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Vanadium sesquioxide (V,0;) undergoes a number of phase transitions as a function of temperature
and doping. These phase transformations have been studied extensively using numerous experimental
techniques. In this article, I shall attempt to briefly review the experimental data on the pure and doped

V,0, system. © 1990 Academic Press, Inc.

Introduction

The metal-insulator phase transitions in
vanadium sesquioxide have been exten-
sively studied for over four decades and
hundreds of papers on this topic have been
published (7). Metal-insulator transitions
and phase transitions, in general, have al-
ways been a subject of great interest, both
experimentally and theoretically, because
the knowledge of mechanisms driving these
transformations lends a great deal of insight
into the nature of forces in play. While it
may be a theoretical challenge to explain the
properties of any given phase, the success-
ful theory of a phase transition must not only
identify the transition mechanism that drive
the changes, but must also simultaneously
determine the physical properties of both
the phases involved. Although transitions
exist in several 3d metal oxides, the particu-
lar fascination with the V,0; system is by
no means unjustified. Vanadium sesquiox-
ide (V,0,) along with its chromium and tita-

nium doped cousins form a class of com-
pounds that manifests a number of phase
transitions as a function of temperature,
dopant content, and pressure.

Even though these phase changes are in-
triguing in themselves, the fact that this
metal-insulator transition was thought to be
an example of a Mott transition gave this
research added impetus. In 1946, even pre-
ceding the Mott theory, the first-order
metal—insulator transition was observed (2)
in V,0; as the temperature was lowered be-
low approximately 160 K. Mott initially ad-
vanced the theory (3) of this transition in
1952 and showed that, as the distance be-
tween the atoms in a lattice was increased,
it would be possible for a metal to transform
to an insulator, perhaps simultaneous with
the onset of magnetic order. Although the
above explanation is extremely simplified,
it will suffice to show clearly the motivation
for several experimental studies that were
undertaken.

By 1970, there was a large body of experi-
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mental work which started off a very active
debate as to the transition mechanisms,
even though a detailed microscopic picture
of the Mott theory still did not exist. It was
about this time that V,0, began to be doped
with other 3d transition metals in order to
cause variations in the lattice parameters
and serve as a test of the theory. It was
found, in one of the attempts tc vary lattice
parameters, that the low temperature insu-
lating phase of V,0, could be entirely sup-
pressed (4) by the application of pressures
greater than 26 kbar. The experimentation
with doping also turned out to be extremely
fruitful. Researchers at Bell Laboratories
and elsewhere showed conclusively that the
Ti-doped (5) or O-rich (6) samples behaved
exactly as pure V,0, specimens to which
hydrostatic pressure was applied. In addi-
tion, they were also able to show that chro-
mium doping acted as a negative pressure
on the lattice, although the addition of Cr
causes the lattice to expand nonisotropi-
cally. However, the effects of doping on the
phase transitions were much more complex
than expected and has led to a continuing
experimental effort on this problem.

The first resistivity measurements (2, 7)
were accompanied by other traditional
methods of investigation of phase transi-
tions, including specific heat (8) measure-
ments. These initial measurements have
since been repeated and, with better charac-
terized samples now available, a consistent
picture has emerged. Further, as more mod-
ern experimental techniques such as ultra-
sound, neutron scattering, and NMR, to
name just a few, became routine, these too
were used to study the properties of the
different phases in the V,0, system. De-
tailed quantitative measurements of lattice
dynamical, thermodynamical, structural,
and magnetic properties in the pure and
doped V,0; system now exist and the pri-
mary object of this article is to review, albeit
briefly, the salient features in the profusion
of experimental information on pure, chro-

mium-doped and titanium-doped V,0; that
has been published thus far.

In the meanwhile, several theories (9—11)
have been put forward to explain the many
experimental facts that had been deter-
mined. It is not in the scope of this article
to fully address these theories and they are
reviewed elsewhere (12). It is enough to say
that, although progress has been made in
explaining the phase diagram (/2a), the de-
scription of the driving forces encompassing
all the transitions observed in these materi-
als is yet incomplete.

In the following section, I outline the
phase diagram of pure and doped V,0; as a
function of temperature and dopant content.
In the next sections, I discuss the transport
phenomena, the structural and lattice dy-
namical properties, the magnetic properties,
and the electron band properties, and how
these are affected by Cr-doping as well as
by Ti-doping and by departure from exact
stoichiometry. In the last section, I attempt
to make some conclusions about how these
results pertain to any theoretical approach.

Phase Diagram for Pure and Doped V,0,

The widely accepted phase diagram (I3)
as afunction of temperature and dopant con-
centration is shown in Fig. 1. Pure V,0, is
represented by the line at x = 0. To explain
the phase diagram, this section will concen-
trate primarily on the gross properties of this
system, using the resistivity measurements
as a guide.

The low temperature metal—insulator
transition in pure V,0; is accompanied by a
simultaneous change in the structure from
trigonal to monoclinic (/4) and onset of long-
range antiferromagnetic (15) order. A trigo-
nal cell can be uniquely described by ¢ and a
lattice parameters with the commonly used
hexagonal indexing. To simplify the struc-
tural comparisons, the monoclinic distor-
tion is sometimes ignored and this phase is
indexed ‘‘pseudo-hexagonally.”’
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F1G. 1. The phase diagram for V,0; as a function
of temperature and dopant content. The dashed line
represents pure V,0;. Ti and Cr doping has the effect
of positive and negative pressure, respectively. 1%
dopant corresponds approximately to 4 kbar. (From
Ref. (41).)

Doping with Cr leads to the formation (16)
of a new insulating phase that is not seen
in the pure compound. On the other hand,
addition of Ti or excess O content serves
to stabilize the metallic phase (5, 6) at the
expense of the low temperature insulating
phase. This can be seen in the phase diagram
and is also detailed in this section.

(a) Pure V,0,

V,0, undergoes a first-order metal-insu-
lator transition as a function of temperature,
at approximately 160 K. First reported by
Foex (2) this transition has since been reex-
amined on numerous occasions (2, 7, 17,
18). As the temperature is raised above
~160 K, the resistivity of good single crystal
specimens has been seen to decrease by as
much as eight orders of magnitude, as
shown in Fig. 2. At this temperature, the
monoclinic structure changes to a higher
symmetry trigonal cell (/4, 19) and, simulta-
neously, the ordered magnetism disappears
(15, 20).

After considerable initial dispute between
interpretations of the first NMR (21, 22),

Mossbauer (23), and neutron scattering (24)
data, polarized neutron scattering results
(15, 20) conclusively showed that the low-
temperature insulating phase was antiferro-
magnetic; from now on it is referred to as the
antiferromagnetic insulating (or AFI) phase.
The magnetic moment per V atom is 1.2 ug
and the moments lie perpendicular to the
hexagonal g-axis and ~71° from the hexago-
nal c-axis. The arrangement is such that c—a
planes with spins aligned in the same direc-
tion are stacked antiferromagnetically along
the (110)y axis.

The room temperature metallic (M) phase
was determined to be isostructural with a-
ALO; (corundum). This trigonal structure
was shown by Dernier and Marezio (/9) to
transform to a monoclinic symmetry as the
material was cooled below the transition.
Each of the (110)4 axes in the hexagonally
indexed trigonal cell becomes an unique
(010); axis in the monoclinic cell. Since
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Fi16G. 2. The plot of resistivity versus reciprocal tem-
perature for a few representative Cr-doped compounds
clearly show the various transitions that can exist as a
function of temperature and dopant content. (From
Ref. (18).)
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there are three equivalent (110)y directions
in the trigonal cell, three unique but spa-
cially related monoclinic domains are seen
to exist in the low temperature insulating
phase of V,0;. In other words, the mono-
clinic cell exhibits a triple twinning.

As the temperature is raised above ap-
proximately 550 K, the resistivity shows a
gradual increase indicating a second trans-
formation to another metallic (M') phase.
This change from M to M’ exhibits no
change of the trigonal symmetry and neither
of the metallic phases has any long-range
magnetic order.

In short, V,0, can be characterized by
three behavioral regimes. At the lowest tem-
peratures, the material is stable in (i) the
AFI monoclinic phase which transforms to
(ii) the trigonal M phase at ~160 K, which
then further undergoes a change to (iii) a
second metallic M’ phase with no change in
lattice symmetry at ~550 K.

(b) Doped and Nonstoichiometric V,0,

The addition of small amounts of chro-
mium to V,0; effects dramatic differences
(25) in the electrical properties of the com-
pound. Although, at the lowest tempera-
tures, (Cr,V,_,),0;, for up to x ~ 0.30, is
seen to be monoclinic and has the same mag-
netic arrangement of moments as the un-
doped compound, even a small percentage
of Cr has a large effect on the phase decision
between 160 and 500 K, as can be seen in
Fig. 2.

For samples with 0.005 < x < 0.03,
raising the temperature above ~160 K in-
duces the transition from AFI to the M
phase, as in pure V,0;. In this range, as
the dopant level is increased, the tempera-
ture of the discontinuity in resistivity in-
creases while the magnitude of this anom-
aly decreases. On further warming, there
is a transition to a second insulating phase
(I) that is nonmagnetic. The temperature
of this M-I change depends on the Cr
concentration. For example, in samples
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Fi1G. 3. The resistivity curves for (Ti, V_,),0; com-
pounds for x = 0.0, 1.0, 2.0, 3.0, 4.0, 4.9, and 5.5%,
respectively. The size of the anomaly as well as the
slope in the AFI phase decrease with increase in the Ti
dopant levels. (From Ref. (30).)

with x = 0.015, this transformation occurs
at about room temperature. This sharpness
of this transformation has been of some
debate (26, 27), and it is now agreed (28)
that this resistance change occurs in many
discrete steps. Rise in temperature above
this M-I transition results in a monotonic
decrease in resistivity that approaches the
resistivity of pure V,0; at the highest tem-
perature measured (~800 K).

In (Cr,V,_,),0, specimens with x > 0.02,
there is a drop in resistivity at approxi-
mately 175 K of only one order of magni-
tude and the system goes directly from the
AFI to the I phase and the M state does
not appear. Above 400 K, the resistivity
curve of 3% Cr-doped samples follows that
of those Cr-doped samples that underwent
M-I transitions at lower temperatures. In
Cr-doped samples with x < .005, there is
no clear discontinuity in resistivity at about
~400 K, and it is suggested (6, 25) that
the M-I transition as a function of Cr-
doping ends in a critical point. This would
indicate that the increase in resistivity in
pure V,0; (the M—M' change) is simply a
manifestation of supercritical behavior.

On the other hand, using titanium as a
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dopant affects the AFI-M transition tem-
perature, Ty .; as well. As x in (Ti;
V,_.),0; is increased, the temperature of
the phase change to the AFI state is de-
pressed and for x > 0.055, the M phase is
stabilized to the lowest temperatures and
the AFI phase is entirely suppressed (29,
30). Also, as Ty _,p decreases, the size of
the jump in resistivity also decreases. (See
Fig. 3).

Departure from stoichiometry (oxygen
excess or metal-deficiency) in V,0; sam-
ples also causes the M—AFI phase transi-
tion to occur (31, 32) at lower tempera-
tures. Similar to Ti-doped samples, in
V,0,., samples, no transition occurs for
values of x > 0.03; the difference is that
the size of the resistivity discontinuity is
larger when the transition temperature is
depressed.

Structurally, the AFI phase uniformly has
a monoclinic unit cell. All the other (M, I,
and M') phases have a trigonal lattice sym-
metry, whether the dopant is Cr or Ti or
vacancies. None of these trigonal phases
exhibits long-range magnetic order.

It is important to note (33) that the doped
samples are homogeneous. The effects that
are seen in the resistivity and other data are
not due to merely a macroscopic mixing of
the dopant and the host material. In Cr- and
Ti-doped samples, it is generally believed
that the dopant atoms go in substitutionally
for V atoms since there has been no observa-
tion of superlattice peaks in neutron and
X-ray scattering studies. Nonstoichiometric
samples are, strictly speaking, metal-defi-
cient and not oxygen-rich (34) since the de-
parture from stoichiometry is attained by a
partial occupancy of the metal sites. The
oxygen sites are fully occupied in stoichio-
metric specimens. It is perhaps interesting
to note here that the quality of samples used
in past work can be gauged for deterioration
via oxidation by the transition temperature
that is reported, since this temperature is so
sensitive to the oxygen stoichiometry.

Physical Properties of the Pure and Doped
V,0, System

(a) Transport Properties

The measurements outlined above pro-
vided the first evidence for the metal—insula-
tor transition in V,0,. Careful analyses of
the resistance data (35) provide even more
information about the properties of the dif-
ferent phases. In this section, the anomalous
resistance properties as well as the data on
specific heat and entropy changes will be
reviewed.

In the AFI phase, the resistivity has a
negative temperature coefficient, as can be
seen from Fig. 1. Log (p) is proportional to
the reciprocal temperature, the slope indi-
cating an activation energy of approxi-
mately 0.1 eV. At the transition to the M
phase, in samples where the M phase exists,
there is a large discontinuity in the resis-
tance. For Cr-doped samples in the AFI
phase, p increases with dopant level of up
to 3%, but drops again for samples that do
not undergo the AFI-M change.

There are a number of resistance anoma-
lies in the M phase. To study the M phase
in greater detail, experiments have also been
carried out where the AFI phase was com-
pletely suppressed by application of pres-
sure greater than 26 kbar. In this phase, the
resistivity is seen to have a positive temper-
ature coefficient prior to the steeper rise
connected with the change to the M’ phase.
In addition, it was found (4) that, in this
pressure-stabilized M phase,the contribu-
tion to the resistivity that is proportional to
T2, saturating at ~100 K, is much larger than
in other metal oxides or metals. Originally
ascribed to electron—electron or electron-
hole scattering, this T2 term has also been
interpreted as being due to spin fluctuations,
which would be expected to play a notice-
able role at the low temperatures. In fact, in
the theory proposed by Hertel and Appel
(36) using a Fermi liquid model involving
antiferromagnetic spin fluctuations, several
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properties of the M phase can be explained.
Cr-doping is seen to correspond to an in-
creased p in the M phase. It is possible that
this is due to “‘impurity’’ scattering due to
the dopant itself, but it is more probable
that the M phase in (Cr,V,_,),0, actually
consists of the coexistence (in varying de-
grees) of both the M and I states, as struc-
tural and magnetic evidence, discussed
later, will indicate.

The M phase in this system has a resis-
tivity that is somewhat high for a “‘true’’
metal, about two orders of magnitude
greater, for instance, than copper. This to-
gether with the fact that the Seebeck coeffi-
cient (37, 38) of V,0; in the M phase is also
rather high (measured values of arange from
+3 to +15 wV/°) suggest that the M phase
is in fact semimetallic rather than metallic.

It has been pointed out (4) that the tem-
perature ~700 K that drives the system into
the M’ phase is of the order of the activation
energy seen in the AFI phase and that, with
this in view, the resistivity decrease at the
M’ phase is governed primarily by carrier
mobility rather than carrier activation. This
was postulated as being the main difference
between the I and M’ phases.

The electrical properties of (Ti,V,_,),0,
and V,0,,; have also been documented.
Shivashankar and Honig, in a quantitative
study (30) of these features, found that, in
qualitative agreement with previous (28, 39,
40) reports, doping with Ti or increasing
the oxygen content does lower the M—AFI
transition temperature and that this transi-
tion is completely bypassed for x (Ti con-
tent) > 0.055 or for & (oxygen excess) ~0.03.
In addition, the resistivity activation energy
(i.e., the slope of log p versus reciprocal
temperature) in the AFI phase also dimin-
ishes as x or 8 is increased. The size of the
p discontinuity, however, increases for O-
rich specimens but decreases for Ti-doped
samples. This jump is observed to be more
than 11 orders of magnitude for § ~0.025.
These features have been semiquantita-

tively explained on the basis that acoustic
lattice vibrations are the primary scattering
mechanism in (Ti, V,_,),0; and that ionized
impurity scattering dominates in V,0;_;.
This analysis made the assumption that hav-
ing Ti as a dopant or V vacancies introduces
acceptor centers in the material, making the
host material more extrinsic and hence caus-
ing the Fermi level to move closer to the
valence band edge. This is consistent with
the fact that the activation energy is reduced
as the dopant level is increased.

In thermodynamic measurements, which
looks at a different aspect of the phase tran-
sition, the Bell Laboratories group (41)
found an anomalously large linear contribu-
tion to the specific heat in the M phase of
V,0,, where it exists in Ti-doped, O-rich,
and pressure-induced samples. This has
been interpreted as being due to electron—el-
ectron interactions. It should be mentioned
here that it is not impossible that this contri-
bution is due to electron—phonon effects.
In this context, it should be mentioned, as
several researchers have noted, that transi-
tions involving the M phase always appear
to have large hysterises, possibly due to the
sluggishness of the lattice.

In more detailed calorimetry work, re-
searchers have reported (42) on the entropy
change at phase transitions in both pure and
Cr-doped samples. It has been seen that the
change in entropy, AS, at the AFI-M is
smaller than the AS calculated due to the
onset of magnetic ordering alone, even as-
suming that only one of the two V atoms
contributes to the ordering. The measured
entropy of the M phase in pure V,0; is larger
than in the AFI phase by 11.2 J/mole-K.
Similarly, for x = 0.015 and 0.030, the AS
at the magnetic transition is measured to be
12.3 and 10.9 J/mole-K, respectively, also
smaller than the calculated magnetic contri-
bution by about 15%. Further, because the
magnetic moment is not saturated just below
the transition temperature, even in the pure
compound, the calculated value may well
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be overestimated. It has also been pointed
out that the measured (43) spin-wave gap of
4.75 meV has not been taken into account,
although no specific heat anomaly associ-
ated with the spin-wave gap temperature of
50-60 K has been reported. Even so, this
measurement of the change in entropy
would appear to indicate that the magnetic
component of the transition is the most im-
portant feature of the transformation to the
AFI phase.

Measurements of the entropy change
have also been made for the high tempera-
ture transitions. Here, it is seen that the
entropy of the I phase is smaller than that
of the M phase. Reports conflict as to the
change in entropy at the transformation to
the M’ phase, measured values vary from 0
(44, 45)100.3 J/mole-K (¢6). The zero value
for AS has been interpreted as evidence
against a phase transition in the thermody-
namic sense. The I'-M’ transformation ap-
pears to be very sluggish and spread over a
wide temperature interval, however, and
this may account for the lack of any signifi-
cant change in measured entropy in a differ-
ential calorimetry scan at any given temper-
ature.

(b) Crystallographic and Lattice
Properties

The high temperature (M’, M, and I)
phases of pure and doped V,0; have a trigo-
nal R3c lattice symmetry, similar to other
metal sesquioxides such as a-Al,O; (corun-
dum), Fe,0;, Ti,O;, and Cr,0,; and, ini-
tially, there appears to be nothing unusual
about the crystal structure of V,0;. How-
ever, closer examination of pure V,0; at
room temperature showed (/3) that the M
phase exhibits an anomalously large ¢/a ra-
tio in comparison to the other metal oxides
that share the same symmetry. This ratio for
the pure V,0, specimen in the M phase is
2.82, about 4% larger than in corundum,
for instance. The compressibility (47, 48) of
vanadium sesquioxide is also more aniso-

tropic. Whereas, for Cr,0;, the c/a ratio
remains almost constant with applied pres-
sure and, for Fe,O;, this ratio varies only
slightly; it is found that the a-axis in V,0; is
almost three times more compressible than
its c-axis. They also pointed out that the
oxygen positions in the V,0, unit cell ap-
proach an ideal HCP arrangement with in-
creasing pressure.

The lattice in V,0; has some puzzling
changes as a function of temperature. The
most general effects are observed in the be-
havior of the thermal expansion coefficients
of V,0,. These were obtained (16) by fitting
the positions of diffraction peaks as a func-
tion of temperature to straight lines. Ap-
proximate values obtained for the thermal
coefficients along the ¢-axis and in the basal
plane, respectively, were a, = —8.5 (X%
109 K-"and @, = 20 (x 10~% K~!. Fur-
ther, these values vary as a function of tem-
perature (49). At room temperature, the an-
isotropy is readily apparent. As T is
increased, «, decreases and is 50% lower at
500 K than at room temperature whereas «,
increases changing its sign between 300 and
500 K. Increasing T past 500 K reverses the
trend slightly. At 800 K, a, = 13 x 10°°
K 'and @, = 1.5 X 107 K™, It is seen
that the thermal expansion coefficients in
the M’ phase are far more isotropic than in
the M phase.

The crystallography of V,0; was of great
interest in determining the driving mecha-
nism of these transitions. In particular, the
Mott transition would require (50) that the
relevant metal-metal distances in the AFI
phase should be larger and, in fact, this was
found to be true.

With X-ray diffraction techniques it was
determined (/4, 19) that, at the transition to
the AFI phase, the trigonal unit cell having
R3¢ symmetry undergoes a monoclinic dis-
tortion with I2/a spacegroup describing the
unit cell. However, if one ignores the change
in symmetry, it is seen that, as the system
goes from M to AFI, the c-axis contracts
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and the a-axis expands. In spite of the fact
that the c-axis in the AFI state is approxi-
mately 5% smaller than in the M phase, the
metal-metal distance along the c-direction
is actually about 5% larger. V-V distances
in adjacent c—a planes remain largely un-
changed. Together with the magnetic struc-
ture, this means that V-V distances with
parallel spins increase while those with anti-
parallel spins show no substantial change.
All V-0 distances are maintained at an ap-
proximately constant value. Significant
changes occur in the V-V distances and it
is assumed that the O-O distances vary
mainly to accommodate the changes in the
lattice, allowing the V-V distances to vary
while keeping the V-0 spacings constant.
As T is increased, the V-V distances are
seen to go through a minimum at about 530
K where the M’ phase sets in.

Corresponding to the lattice change at the
M-AFI transition, there is also an enormous
change in volume; the cell volume of the
AFI phase is about 3.5% larger than that of
the M phase. This large change in the vol-
ume causes samples to crack up severely on
cycling through the M—AFI transition.

In Cr-doped specimens, the M, 1, and M’
phases are all trigonal. In samples where the
AFI-M transformation occurs, the lattice
changes parallel those in pure V,0; and the
lattice parameters are also very similar (51)
to the M phase in the undoped material.
The changes at the M-I transition involve a
compression of the c-axis and an expansion
of the ag-axis rather like the M—AFI change
but without a reduction in symmetry. The
volume of the I phase is also similar to that
of the AFI phase, greater than the volume
of the M state by about 1.5%. Hence in
samples where the transition to the I phase
occurs directly from the AFI state, the prob-
lem of sample crackingis no longer as severe
since the change in unit cell voiume is not
as drastic as at the AFI-M change. For sam-
ples that bypass the M phase, both the @ and
the ¢ lattice parameters increase smoothly

(25) as T is raised, indicating only a thermal
expansion that appears to be roughly con-
stant with temperature. The thermal expan-
sion coefficients in the I phase of the Cr-
doped material are much smaller than for
samples in the M phase and are also consid-
erably more isotropic.

Oddly enough, the distances between the
V atoms in the M’ and I phases is more
closely related to the V-V spacing in the
AFI phase, rather than the M phase, even
though the symmetry of the M’ phase, like
that of the M state, is trigonal. Once again,
the M phase is unique in its large c/a ratio,
its larger c-axis, but smaller V-V distances
along the c-axis. From these accounts, the
M’ and I phases of these materials are appar-
ently very similar, showing only a difference
in the resistivity.

In the M phase in the Cr-doped materials,
careful crystallographic studies (25) indicate
a large temperature range where both the M
and I phases coexist, in spite of the sharp-
ness in the resistivity discontinuity exhib-
ited at the M-I transition. As previously
noted, this explains the rise in resistivity of
the M phase as the Cr content is increased,
since it is pointed out that quite a small frac-
tion of the M phase can drastically reduce
the resistivity. In Ti-doped and O-rich V,0,
samples, both the metallic phase and insu-
lating phase, where it exists, emulate their
counterparts in the pure compound.

At M-AFI, each of the (hexagonally in-
dexed) 110 axes in the trigonal cell becomes
a unique 010 axis in the monoclinic cell.
The change from trigonal to monoclinic is
accomplished by the rotation of V-V pairs
in the c—a piane by approximately 1.8°
Since this tilting can occur about anyone of
the three equivalent g-axes in the trigonal
cell, a triple twinning of all reflections with
a non-zero [ component occurs. This distor-
tion can be visually seen as the metal atoms
moving in adirection approximately perpen-
dicular to the c-axis as shown in Fig. 4.

The reduction of symmetry from trigonal



VANADIUM SESQUIOXIDE 61

—O—
=150
—CO

o

)
L 4

|

-

=005

-9

Sg=

-

T®

[}
—&

@ Vsite
O O site

FiG. 4. A schematic view of the V,0; lattice. The
vertical lines point along the c-axis and sheets of oxy-
gen atoms lie in the basal plane. At the transition to the
AFI phase, the V atoms move as indicated by arrows;
the V-V pairs may be visualized as rotating about the
c-axis by 1.8°. (From Ref. (19).)

to monoclinic was studied in some detail in
pure and Cr-doped V,0;; this change was
monitored by the triple twinning of (006)y
reflection. The domains are reported to be
approximately equipartitioned, at least in
the large samples used in neutron scattering
studies (52-54). For the M—AFI transition,
this splitting appears at Ty_ap; and there is
little or no change as the temperature is de-
creased. In (Cr,V,_,),0;, for x = 0.03, this
twinning is again observed at the onset of
the AFI phase. However, lowering the tem-
perature, from 150 to 130 K, is seen to in-
crease the distortion, as seen by the separa-
tion between the three peaks. This is rather
reminiscent of a magnetostrictive effect,
where the increase in magnetization on low-
ering the temperature also increases the dis-
tortion. Further, for Cr content, x = 0.06,
there is no longer any clearly defined triple
twinning. It is possible, although unlikely,

that a single domain dominates since there
is some broadening of the peak, but, as
shown in Fig. 5, there is no intensity where
such peaks from a twin in the 3% (or pure)
sample is observed. This is qualitatively in
agreement with older studies (55) that
showed that although the monoclinic struc-
ture exists for x = 0.25, the distortion is
reduced for x = 10%.

In addition, a high resolution y-ray study
(54, 56) of a single magnetic domain in 3%
Cr-V,0; shows that there are crystallo-
graphic precursors to the magnetic transi-
tion. That is to say, these effects occur a
few degrees prior to the onset of magnetic
order. These changes are smaller but of the
same order as the monoclinic distortion. In
the doped samples, we begin to get a hint
that, perhaps, the magnetic, structural, and
electrical transitions do not occur simulta-
neously.

These changes in the crystal structure are
bound to be reflected in the lattice dynam-
ics. In order to study the contribution of the
lattice dynamics to the transitions, ultra-
sound and neutron scattering experiments
were conducted on pure and Cr-doped
V,0;. In most cases, unfortunately, mea-

COUNTS

0(DEG)

FI1G. 5. The (0 0 6)y4 reflection in 3% Cr-V,0; at 150
and 130 K. The splitting of the peaks can be seen to
increase significantly as the temperature is lowered by
just 20 K, suggesting a magnetostrictive mechanism for
the crystal structure distortion. (From Ref. (53).)
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surements were not made in the AFI phase
because sample fracture problems plague
the ultrasound work and the inherent multi-
domain nature of the AFI phase complicates
neutron scattering measurements. Never-
theless, the data obtained in the other
phases as a function of temperature and dop-
ing indicate some very puzzling features.

In pure V,0;, ultrasound measurements
(57, 58) of force constants C;; and C,, show
a strong minimum and Cy; and C;4 show a
somewhat more shallow dip at 7 ~530 K,
where the system goes from M to M’ with
increasing temperature. Cj,, in fact, be-
comes negative between 500 and 570 K. Re-
ports conflict as to the recovery of the soft-
ening in the C;, and C;; force constants,
but the behavior for T < 530 K is in good
agreement. One of these reports show that
the data is consistent with the existence of
a small percentage of a second phase. The
force constant along the other direction,
C4, begins to decrease with 7 somewhat,
even at 300 K; this is seen as being indicative
of a phase transition with a crystallographic
component at lower temperature, as it has
been shown (59, 60) that for a trigonal lattice
to be stable, C,, must be non-zero.

In the I phase in Cr-doped V,0;, the value
of C,, decreases monotonically (61, 62) with
temperature. Ultrasonic work was ham-
pered due to the formation of microcracks
at the I-M transition, but neutron scattering
measurements (54, 55) verified the softening
of C,, in the I phase and found, in addition,
that the onset of the M phase stabilized C,,
at its value just prior to the [-M phase
change. Strangely, in samples where no M
phase is encountered, C, softens com-
pletely to zero. This total softening coin-
cides with the I-AFI transition. This is not
unexpected since C,, must be greater than
zero for the stability of the trigonal struc-
ture. It should be mentioned here that the
entire dispersion curve does not soften with
decreasing temperature; the softening is
only observed at small g close to the zone

center. The cause of this softening is unde-
termined.

Other features in the phonon dispersion
measurements (54, 55) include the fact that
all measured modes are stiffer in both the
M’ and M phases compared to the I phase in
the Cr-doped specimens. Raman scattering
measurements (63) agree that, for modes
measured, phonons are stiffer in the M
phase. The fact that the M’ modes are stiffer
than the I modes, despite the higher temper-
atures, is the first indication that the M’ and
I phases are distinct, beyond just the resis-
tivity difference. Neutron scattering resuits
(55, 62) also indicate a transverse mode that
is not identified, in addition to the expected
transverse and longitudinal phonon modes.
This extra mode appears in the M phase in
pure V,0; as well as in the M’ phase in 1.5%
Crv,0;. In the 1.5% Cr-doped sample, the
intensity of this branch is observed to be
greatly reduced as the sample enters the I
phase with decreasing temperature. That
the unidentified transverse (4,4,0) mode is
not seen in the M phase in Cr-doped samples
may be due to the coexistence of two phases
in this region. As has been pointed out, the
““M”’ phase in Cr-doped samples may con-
tain quite a small fraction of the M phase.
This would lead to a proportionally smaller
intensity to the modes characteristic of the
M phase. If this is the case, then this mode
may be common to the M’ and M phases.

Ultrasonic measurements (64) of sound
velocities in Cr-doped samples that undergo
the I-M phase change under applied pres-
sure show linear pressure dependences,
changing by ~1% for an applied pressure of
4 kbar. It is interesting to note that the bulk
modulus of 3% Cr-V,0; decreases with
pressure, considered to be possibly a pre-
cursor to the volume collapse at I-M. The
bulk modulus for the pure material increases
with applied pressure.

As in superconductivity, observation of
the isotope effect will indicate the relative
importance of the lattice to the transitions.
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Measurements of the effect of substituting
160 with 80 were reported. Enrichment by
180 had effects on all the transitions in both
pure and 1% Cr-V,0;. In pure V,0;, replac-
ing 11 at.% of 'O by 'O resulted (65) in
increasing the transition temperature of the
M-AFI change by 2.3 K from 157 K. In 1%
Cr-V,0,, 19 at.% of 80 was observed (66)
to result in raising the M—AFI transition
temperature by approximately 3 K and low-
ering the M-I phase change by almost 9 K.
This was interpreted as being due to the
lattice contribution, proportional to SM/M?,
to the free energy in the M phase; the effects
on the AFI and I phases were ignored.

It is clear that the lattice structure and
dynamics play a significant role in these
phase transformations. The large hysterisis
associated with all the changes also points
to the lattice playing a dominant role. How-
ever, it is also clear that there are other
interactions that contribute to the features
of this phase diagram.

(c) Magnetic Properties

Magnetic order at low temperatures is the
most stable feature of the V,0, system and
occurs in all compounds that undergo a
metal—insulator transition. The AFI phase
was conclusively determined by Moon (15,
20) to be antiferromagnetic using neutron
spin-flip scattering techniques. The mag-
netic structure of V,0; is unique among
transition metal oxides, however. A mag-
netic moment of 1.2 ug per V atom is ob-
served as the saturation value. The mo-
ments lie 71° from the c-axis and
perpendicular to the a-axis, again using
pseudo-hexagonal axes and alternate layers
along the (110)y are stacked antiferromag-
netically. The space group of the AFI cell
was determined to be 12/a. There is a more
recent publication that reports (52) the ob-
servation of the (3/2,3/2,3)y, which makes
the structure inconsistent with the 12/a sym-
metry. However, this is a minor issue; the
same authors verify the moment of ~1.2 ug.

In this context, it is interesting to note that
Moon has suggested (20) the existence of a
component of the moment that is effectively
a tilt out of the ferromagnetic plane, which
would (67) also violate the 12/a symmetry,
even though crystallographically the I2/a
space group is still valid.

In pure V,0;, the magnetic transition out-
lined above is first-order and the magnetic
intensity reaches about 90% of its saturation
value (52) almost instantaneously. As T is
lowered further below Ty_5;, the magnetic
intensity increases only gradually. When the
magnetization curve for T just below Ty_,p;
is extrapolated, different authors report sec-
ond order Néel temperatures of 220 (68, 69)
and 290 K (20), respectively. That the Neel
temperature is some 100 K above Ty_,; sug-
gests that the onset of the metallic behavior
prematurely disrupts the magnetic order. As
previously noted, whatever interactions
drive the system to become metallic shorten
the V-V distance; perhaps it is also the
cause of the disruption of the AFI phase.
This first-order onset of magnetic long range
order is seen in all samples that undergo the
M-AFI transformation. There is about 10 K
hysterisis at this transition.

In contrast, in chromium-doped samples
(54, 55, 70) for which the transition to the
AFI occurs directly from the I phase, the
magnetization sets in more gradually. For
3% doping fitting the measured magnetic in-
tensity to a power law, I « (Ty_ag; — T)%*,
indicates a value for the critical exponent 8
of the order parameter of 0.19. This rather
low value is attributed to the system being
close to a higher order critical point. For
comparison, 8 = —1/3 for a 3-D Heisenberg
system. For 6% Cr-V,0,, the value of 8
obtained was only slightly larger, but the
straight line fit for the 6% Cr-V,0, specimen
was valid over a larger range below the criti-
cal temperature than for 3% Cr-V,0;. The
hysteresis at this transition is also much
smaller. If this trend continues it is to be
expected that the transition would become



64 MOHANA YETHIRAJ

second-order for larger amounts of Cr.
Moreover, as increasing Cr content moves
the system further from the M phase the
eventual result should be a quite ordinary
second-order magnetic transition.

Neutron scattering measurements (43, 55,
70) have measured the spin wave band gap
in pure and Cr-V,0;. The energy of the gap
is found to be 4.75 meV for pure V,0; at
Tyu_sp and there is no change as the tempera-
ture is lowered. This is also true for Cr-
doped specimens that undergo a first-order
onset of magnetic order. However, in 3%
Cr-V,0;,, the spin-wave band gap is ob-
served to be much reduced at 7| ,g and is
~2.9 meV at T = 175 K, increasing to a
saturated value of ~4.75 meV at T = 55K,
very approximately following the magneti-
zation curve. This suggests that, at the low-
est temperatures, the spin dynamics of pure
and 3% Cr-V,0, is identical. The spin wave
gap does not decrease completely to zero at
Ti_ar1; perhaps all this indicates is that the
I-AFI transition in 3% Cr-V,0, is still
weakly first-order, as is the resistivity.

The first observations that suggested anti-
ferromagnetism was a sharp rise (71) in the
magnetic susceptibility, x, at the transition
temperature, Ty pr. Measurements (72, 73)
of x in the M, M’, and I phases give some
idea of the differences in the magnetic inter-
actions of these three phases. In the range
160 K = T = 400 K, x obeys a Curie-Weiss
law with # = —600 K and p = 2.37 uy. This
is anomalous behavior for a metal, but it has
been shown (74) that this a near singularity
in the density of states at the Fermi energy
could give rise to a Curie-Weiss regime. A
small but definite difference seen in diffuse
neutron scattering measurements is also
consistent with paramagnetic behavior in
the M phase. For 500 < T < 650 K, a second
Curie-Weiss region exists; the only differ-
ence is a small difference in the effective
moment (4 = 2.69 ug) for the M’ phase.
Careful measurements also show a small
peak at T = 518 K. At this temperature,

Parette and Madhav Rao (75) report a peak
in the diffuse neutron scattering, as a func-
tion of temperature, at low g-values. This is
approximately a 20% effect and is attributed
to “superparnamagnetic clusters’’ with a ra-
dius of 300 A.

In (Cr,V,_,);0; samples that undergo the
M-I transformation, x exhibits (73) either
a broad maximum or a broad plateau at a
temperature which is identified, by extrapo-
lation, as the second-order Neel tempera-
ture. Again, in general, ordered magnetism
disappears before this temperature is
reached. As the Cr content is increased, the
Curie—Weiss temperature changes sharply
(76) from ® = —600 K for x = 0to © =
—350 K for x = 0.02. For larger values of x
up to 0.20, ® does not appear to change
further. The temperature of the magnetic
transition rises on the addition of Cr up to
3% and then gradually decreases for addi-
tional dopant amounts; in parallel with the
resistivity change.

Most of the previous observations suggest
that the crystallographic, magnetic, and
electrical transitions are simultaneous. The
strongest experimental observation (52)
against a direct link between the metal-insu-
lator transition and long-range magnetic or-
der is reported for O-rich V,0;,5, § =
0.0198, where the two effects manifest
themselves at different temperatures. It is
reported that, in this sample, the M—-AFI
transition occurs at ~50 K. However, long-
range magnetic order sets in almost 40 K
above Ty_spr» although the ordered moment
in the M phase, 0.9 py, is smaller than the
1.2 ug for the AFI phase. It is always possi-
ble that the sample inhomogenieties caused
this. However, it seems unlikely that inho-
mogeneous samples could cause the behav-
ior shown in Fig. 6, since the dependence of
the magnetization on heating and cooling is
distinctly different, beyond simiply a large
hysteretic effect. This result has not drawn
much comment in the literature and could
play a significant role in unraveling the tran-
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F1G. 6. The magnetic intensity as a function of tem-
perature for cooling and warming cycles in V,0;¢03.
The crystallographic transformation in this sample oc-
curs at approximately 50 K. Still, there is magnetic
intensity at 90 K. (From Ref. (52).)

sition mechanisms. It would, for instance,
be interesting to find out whether magnetism
occurs as a function only of metal-metal
distances, independently of phase.

A number of NMR studies provided the
first definite clues to the presence of mag-
netic order in the AFI phase. The first
observation of the disappearance of the
NMR signal below Ty_,p; indicating antifer-
romagnetic behavior was by Jones (72) in
1964. In addition, authors of various NMR
reports (73, 74, 77) are in agreement that the
Knight shift data obtained from Cr-doped
V,0; unmmistakably indicates the coexis-
tence of two phases in what is generally
referred to as the ‘M’ phase in Cr-V,0,.
Also, the intensity of the NMR signal corre-
sponding to the I phase grows at the expense
of the M phase signal as either temperature
or Cr content is increased, that is, with the
approach of the I phase in resistivity data.

This coexistence of the NMR signal due to
M and I phases may indicate only a local
disposition of the metal ions and not neces-
sarily clustering. However, crystallographic
observations of a splitting of the Bragg peak
positions detailed in the previous section
suggest some degree of clustering of each of
these phases in the sample. In addition, the
pressure-dependence studies of the Knight
shift, when analyzed in terms of spin and
Van Vleck components, are seen as indica-
tors that the M phase in pure V,0; is very
close to a transformation to a paramagnetic
insulating phase.

This proximity of the M phase to an insu-
lating phase at room temperature becomes
important in a scenario where it is thought
that the M phase actually transforms to the
I phase briefly, at which time the AFI phase
overcomes the I phase.

(d) Electron Band and Other Propetties

Although detailed band structure discus-
sions are beyond the scope of this work,
there are a number of significant measure-
ments that deserve mention. Optical proper-
ties of V,0; include a band with the maxi-
mum at approximately 1.1 eV and the
authors (78) attribute the onset of the M
phase due to the collapse of E,. They report
a band at 1.7 eV which decreases in width
and intensity at the AFI transition. In-
creased intensity in the M phase is interpre-
ted as an indication of a greater degree of
hybridization in this phase.

Photoelectron spectroscopy (79, 80) indi-
cates that the 3d band shifts to slightly
higher energy as the material transforms
from AFI to M and that there is a significant
rise in the intensity of this signal. A plasmon
peak is also seen in the M phase. Further,
the 3d band broadens and shifts to higher
energies at 600 K. X-ray absorption near
edge spectra (XANES) are consistent (81)
with the metal ions in V,0; being in a V3*
state, as would be expected from the oxida-
tion state.
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Muon spin resconance studies (68, 69, 82)
indicate that modifications in the itinerant
band states are small on going through the
M-AFI transformation. The identification
of the sites where the muons are stable are
indicative of V-V pairing. The magnetiza-
tion curve was also determined by this
method with an extrapolated Néel tempera-
ture of 220 K.

Recent resonant photoemission studies
(83, 84) of the V,0; system have been re-
ported. These studies indicate that there are
no major differences in the electronic band
structure between pure and Cr-doped mate-
rials. It would appear that the difference in
the resistance properties of the M and I
states are not reflected in the band structure.
This may indicate that the two phases are
electronically very close to each other. Also
notably, there is no clear-cut gap between
the O% and V39 electronic states. The data
are consistent with a combination of effects
due both to molecular orbitals, with lobes
of charge pointing along the c-axis, as well
as due to delocalized d-bands. As would be
expected, the d-bands are reported to be
close to the Fermi energy. Unfortunately,
these measurements have not been ex-
tended to the AFI phase.

Discussion and Conclusion

Various theories have been proposed to
explain the experimental data. The most de-
tailed treatment is that Weger and collabora-
tors (9) who reason that the change in the g,
states from a band description to a localized
one is reflected by a change in the distance
between the V atoms. A large number of
experimental facts can be explained in this
framework. A model (85) including a combi-
nation of localized electrons and a Fermi
fluid can also model the gross features of the
data. A charge density wave model of this
transition was proposed (86). However, sat-
ellites to the Bragg peak seen by Sinclair
and Colella (87) have not been verified in

later experiments (88, 89). Theoretical work
is still in progress.

The salient experimental features are out-
lined here. The antiferromagnetic order in
the AFI phase is definitely the most stable
feature of the vanadium sesquioxide phase
diagram and, in itself, it is not unreasonable
that this transition metal oxide should order
magnetically at lower temperatures. Neither
is it unreasonable that the system should
undergo a second-order transition to a non-
magnetic phase with rising temperature.
The structural trigonal-monoclinic transfor-
mation would appear to be magnetostrictive
in origin.

The metallic M phase is, however, unex-
pected. It is most likely that the M phase is
in fact semimetallic rather than metallic and
has some rather unusual properties: The
electronic contribution to the specific heat
is anomalously large, and the pressure-sta-
bilized M phase shows a large T? depen-
dence in the resistivity up to 100 K and has
a Curie-Weiss susceptibility. These anoma-
lies have been addressed in the theoretical
treatment by Hertel and Appel (36) in a
Fermi liquid model involving antiferromag-
netic spin fluctuations caused by the ex-
change of localized A,, electrons between
two V, pairs along the c-axis. They con-
cluded that the metal-insulator transition is
a magnetic transition driven by the ex-
change interaction between the E, elec-
trons. However, although the onset of the
M state seems to disrupt the magnetic order
in most cases, the results of Yelon et al. (52)
indicate that this may not always be true.

Various measurements indicate the M
phase being rather close to a transformation
to a paramagnetic insulating phase. The
analysis of the pressure-dependent Knight
shift has been interpreted to indicate this in
the case of a previous review. In addition,
the resonant photoemission data show that
the electronic band structure does not differ
very much between the  and M phases. This
is perhaps the strongest indicator that the M
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phase is not far from being an insulator even
at room temperature. If the band structure
does not play a dominant role in the [-M
change, the importance of spin fluctuation
as well as that of the lattice cannot be ig-
nored. The large hysterisis at these transi-
tions as well as the existence of an isotope
effect point toward the lattice contributions
to these phase changes. These features need
to be addressed theoretically.

The I and M’ phases, on the other hand,
seem very similar and a claim could be made
that the two are more or less the same; the
difference in resistivity can be explained by
the fact that the temperature of this phase
change is approximately equal to the activa-
tion energy in the AFI regime. However, the
lattice is clearly different. All of the lattice
modes measured in the M’ phase are either
stiffer or the same as in the I phase, in spite
of the higher temperature. In fact, in terms
of the lattice dynamics, the M’ phase seems
to be more closely related to the M phase.
This can be interpreted as evidence that the
three (M, I, and M’) phases are distinct.

It is not known what interactions cause
the trigonal structure of the I phase to be-
come unstable and shear as the temperature
is decreased, but, given this softness of the
lattice, it appears as though the structural
transformation is caused by magnetostric-
tion. This is consistent with the observation
of the increasing distortion as the tempera-
ture is lowered in the non-first order transi-
tions. The question then arises as to why the
M-AFI change is accompanied by a lattice
distortion. It has been proposed that the M
phase, being reasonably close to an insula-
tor already, transforms momentarily to the I
phase. Here, since the temperature is lower
than T_,p, the effects are more cata-
strophic. In addition, since the extrapola-
tion of the magnetization in the AFI state,
prior to the M phase onset, yields Néel tem-
peratures rather higher than Ty ,p, the
magnetization would be well developed by
this temperature.

It appears then that the metallic phase
interrupts the continuation of antiferromag-
netic behavior in most cases. The observed
magnetic ordering in the M phase in O-rich
V,05 is an exception. But even in this case,
the structural transformation is coincident
with the metal-insulator change. Hence, in
the scheme above, the metal-insulator tran-
sition occurs along with its concomitant lat-
tice instability in the I phase and results in
the transformation of the crystal symmetry.

Further, the monoclinic distortion is
brought about by the V atoms moving in
a direction approximately perpendicular to
the c-axis, the same direction in which the
lattice is unstable to shear. Since C,, is not
soft in pure V,0;, there is no apparent rea-
son for the monoclinic shear distortion in
the pure compound to resemble the change
of the 3% Cr-doped sample so closely. This
may be more evidence in favor of the short-
lived M-I transformation, prior to the onset
of the AFI phase.

The body of experimental work is signifi-
cantly larger for the Cr-doped as compared
to the Ti-doped or O-rich regions of the
phase diagram and it is not clear why the
M-AFI transition is suppressed in the latter
compounds. It is possible that the major ef-
fect of nonstoichiometry (in O-rich samples)
or of doping (in samples with Ti) is merely
to dilute the spin interactions between the
V atoms; somehow this results in the pro-
longed stability of the metailic phase. In any
event, it is obvious that the system is com-
plicated.

There is some confusion in the literature
as to which of the two, M—AFI or M-I,
transformations was thought to be a Mott
transition. Perhaps this is due to the fact that
both of them have been candidates for the
Mott interpretation at various times by vari-
ous groups. The data would seem to indicate
that the AFI-M change is much more com-
plex than a simple Mott transition. For in-
stance, there are crystallographic precur-
sors to the AFI transition in 3% Cr-V,0;,
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the distortion appears to be magnetostric-
tive, and finally, there is a case where all
the three (crystallographic, electrical, and
magnetic) components of the transition do
not appear simultaneously. It is obvious that
there is a delicate balance between mag-
netic, structural, dynamic, and electronic
components in the system that will not lend
itself to simple explanations.

In conclusion, it is readily apparent that
the goings-on in pure and doped vanadium
sesquioxide have been studied experimen-
tally in great depth and, undoubtedly, this
will continue till the puzzle is solved. It is
likely that many nuances of phase transition
mechanisms in the field of solid-state phys-
ics will be better understood when V,0; is
fully explained.
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