that
elastic strain is an important factor in control-
ling the microstructures observed in ReO,-
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related CS phases. It is also clear, however,
that the formation energy of the CS planes
may outweigh the elastic strain terms, and it is
this factor which determines which phases
form initially. One would therefore expect
that CS plane microstructures could well be
sensitive both to heating times and heating
temperatures during preparation. However,
such considerations will need accurate data
concerning the mechanism of CS formation
before the topic can be taken further.

It should also be explicitly stated that
although the elastic strain energy seems to be
of some importance, it is not the only factor to
consider. Bonding, both cation—anion and
cation—cation, is likely to be of great impor-
tance, and it is certainly true that the chemical
nature of the ions involved has a great bearing
on the microstructures of the materials.
Another factor which may be of importance is
the polarization of the crystal, which will be
reflected in the observed value of the dielectric
constant of the material. Our present results
suggest that it is only materials with a high
dielectric constant which support CS plane
formation (/9). These other factors, in con-
trast to elastic strain, are extremely difficult to
assess quantitatively, but it is hoped that they
will form the basis of future studies on the
energetics and stability of CS phases and
related materials.
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