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Defects associated with nonstoichiometry in the Magnéli-phase compounds V,0,,, were investigated
by transmission electron microscopy in the composition range mainly between V404 and VO,. In-
volvement of excess oxygen in the Magnéli-phase structures beyond strict stoichiometry, especially
beyond V,0,,, tends to create planar defects which are almost parallel to but are inclined slightly from
the (011) plane of the VO, structure, crossing the (121) CS planes. These defects subsequently tend to
form microtwin bands with ordered (132) CS planes. Differences in behavior between the V-0 system
and Ti—-O system with respect to the formation of long-period structures are discussed in this connec-

tion.

Introduction

The existence of a series of homologous,
long-period compounds V,0;,_,3=n=09)
has been known for some time, and their
crystal structure has been investigated in
detail forn = 3ton = 7 (1). The structure is
basically a periodic modulation of VO, hav-
ing the rutile structure: one oxygen layer is
removed at every nth V layer in the direc-
tion perpendicular to the (121) plane of
VO,. The (121) plane, where one oxygen
layer is missing, is called the crystallo-
graphic shear (CS) plane and is the site for
compensation of the nonstoichiometry (or
the deviation of the ratio of V to O from
1:2) of these compounds. The V,0;,;
phases themselves are sometimes called
nonstoichiometric compounds and the
meaning of the word nonstoichiometry is
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not necessarily clear. However, in this
study the word nonstoichiometry is utilized
to indicate either an excess or deficit in con-
stituent ions with respect to fully compen-
sated composition of a certain reference
structure.

There have been several efforts to deter-
mine if any long-period structures exist be-
yond V04, (2-5). We investigated this situ-
ation in detail in connection with the effort
to grow single-phase single crystals of
V0,47 (5). Although we observed the exis-
tence of V40,4 and of some longer-period
compounds of the same symmetry which
were found intergrown microsyntactically
with V4,0,; grown under highly nonequili-
brium conditions, we could confirm that
V40,7 is the long-period limit among the
Magnéli-phase compounds under the equi-
librium condition and that no equilibrium
phase exists in the composition range be-
tween V4 0,; and VO, (5). Therefore, our
interest is to determine, by high-resolution
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transmission electron microscopy, how the
Magnéli-phase compounds compensate for
nonstoichiometry by mechanisms other
than the (121) CS planes when excess oxy-
gen ions are incorporated into Vy,0,;.

In the Ti—O system the existence of the
Magnéli-phase compounds Ti,0,,-, (4 = n
= 10) of the same structure (6) has also
been documented and investigated exten-
sively by transmission electron microscopy
(2). In this system, different from the V-O
system, the existence of another series of
homologous compounds with similar struc-
tures beyond Ti,;;0,, has been established
(7). In the composition range between
TiOy ¢35 and TiO, gs, a series of homologous
compounds of the same formula, Ti,0,,_,
(12 = n = 36, even n) with the (132) CS
planes, is found.! In addition, between the
two homologous series, many intermediate
phases with periodic CS planes, again with
the formula Ti,O,,_,, exist.? In addition to
these compounds, the CS planes lie between
the(121) and the (132) planes and they change
from the (121) to the (132) orientation as the
oxygen concentration increases (2). In
other words, in the Ti-O system the non-
stoichiometry beyond the long-period limit
Ti; 00, of the Magnéli phase is still accom-
modated by formation of CS planes which
are different from the (121) orientation. The
investigation of the V-0 system beyond
V,0;,; is thus expected to contribute to the
understanding of the difference in the two
systems with respect to the formation of
long-period compounds.

! The lower limit of » seems to depend on the condi-
tion of preparation (2). Recently, Bando et al. (8) suc-
cessfully grew single crystals of this series of com-
pounds from Ti ;g0 to TizgOgy, except TijgO3;,. The
existence of a compound with odd # in this series of
compounds had not been known previously.

2 Structures in this range are considered to be transi-
tions from the structures with the (121) CS planes and
those with the (132) CS planes and are more generally
represented by the formula TinOzn—p (p # 1) with inte-
gral values of n rather than as mixtures of the two
typical structures.
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Experimental Procedures

Specimens were prepared first in a pow-
der form by reacting a mixture of V,0; and
V.0, powder at 900°C for 3 days. The com-
position of the powder specimen nominally
corresponded to V,,0,,. Crystals were then
grown from the powder specimen by means
of a chemical vapor transport technique uti-
lizing TeCl, as a transport agent. The
growth condition was the same as that for
growing stoichiometric V,0,,; single crys-
tals reported earlier (5). Single crystals of
compounds V,0z,—; fromn = 6ton = 8
were also grown for comparison from re-
acted powders with compositions corre-
sponding to V40,,, V;0,3, and V40;,;, re-
spectively.

Grown crystals were crushed in an agate
mortar and fine, crushed pieces were
mounted on carbon films for TEM observa-
tion. Specimens for high-resolution obser-
vation were mounted on carbon-coated mi-
crogrids instead of carbon films. A JEM 200
CX electron microscope with a side entry
goniometer was used for observation. The
microscope has a resolution of 3.0 A under
the axial illumination condition.

Results

Specimens grown from powder having
the nominal composition V,,0,, consist of
single crystals of either V40,; or VO,, but
small V40,5 single crystals are also occa-
sionally found among these. Any inter-
growth of other phases, either macroscopic
or microscopic, in these crystals is not ob-
served, and both diffraction patterns and
lattice images indicate the presence of peri-
odic arrays of CS planes. This implies that
the growth condition in these specimens ap-
proached that of growing single-phase sin-
gle crystals of V404, (5), but the oxygen
content in these specimens during the
growth and possibly also in the final state is
in excess of that in Vy0,;.
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Some diffraction patterns taken of these
V4047 crystals reveal distinctive streaks.
The existence of such distinctive streaks
has never been found in V,0,; grown from
powders having the stoichiometric compo-
sition. An example of diffraction patterns
showing such streaking is given in Fig. 1a.
The beam orientation is in the [111] direc-
tion.? Here, the 121 and the 011 reflections
correspond to the 009 and 010 reflections
based on the unit cell of V,0,,_, first de-
fined by Horiuchi ez al. (/). Streaks are par-
allel to the [011]* direction and are apparent
both at strong and at weak spots. Diffrac-
tion patterns taken with various beam ori-
entations show that these streaks are due to
one-dimensional diffuse scattering which is
parallel to the [011]* axis. This means that
the streaks are due to planar faulits lying on
the (011) plane.

Figure 1b is the lattice image of the area
producing the diffraction pattern in Fig. 1a.
The beam orientation is the same as that of
the diffraction pattern. The image reveals a
group of parallel, planar defects crossing
the (121) CS planes along the (011) plane. In
the orientation shown in Fig. 1a, the planar
faults are perpendicular to the image plane.
Wide areas between defects show regular
arrangements of Vg 0,, crystal with the
(121) CS planes with a 14.4-A interval. On
the other hand, images of the C'S planes are
severely distorted in areas where defects
are closely collected. These planar defects
have various widths: the thinnest probably
consists of one atomic plane, while thicker
ones have widths of a few tens of ang-
stroms. It is also seen that thick defects lo-
cated at the left side of the image in Fig. 1b
have internal structures. Ordered fringes,
similar to those due to the CS planes but
with orientation different from those of the
(121) CS planes, are observed inside.

3 Indices are referred to the tetragonal rutile struc-
ture in this paper. The relation between these and the
indices based on the unit cell defined by Horiuchi et al.
is given in Ref. (5).
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Lattice images of more than 30 areas of
the V40,7 crystals were observed with the
beam in the [111] orientation. Defects are
found in most areas. On the cther hand, in
“‘stoichiometric’” V4047 or in any V,0,,_,
(n < 9) crystals similarly prepared earlier
(5) such a high density of defects was not
observed. These specimens were practi-
cally free of the (011) defects. Therefore,
this type of defect is considered to be re-
lated to the involvement of excess oxygen
beyond V,0,; as discussed in more detail
later. Aggregations of defects are observed
whenever streaks appear in corresponding
diffraction patterns, but even if streaks in
the diffraction pattern are not detected,
some isolated defects of this kind still oc-
cur.

In addition to the features stated earlier,
some thin defects are found to have kinks.
An example of such a kink is shown by the
arrow in Fig. 1b. In other words, these de-
fects involve steps which are parallel to the
[111] direction. The existence of a series of
such steps tends to bend the defect plane
out of the (011) plane. Indeed, bent defects -
whose orientation deviates from the (011)
plane are also observed in some areas. Fig-
ure 2 shows such defects. The image was
taken with the beam in the [111] orienta-
tion. It is seen that the deviation can occur
on either side from the (011) plane. The
largest deviation from the (011) plane is
about 5°. The angle of deviation is experi-
mentally determined with respect to the
(121) CS planes. These bent defects are
thought to consist of a series of steps. Since
defects are inclined to either side of the
(011) plane, streaks which appear parallel
to the [011]* direction in the observed dif-
fraction pattern correspond to the average
structure of the area.

Figure 3 shows bright-field images of a
specimen which has two thin defects in the
area the widths of which are a few ang-
stroms, based on the lattice image taken
with the beam in the [111] orientation.
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direction

The pattern shows streaks in the [011

F1G. la. Diffraction pattern taken from a Vg¢0,; crystal.
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FiG. 2. Lattice image of a V40,; crystal showing defects whose orientation deviate from the (011)

plane. The beam is in the [111] orientation.

These bright-field images were taken ap-
proximately under the two-beam condition,
with a Bragg reflection g = 110, 111, and
211, respectively. It can be seen that con-
tours due to the defects appear for g = 110
but almost disappear for cases with g equal
to 111 or 211. These extinction conditions
indicate that crystals divided by the defect
are displaced relative to each other along
the [011] direction which lies in both the
(111) and the (211) planes. The [011] direc-
tion also lies in the defect plane.

Figure 4a is a high-resolution image taken
from a very thin area of a V,0,; crystal.

The image was taken under the axial illumi-
nation condition with the beam in the [111]
orientation. The image is taken with about
900 A underfocusing, close to the optimum
defocusing condition in this case. The
amount of defocusing is estimated from the
width of the Fresnel fringe appearing at the
edge of the crystal. Under this condition,
the image represents the projection of the
actual charge distribution in the crystal.
Figure 4b is a schematic diagram of the pro-
jection of a V404, crystal with the same di-
rection of projection as that of the image in
Fig. 4a. Large open and small solid circles
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FIG. 3. Bright-field image of a V40, crystal showing two (011) defects. The image is taken under the
two beam conditions with Bragg reflections g = 110, 111, and 211, respectively.

represent oxygen and metal ions, respec-
tively. CS planes are indicated by broken
lines. Note the defect which appears in the
center of the image in Fig. 4a. It is seen that
the CS planes as well as (110) lattice fringes
(horizontal fringes) change their orienta-
tions at the defect line and then return to
the original orientations on the other side of
the line. This indicates that both sides of
the crystal divided by the defect are dis-
placed relative to each other along the de-
fect plane and this observation coincides
with the result of the analysis based on the
bright-field images in Fig. 3. The image
shows that the amount of the displacement
across the defect is one and a half times the
(110) lattice spacing. On the other hand, the
width of the defect is approximately equal
to three times the (011) interplanar distance
2.4 A). Therefore, if the defect consists of
three consecutive stacking shifts along the

(011) plane, each stacking shift has a dis-
placement vector of [0i1], based on the
VO, lattice. Utilizing this concept, the
structure of thicker defects can be ex-
plained as follows: the thinnest possible de-
fects consist of a single stacking fault with
the displacement vector of % [011], and
thicker defects are a number of consecutive
stacking faults on every (011) plane. Figure
5 shows schematically a defect consisting of
a single stacking fault. Solid circles here
represent the metal ions, and oxygen ions
are not shown. A solid line at the center is
the stacking fauit and broken lines indicate
the (121) CS planes. The figure shows that
the defect in its idealized form is an anti-
phase boundary with respect to the VO,
crystal. It should, however, be mentioned
that, for creating an antiphase boundary in
VO., the shift across the boundary can be
any odd multiple of the % [011] vector. As
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g=111

Fi1G. 3—Continued.

shown later, there is evidence that the shift V40,; crystal showing a thick defect with
involves a % [011] rather than a 4 [011] vec- internal structure and Fig. 6b is the corre-
tor under certain conditions. sponding diffraction pattern. The image was

Figure 6a is a high-resolution image of a taken under the same defocusing condition
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as the image for a thin defect shown in Fig.
4a. The diffraction pattern shows extra in-
tensity maxima in the [011]* streaks. These
intensity maxima are thought to be caused
by the internal structure of the defect.
These look like twin spots of the underlying
V30,7 crystal at first sight. However, their
positions deviate systematically from those
expected from a twin. The direction of a
line connecting two adjacent extra spots
(indicated by arrows) does not coincide
with the [121]* direction of the VO, struc-
ture of V40,,. Instead, the direction is par-
allel to the [132]* axis of the twin. (For the

sake of brevity, we call the structure having

SATO ET AL.

the twin relation with respect to the under-
lying VO, structure simply as the twin.) In
the image, the [121]* direction of the matrix
and the [132]* direction of the twin are indi-
cated by arrows. It can be seen that the
parallel lines which are perpendicular to the
[132]* axis are separated by an interval of
about 10 A and are connected to the (121)
CS pianes in the matrix one by one. The
(110) lattice fringes in Fig. 6a also show that
the defect is in the twin relation with re-
spect to the matrix of VO,. These features
indicate that the internal structure of the
defect which is in a twin relation with the
matrix is described as the ordered (132) CS

FiG. 4a. High-resolution image of a V40,, crystal showing a (011) defect.
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FiG. 4b. Projection of a V,0,; crystal. Large open
and small solid circles represent oxygen and metal
ions, respectively. The orientation of the projection
corresponds to that of the image in (a).

A

planes. The intensity maxima in the diffrac-
tion pattern (Fig. 6b) are thus confirmed to
be due to the ordered (132) CS planes in the
twin. Further, the intensity maxima are al-
ways connected with Bragg spots due to the
ordered (121) CS planes in the matrix by the
streaks in the [011]* direction. This means
that the distance between the two adjacent
(132) CS planes along the (011) plane is the
same as that between the two adjacent (121)

’

.......,........
[ ]
0000000000000 0

F16. 5. Structure model of a thin (011) defect. Only
metal ions are represented by solid circles. A continu-
ous line at the center is an antiphase boundary and
broken lines represent the (121) planes.
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CS planes in the [111] projection. Figure 7
schematically shows a projection of a de-
fect (microtwin) having such an internal
structure. Solid circles represent vanadium
ions and the oxygen ions are not shown.
Both the (121) and the (132) CS planes indi-
cated by broken lines are connected to one
another at the boundaries between the mi-
crotwin and the matrix. The figure shows
that the period of the ordered (132) CS
planes is that of V40,;. In order to create a
twin with the ordered (132) CS planes
shown in Fig. 7, however, the relative shift
across each antiphase boundary must be
[011] rather than % [011].

It is also observed that a bent antiphase
boundary tends to be straightened out by
the motion of the jog along the (011) plane.
In Fig. 8, an example of such a motion of a
jog is shown which occurred during obser-
vation. In Fig. 8a, an initial image of a bent
defect is shown. In Fig. 8b, an image of the
same defect is shown after the motion of the
jog. Although not very distinct in this case,
such observations indicate that bent anti-
phase boundaries are created initially dur-
ing the growth, and that these subsequently
decompose into a series of boundaries to
form thick defects.

In order to investigate the dependence of
the frequency of occurrence of such defects
on the period of the structure, the micro-
structures of V,0,,_, single crystals from n
= 6ton = 8 were observed. Lattice images
were taken from more than 20 areas of each
crystal with the beam in the [111] orienta-
tion. In the first place, the occurrence of
(011) defect is rare and especially not as
distinct in its appearance as those observed
in V40,; studied here. The defects were not
encountered at all in V40O,, single crystals
but were found occasionally in V,0,; and
V30,5 single crystals. Though the result is
not fully quantitative, the observation
shows that the defect occurs less frequently
in V;0.3 and V0,5 crystals than in V40,
crystals. Even in V40,; crystals, the occur-
rence of the defects is rare in crystals grown
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from the starting material having the stoi-
chiometric composition. However, defects
with very large width (twins) were also
found in crystals of these compositions.
The images of those defects always reveal
regularly ordered (132) CS planes. Figure 9
exhibits such a defect in a V;0,; crystal.
The directions of [121]* and [132]* are indi-
cated by arrows.

Discussion

The present observation reveals the exis-

SATO ET AL.

tence of a new type of structural defect in
the Magnéli-phase compounds, V,0,,_;,
with the following characteristics.

1. The defect consists essentially of a se-
ries of antiphase boundaries along the (011)
plane of the underlying VO, crystal with the
rutile structure and it predominantly exists
in V40,; grown from the starting material
having excess oxygen content.

2. Many defects of this type found in
V40,7 are curved by the existence of a se-
ries of jogs and deviate from the (011)
plane. There is some evidence that bent
antiphase boundaries are straightened by

FiG. 6a. High-resolution image of a thick defect having an internal structure. The beam is in the [111]

orientation.
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FiG. 6b. Diffraction pattern taken from the area shown in Fig. 6a. Arrows indicate intensity maxima
due to ordered (132) CS planes.

the motion of jogs along the (011) plane and
subsequently form thicker defects.
3. Thick faults are found to be in a twin
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F1G. 7. Structure model of a thick defect (microtwin)
with an internal structure. Continuous lines are bound-
aries between the matrix and the defect. Broken lines
inside the defect represent the (132) CS planes.

relation with the matrix (with respect to the
underlying VO, structure). Because a series
of antiphase boundaries on every (011) an-
ion plane generates a twin in a crystai with
the rutile structure, such thick defects or
microtwins are considered to be formed by
a series of antiphase boundaries on every
(011) anion plane. The structure in these
twins is always the ordered CS structure
with the (132) CS planes and not that with
the (121) CS planes as in the matrix.

It should be emphasized first that the ap-
pearance of the (011) defects is strongly re-
lated to the involvement of excess oxygen
content beyond the strict stoichiometry of
V,0;.-1, especially of V,0,;. Single crys-
tals of V,,0,,., especially of n from 5 to 9,
were routinely grown by vapor transport
technique and their microstructures were
investigated by transmission electron mi-
croscopy. Major defects in crystals grown
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200A

Fic. 9. Lattice image of a V,0,; crystal showing a thick defect (microtwin) with ordered (132) CS

planes. The beam is in the [111] orientation.

from materials having stoichiometric com-
positions are those connected to the micro-
syntactic intergrowth (5, 9, 10), especially
when the growth rate is faster than the ap-
propriate rate for individual compositions.
Even for V,0,,, if crystals are grown from a
material having the stoichiometric compo-
sition and with slow enough growth rate,
almost perfect crystals can be obtained (5).

On the other hand, if crystals are grown
from materials with excess oxygen content
relative to V0,7, a high density of the (011)
defects is observed, leading to the conclu-
sion that the (011) defects are related to the
involvement of the excess amount of oxy-
gen in V,0,;. Our main interest here then is
to understand how these defects are related
to excess oxygen content in V,0,,_, and
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how the behavior of the V-O system is re-
lated to the Ti-O system with respect to the
formation of series of long-period struc-
tures.

The antiphase boundary along the (011)
plane, in view of its structure, should be
among low-energy two-dimensional defects
in the rutile structure and is observed in
VO, and TiO,. The existence of this type of
defect is also expected in the Magnéli-phase
compounds V,0,,_, or Ti,0,,_,. The exis-
tence of the (121) CS planes in these com-
pounds, however, raises the energy of the
(011) antiphase boundaries and this ac-
counts, at least partially, for the appearance
of this type of defect in Magnéli-phase com-
pounds of longer periods. However, a dras-
tic increase in the occurrence of the (011)
defects in V30,; with excess oxygen cannot
be understood from this trend only and the
occurrence is also far more frequent and
more distinct in appearance than in the cor-
responding composition range in the Ti-O
system.

Indeed, there has been no report on the
(011) defects, such as those observed in
V40,7, other than typical antiphase bound-
aries in the Ti-O system. For example,
Bursill and Hyde reported the existence of
antiphase boundaries, along with a small
group of long-period structures with the
(132) CS planes, in a TiO, crystal which had
been slightly reduced (//). However, it was
also observed that the appearance of anti-
phase boundaries depended on the treat-
ment of the specimens. This seems to indi-
cate that the appearance of antiphase
boundaries is due to strains created by
rapid cooling. Not only is the appearance of
the (011) defects in V40,; with excess oxy-
gen different from ordinary antiphase
boundaries, but their appearance does not
depend on strain as shown by the present
experiment. In other words, it can be con-
cluded that the (011) defects in V,0,; with
excess oxygen are different in character
from antiphase boundaries observed in the
Ti—O system. On the other hand, Terasaki

SATO ET AL.

and Watanabe (/2) and Anderson and Til-
ley (/3) reported the appearance of [011]*
streaks in diffraction patterns obtained from
Ti,Oz,—; crystals with the (121) CS planes.
Although they did not obtain any images
corresponding to these diffraction patterns,
the streaks observed are similar to those in
V40;; reported here and this may indicate
that a similar type of defect can also appear
in Ti,O,,-; to some extent.

We also observed some of the as-reacted
particles which were used as starting speci-
mens to grow crystals. Except for the fact
that microsyntactic intergrowth of Magnéli
phases of other periods was observed in
these particles (which can be expected in
specimens in a highly nonequilibrium state
in growth as reported earlier) (5), the char-
acteristics with respect to the (011) faults in
V,0,; were found to be essentially the same
as those observed in single crystals pro-
duced under conditions close to equilib-
rium. As long as the composition of the ma-
terial is close to stoichiometric, excessive
(011) defects are not found.

The above observations strongly indicate
that the (011) defects in V,0,; are intrinsic
defects characteristic of V40,; grown under
the condition of excess oxygen. On the
other hand, the (011) defect is essentially an
antiphase boundary along the (011) plane
and, if so, itself does not introduce any non-
stoichiometry. However, the actual (011)
defects observed in V40,, are not simply
antiphase boundaries but they include a
large number of defects: they are not
straight, involve steps, and are thick with
varying widths. This fact leads to a conclu-
sion that a series of (low energy) antiphase
boundaries is created in order to introduce
defects which can accommodate excess 0x-
ygen content in V40, rather than to create
(energetically more costly) long-period
structures such as those observed in the
Ti—O system in the composition range be-
tween Ti;0049 and TiO,. To illustrate these
concepts, projections of defects (antiphase
boundary) with steps are shown in Fig. 10.
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Fi1G. 10. Structure model of a defect (antiphase boundary) having a step. (a) A step in the center of
two CS planes. (b) A step at the intersection of the antiphase boundary and the CS plane.

Figure 10a shows an antiphase boundary
with a step between the two CS planes,
while Fig. 10b shows an antiphase bound-
ary with a step at the intersection witha CS
plane. Both create a missing metal site and
hence introduce nonstoichiometry. How-
ever, energetically the latter is preferred
from its geometry and, hence, the explana-
tion is given for the latter case. It can be
seen that a pair of vanadium ions at the CS
plane disappears at the step and a change of
composition toward VO, occurs. If such a
step is created at every intersection with
the CS plane, the total amount of bending of
an antiphase boundary is about 5°, in agree-
ment with observation.

The existence of steps in antiphase
boundaries is still energetically costly and
there should be a tendency to eliminate
these steps if the specimen is annealed. We
have often observed such motions of steps
during TEM observation. This motion is
probably created by heating due to the elec-
tron beam. An example is shown in Fig. 8.
A defect after such a step has moved along
the (011) plane is shown in Fig. 8b. This
motion would eventually drive excess oxy-
gen out of the specimen, leading the speci-
men toward the stoichiometric composi-
tion, V40,;. It is thus believed that this is,
at least, one mechanism of creating thick
(011) defects, and that defects observed in

V40,; grown from specimens with excess
oxygen content are the results after the ex-
cess oxygen content has been eliminated by
annealing. In other words, the excess oxy-
gen content in crystals observed can be far
smaller than the composition of the starting
materials might indicate. If such a motion of
jogs occurs along consecutive (011) planes,
this would create microtwin bands in the
specimen. We believe that microtwin bands
observed in V40,; and in other Magnéli-
phase compounds are created in this fash-
ion.

Microtwin bands (with respect to the un-
derlying VO, structure) in V,0,,_, have
long-period structures with the (132) CS
planes (Figs. 6, 9). Important features of
the (132) CS structure in microtwin bands
in V,0,,_, are that the period is exactly the
same as that of the (121) CS structure of the
matrix and that the (132) CS planes are
geometrically related to the (121) CS planes
of the matrix as explained earlier. The ex-
clusive appearance of the (132) CS struc-
ture in the microtwin with the same period
as the (121) CS structure in the matrix is
hard to explain thermodynamically. There-
fore, the formation of the (132) CS structure
in V,0,,_, is to be interpreted as a natural
consequence of the twin formation, and
hence is different in origin from the forma-
tion of the (132) CS structure in the Ti-O
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system which are introduced to compensate
for the nonstoichiometry in the composition
range beyond Ti; (0.

The following general characteristics of
the long-period modulation of crystals
might be helpful in understanding the differ-
ence. The stability of a homologous series
of long-period structures with respect to the
fundamental structure (the structure from
which a particular series of long-period
structures is derived by modulation or the
modulated structure with period infinity) is
conveniently discussed as a competition of
the stabilization free energy to form the
long-period structure and the boundary free
energy required for the modulation
(14, 15). If the boundary energy to create
the modulation is larger than the stabiliza-
tion energy, the formation of that particular
long-period structure is suppressed. Both
free energy terms depend on the period.
The stabilization energy is larger as the pe-
riod becomes shorter, but it decreases
faster than linearly with inverse period as
the period becomes larger (as the structure
approaches the fundamental structure),
whereas the boundary energy decreases lin-
early (14, 15). Therefore, this leads to a
natural long-period limit. In the present
case of the Magnéli structure, the funda-
mental structure is the rutile structure and
the modulation is due to the (121) CS plane.
Apparently, the (121) CS plane is the lowest
energy modulation plane (or the boundary)
in view of the existence of stable V,0,,_, or
Ti,0;.-,. Based on this modulation mode,
V40,; and Ti;4O,9 are the structures with
the longest periods. However, if the (132)
CS plane is utilized as the modulation
plane, the same stoichiometry (or the pe-
riod) can be achieved with a shorter dis-
tance between the CS plane. This means
that as » becomes larger in V,0,,_, or
Ti,0,,-,, the structure with the (132) CS
plane is more favorable with respect to the
stabilization energy and, hence, the struc-
ture with the (132) CS plane can take over
in structures with larger »n if the (132)
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boundary energy is favorable. Therefore, in
the composition range between Ti;,0,, and
TiO,, the appearance of long-period struc-
tures with the (132) CS plane {and also with
the CS plane of orientations between the
(121) plane and the (132) plane) is consid-
ered to be due to a favorable (132) bound-
ary energy in the Ti-O system.

The nonappearance of similar structures
in the V-0 system is then simply attributed
to the unfavorable size of the (132) bound-
ary energy with respect to the stabilization
energy. It can, however, be that the stabili-
zation energy of the (132) CS structure in
the V-0 system is more favorable than the
(121) CS structure in the structure with rel-
atively large n. The exclusive appearance
of the (132) CS structure in microtwins but
with the same period as in the matrix of the
(121) CS structure thus indicates that the
CS structure in the twin is formed under the
condition in which the contribution of the
boundary energy can be disregarded. A
possibility is suggested below.

The amount of shift involved in creating
the antiphase boundary along the (011)
plane in VO, is given by % [0I1] or its
odd multiple. On the other hand, in order to
create the (121) CS structure in the twin
formed by a series of antiphase boundaries
on every (011) anion plane, a shift of § [011]
per antiphase boundary is required, and for
creating the (132) CS structure, the shift in-
volved is § [011] per antiphase boundary.
As indicated above, the (132) CS structure
in the V-0 system may be more favorable
with respect to the stabilization energy than
the (121) CS structure with n as low as 7. It
seems, therefore, that the choice of the shift
per antiphase boundary in forming twins is
solely determined by the magnitude of the
stabilization energy of existing CS structure
when such microtwin bands are formed by
the motion of jogs along consecutive (011)
planes.

A considerable amount of effort has been
spent on the stability of the CS structure
(16-18). Most efforts are to calculate the
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stability by directly comparing the disor-
dered and the ordered CS structures in the
Ti-O and the V-0 systems. Also, discus-
sions have been made with respect to the
relationship between C'S plane orientations
and the anisotropy in Young's modulus
(19). Although the problems are not unre-
lated, it is hard to apply these arguments
directly to the present problem.
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