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Optical, thermal, magnetic, and transport properties of VO, in the vicinity of the semiconductor-metal
transition temperature of 68°C are discussed in terms of a simple one-electron band picture. Particular
emphasis is placed on the variation in these properties from sample to sample. It is shown that all of the
available experimental data can be qualitatively explained in terms of such a model. In the metallic state,
there are at least two overlapping and partially occupied bands, resulting in a complex Fermi surface
characterized by a conductivity effective mass near unity and carrier mobilities in the range between 1
and 10 cm?/V sec. There is no consistent evidence of a very narrow high-mass band near the Fermi level.
In the semiconductor state, it is probable that the band overlap described above is removed by the lattice
distortion, resulting in an energy gap of approximately 0.6 to 0.7 eV. This energy gap is filled to a density
of typically 10 to 102 cm= with donorlike and acceptorlike states, the energy distribution and density de-
pending on the sample, so that it is impossible to obtain an accurate measure of the energy gap. The charge
density associated with these donorlike and acceptorlike states is normally larger than that associated with
the carriers in the band, resulting in electronic properties characteristic of heavily compensated semicon-
ductors. The conduction-band effective mass and the electron mobility are both near unity in the semi-
conducting phase of VO,. Some implications of these experimental results with respect to the application
to VO, of several of the published theories on semiconductor-metal transitions in solids are pointed out.
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I. INTRODUCTION

INCE the early work of Morin,! a relatively large
number of solids have been found which exhibit a
sudden transition at some temperature from high-
temperature metallic behavior to low-temperature semi-
conductor behavior with a discontinuous change in
conductivity of several orders of magnitude.? Although
some theoretical models have been proposed to explain
such transitions,>~7 the detailed mechanism does not
appear to be well understood, and it is possible that
several different explanations may be valid depending
on the material.

One of the best known solids which exhibit a semi-
conductor-metal transition is vanadium dioxide.!® Its
electronic transition occurs at 68°C and is accompanied
by a first-order displacive phase transition from a
tetragonal (rutile) high-temperature to a monoclinic
low-temperature crystal structure.® The discontinuity in
conductivity at the transition varies from sample to
sample from a factor of less than one hundred to as high
as 105, typically being approximately a factor of 104
Recent interest in VO, has resulted in a great deal of
experimental work, but the experimental data and their
interpretations have often been contradictory. One of
the most likely explanations for contradictory experi-
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]. B. Goodenough, Phys. Rev. 120, 67 (1960).
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9 George Anderson, Octa. Chem. Scand. 10, 623 (1956).

LH.]J. Guggenhelm and J. B. MacChesney (unpublished).

185

mental results is that the impurity content, stoichiom-
etry, and quality of the VO, crystals studied by different
workers varies considerably. For this reason, it is most
desirable that a wide variety of measurements be made
on each of several different crystals in order to obtain a
consistent interpretation. In this paper, some optical,
thermal, transport, and magnetic properties of VO, and
their variation from sample to sample will be discussed.
In Sec. IT some general features to be expected of the
one-electron band structure of VO, in both the metal
and semiconductor phases are described; in Sec. III,
the presently available experimental data on VO,
are discussed in terms of a one-electron band model
with relatively large electron-phonon interactions, and
agreement of this model with theories of the semicon-
ductor-metal transition are briefly considered.>~7:1

II. GENERAL BAND FEATURES OF VO,
A. Metallic State

In discussing the general band features of transition
metal oxides, Goodenough?*? has suggested that when
direct cation-cation interactions are possible, the cation-
anion-cation interactions can often be neglected. With
this assumption, he has explained many of the proper-
ties of transition metal oxides. However, VO, has around
each vanadium ion an octahedra of oxygen ions similar
to that which exists around the titanium ions in TiO,,
SrTiO;, or BaTiOs;, and the interatomic spacings are
very similar. Band calculations on SrTiOs where only
the interactions between the oxygen 2p and titanium 3d
orbitals have been included show that the bands derived
primarily from the 3d orbitals have bandwidths of 1 eV
and wider, and conductivity effective masses near

1 T Hubbard, Proc. Roy. Soc. (London) A276, 238 (1963);
A272, 237 (1964); A281, 401 (1964).
12] B. Goodenough Phys Rev. 117, 1442 (1960).
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unity.’® This indicates that the cation-anion-cation
interactions cannot be neglected in VO,, a fact which
has been suggested by Bongers!* on the basis of his
experimental results. It also implies that when the
direct cation-cation interactions are included in a band
calculation of VO,, wider 3d bands and lower effective
masses (before dressing by polaron and other effects)
than those resulting from a calculation which considers
only cation-anion-cation interactions should be found.
Thus, VO, might be expected to have 3d bands wider
than 1 eV and effective masses near unity.

A band calculation for tetragonal VO, is not presently
available, nor has one been made for the closely related
and better known material TiO,. However, it has been
pointed out by Verleur ef al. that many of the major
features of the bands can be qualitatively explained by
an extrapolation of the SrTiO; band calculation,'® and
they were able to interpret their optical data satis-
factorily using such a model. From their work and the
photoemission measurements of Powell et al.,!® the
density of states of VO, in its metallic state is ap-
proximately as shown in Fig. 1. There is a set of bands
derived primarily from the oxygen 2p orbitals which are
completely occupied. They cover an energy range of
approximately 3 eV beginning approximately 2.5 eV
below the Fermi level. There is probably fine structure
in this density of states but it was not derivable from the
optical data and is not shown. The Fermi level lies
within the bands derived primarily from the vanadium
3d orbitals. The band gap between the oxygen 2p bands
and the vanadium 3d bands, if one exists, could not be
determined from the experimental data.

In the metallic state there are 10 spin-degenerate d
bands derived from the five 3d orbitals of the two
vanadium ions in each unit cell. These bands are
occupied by the extra valence electron contributed by
each vanadium ion. Thus, if one of the d bands were
completely below in energy the other nine, it would be
completely filled. Since metallic behavior is observed,
the lowest d band in VO, must partially overlap one or
more of the higher-lying bands. Although the nature and
degree of overlap cannot be easily predicted, it can be
stated that at any general point in the Brillouin zone it
is likely that all bands will be nondegenerate. Thus, the
concept that the two lowest d bands are degenerate
throughout the Brillouin zone and do not significantly
overlap higher-lying bands, resulting in an exactly half-
filled band, is not very probable. A more likely possi-
bility is that the lowest band is nearly filled and
overlaps slightly one or more higher-lying bands. This
latter band model was proposed by Verleur et al.l5 on
the basis of their optical work, and it will be shown

( 1 A). H. Kahn and A. J. Leyendecker, Phys. Rev. 135, A1321
1964).

4 P_F. Bongers, Solid State Commun. 3, 275 (1965).

15 Hans W. Verleur, A. S. Barker, Jr.,, and C. N. Berglund,
Phys. Rev. 172, 7838 (1968).

16 R. J. Powell, C. N. Berglund, and W. E. Spicer, Phys. Rev.
178, 1410 (1969).
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Fic. 1. Simplified representation of the density of states
in metallic (tetragonal) VO,.
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here that it is consistent with other experimental data
also.

B. Semiconductor State

When VO, is cooled below 68°C, it changes from a
tetragonal to a monoclinic structure.? The ionic distor-
tion is similar to that which occurs at an antiferroelectric
transition, the unit cell doubling in size and the maxi-
mum jonic movement being in the range of 0.1 A.
Goodenough has pointed out that the major feature of
the distortion is the formation of vanadium ion pairs
along the rutile ¢ axis,” and he refers to this as the
formation of homopolar bands. However, in view of the
large degree of hybridization expected between oxygen
2p and vanadium 3d orbitals, this pairing of vanadium
ions may be only one of several important character-
istics of the distortion rather than the dominant one.

The doubling in size of the unit cell results in a re-
duction by one-half of the size of the Brillouin zone and
a doubling of the number of bands. There will be
twenty 3d bands, and since semiconductor behavior is
observed two of these will be completely filled and
separated by an energy gap from the other eighteen.
The oxygen 2p bands will also double in number; but
their total bandwidth and their energy location with
respect to the Fermi level is not expected to be signifi-
cantly different from those in the tetragonal rutile
phase. The density of states, again ignoring possible fine
structure, derived from the optical measurements is
shown in Fig. 2. As in the tetragonal state, the energy
gap between the oxygen 2p bands and the vanadium 34
bands is not apparent from the experimental data.
However, the energy gap which forms within the 3d
bands is roughly estimated from the optical measure-
ments to be 0.6-0.7 eV, a number in reasonable agree-
ment with the conclusion of other authors.'”

17L. Ladd and W. Paul (unpublished).
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Fic. 2. Simplified representation of the density of states
in semiconducting (monoclinic) VOs.

A significant feature of the VO, density of states
shown in Fig. 2 is the continuum of states within the 3d
band energy gap. The nature and density of these states
will be discussed in more detail later. However, some of
their general features are evident from the optical
measurements and will be described here. Verleur ef al.1®
found that there was no abrupt optical absorption
threshold at the energy gap photon energy in semi-
conducting VO,, and that a significant and nearly
temperature-independent absorption tail extended from
approximately 0.8 eV down to less than 0.2 eV. This
absorption was generally structureless although some
samples showed small peaks near 0.4 eV, and it varied
somewhat from sample to sample. Several possible
mechanisms were proposed to explain the absorption,
one of which was absorption from donor and acceptor
states within the energy gap. These donor and acceptor
states may be partially due to impurities, but are more
likely to arise from crystalline imperfections such as
oxygen vacancies, interstitial vanadium ions, disloca-
tions, domain boundaries, or cracks. Although other
mechanisms may be responsible for part of the ab-
sorption below the band edge in semiconducting VO, an
explanation of most of the absorption in terms of such
localized states is consistent with the transport and
optical data to be described.

The variation in the optical absorption measured on
several samples indicates that the density and energy
distribution of these states within the energy gap varies
somewhat from sample to sample, but some general
conclusions are possible. Since the optical absorption
coefficient is typically in the range from 102 to 10* cm™,
and since impurity photoionization cross sections are
usually near 10726 cm? for a rather wide range of photon
energies above the impurity binding energy, the inte-
grated density of these states is probably in the range
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from 10® to 10%® cm=3. There is no simple way of
determining the energy distribution of these states from
the optical absorption alone, and even if there were, it is
evident that the distribution will vary from sample to
sample. Fortunately, for the purposes of discussion in
this paper, it is the existence of such states within the
gap which is most important; so that as a first ap-
proximation, and in the absence of more detailed in-
formation, it is reasonable to represent them as a
relatively structureless continuum of states, as shown in
Fig. 2.8 Since their density is so low compared to the
density of vanadium ions, and since it is variable from
sample to sample, they probably arise from departures
from crystalline perfection or impurities similar to those
which result in donor and acceptor states in more con-
ventional semiconductors. It is important to point out,
however, that their density is sufficiently high to com-
pletely mask the optical absorption threshold at the
band gap energy. For this reason, the energy gap in our
VO, samples cannot be measured accurately by optical
means and the 0.6 to 0.7 €V energy gap value mentioned
previously must be recognized as only an estimate.

III. ELECTRONIC PROPERTIES OF VO
A. Resistivity and Hall Effect

The temperature dependence of the conductivity of
VO; has been reported by many authors.!:*!¢ Some
typical curves for our samples which are in substantial
agreement with the published results are shown in Fig.
3. In the metallic phase the resistivity is relatively
temperature-independent varying slightly from sample
to sample over the range between 2X10~* and
5X 104 cm. In the semiconductor state, the resistivity
may be between 1072 and 10 @ cm at the transition de-
pending on the sample, but is usually reported to be in
the range of 1 @ cm. It nearly always exhibits an ap-
proximately exponential dependence on the reciprocal of
the absolute temperature over rather wide temperature
ranges below the transition with the activation energy
varying from less than 0.1 to as high as 0.65 eV. The
highest activation energies are usually associated with
the highest resistivities at the transition temperature as
illustrated in Fig. 3. Similar results have been observed
on sputtered VO, films approximately 700 A thick.12

The results shown in Fig. 3 and those to be described
in the remainder of this paper were taken from single
crystals grown from a supersaturated solution of V3Os.
The growth technique has been described elsewhere.
Different conductivities and conductivity activation
energies in the semiconducting state of the various
crystals studied were obtained by varying the growth
rate.

18 This representation is similar to that proposed recently by
Morrel H. Cohen for amorphous semiconductors.

1D, H. Hensler, J. Appl. Phys. 39, 2354 (1968); E. N. Fuls,
D. H. Hensler, and A. R. Ross, Appl. Phys. Letters 10, 199 (1967).

2 E. N. Fuls, D. H. Hensler, and A. R. Ross, Appl. Phys.
Letters 10, 199 (1967).
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Although not shown in Fig. 3 because of the scale
used, thermal hysteresis is always observed in measure-
ments of conductivity versus temperature. Like most
other properties of VO,, the hysteresis varies from
sample to sample, being as low as 0.5 deg on samples
exhibiting the highest conductivity discontinuity at the
transition but being typically in the range from 1 to 2
degs. While the origin of this hysteresis is not known, it
is likely that at least some is due to internal stresses
induced by domain boundaries in the semiconductor
state.? There is no conclusive evidence that measureable
hysteresis is inherent in the phase transition of VO..

Figure 3 also illustrates that the transition tempera-
ture T is essentially independent of the conductivity,
and the activation energy for the conductivity, in the
semiconductor phase within the experimental uncer-
tainty resulting from the hysteresis.

One important experimental fact associated with VO,
and many other materials that exhibit metal-semicon-
ductor transition is that on passing through the transi-
tion they tend to crack. In VO, the tendency toward
cracking varies from sample to sample and the cracks
which do form are usually aligned along the rutile ¢ axis.
Careful conductivity measurements on several samples
made before and after cycling them through the transi-
tion several times indicate that in both the metal and
the semiconductor state these cracks usually have a
nearly negligible effect on conductivity measurements,
but if effects do occur the largest ones occur in the
metallic state. However, they appear to affect Hall
measurements, especially in the metallic phase.?? For
this reason there is very little reliable Hall effect data on
VO,. Nevertheless, from the available Hall data, it can
be stated that in the semiconductor state the current
carriers have always been found to be electrons and the
exponential dependence of the resistivity on reciprocal
temperature has always been found to be due primarily
to a temperature dependence of the carrier concentra-
tion (Hall coefficient) rather than that of the mobility.1?:2
The mobility is in the range from 0.1 to 1 cm?/V sec near
room temperature and is anisotropic, the mobility
parallel to the rutile ¢ axis being approximately a factor
of 2 larger than that perpendicular to the rutile ¢ axis.
Given these electron mobilities and the measured con-
ductivities in the semiconductor state, the carrier
concentration just below the transition is typically in
the range from 108 to 10 cm™3.

Since Hall measurements indicate that only electrons
contribute significantly to the conductivity of VO, in its
semiconductor state, the conductivity o is

= qunN 6 EFI*T 1)
where un is the electron mobility, NV, is the effective

2 P, J. Fillingham, J. Appl. Phys. 38, 4823 (1967).

2 A, S. Barker, Jr., H. W. Verleur, and H. J. Guggenheim,
Phys. Rev. Letters 17, 1286 (1966).

2 See, for instance, J. L. Moll, Phkysics of Semiconductors
(McGraw-Hill Book Co., New York, 1964), p. 85.
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Fi6. 3. Temperature dependence of the conductivity of three
typical samples of VOe..

conduction band density of states, £ is Boltzmann’s
constant, 7" is the absolute temperature, and Er is the
energy separation of the Fermi level from the conduc-
tion band edge. Since the conductivity varies nearly
exponentially with reciprocal temperature and since the
mobility can not account for such a strong temperature
dependence, Er must contain a temperature-indepen-
dent term. One possibility is that in the semiconductor
state VO, is intrinsic with Er equal to one-half the
band gap. However, in this case all samples should have
the same activation energy. A more likely explanation
is that the position of the Fermi level is influenced by
donorlike and acceptorlike states within the energy gap,
the distribution and density of these states varying from
sample to sample to account for the observed variations
in conductivity and activation energy. This requires
that there be a density of such states in excess of the
density of electrons, namely, more than 10*8 to 10® cm™3,
Note that this conclusion, based only on the variation
from sample to sample of the conductivity and its
temperature dependence, is consistent with the explana-
tion of the optical absorption in terms of donorlike and
acceptorlike states.

It should be pointed out that the existence of a large
density of donor and acceptor states within the energy
gap of semiconducting VO, explains two other proper-
ties. It has been found that polycrystalline thin films of
thicknesses of approximately 700 A have reproducibly
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exhibited conductivity similar to that of single crystals
both in the magnitude of the conductivity and in the
values of conductivity activation energies in the semi-
conductor state.®? Such behavior is unexpected unless
the space-charge regions associated with the surface and
grain boundaries are considerably thinner than 700 A.
Also, attempts to obtain rectifying behavior at a metal-
semiconducting VO, contact were unsuccessful with
gold, platinum, aluminum, copper, and indium-gallium
at temperatures from 150°K to the transition tempera-
ture. Both of these observations can be explained if
there is a density of donor and acceptor states in excess
of approximately 10" cm™ within the energy gap which
will result in very narrow space-charge regions nearly
transparent for electron transport by tunneling.
Referring to Eq. (1), if Er is essentially temperature-
independent even over a limited temperature range
where u, is temperature-independent, an extrapolation
of a plot of loge versus 1/7 back to 1/7T equal zero will
provide a direct measure of qu,/V.. In the range from
approximately 0°C up to the transition temperature, all
the samples measured exhibited a unique conductivity
activation energy, and six of seven samples measured
gave an extrapolated value of conductivity of 8 @~ cm™
within approximately a factor of 2. The one exception
had an anomalously high conductivity activation energy
of 0.65 eV and is shown in Fig. 3. Thus, it is reasonable
to conclude that in all but one of our samples in the
temperature range from approximately 0°C up to the
transition temperature the Fermi level is pinned by the
donor and acceptor states at a fixed temperature-inde-
pendent value and that qu./N. is approximately
8 @ cm™L Using the limits on the mobility between 0.1
and 1 cm?/V sec, and the conventional expression re-
lating density-of-states effective mass mp to NV,

No= (3m)V2/nbm 2 (R TP @)

the density-of-states effective mass for the conduction
band of VO, is between 1.6 and 7 times the free-electron
mass. These values are similar to those measured on
SrTiO3,% and BaTiO3.28

In the metallic state, there are conflicting Hall results
in the literature. If one type of carrier is assumed, the
measurements of Barker et al? indicate that the
carriers are electrons, and from the conductivity they
must have a mobility of between 1 and 10 cm?/V sec.
The spread in mobility values comes from uncertainty
in the density of carriers. The value of 10 arises from the
density of 3102 cm—2 used by Barker et al., and the
value of one arises from the assumption of one carrier
per vanadium ion. In either case, however, it is inter-
esting to note that the mobility is higher than that for
electrons in the semiconductor state. Hensler’s Hall
data! indicate that the carriers making the dominant

( u H) P. R. Frederikse and G. A. Candela, Phys. Rev. 147, 583
1966).
2% C. N. Berglund and W. S. Baer, Phys. Rev. 157, 358
(1967).
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contribution to the conductivity are electrons, and that
if a single type of carrier is assumed its mobility must be
approximately 0.1 cm?/V sec. However, the effective
concentration of carriers estimated from his Hall coeffi-
cient is over 102 cm™3. Since the density of vanadium
ions is approximately 3X10?2 cm= in VO, and each
vanadium ion contributes only one extra electron, these
results indicate that more than one type of carrier exists
in the metallic state and that the mobility obtained may
be considerably lower than the actual mobility. Hence
the Fermi surface of metallic VO, must be complex and
must include at least two bands. Attempts to measure
the details of the Fermi surface have not been successful
because conventional low-temperature measurements on
the metallic phase of VO, are not possible, and mea-
surements at higher temperature lack the required
sensitivity.

B. Infrared Optical Properties

The ir optical properties of one of our crystals of VO,
have been measured by Barker ef al.? They found that
in the semiconducting phase, the ir free-carrier absorp-
tion combined with Hall measurements resulted in a
conductivity effective mass for conduction-band elec-
trons at optical frequencies between one and four times
the free-electron mass. Given that the low-frequency
mass may be somewhat larger, it can still be concluded
that these values for the conductivity effective mass are
consistent with the previously described estimates of the
density-of-states effective mass.

One important parameter that can be deduced from
the infrared measurements of Barker et al. is the
electron-phonon coupling coefficient a. This parameter,
commonly employed in polaron theories, was originally
defined by Froehlich ef al.,?¢ as

e /2mF*o\Y?/1 1
) GO

20w\ & €0 €
where w; is the longitudinal optical phonon frequency,
m* is the effective mass, €, is the high-frequency
dielectric constant, and ¢ is the low-frequency dielectric
constant. Using an effective mass of four times the free-
electron mass and the measured dielectric constants, o
in VO, is approximately two. Since the conductivity
effective mass may be as small as the free-electron mass
a may be as small as one. In either case its value is
approximately the same as that of BaTiO3,2" SrTiOs,*
and TiO..28 While it is sufficiently large that a simple
band theory treating electron-phonon interactions as a
small perturbation is not a very good approximation, it
seems too small (and the effective mass seems too
small) to justify the application of present small polaron

26 {, Frohlich, H. Pelzer, and S. Zienau, Phil. Mag. 41, 221
(1950).

27 A, S. Barker, Jr., Phys. Rev. 145, 391 (1966).

28 D, M. Eagles, J. Phys. Chem. Solids 25, 1243 (1964).
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theories® as suggested by Mott.*® A large polaron
intermediate-coupling treatment is probably more appli-
cable to VO,

In the metallic state, the free-carrier part of the_ ir
optical properties combined with Hall data can be used
to deduce the optical effective mass and the mobility of
the carriers if only one type of carrier is present. Making
such an assumption Barker ef al.22 estimate from their
data an optical effective mass of one-half the free-
electron mass and an optical mobility of 2 cm?/V sec.
Since more than one type of carrier is probably present
and since dressing effects may occur at lower fre-
quencies, this effective mass must be considered as a
lower limit for the conductivity effective mass of
metallic VO,.

Photoconductivity measurements of VO in its semi-
conducting phase have been attempted over the photon
energy range from 0.1 to 5.5 eV and over the tempera-
ture range from 77°K to 68°C. Single crystals, epitaxial
thin films, and sputtered thin films were used. In all
cases there was no observable photoconductivity. While
there are several possible explanations for this result, an
extremely high density of trap states existing within the
energy gap seems to be the most straightforward.

C. Seebeck Effect

Some typical results of Seebeck coefficient measure-
ments on VO, are shown in Fig. 4. In the semiconductor
state, there is no measurable anisotropy, whereas, in the
metallic state at 75°C the Seebeck coefficient is —23.1
#+0.2 uV/°C perpendicular to the rutile ¢ axis and
—21.140.2 pV/°C parallel to the rutile ¢ axis. Essen-
tially identical results for the metallic state were ob-
tained from all samples measured while the Seebeck
coefficient for the semiconductor state varied from ap-
proximately —30 to —400 uV/°C, the most negative
values being measured on samples with the largest
activation energy and resistivity in the semiconductor
state. Some authors have measured Seebeck coefficients
as large as —1000 uV/°C."* The temperature depend-
ence of the Seebeck coefficient is weak, but in the
metallic state it always increases slightly with tempera-
ture. In the semiconducting phase small and variable
decreases with temperature in the range from 25 to
68°C are observed.

In principle, the Seebeck coefficient and data from
other transport measurements can be used to interpret
unambiguously conduction mechanisms and band prop-
erties. However, most models predict similar behavior
for the Seebeck coefficient, the differences generally
being smaller than the variation from sample to sample
which has been observed. For this reason only a
qualitative interpretation will be given here using as a
first approximation a simple band model.

lg"sgee, for instance, T. Holstein, Ann. Phys. (N. Y.) 8, 325
o N) F. Mott, Rev. Mod. Phys. 40, 677 (1969).

31 R. P. Feynman, R. W. Hellworth, C. K. Iddings, and P. M.
Platzman, Phys. Rev. 127, 1004 (1962).
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Fi16. 4. Temperature dependence of the Seebeck coefficient mea-
sured parallel to the rutile ¢ axis for three samples of VOs..

For a nondegenerate semiconductor with one type of
carrier (electrons), the Seebeck coefficient is usually
written as

S=(k/QL(—Exr/kT)+8], 4)

where Er is the Fermi energy relative to the conduction
band minimum, and B is a constant which depends on
the energy dependence of the electron-scattering mecha-
nism (usually between two and three for lattice scat-
tering). For lattice scattering, .S for a given carrier is
isotropic,® but the measured Seebeck coefficient can be
anisotropic if more than one type of carrier contributes
since the Seebeck coefficients add in the following way:

g1 o2
S=—Si+—Sst--+, 5)

o [

where S is the measured Seebeck coefficient, ¢ is the
total conductivity, and o; and S; are the conductivity
and Seebeck coefficient, respectively, of the ith carrier.
Thus, even if the S;’s are isotropic, any anisotropy in the
a¢’s would result in an anisotropic S.

The fact that the Seebeck coefficient is always nega-
tive in VOq shows that the dominant current carriers are
electrons. In the semiconductor state, its lack of anisot-
ropy and its variation from sample to sample are
qualitatively consistent through Eq. (4) with the varia-
tion in conductivity activation energy and are in
agreement with simple theories where only one current
carrier is present. In the metallic state, the anisotropy
in the Seebeck coefficient can be explained using Eq. (5)
if more than one type of current carrier with different
(and anisotropic) mobilities are present.

32 See, for instance, A. H. Wilson, The Theory of Metals (Cam-
bridge University Press, Cambridge, England, 1953), p. 205. ‘
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Fic. 5. Magnetic susceptibility (1076 emu/g) of a typical
sample of VO; near the transition temperature measured parallel
and perpendicular to the rutile ¢ axis.

D. Magnetic Susceptibility

The magnetic susceptibility of one of our samples of
VO, is shown in Fig. 5 for a relatively restricted temper-
ature range near the transition. These results are in
general agreement with previously reported suscepti-
bilities,® showing that VO, is paramagnetic both above
and below the transition. In addition the relatively
small but measurable anisotropy is shown.

At temperatures below 68°C, the susceptibility is
small and temperature-independent, and is probably
due to a combination of the negative diamagnetic
susceptibility of the atomic cores and the positive
Van Vleck paramagnetism. At the transition, the sus-
ceptibility increases discontinuously by a relatively
large value of approximately 7)X10~¢ emu/g. Part of
this discontinuity is due to changes in the core and
Van Vleck contributions, but some part must be due to
the appearance in the metallic state of a relatively high
density of free carriers. Although negligible temperature
dependence of X above 68°C is shown in Fig. 5, several
authors have observed that X decreases slightly with
temperature.?3

If the entire discontinuity in X at the transition is
attributed to the change in the density of free carriers,
and if a simple one-band free-electron model is applied,
it is found that the Fermi surface density of states in
VO, in its metallic state must be approximately 10%
cm~3 eV~L Such a density would require bandwidths of
approximately 0.1 eV, and, in view of the previous
discussion and experimental results appears to be incon-
sistent. However, if it is assumed that there are two
partially occupied bands overlapping in energy, one very
narrow and of very high mass making the major
contribution to X and the other relatively wide and of
mass near unity responsible for the transport properties,
the data can be explained. A similar model explains the

3 W. G. Rudorff, G. Watler, and J. Stadler, Z. Anorg. Allgem.
Chem. 297, 1 (1958); K. Kosuge, T. Takada, and S. Kachi, J.

Phys. Soc. Japan 18, 318 (1963).
3 G. T. Hill and R. H. Martin (unpublished).
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high paramagnetic susceptibility of palladium?® and
V;Si1.38 This model is rather unlikely in VO, since there
is at present no evidence of such a narrow band in the
optical'® and photoemission!® data. Even with the
limited resolution of the photoemission experiment, such
a narrow band would give rise to striking and unam-
biguous behavior if it did exist. Note also that such a
model would have to explain the anisotropy which is
shown in Fig. 5.

It is also possible that all or part of the discontinuity
in X at the semiconductor-metal transition is caused by
other effects. The separate magnitudes, anisotropies, and
changes at the transition in the Van Vleck and core
diamagnetism contributions are not presently known.
Since these two contributions are of opposite sign, small
changes in one or both may make a much larger relative
change in X. Another possibility is that the magnetic
susceptibility of the carriers has been affected by large
polaron or electron correlation and exchange effects
resulting in a considerable enhancement.®” In this case,
even though the density of states at the Fermi surface
is relatively small, the free carriers could make a major
contribution to the susceptibility. Since some or all of
these possibilities contribute, the discontinuity in X at
the transition in VO, cannot be considered as evidence
for a high Fermi surface density of states or for very
narrow bands.

E. Heat Capacity and Latent Heat

The heat capacity of VO, is of importance not only
because it should provide information on the type and
nature of the transition but because the latent heat and
heat capacity at the transition can be interpreted using
models of the semiconductor metal transition such as
that by Adler and Brooks?® in terms of the width of bands
near the Fermi level. A plot of the specific heat at con-
stant pressure for VO, is shown in Fig. 6 from the data of
Cook® and Ryder et al.,® and clearly shows that the
transition in VO is first order. The latent heat at the
transition as measured by Ryder et al. is 102045
cal/mole of VO,, and the Debye temperature extrapo-
lated from the low-temperature specific heat is ap-
proximately 750°K. The data at temperatures above the
transition temperature T, are not sufficiently good to
extract a Debye temperature at high temperatures.
Ryder et al.’s data were taken from the same samples
used in the other measurements described here, and the
sharpness of the transition provides an indication of the
high quality of the VOs..

The rather large latent heat at the transition of 1020
cal/mole corresponding to an entropy change AS of
about 3 cal/mole®C is made up of two contributions, one

% J. R, Schrieffer, J. Appl. Phys. 39, 642 (1968).

36 A. M. Clogston and V. Jaccarino, Phys. Rev. 121, 1357
‘l?féz;e, for example, D. Pines, Phys. Rev. 95, 1090 (1964).

38 0. A. Cook, J. Am. Chem. Soc. 69, 331 (1947).

#E. J. Ryder, F. S. L. Hsu, H. J. Guggenheim, and J. E.
Kunzler (unpublished).
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from the lattice which results from the crystalline
distortion, and the other from the conduction electrons
which results because of the discontinuity in the carrier
density. These two contributions could possibly be
separated if very exact specific heat data on high quality
material were available over a wide temperature range
above the transition. Since such data is not presently
available, it is of interest to examine whether all or most
of the latent heat can be explained on the basis of either
contribution, and what effect each contribution would
have on the specific heat measured above and below the
transition.

Regardless of which mechanism is primarily re-
sponsible for the observed latent heat, the free carriers
which appear in the metallic phase will make a contri-
bution to the measured specific heat above the transi-
tion temperature. However, if in addition the free
carriers were entirely responsible for the observed latent
heat in VOo, the effective Debye temperature above and
below the transition would not be expected to be
significantly different and the specific heat would be
larger in magnitude just above T'; than just below T'; by
an amount which would be approximately equal to the
electronic contribution to the specific heat in the
metallic phase. Referring to Fig. 6, it can be seen that
even though accurate data to temperatures well above
the transition are not available, the discontinuity
appears to be less than 0.5 cal/mole °C. Using the free-
electron model which relates electronic specific heat to
the Fermi surface density of states, this experimental
fact implies that the Fermi surface density of states is

TEMPERATURE (°K)

less than 1.5X 102 states/cm? V. While this conclusion
is not expected to be extremely accurate in view of the
likely complexity of the Fermi surface, it isin qualitative
agreement with the conclusions from the optical,
photoemission, and transport measurements in indi-
cating that the Fermi surface effective mass for metallic
VO: is near unity.

If the observed latent heat is primarily due to the
appearance of the free carriers in the metallic state as
assumed above; then the latent heat must be equal to
the entropy of these free carriers just above the transi-
tion temperature, multiplied by the transition tempera-
ture T'.. However, the entropy of free carriers and their
contribution to the specific heat are normally approxi-
mately equal. From Fig. 6 the entropy change associ-
ated with the transition is approximately 3 cal/mole °C,
whereas, from the previous discussion the electronic
contribution to the specific heat must be less than 0.5
cal/mole °C. This observation indicates that either there
is some correction to the simple free-electron theory
which allows the entropy of free carriers to be more than
a factor of 6 higher than .their contribution to the
specific heat, or there must be a significant lattice
contribution to the latent heat.

If the lattice contribution were primarily responsible
for the latent heat, it would be expected that the
effective Debye temperature above the transition would
be different than that below the transition. The magni-
tude of the entropy change would depend to a first
approximation on the change in Debye temperature.
Since the Debye temperatures have not been evaluated
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F16. 7. Thermal conductivity of a typical sample of VO,.

with sufficient accuracy, it is not possible to state that
all or even most of the observed latent heat can be
accounted for by a lattice contribution in VO,, but it is
interesting to note that many first-order ferroelectric,
antiferroelectric, and other transitions [for example,
those in PbZrO; © and (NH4)»SO, %] in which there is
no significant change in conductivity have latent heats
and entropy changes similar in magnitude to those ob-
served in VO,. Thus it is possible that much of the
latent heat in VO, comes from the lattice.

F. Thermal Conductivity

The thermal conductivity of a typical sample of VO,
is shown in Fig. 7. There is a negligible temperature
dependence in the thermal conductivity over the tem-
perature range from —25°C through the metal-semicon-
ductor transition to 80°C, and no observable discon-
tinuity at the transition. These two results were found
on all samples which were measured although the
magnitude of the thermal conductivity varied depending
on the sample from about 40 mW/cm °C to about
70 mW/cm °C.

Thermal conductivity in solids has two components,
a lattice thermal conductivity «; and an electronic
thermal conductivity k.. Based on several simplifying
assumptions, the electronic thermal conductivity can be
related to the electronic conductivity by the well-known
Wiedemann-Franz law#

ke=37m2(k/e)2% T, (6)

where k£ is Boltzmann’s constant, e is the electronic
charge, and T is the absolute temperature. Using Eq.
(6), the measured electronic conductivity of VO, indi-
cates that a discontinuity of 20 to 50 mW/cm °C, de-

% E. Sawaguchi, G. Shirane, and Y. Takagi, J. Phys. Soc. Japan
6, 333 (1951).

4 S. Hoshino, K. Vedam, Y. Okaya, and R. Pepinsky, Phys.
Rev. 112, 405 (1958).

42 J, R. Drabble and H. J. Goldsmid, Thermal Conduction in
Solids (Pergamon Press, Inc., New York. 1961), p. 8.
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pending on the sample, should occur in k. at the
semiconductor-metal transition. Experimentally it is
found that the discontinuity is less than the experi-
mental error (about 2 mW/cm °C) as seen in Fig. 7.

There are two reasons why the Wiedemann-Franz law
may fail in a solid; the electron scattering mechanism
may not be adequately represented by a simple scat-
tering time, and the scattering process may not be
elastic.®® Both probably apply to VO,. Using a scattering
time model, the low mobility of carriers corresponds to a
mean free path of the order of 5A, a distance com-
parable to the lattice constant. It is not clear that a
relaxation time representation for scattering is a good
approximation when the mean free path is so short. In
addition, the scattering is not well approximated as
being elastic not only because the Debye temperature
for VO, is well above the transition temperature T'; at
approximately 750°K but also because the dominant
scattering is probably with one of the longitudinal
optical phonons whose energy is well above £T";. It is not
likely that the dominant scattering of carriers in the
metallic phase is with impurities or defects because such
scattering is elastic and would tend to validate the
Wiedemann-Franz law.

Since it has been shown that the electronic thermal
conductivity is negligible in VO, up to 80°C, all of the
measured thermal conductivity must be due to the
lattice. However, lattice thermal conductivity in most
pure crystals free of imperfections is found theoretically
and experimentally to vary reciprocally with the abso-
lute temperature at high temperatures and even more
rapidly at temperatures well below the Debye tempera-
ture. In VO,, no significant temperature dependence
was noted in « over the measured range, so it must be
concluded that our crystals contained a very high
density of crystalline imperfections.

G. Pressure Dependence

The pressure dependences of several properties of VO,
have been measured by Neuman, Lawson, and Brown,*
and by Kawakubo and Nagasaki,*® but the results do
not agree and are not definitive. More complete mea-
surements over a wide pressure range on some of the
same crystals used here have recently been reported by
Berglund and Jayaraman,* the results of which are
shown in Fig. 8. They found that the transition temper-
ature increased linearly with hydrostatic pressure at a
rate of approximately 0.08 deg/kbar in good agreement

4 See, for instance, J. M. Ziman, Theory of Solids (Cambridge
University Press, Cambridge, England, 1964), p. 196.

4 See, for instance, J. R. Drabble and H. J. Goldsmid, Thermal
Con%ction in Solids (Pergamon Press, Inc., New York, 1961),
p. 140.

4% C. H. Neuman, A. W. Lawson, and R. F. Brown, J. Chem.
Phys. 41, 1591 (1964).

( 46 S5 Minomura and H. Nagasaki, J. Phys. Soc. Japan 19, 131
1964).

47 C. N. Berglund and A. Jayaraman, Bull. Am. Phys. Soc. 13,
1454 (1968); C. N. Berglund and A. Jayaraman, following paper,
Phys. Rev. 185, 1034 (1969).
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with the Clausius-Clapeyron equation using previously
measured values of volume change at the transition?®
and the latent heat. They also found that in the
metallic state, the conductivity increased with pressure
relatively rapidly at low pressures, then tended to
saturate at pressures above 15 to 20 kbar. They pointed
out that the nonlinearity in the pressure dependence
was more likely to be caused by a pressure dependence
of the effective carrier concentration rather than of the
carrier mobility. This result implies that the Fermi
surface of VO, in its metallic state consists of two or
more overlapping bands in which the degree of overlap
is pressure-dependent.

IV. DISCUSSION AND CONCLUSIONS
A. Metallic State

The experimental data which have been described for
tetragonal metallic VO, are generally similar to those
which would be expected from a simple extrapolation
from TiO. and are qualitatively consistent with a con-
ventional one-electron picture. There is a set of energy
bands, derived primarily from oxygen 2p orbitals, lying
between 2.5 and 5.5 eV below the Fermi level. The
Fermi level lies within a set of ten bands derived pri-
marily from the vanadium 3d orbitals. These 3d bands
are probably wide (1 eV or more) because of both strong
cation-cation interactions and significant hybridization
with the oxygen 2p orbitals. The Fermi surface is
complex, the lowest-lying 3d band probably being nearly
fully occupied and overlapping slightly in energy one or
more higher-lying bands.

The relatively poor conductivity of VO, has been
shown by electron transport and infrared absorption
data to be caused by a combination of the small density

( 48 ’I; Kawakubo and T. Nakagawa, J. Phys. Soc. Japan 19, 517
1964).
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of carriers, perhaps up to an order of magnitude less
than the density of vanadium ions which results from
the above described Fermi surface, and a relatively
small mobility between 1 and 10 cm?/V sec. The domi-
nant current carriers are electrons, and their low mo-
bility is caused by strong scattering due to a large elec-
tron optical phonon interaction rather than by a large
conductivity effective mass. The thermal conductivity
tends to rule out the possibility of significant impurity
or defect scattering, since the Wiedemann-Franz law is
not obeyed, and optical and transport data indicate that
the conductivity effective mass is in the range from 0.5
to 4 times the free-electron mass.

In discussing the optical, transport, hydrostatic pres-
sure, magnetic, and thermal measurements on VO, it
was not necessary nor consistent to invoke unusual
correlation effects or a small polaron picture. However,
the discontinuity in the magnetic susceptibility and the
latent heat at the transition, if attributed entirely to
electronic effects, are both sufficiently large that unusual
electron correlation and exchange effects may be im-
portant. The magnetic susceptibility is quite large,
positive, and nearly temperature-independent, and if a
large fraction of this susceptibility is attributed to the
conduction electrons, direct application of the free-
electron theory of metals requires that the Fermi surface
density of states be extremely large. A similar require-
ment arises if a large fraction of the latent heat is
attributed to the conduction electrons. Such a density of
states would require a band at the Fermi level approxi-
mately 0.1 eV wide in addition to the previously
described low-mass band, but there is no evidence in the
optical data, particularly the photoemission data, for
such a narrow band or a high density of states near the
Fermi level. In addition, there are other indications in
the heat capacity data which tend to rule out the
possibility that the latent heat should be explained
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entirely on the basis of an electronic contribution. Given
these facts and recognizing that the free-electron theory
of spin paramagnetism is rarely expected to provide a
good estimate of the electronic contribution to measured
susceptibilities without significant corrections for elec-
tron correlation, exchange, and other effects, the large
discontinuity in magnetic susceptibility and the large
latent heat at the transition in VO, cannot be con-
sidered as strong evidence for very narrow bands at the
Fermi surface.

B. Semiconductor State

In the semiconductor state of VOg, the monoclinic
lattice distortion and ionic movements do not seem to
significantly alter the energy location with respect to
the Fermi level or the total width of the bands derived
primarily from the oxygen 2p orbitals. However, the
optical and photoemission data show that they do
produce an energy gap of approximately 0.6 to 0.7 eV
within the vanadium 3d bands at the Fermi level. The
most likely explanation for the existence of this energy
gap is that the monoclinic distortion removes the
overlap which is present within the 3d bands at the
Fermi level in the tetragonal state.

The optical, transport, and thermal properties of
semiconducting VO, are also consistent with a simple
band model provided that the energy gap in semi-
conducting VO. has within it donor and acceptor states
with an integrated density typically between 10 cm—3
and 10% cm—3. The thermal conductivity indicates that
such a density of lattice defects or impurities exists in
VO,. These states are probably not intrinsic since their
density varies from sample to sample and is well below
the density of vanadium ions. Their energy distribution
as well as their density varies from sample to sample and
is unknown in detail, but for convenience to a first
approximation they have been considered to be a
relatively structureless continuum of nonmobile states
within the energy gap. The actual distribution could not
be determined from the experimental data.

The existence of such a large and variable density of
states within the gap, without making specific assump-
tions concerning their energy distribution, explains
many of the electronic properties of VO, which are
difficult to explain using any other single model. The
activated conductivity nearly always observed below
68°C arises because the position of the Fermi level
within the gap is strongly affected by these states. The
charge associated with the density of carriers is nearly
negligible in comparison to the charge associated with
the donor and acceptor states. The strong optical ab-
sorption at photon energies below that corresponding to
the energy gap which makes it impossible to obtain
optically an accurate measure of the energy gap is due to
optical excitation into and out of these levels. The fact
that all metallic contacts to VO, are Ohmic and thin
films both epitaxial and polycrystalline exhibit essen-
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tially bulk properties arises because space-charge re-
gions are narrow and essentially transparent for tun-
neling with such high donor and acceptor densities.
Finally, the variations in conductivity, thermal proper-
ties, optical properties, and activation energy from
sample to sample are easily and consistently accounted
for without invoking any other mechanisms if it is
assumed that the density and energy distribution of
these states varies slightly from sample to sample.

The conduction band effective masses can be esti-
mated in two ways. The density-of-states effective mass
is available from the conductivity, Seebeck coefficient
and Hall measurements, and is found to be between 1.6
and 7 times the free-electron mass. The uncertainty is
primarily because of uncertainty in the electron mo-
bility, which lies between 0.1 and 1 cm?/V sec, but
within this uncertainty the effective mass is in good
agreement with that of similar materials such as BaTiO;
and SrTiO;. The conductivity effective mass must
always be equal to or less than the density-of-states
effective mass. Since it is found from infrared absorption
data to lie between one and four times the free-electron
mass, this result also is consistent.

The carriers in semiconducting VO, are electrons in
all samples measured and their mobility is 0.1 to 1
cm?/V sec, smaller than that in the metallic state. Since
the effective masses are similar in magnitude in both the
metallic and semiconducting states, it appears that the
electron scattering in semiconducting VO, may be
stronger than in metallic VO,. The reason for this is not
clear.

The infrared absorption data and the measured
effective mass result in a maximum electron-optical
phonon (polaron) coupling coefficient « of 2. This
number is similar to that of TiO,, BaTiOs, and SrTiO;
and means that VO isin anintermediate (large polaron)
coupling regime. Application of present small polaron
theories to VO is probably not a good approximation
not only because « is not sufficiently large, but because
the effective masses are so small.

C. Semiconductor-Metal Transition

Although not of primary interest in this paper, the
nature of the semiconductor-metal transition in VO, has
been of considerable general interest for many years,
and since many of the results and conclusions here are
important to the understanding of the transition a short
discussion is included.

The heat-capacity data clearly show that the transi-
tion in VO, is first order with a latent heat of 1020
cal/mole of VO, and the pressure dependence of the
transition temperature is in agreement with the
Clausius-Clapeyron equation for first-order transitions.
There is a thermal hysteresis at the transition usually in
the range from 1 to 2°C which varies from sample to
sample, the smallest hysteresis occurring in those sam-
ples exhibiting the largest conductivity discontinuity.
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While there is no evidence that this hysteresis is
physically fundamental to the transition, experimentally
all samples measured exhibited some hysteresis and a
slight dependence of their properties on thermal history.
The transition temperature, within the uncertainty
imposed by the hysteresis, is a constant independent of
the conductivity or conductivity activation energy of
the semiconductor state. This conclusion is valid over a
conductivity variation of nearly three orders of magni-
tude and an activation energy variation from less than
0.1 to over 0.6 eV.

Many of the existing theories of semiconductor-metal
transition in solids require or assume that the conduc-
tion and/or valence bands in the semiconductor;state
are of high mass and narrow width.=%7 The data
presented here indicate that this is not the case at least
in the conduction band of the semiconductor phase and
that the effective masses are near unity in the vicinity of
the Fermi level in the metallic phase. Some theories re-
quire or assume strong electron correlation effects or
small polaron effects.*~% Experimentally it is found that
a small polaron approach of the sort treated in the
literature may not be a very good approximation. While
there is no evidence against the possibility of unusually
large electron correlation effects, it is possible to explain
at least qualitatively nearly all of the data without
them. In general many of the theories picture the
transition from semiconductor to metal as being elec-
tronic and triggered by the thermal excitation of
electrons across an energy gap. The gap is assumed to be
dependent on the density of electrons which have been
excited across it. The experimental results here show
that the density of electrons thermally excited across
the gap is much smaller at all temperatures below the
transition than the density of donor and acceptor states
which are present. The existence of such states is usually
ignored in most theories. In addition, a variation of the
density of electrons of over three orders of magnitude by
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varying the growth conditions of the VO, (thus varying
the density and distribution of the donor and acceptor
states) makes no measurable change in the transition
temperature. These facts, the fact that repopulation
among bands on going through the transition apparently
affects only a small fraction of the total number of
valence electrons, - and the.recent. pressure data of
Berglund and Jayaraman suggest that the transition in
VO, may not be electronic in origin. Given these
observations, it should be pointed out that there is no
a priori reason to eliminate the possibility that the
transition in VO is primarily a lattice-dominated tran-
sition similar to those common in many insulators and
metals but which are not accompanied by drastic
changes in electronic properties (e.g., antiferroelectrics).
This seems to be a most likely explanation since in VO,
the change in electronic properties from those of‘a
semiconductor: to those of a metal represent a repopula-
tion .of only a small fraction of the total number of
valence electrons in VOg, namely, only a fraction of the
one electron per vanadium ion which resides within the
3d bands. Hence, the changes in electronic properties
might be looked upon to a better approximation as a
consequence of ‘the lattice transition rather than as a
cause of it. Such a model for the transition is consistent
with all the described experimental data.
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