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Resistivity of the high-temperature metallic phase of VO2

Philip B. Allen, Renata M. Wentzcovitch, * and Werner W. Schulz
Department of Physics, State University of New York at Stony Brook, Stony Brook, New York 1179$-8800

Paul C. Canfield~
Los Alamos National Laboratory, Los Alamos, New Mexico 875/8

(Received 26 April 1993)

Measurements are reported of the electrical resistivity p(T) along the c axis of a single crystal
of VOq, from the metal-insulator transition at T=333 K up to 840 K. The temperature dependence
is very linear, and a 6t to Bloch-Gruneisen theory gives a residual resistivity po ——65 pO cm and a
ratio p(840 K)/po=8. With the help of a local-density-approximation band-structure calculation, we
further pursue the conventional (Bloch-Boltzmann) interpretation by extracting the electron-phonon
coupling constant A=1.l and the mean free path E(800 K)=3.3 A. The short mean free path implies
that the conventional interpretation is internally inconsistent. The most likely explanation is that
unknown internal damage (e.g. , cracks) has altered the eB'ective cross section of the sample, causing
the measured resistivity to be overestimated by a factor & 3. Another possibility is that, in common
with the normal state of copper oxide superconductors, metallic VO& may not be a conventional
Fermi liquid.

I. INTRODUCTION

Most oxides are not metals, but those which are metal-
lic display diverse behavior, ' including ordinary Fermi
liquids such as ReOs (Ref. 3) and NbO, itinerant fer-
romagnets such as Cr02, and high-T, superconductors.
Although the mechanism of superconductivity is still con-
troversial, the most dramatic characteristic which corre-
lates with high T, is that cuprate superconductors be-
long to a rare category, doped Mott insulators. This
motivates further investigation of other presumed Mott
insulators such as V203. A very interesting related ma-
terial is VOq, which switches from insulating at low T to
a good conductor at T ) TMi=333 K (where MI denotes
metal insulator). The conductivity jump, up to 10 in
good samples, is one of the most dramatic temperature-
driven conductivity changes known. Whether the insu-
lating phase should be called a Mott insulator is a mat-
ter of debate. Unlike most other candidate Mott insu-
lators, there is no sign of antiferromagnetic order. In-
stead there is a cell-doubling structural phase transition
with a small change in volume but significant internal
atomic rearrangement crudely characterized as a dimer-
ization of vanadium atoms along the c axis. Although
symmetry would permit the transition to be second or-
der, experiment shows it is first order, with some evi-
dence for precursors in the metallic phase. ' Model cal-
culations by Gervais and Kress indicate a possible soft
zone-boundary phonon. A Peierls-type electron-phonon
mechanism, involving delicate k-space nesting, does not
seem likely, because samples so highly disordered as to
be scarcely crystalline have a conductivity jump of 10
at a temperature hardly shifted from 333 K. There-
fore one might characterize the ground state as a "bipo-
laronic crystal, " reminiscent of BaBi03. Views which
permit both correlations and distortions to play a role

are the valence bond picture as supported by Heitler-
London theory by Sommers and Doniach, and the "spin
Peierls" scenario, as advocated by Shi, Bruinsma, and
Bishop. The simultaneous similarities and diversities of
metal-insulator transitions in vanadium oxides defy clas-
sification by simple categories and suggest that no single
model correctly captures all the relevant physics.

Not very much is known about the physical properties
of the high-T metallic phase, which has the undistorted
rutile structure in common with a number of other metal-
lic oxides which are often good conductors. This moti-
vates us to study the electrical resistivity.

II. EXPERIMENT

The single crystals of VO2 were grown out of a
V205 flux by a method similar to that described for
intermetallics. The crystals grown by this method are
needlelike, elongated along the c axis of' the nearly tetrag-
onal unit cell. The needles tend to be fibrous, with
nonuniform cross sections. In addition, as VO2 is cooled
through the MI transition, it has a tendency to crack
or shatter with the strain of the structural distortion.
In many samples this leads to a large residual resistivity
term and "nonmetallic" temperature dependence of resis-
tivity in the metallic phase. Generally, the crystals with
the cleanest morphology (no evident twinning, etc.) are
the ones more likely to cycle through the MI transition
undamaged.

The ac resistivity was measured with the current flow-
ing along the c axis using a lock-in amplifier by a con-
ventional four-probe technique. The sample dimensions
were I x to x t, with I. (~~ c) = 1.40 + 0.02 mm and

t = 0.18 + 0.01 mm. Berglund and Guggenheim
reported a sample with a conductivity jump of 10 and
a temperature derivative dp/dT in the normal state five
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TABLE I. Results of LDA band calculation, and results of
6tting data of Fig. 1. The rms Fermi velocity includes all
three Cartesian components, and was used to calculate the
mean free path E.
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FIG. 1. Temperature dependence of the resistivity of VO2.
The thin line is the Bloch-Griineisen fit.

a = 4.555 A. , c = 2.851 A. , and the internal coordinate
u = 0.300. These were measured at 360 K. When the
slightly difFerent coordinates measured at 473 K were
used, the changes were insignificant. However, when
the presumably less accurate parameters of Westman
(a = 4.530 A. , c = 2.869 A, and u = 0.305) were used, the
nonbonding d bands at the Fermi level narrowed slightly,
and the next highest band, an antibonding vanadium-
d/oxygen-p (n*) level, shifts by a few tenths of a volt,
causing a significant change of shape of the Fermi surface
and a noticable alteration of the density of states and ef-
fective masses. Our results, shown in Table I and Fig. 2,

times smaller than our value. A possible resolution of the
discrepancy is to assume that the effective cross section
of our sample was smaller than we measured by a factor
of 5, owing to damage such as cracks which remove parts
of the sample from the current path. Since the ratio of
our sample resistance at T = 500 K to the sample resis-
tance at T = 350 K is actually better than that found in
Ref. 15, we do not think that the high resistivity is due
to impurities.

The data are shown in Fig. 1, with a Bloch-Gruneisen
fit which extrapolates the metallic data down through
the insulating range to T=O. This fit is discussed in the
next section.
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III. THEORY

We have used self-consistent local-density-approxi-
mation (LDA) band theory and Troullier-Martins~s
soft separable pseudopotentials to calculate the energy
bands and total energy of VO2. The Perdew-Zunger
parametrization of the Ceperley-Alder exchange-
correlation function was used. The plane-wave basis set
was expanded up to an energy cutofF of 64 Ry. Charge
densities were constructed using six k points in the ir-
reducible Brillouin zone and an electronic Fermi occu-
pancy temperature of 340 K. Electronic eigenvalues were
stable to better than 0.1 eV when the mesh was in-
creased to 18 k points or when the occupancy tem-
perature was changed. The high-temperature tetrago-
nal rutile-structure phase was computed at several lat-
tice constants in the range of the experimental val-
ues. The parameters used in our final calculations are
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FIG. 2. Density of states (solid line, left-hand scale) of ru-

tile-structure VO2 (units are states of both spin per eV per
formula unit) vs energy for a narrow range near the Fermi
level at E = 0. Also shown are 0 (dotted line) and fl„
(dashed line) on the right-hand scale. One electron per V
atom is in the nonbonding d-type band shown. Twelve elec-
trons per VO2 are in bands of primarily oxygen p character
which lie in the range between —8 and —2 eV.
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bear a qualitative resemblance to the non-self-consistent
calculations of Caruthers, Kleinmann, and Zhang and
Gupta, Freeman, and Ellis. 2 Details of Fermi-surface ge-
ometry and density of states near the Fermi energy are
significantly altered, both by the self-consistent nature
of our calculation and by the fact that these previous
calculations used the lattice parameters of Ref. 19.

in Ref. 26, much larger than the one which enters the dc
resistivity.

The resistivity of a normal Fermi liquid is described by
the Bloch-Boltzmann equation. "An accurate variational
solution of this equation ' yields

p = 4vr/0„'

A. Susceptibility (2)

The magnetic susceptibility of the metallic phase of
VO2 is 6.7 x10 emu/mole, which is high for a para-
magnetic metal [pure V (Ref. 23) has y = 2.9 x 10
emu/mole]. The susceptibility of metallic VO2 has a
greater T dependence than in ordinary metals such as V,
but not greater than what is seen at high T in V3Si. Our
calculated density of states at the Fermi level N(0) =4.18
(states/eV formula unit) is high and yields a noninter-
acting spin susceptibility y, ,„=p&N(0) = 1.35 x 10
emu/mole, five times smaller than the measured y. A
similar ratio occurs in elemental V, where N(0)=1.64
states/eV yields g, ;„=0.53 x 10 4 emu/mole, 5.5 times
smaller than experiment. It is difBcult to be sure how
much of the measured susceptibility is caused by orbital
rather than spin efFects, but in V the orbital part is
claimed to be 50% or higher. The Stoner enhancement
of the spin susceptibility of V was calculated by Janak
to be 2.3. Since there is little doubt that elemental V
is an ordinary Fermi liquid, by comparison it is at least
plausible to reconcile the large susceptibility of VO2 with
the band Fermi-liquid model by incorporating exchange
enhancement and orbital contributions.

B. resistivity

For purposes of analyzing resistivity, the Drude plasma
frequency tensor components O„were computed, as
well as the density of states N(0) at the Fermi surface
and the mean-square Fermi velocities (v ). Brillouin-
zone integrations used LDA energies calculated at 112
k points to generate a Fourier interpolation, followed by
linear (tetrahedron) interpolation. Four bands of primar-
ily vanadium d character intersect the Fermi level. The
results are given in Fig. 2 and Table I. Our results should
probably not be compared closely with the optically mea-
sured Drude plasma frequencies of Verleur, Barker, and
Berglund, who fitted 0& ——4.2 eV and Oz ——3.56 eV
to e2 (ur) extracted &om reflectivity data from 0.2 to
4.5 eV. Although the orders of magnitude agree with our
calculation, the anisotropy is reversed. It is rare for a
metal to have such a benign optical spectrum that a re-
liable dc Drude plasma frequency can be extracted. Al-
most inevitably there are interband transitions in e2(u)
in the range of u needed to make the fit. For VO2 with
four narrow bands intersecting the Fermi level, this prob-
lem is especially severe. A sign that the measured Drude
plasma frequencies are contaminated by interband efFects
is the very large Drude damping rate 1/7 1.2 eV, fitted

1/~ = 1/~* "+ 1/~ " + (3)

Here k = (kn) (wave vector and band index), hvar

Oe/Bk is the band velocity, and 0„ is the Drude plasma
frequency. Closed-form expressions for 1/w can be given
in terms of the electron-impurity and electron-phonon
matrix elements, the phonon frequencies and polariza-
tion vectors, and double averages over all initial and fi-
nal states on the Fermi surface. Because phonons are
not known for VO2 it is necessary to introduce phe-
nomenological parameters. The simplest model is Bloch-
Gruneisen theory, involving the residual resistivity po,
the Debye temperature OD, and the electron-phonon
coupling constant A:

h/~~~ = 2m A~~kaT fJ3G(T/Oa), (4)

flag~(T/Ori) = 4(2T/8~) dx x / sinh (x). (5)

The function fg~ has the low Tlimit 497.-7(T/OD), and
the high-T limit 1 —8&2/18T + .. The complete varia-
tional solution has a similar form, with the same coupling
constant A and a temperature dependence which has
the same limits as fbi~ except that the low TDebye tem--

perature and the high-T Debye temperature are no longer
the same. The electron-phonon coupling constants A

are only weakly dependent on Cartesian direction o. for
noncubic metalss and agree closely (typically = 10%)
with the superconducting A. Empirical parameters po
and A are shown in Table I. A value A=1.1 is character-
istic of a good superconducting element such as Nb or a
fairly high-T compound such as NbC. Most oxide metals
such as Re03 and Ru02 probably have values A & 0.3,
but the occurrence of superconductivity in LiTi204 at
12 K (Ref. 31) shows that A —1 would not be unique
for a transition-metal oxide. Because of the absence of
metallic resistivity below 333 K, our fit is not sensitive
to the choice of OD . A reasonable value OD ——500 K
was chosen arbitrarily. Our band calculations permit us
to predict that the ratio of resistivities p /p„should
be 0„, /0„=0.29, and only weakly T dependent above
TMp. Sample morphology has so far prevented us testing
this prediction. Two previously published values of re-
sistivity anisotropy are p /p, 0.6 —0.7 from Kosuge
and ~ 0.4 from Bongers. The latter value was obtained
on a sample with a metallic resistivity as low as 200
p,O cm and a resistivity jump of 10, whereas the sam-
ple of Kosuge showed a resistivity discontinuity of only a
factor of 10, and a "metallic" resistivity & 3 0 cm, larger
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than ours by 10 . Thus we favor the value of Bongers,
which agrees adequately with the band prediction.

An important consistency test is that the mean free
path I = g(vt, )w should be long enough that electrons
can be assigned a propagation vector; that is, kE )) 1 is
required for the validity of the Boltzmann equation. In
the case of elements it has been observed that as long
as l ) 10 A, departures from Boltzmann behavior are too
weak to see by eye in the data, whereas when / ( 10 A,
the characteristic "saturation" behavior occurs. Table
I also shows the estimated value E = 3 A. at 800 K. Since
saturation is not occurring in the data of Fig. 1, we
conclude that our Bloch-Boltzmann analysis is internally
inconsistent. The erst explanation that comes to mind is
a possible inadequacy of the band structure. This seems
unlikely to us, because usually band theory is very reli-
able for metals, except possibly for a scale change taking
(ek —Ep) into (tg —E~)/(1 +n). For example, in UPts, the
shape of the Fermi surface was correctly predicted,
even though a renormalization 1 + o, = 20 was necessary
to agree with the density of states seen in the heat ca-
pacity. For nonmagnetic metallic elements, comparison
between superconductivity and resistivity has shown
no need for any renormalization. But if a renormaliza-
tion were needed for VO2, this would take velocities into
vy/(1+ o.), density of states into K(0)(1+o), and Drude
plasma frequency squared into 0 1+o. . Therefore the
empirical A would become A„1+o. , and the result-
ing estimated mean free path, being the ratio of v~ to

, would be unaffected. It is not possible to lengthen E

by rescaling the band structure.
Two other possible explanations come to mind. The

likely one is that the magnitude of the measured resis-
tivity is too large by a factor of at least 3 (earlier we
indicated a possible factor of 5 by comparison with the
data of Ref. 15). This would reduce A„and enhance E

by the same factor of at least 3. The reason why the
magnitude of p may be overestimated is that undetected
internal Qaws like cracks can reduce the effective sample
cross sectional area. Since cracking often happens when
the sample is heated through TM~, this seems a very real
possibility. A more interesting possible explanation is
that VO2, like the copper oxide superconductors, might
not be a conventional Fermi liquid. The same difhculty
of dangerously short mean free paths arises when band
theory is used to analyze p(T) in these materials.

IV. SUGGESTIONS

Further studies of VO2 would be interesting. Problems
of cracking might be avoided in thin-film samples on an
appropriate substrate, or if measured in situ before the
sample is ever cooled through TMp. Since band theory
indicates that the rutile phase is metastable at T=O, it
might be possible to stabilize this phase at T ( TM& by
epitaxial growth on a lattice-matched substrate.

ACKNOWLEDGMENTS

We thank F. A. Chudnovskii and M. Gurvitch for stim-
ulating our interest in VO2. P.B.A. thanks D. C. Wallace
for hospitality at Los Alamos National Laboratory. Work
at Stony Brook was supported in part by NSF Grant No.
DMR 9118414 and in part by the Division of Materi-
als Sciences, U.S. Department of Energy, under Contract
No. DE-AC02-76CH00016. Work done at Los Alamos
was performed under the auspices of the United States
Department of Energy. We acknowledge a computational
grant at the National Energy Research Supercomputer
Center (XERSC), Livermore, California.

* Present address: Cavendish Laboratory, Madingley Road,
Cambridge CB30HE, United Kingdom.

t Present address: Ames Laboratory, Condensed Matter
Physics Division, Ames, IA 50011.
N. Tsuda, K. Nasu, A. Yanase, and K. Siratori, Electronic
Conduction in Oxides (Springer-Verlag, Berlin, 1991).
R. W. Vest and J. M. Honig, in Electrical Conductivity in
Ceramics and Glasses, edited by N. M. Tallan (Dekker,
New York, 1974), Chap. 6.
P. B. Allen and W. W. Schulz, Phys. Rev. B 47, 14434
(1993).
W. W. Schulz, L. Forro, C. Kendziora, R. Wentzcovitch,
D. Mandrus, L. Mihaly, and P. B. Allen, Phys. Rev. B 46,
14 001 (1992).
S. A. Carter, T. F. Rosenbaum, J. M. Honig, and 3. Spalek,
Phys. Rev. Lett. 67, 3440 (1991).
M. Abbate, F. M. F. de Groot, J. C. Fuggle, Y. J. Ma, C.
T. Chen, F. Sette, A. Fujimori, Y. Ueda, and K. Kosuge,
Phys. Rev. B 43, 7263 (1991).
K. Kosuge, J. Phys. Soc. Jpn. 22, 551 (1967).
D. B. McWhan, M. Marezio, J. P. Remeika, and P. D.
Dernier, Phys. Rev. B 10, 490 (1974).

A. Bianconi, S. Stizza, and R. Bernardini, Phys. Rev. B
24, 4406 (1981).
F. Gervais and W. Kress, Phys. Rev. B 31, 4809 (1985).
F. A. Chudnovskii and G. B. Stefanovich, 3. Solid State
Chem. 98, 137 (1992); V. N. Andreev et aL, Phys. Status
Solidi A 48, K153 (1978).
C. Sommers and S. Doniach, Solid State Commun. 28, 133
(1978).
J. Shi, R. Bruinsma, and A. R. Bishop, Synth. Met. 41-43,
3527 (1991).
P. C. Can6eld and Z. Fisk, Philos. Mag. B 65, 1117(1992).
C. N. Berglund and H. 3. Guggenheim, Phys. Rev. 185,
1022 (1969).
N. Troullier and 3. L. Martins, Phys. Rev. B 43) 1993
(1991).
J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).
D. M. Ceperley and B. 3. Alder, Phys. Rev. Lett. 45, 566
(1980).
S. Westman, Acta Chem. Scand. 15, 217 (1961).
E. Caruthers, L. Kleinman, and H. I. Zhang, Phys. Rev. B
7, 3753 (1973).
M. Gupta, A. J. Freeman, and D. E. Ellis, Phys. Rev. B



RESISTIVITY OF THE HIGH-TEMPERATURE METALLIC. . . 4363

16, 3338 (1977).
J. P. Pouget, P. Lederer, D. S. Schreiber, H. Launois, D.
Wohlleben, A. Casalot, and G. Villeneuve, J. Phys. Chem.
Sol. 33, 1961 (1972).
D. J. Lam, J. J. Spokas, and D. O. Van Ostenburg, Phys.
Rev. 156, 735 (1967).
A. Guha, M. P. Sarachik, F. W. Smith, and L. R. Testardi,
Phys. Rev. B 18, 9 (1978).
J. F. Janak, Phys. Rev. B 16, 255 (1977).
H. W. Verleur, A. S. Barker, Jr. , and C. N. Berglund, Phys.
Rev. 172, 788 (1970).
J. M. Ziman, Electrons and Phonons (Oxford University
Press, London, 1960).
P. B. Allen, Phys. Rev. B 17, 3725 (1978).
P. B. Allen, T. P. Beaulac, F. S. Khan, W. H. Butler, F. J.

Pinski, and J. C. Swihart, Phys. Rev. B 34, 4331 (1986).
B. A. Sanborn, P. B. Allen, and D. A. Papaconstantopou-
los, Phys. Rev. B 40, 6037 (1989).
D. C. Johnston, J. Low Temp. Phys. 25, 145 (1976).
P. F. Bongers, Solid State Commun. 3, 275 (1965).
Z. Fisk and G. W. Webb, Phys. Rev. Lett. $6, 1084 (1976).
M. R. Norman, W. E. Pickett, H. Krakauer, and C. S.
Wang, Phys. Rev. B 36, 4058 (1987).
C. S. Wang, M. R. Norman, R. C. Albers, A. M. Boring,
W. E. Pickett, H. Krakauer, and N. E. Christiansen, Phys.
Rev. B 35, 7260 (1987).
L. Taillefer and G. G. Lonzarich, Phys. Rev. Lett. 80) 1570
(1988).
P. B. Allen, Commun. Condens. Matter 15, 327 (1992).
R. Wentzcovitch et al. (unpublished).


