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Disordered VO, films were prepared by electrochemical anodic oxidation of vanadium. The crystallin-
ity, stoichiometry, conductivity, Hall effect, ESR, and optical adsorption data in disordered VO, films
have been studied. The main result of this work is that metal-insulator phase transition (MIT) has been
preserved in the absence of long-range crystallographic order. A Peierls-like instability which is required
for the realization of long-range crystallographic order is therefore not the driving force of the MIT in
VO,. The properties of the disordered VO, are compared to those of crystalline VO, in metallic and
semiconductor phases. The essential role of electron localization in influencing the behavior of the
disordered VO, is shown. Possible mechanisms of electron localization in the semiconductor and

metallic phases are discussed.

There are two main points of view con-
cerning the driving forces of the metal-
insulator transition (MIT) in VO, . First, so-
called Peierls-like instability is caused by
electron-phonon interactions involving
charge-density wave formation. Second,
the Mott—Hubbard MIT is based on elec-
tron—electron correlations. If parts of the
electron and hole Fermi surfaces fulfill the
nesting conditions, Peierls-like instability
occurs.

Thus, the electron dispersion law for the
metallic phase has to fulfill the elec-
tron-hole resonance condition (I, 2).

eK+ Q) — g = —eK) + &5, (1)

where K is the electron wave vector, Q is
the reciprocal-lattice wave vector, and g is
the Fermi energy level.

A Peierls-like MIT is dependent on struc-
tural features and requires long-range crys-
tallographic order for realization. Condition
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(1) has to be satisfied only for certain atomic
configurations. On the other hand, the Mott-
type phase transition does not depend on
the crystalline structure of the material.
Thus, the problem of whether long-range
crystalline order is required for the exis-
tence of an MIT in VO, is particularly inter-
esting.

Numerous experimental attempts have
been made to prepare VO, in a disordered
state (3—6). However, in examining this
work, it is impossible to state anything defi-
nite about the influence of the disorder on
the properties of VO, due to the uncertainty
in stoichiometry and because the degree of
crystallinity of the samples was not specifi-
cally studied.

In this paper we discuss the preparation
of disordered VO, films, the characteriza-
tion of stoichiometry and crystallinity as
well as conductivity, Hall effect, ESR, and
optical absorption data. The unusual behav-
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ior of metallic and semiconductor phases of
the disordered films is compared to those of
crystalline VO,. The essential role of elec-
tron correlation of the MIT in VO, is also
emphasized.

Experimental

Disordered VO, films were prepared by
electrochemical anodic oxidation of vana-
dium. Metal films were initially vaporized
on several substrates: alumina, silicon, and
quartz. Anodic oxidation was used for pre-
paring VO, films from the deposited metal
films as well as from vanadium foil. More
details on film preparation are provided in
Ref. (7). Conductivity and Hall effect mea-
surements were made using the Van der
Pauw four-contact method. A magnetic field
of 1.8 T was used. Measurements were lim-
ited to temperatures below ~100°C because
of the onset of disordered state crystalliza-
tion. ESR was measured in a quartz cryostat
at 9.45 GHz. The number of spins, N, was
calculated in comparison with the standard
ESR signal (G = 2.0023, N = 10" spins).
Spectroscopic investigations were made on
thin film samples (film thickness was ~1000
A) in reflecting geometry. The spectral re-
gion from 250 to 2000 nm was used.

Investigations of short-range order in the
atomic structure of disordered VO, were
carried out with a monochromatic X-ray dif-
fractometer, DRON-3.0. The experimental
method and analysis of the results are re-
ported in detail in Ref. (8).

Results

Figure 1 shows the typical thickness de-
pendence of the oxygen (C,) to vanadium
(C,) concentration ratio in a disordered VO,
film. These data were obtained by Auger
spectroscopy. Assuming a constant rate of
etching by Ar ions, the etching time is di-
rectly proportional to the thickness of the
film. Thus, from the experimental data in
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FiG. 1. Typical thickness dependence of the oxygen
(C,) to vanadium (C,) concentration ratio in the disor-
dered VO, film. From Auger spectroscopy data.

Fig. 1, it can be seen that the majority of the
film is stoichiometric vanadium dioxide. A
thin layer near the surface of the film con-
tains more oxygen than the bulk. The mate-
rial near the substrate is slightly deficient in
oxygen. In X-ray analysis (8) of our speci-
mens, the best agreement with the experi-
mental distribution of intensities may be ob-
tained by modeling the disordered YO, as a
random assembly of spherical clusters with
a radius of 5 A. Thus, the size of the region
with an ordered distribution of atoms in dis-
ordered VO, did not exceed 10 A. The distri-
bution of atoms in clusters in disordered
VO, was considerably different compared
to that in crystalline material and did not
change during the MIT. Thus, there was
no pairing of V atoms in the semiconductor
phase of the kind observed in the transition
from the rutile to the monoclinic lattice in
crystalline VO,. The transition to the high
temperature phase in disordered VO, cor-
responded to a reduction in the size of the
ordering region to about 1 A.
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FiG. 2. Temperature dependence of the conductivity
for (1) crystalline film and (2) disordered film.

We plot in Fig. 2 the temperature depen-
dence of the conductivity of disordered VO,
in comparison to that of crystalline VO, film.
The crystalline VO, film was prepared by
gas-phase thermal decomposition of vana-
dium alcoholates (9). Therefore, we con-
clude from these data that the MIT was not
suppressed in disordered VO,. The phase
transition temperature, T, shifted to lower
temperatures by about 10°C. The jump in
resistivity at T, decreases from ~10° ohm -
cm for the crystalline film to ~10? for the
disordered film. The activation energy in the
disordered semiconductor phase is close to
0.5 eV. In the metallic phase, the value of
the conductivity is 2 x 10° (ohm - cm)™!
and is temperature independent. The Hall
mobility is 1072 cm? - V™! - sec ™! and does
not change during the phase transition. The
value of the Hall mobility was at the limit of
our experimental detection, so we cannot
say anything definite about its temperature
dependence.

ESR measurements show a wide peak
with ¢ = 1.951. The number of localized
spins deduced from the ESR results is large,
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of the order of 102 cm 3. The ESR peak
width is temperature independent and its
intensity, J, decreased with increasing tem-
perature. Thus, we can assume that J is di-
rectly proportional to the magnetic suscepti-
bility, x (10). Figure 3 shows the
temperature dependence of the ESR peak
intensity. The temperature dependence is
consistent with the Curie—Weiss law.

In Fig. 4 we compare the crystalline and
disordered VO, spectroscopic data. The ma-
jor feature of the absorption bands in disor-
dered VO, are similar to those of crystalline
VO,. Therefore, we conclude that the opti-
cal energy gap in disordered VO, is roughly
1 eV, about the same as that for crystalline
VO,. The results of our experimental data
are summarized in Table I.

Discussion of Results

The most significant aspect of our work
is that the MIT has been conserved in the
absence of long-range crystallographic or-
der. Also, the MIT in disordered VO, is
sharp and its transition width is almost the
same as that in crystalline films.

Nevertheless, the features of the metallic
and semiconductor phases in disordered
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FiG. 3. Temperature dependence of the ESR peak
intensity.
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F1G. 4. Optical absorption data: (@, x) crystalline
film; (O, V) disordered film; (@, V) T < T_; (x, ()
T>T.

VO, are unusual and differ from those of
crystalline VO,. The Hall mobility of the
disordered VO, phase is much smaller in
comparison to that of the crystalline mate-
rial, both for the metallic and the semicon-
ductor phases. The drift mobility is similar
in disordered and crystalline VO, and is
equal to approximately 1 cm?/V - s (see Ta-
ble I). Thus, the Hall mobility of disordered
VO, is about two orders of magnetic smaller
than the drift mobility. The observed fea-
tures are most readily explained by a local-
ization of the electron gas establishing the
hopping conductivity mechanism.

In the pure crystalline semiconductor
phase of VO,, no ESR signal is observed
due to singlet-pairing of electrons on neigh-
boring V* ions. Nevertheless, in crystalline
Cr-doped VO, two new semiconductor
phases were found (/2). In one of those,
only half of the vanadium atoms are paired
and a large ESR signal is observed. Thus, a
strong ESR signal in disordered VO, again
confirms the conclusion reached in the
X-ray diffraction experiments concerning
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the absence of V-V pairing in disordered
VO,. The estimation of magnetic suscepti-
bility from ESR shows that the high and low
temperature phases of disordered VO, are
Curie—-Weiss paramagnets with spin con-
centrations of ~10?2 cm 3. Thus, the large
susceptibility is the result of strong electron
localization which nearly produces the
atomic magnetic moment. '

The gaps obtained from optical and con-
ductivity measurements on crystalline and
disordered VO, are nearly coincident; this
indicates the prevalence of electron-
electron correlations. It should be pointed
out that, according to Ref. (//), the major
contribution to the energy gap of crystalline
VO, is the Coulomb interaction.

We now comment about the mechanism
of MIT in VO,. Much work has been done
on the nature of the MIT in VO,, in.which
the nesting condition of Eq. (1) has been
applied (/3-15). Band calculations of the
generalized susceptibility x(Q, o) showed
the existence of a maximum at Q = (Il/a,
0, I1/¢) (13). This leads to phonon instability
of the metallic state with a half-filied band
and to transition to the dielectric phase ac-
companied by the appearance of an in-
terband electron-hole condensate. It is
doubtful whether condition (1) is fulfilled in
the disordered phase.

Nevertheless, even if condition (1) in dis-
ordered VO, is satisfied, the Peierls-like in-
stability caused by the existence of a Fermi
step in the electron energy dispersion law
lattice disorder may suppress this instabil-
ity. According to Ref. (16, 17) the Peierls-
like instability can be suppressed if the in-
equality

T, =" b

¢ timp
is satisfied, where f,,, = l/Vg—the time
scattering of electrons by impurities (/ is the
mean free path of the electrons, and Vg is
the Fermi velocity).
Our X-ray diffraction data show that the
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TABLE 1

COMPARISON PROPERTIES FOR DISORDERED AND CRYSTALLINE FiLMs
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Disordered film

Crystalline film

Temperature of the MIT (°C) 60
Jump of conductivity 10
Hysteresis loop width ~10°

Metallic phase T > T,

2 x 1073 = & min Mott
temperature independent
1072

Conductivity ({2 - cm) ™!

Hall mobility (cm¥V - sec)

68
10°
50

10~* metallic-like

~1
~1

Drift mobility (cm?/V - sec) ~1

Concentration of the electrons (1/cm’)
Temperature dependence of the magnetic
susceptibility

Curie-Weiss

1022
Between Pauli and
Curie-Weiss

1022

Semiconductor phase T < T,

Energy gap (eV)
From temperature dependence of conductivity
From optical data

Hall mobility (cm*/V - sec)

Magnetic susceptibility

Curie-Weiss

0.5 ~0.5
~1 ~1
1072 1
Temperature independent

size of the region with an ordered distribu-
tion of atoms does not exceed 1 or 2 inter-
atomic distances. Assuming the mean free
path of electrons in disordered VO, is / =
1077 cm and an electron velocity V = Vi ~
10% cm - sec™!, we obtain £, =~ 107" sec.
For VO,, T. ~ 0.1 eV, and inequality (2) is
satisfied. Thus, we suggest that the energy
gap in disordered VO, is the result of the
Mott-Hubbard correlations.

The standard Mott—Hubbard model can-
not describe all the details of the experimen-
tal behavior in disordered VO,. In particu-
lar, the existence of localized magnetic
moments in the metallic phase indicates that
electron correlations are important in both
the semiconductor and the metallic phases
of disordered VO,. Moreover, the MIT in
disordered VO, accompanies some changes
in the phonon subsystem; thus we cannot
exclude electron-phonon interactions
which are not included in the traditional
Mott—Hubbard model.

The unusual experimental behavior of the

high temperature phase of disordered VO,
provides strong evidence for Anderson lo-
calization: a temperature independent con-
ductivity of the order of the Mott minimum
metallic value, hopping mobility, and spin
susceptibility behavior in accordance with
the Curie—-Weiss law. However, no theory
of the degenerate electron gas with Ander-
son localization and strong electron—
electron correlation exists.

For metallic systems with strong electron
correlation, even for ideal crystals, localiza-
tion is possible. This type of localization is
more probable in compounds with narrow
bands, which are electron Wigner crystals
atlow temperatures. If electron—electron in-
teractions are sufficiently strong, the situa-
tion when U > B (B is the band width and
U is the energy for Coulomb interactions)
may be realized. In this case, if a chaotic
distribution of particles exists, dynamic
shifting of electron levels appears, which is
the analog of Anderson-type static shifting.
As T — 0, the band character of electron
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motion is suppressed and localization sets
in. This kind of localization was investigated
in Ref. (18). However, the major features of
the metallic phase in disordered VO, are
quite different. In particular, in the systems
with this kind of localization, a conductivity
of less than the Mott minimum metallic
value can be expected.

We may also suppose that electron corre-
lations, though strong, do not lead to com-
plete localization. Thus we expect signifi-
cant enhancement of the electron mass. The
heat capacity measurements on the
W-doped stabilized metallic phase of VO,
indicate a high effective mass in the metallic
state (19).

All highly correlated metals, in particular
heavy fermion systems, behave in a univer-
sal manner. This has raised considerable
theoretical and experimental interest; for
example, in Ref. (20) the behavior of the
highly correlated metals is described. Ac-
cording to the authors (20), if the spectrum
of one-electron states in a metal has a rela-
tively narrow density-of-states peak due the
presence of a narrow band of hybridization,
an electron—polaron effect is generated. In
this case, two electron subsystems may ex-
ist: One with m* > m and the other with
m* > m. As compared to ‘‘light’’ electrons
(m* > m) the “*heavy’’ ones (m™ > m) are
quasilocalized and randomly located. This
leads to quasilocalized behavior of the ther-
modynamic and kinetic characteristics. In
crystalline VO, energy band calculation in-
dicates the hybridization of a wide IT* band
and narrow d-band; so the model of Ref.
(20) may be applicable. But for disordered
VO, the existence of a density-of-state peak
on the Fermi level has not been established.

It is important to note that the above-
mentioned special conditions for electron
spectra near the Fermi level in describing
the behavior of strongly correlated systems
are not necessary (21). According to Ref.
(21) the properties of strongly correlated
metals can be described in terms of a semi-
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quantum liquid model proposed (22) earlier
for *He. In many systems because of the
large effective mass (m*), the quantum de-
generacy temperature, Ty = P2/2m* (where
Pr = (3m*h?n)"? is the Fermi momentum
and n is the electron density), is anoma-
lously low. This is not only well established
for heavy Fermi-ion metals (UPt;, UBe;;,
and CeAl,;) where 7, ~ 10 K (23), but also
for V,0; in the metallic phase at pressure
p > 18 kbar where T; ~ 100-600 K (24).
VO, electrons in the metallic phase have an
effective mass one or two orders of magni-
tude larger than those of ‘‘bare’” electrons.

On the other hand, the plasma frequency

2 \1/2
Qp _ (4He n)
m

is high and there are two characteristic ener-
gies for these compounds, T, and AQ,,
where hQP > T,. If T < T;, Fermi-liquid
behavior with m* > m can be expected.
In the temperature region 7, < T < (),
the electron liquid is nondegenerate and the
electron spins are disordered. The inequal-
ity T < 4}, implies that, at times shorter
than the lifetime near equilibrium positions,
the electrons are still localized near these
positions and only oscillate with their char-
acteristic frequency },. As a result, we ob-
tain the Curie-Weiss susceptibility. The
temperature dependence of conductivity is
governed by electron—electron collisions.
An estimate of the mean free path at T =
T, is the same order as electron—electron
distances; as a result one anticipates a Mott
minimum metallic value. In Ref. (21) the
influence of disorder on the thermodynamic
and transport parameters is not discussed,
but it may be inferred that disorder renders
the inequality m* > m stronger, and quasilo-
cal behavior of the electrons is anticipated.
The many features predicted in the model
proposed in Ref. (21) coincide with those
elaborated by Brinkman and Rice (25), using
the variational method of Gutzwiller for the
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Hubbard model in the vicinity of the MIT.
However, the model of Ref. (25) is applica-
bleonly at T = 0 K.
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