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A large red shift in the energy of the plasmon resonance in metallic VO, has been ob-
served by decreasing the temperature near the metal-to-insulator phase transition (7,
== 68°C). Below the transition temperature the plasmon resonance disappears. The
plasmon resonance has been studied from thermoreflectance spectra of an oriented single
crystal. Polarized spectra varying the crystal temperature have been recorded. This experi-
ment gives direct evidence that the metal-insulator transition in VO, is a Mott-type transi-
tion from delocalized conduction states to localized states on the V-V dimers.
1977 PACS numbers: 64.70.Kb, 78.20.Nv, BA2014.

i. INTRODUCTION

The physical explanation of the metal-insulator
phase transition (MIT) of VO, and of various
transition-metal oxides has been the object of exten-
sive experimental and theoretical investigation in
these last years, after the first experiment of Morin.!
A conductivity jump of a factor as large as 10° ap-
pears at T, = 68°C as the VO, crystal undergoes a
transition from the high-temperature metallic phase
to the low-temperature semiconducting phase.

The transition is first order with an entropy
change AS = 3 cal/molK.2 A band gap of AE
= 0.6 eV has been found in the semiconducting
phase from transport,3 optical,“’5 and photoemission
experiments.® The transition is accompanied by a
structural phase transition”? from a tetragonal
high-temperature form to a monoclinic low-
temperature form. The high-temperature “rutile”
form is characterized by chains of equidistant vana-
dium atoms (dy_, = 2.86 A) along the rutile c,
axis. This distance is anomalously short in compar-
ison with expected interatomic metal-metal distance
between the V** ions deduced from the trend of in-
teratomic distances in 3d transition-metal oxides
with rutile structure (dy_y = 2.95 A).8 In the
monoclinic form the V-V distances alternate
between longer and shorter distances forming a zig-
zag chain along the monoclinic a axis corresponding
to the rutile ¢, axis.

The controversy is about the role of electronic
and lattice contributions to the MIT in VO,. The
MIT has been assigned by some authors to a Mott-
type transition driven by intraelectron correlations,
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by others to a charge-density-wave type of transi-
tion, and by still others it was associated with a con-
tingent opening of a band gap due to the change of
crystal periodicity. Moreover, the Mott-type MIT
of VO, is not a characteristic Mott transition where
the electrons of a highly correlated electron gas be-
come localized by a short-range Hubbard repulsion
energy U, but it has been described rather as driven
by intraelectron correlations of the Heitler-London-
type.® In fact, in semiconducting VO,, the electrons
beome localized in the V-V dimers,'® and the corre-
lated state of electrons in the dx 22 orbitals of a

pair of vanadium atoms could be described by di-
amagnetic Heitler-London wave functions.

For each material which exhibits an MIT transi-
tion an accurate theoretical experimental study is
necessary to decide the type of transition. The im-
portance of electron correlation on V,0; has been
demonstrated by Castellani, Natoli, and Ran-
ninger.!! On the contrary, the MIT transition of
TiyOj3 is due to structural-induced band decross-
ing.1>13

The role of electron correlation in VO, has been
emphasized in the theoretical work by Zylbersztejn
and Mott in their review of the electronic properties
of VO, (Ref. 14) and by Sommers et al.’ Other au-
thors®!> have assigned the VO, MIT mainly to the
structural phase transition. A recent theoretical cal-
culation has suggested that the MIT driving
mechanism is the formation of a charge-density
wave.!® Therefore more experimental work which
could separate the effects of lattice distortion from
that of electron localization is required to clarify the
mechanism of MIT in VO,. ‘
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We have studied the behavior of the plasmon res-
onance in VO, as a function of crystal temperature.
Polarized thermoreflectance spectroscopy of a single
crystal is one of the best methods used to study the
plasmon resonance. Thermoreflectance spectra
show a strong negative minimum at the plasmon
resonance which can be easily analyzed.!* The
theory of plasmons in a narrow d band, as in
transition-metal oxides, has been developed recent-
ly."” The effect on the plasmon energy of the
band-gap opening at the metal-to-insulator transition
has been calculated.!’

The plasmon resonance has already been studied
in two crystals: Ti,O; (Ref. 17) and 2H-TaSe (Ref.
18) where the band gaps and plasmon energies are
similar to VO,, but where the MIT is due to a
“band crossing” induced by the structural distor-
tion, and to charge-density-wave mechanism, respec-
tively. In agreement with theory,!” the effect of the
band-gap opening on the plasmon energy is only a
small blue shift with decreasing temperature.

In VO, we have found quite a different plasmon
behavior from Ti,O; and 2H-TaSe. We explain this
behavior as evidence of localization of conduction
electrons due to electron-electron interaction.
Moreover, we suggest a model of “interconfigura-
tion fluctuations” for metal VO,.

II. EXPERIMENTAL

The sample was a VO, single crystal character-
ized by x-ray diffraction. The single crystal was cut
so that the c, axis of the rutile phase was parallel to
the surface plane. Polarized thermoreflectance spec-
tra with the electric-field vector E parallel and per-
pendicular to the ¢, axis were recorded. The details
of the apparatus were reported in Ref. 13.

The VO, temperature was modulated by keeping
a small thin sample in thermal contact with a thin
long graphite slab. The electric current in the gra-
phite slab was modulated at a frequency of 1 Hz.
The peak-to-peak amplitude of crystal temperature
modulation was found to be about 1 K. The sam-
ple temperature was measured by a thermocouple
on the sample but this measure can be affected by a
systematic -error due to temperature gradients or
thermal contacts. The temperature, where a sharp
decrease of reflectivity signal due to phase transition
appears, has been taken to be 68 °C, in agreement
with previous measurements.” This temperature has
been used in this work as the transition temperature

T,.

III. RESULTS

Figure 1 shows the polarized E le, thermoreflec-
tance spectra at several temperatures above and
below the metal-to-insulator transition (MIT) tem-
perature T,. The plasmon resonance appears in the
spectra of the metal VO, as the characteristic nega-
tive peak at 1.65 eV.!3 By decreasing the tempera-
ture toward the transition temperature, the intensity
of this peak becomes very large, and at 1 K above
T, the measured plasmon frequency is 1.22 eV. At
1 K below T, the plasmon disappears. Owing to
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FIG. 1. T_l’lermoreﬂectance spectra of VO,, using po-
larized light E L ¢, as a function of the crystal tempera-
ture. In the upper part of the figure the spectra of the
metal phase are plotted. In the lower part, the spectra of
the semiconducting phase, below 68 °C, show that the
minimum at 1.2— 1:6 eV due to plasmon resonance,
disappeared.
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the amplitude of temperature modulation of the
sample we were not able to further approach the
transition temperature. The structure at 2.9 eV is
practically unaffected by the MIT. Figure 2 shows
the polarized E| |c, thermoreflectance spectra of
metal VO,. The same temperature dependenCP of
the plasmon resonance has been found in the Elc,

-

EIIc,

10

145°C

IIIIIIIIr

L

%
A\

_ 5 99°C
B x3
oc
= L
Nor
5— 82°C

(7
\ 2

ll'lllllllll’

Ll
15 25 35
PHOTON ENERGY (eV)
FIG. 2. Thermoreﬂectance spectra of VO,, using po-
larized light E||c, in the metal phase (T, T,) as a function
of temperature, are plotted. The minimum at 1.6 eV, at

higher temperature due to plasmon resonance, shows a
red shift with decreasing temperature.

and E| lc, spectra. _The structure at 2.9 eV is not
observed with the E||c, polarization.

In Fig. 3, the plasmon energy in metal VO, as a
function of temperature, is plotted showing a large
red shift approaching the transition temperature. In
Fig. 4, the temperature-induced variation of €; and
€, are plotted. Ae;-and A€, where calculated by
Kramers-Kroning analysis of the thermoreflectance
spectra of high-temperature metal VO, using the
dielectric constants of V02 are reported by Der-
benwick.®

IV. DISCUSSION
A. Electronic structure of VO,

The band structure of metal rutile VO, has been
calculated.'®?® The results are in agreement with
the molecular cluster calculations.??> The V 3d
derived states form two bands: one made up of two
e, states (energy width ~2 eV) and the other made
up of three ¢,, states (energy width ~ 3 eV) at
lower energy. Only one electron per vanadium
atom is in the ¢,, narrow conduction band. The
three ¢,, molecular levels consist of two pd anti-
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FIG. 3. Behavior of the plasmon energy w, as a func-
tion of the crystal temperature.
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FIG. 4. Temperature-induced variations €; and €, of the real and imaginary parts of the dielectric constant. These
values have been obtained by the Kramers-Kroning analysis of the thermoreflectance spectrum of metal VO,.

bonding orbitals (the 7* band) and of one of over-
lapping V-V orbitals (the d|| band) parallel to the c,
axis. The Fermi level is crossing the d| band over-
lapping the 7* band. The electronic interband tran-
sition at 2.9 eV is observed only for polarized light
Elc,. Moreover, the Kramer-Kronig analysis
shows a behavior of Ae; and Ae, (Fig. 4), typical of
electronic transitions at M or M ; critical points if
the band-energy shift or the broadening effects
determine the reflectance modulation, respective:ly.23
Disregarding broadening effects, this structure could
be assigned to a transition from the top of a 0,,
derived band to the 7* band at the Fermi level. In
this case, the fact that this transition is practically
unaffected by the MIT transition would indicate
that the energy of the Fermi level is little affected by
the MIT transition (Blaauw et al.%).

B. The plasmon in metal VO,

The energy of a plasmon in a narrow partially
filled conduction band is given by’

where m* is an average effective mass at the Fermi
energy Ep, € is the background dielectric constant
due to all interband transitions of energy higher

N
No

4mNe?

€ m*

_N
Ny

2
@p

F

than w,, N is the actual electron density, N is its
value for the completely filled band, and F is an un-
known smooth function of the band filling alone (it
is expected to be close to unity). In VO, the con-
duction band is the ¢,, band. The effective mass of
electrons in the d)| band is much larger than that of
the delocalized and hybridized 7* band. Assuming
€, =5 from the measure of optical constants!® and
the factor (1 — N/Ny) F (N/Ny) ~ 1, we obtain
m* = 3.4m . The low value of the effective mass
indicates that the electrons in the 7* band mainly
contribute to the plasmon resonance, in fact, the ef-
fective mass of the localized d|; band has been es-
timated to be m* = 60m,.'*

Using a simple two-band model a different inter-
pretation of the plasmon frequency in VO, can be
given. The ¢,, conduction band is assumed to be
separated into the d|| band with an effective mass
m* = « and occupied by N, electrons and an
overlapping delocalized 7* band with effective mass
m* = mg and occupied by N, electrons. In this
very simple model of VO, the plasmon energy is
given by

wﬁ _ 47N ,e? .
€My
In the high-temperature metal phase w, = 1.6 eV
and €, = 5. Therefore, the density of delocalized
electrons can be obtained N, = 0.3 electrons per
vanadium atom. We also obtain the average
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number of electrons trapped in the localized d I
band which do not participate in the plasmon reso-
nance Ny = 0.7 electrons per vanadium atom.

This result is in agreement with the electronic
band-structure calculation®>!® giving a large d-d
character (about 85%) of electronic states just above
the Fermi level. As suggested by Zylbersztejn and
Mott,'3 assuming a (7%°%3(d ||)°'7 configuration at the
Fermi energy of metal VO,, one can also account
for both magnitude and temperature dependance of
magnetic susceptibility.

We suggest that the electronic structure of metal
VO, could be described by an interconfiguration-
fluctuations (ICF) simple model where the system
fluctuates between the (*)'(d)))° and the (7*)°(d )"
configurations. This model can be used to extract
from plasmon energy measurements, the partial oc-
cupation of the delocalized configuration, as is usu-
ally done in the experiments on rare-earth com-
pounds which exhibit homogeneously mixed valence
states.” In fact, the localized configuration of the
system (7*)%(d|)! does not contribute to the
plasmon resonance. From the analysis of the
plasmon energy in the high-temperature metal phase
we have found an average partial occupation of 0.3
of the (7*)'(d))° delocalized configuration. It will
be interesting to perform further experimental work
to confirm the ICF model for VO,.

C. Plasmon energy red shift at the
metal-insulator transition

The theory of the plasmon energy shift due to the
opening of a small band gap E,, E; << w,,
predicts!’

2 2, 12 2
Wps =0 + 7{Eg — @,

+ [(E¢ + 0p)? — 4(1 — NEZ01V?) ,

where @), is the plasma frequency in the semicon-
ducting phase, w, is the plasma frequency in the
metal phase, and f is the oscillator strength transfer,
a quantity which varies from 0 to 1, determining
how the plasmon is antiscreened by the electronic
transitions following the opening of the band gap.
Therefore we suspect that the plasmon energy in the
semiconducting phase varies as a function of the ac-
tual value of f between

2 2 2 2
®p < Wy < 0y + Eg .

The theory predicts no shift or a blue shift for w,,
in agreement with experiments on Ti,O; (Ref. 18)

and 2H-TaSe (Ref. 17), where the opening of the
band gap E, is due to crystal distortion'! and to a
charge-density-wave mechanism, respectively.

The plasmon energy in metal VO, shows a large
red shift, as is shown in Fig. 3, beginning from 40
K above the transition temperature and decreasing
with the decreasing temperature; finally, the
plasmon vanishes in the semiconducting phase.

This result is clearly in disagreement with the theory
which takes into account only the opening of a
small band gap.

This experimental result rules out the possibility
that the driving mechanism of the MIT of VO, is a
simple crystal distortion.>!* The average-effective-
mass approximation can be used to explain the large
red shift of the plasmon energy in metal VO, (as it
approaches T,) by increasing the effective mass m*
from the value of 3.4m  at high temperature to
5.6m at 69°C (only one degree above T,). Such a
large increase of the effective mass (about 649%) in
the metal phase (before the crystal structure distor-
tion at 7,) can only be due to a large intraelectron
correlation effect. When the temperature ap-
proaches the transition temperature the local
electron-electron interaction induces the localization
of conduction electrons and this manifests itself as
an increase of the effective mass. In the semicon-
ducting phase, all the electrons are localized and the
plasmon energy vanishes, due to the very large ef-
fective mass.

Using the two-band model, the red shift of
plasmon energy is associated with an increase in the
number of electrons trapped in the localized d
band. In the high-temperature metal phase the
valence configuration is (7%)%3(d ||)°'7 and becomes
(mr*)*18(q ||)°'82 at 69°C, only 1° above T,. This
model gives the increase of the number of localized
electron trapped in the d|; band by electron correla-
tion directly. In semiconducting phase all the elec-
trons are expected to be localized. The plasmon
vanishes giving the valence configuration (7*)%(d ”)l
in agreement with band-structure calculations.

In the interconfiguration-fluctuation model for
VO, the red shift of the plasmon resonance indi-
cates an increase of the occupation probability of the
(m*)%d H)1 configuration with decreasing tempera-
ture from the high-temperature value of 0.7 to 0.82
at 1° above T,. In the semiconducting phase the
ICF’s are frozen and all valence electrons are in the
localized configuration.

Not only has a shift of the plasmon resonance
been observed, but also a large temperature-
dependent broadening of the resonance appears, in-
creasing the temperature. This is consistent with a
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strong temperature-dependent electron-phonon cou-
pling in the metal phase, which reduces the plasmon
lifetime. Further work is necessary for analysis if
the plasmon screening from phonons is possible in
VO,.

V. CONCLUSION

The large red shift of the plasmon resonance in
VO, gives direct evidence that the metal-insulator
transition is a Mott-type transition from
delocalized-to-localized electronic states. This is in
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agreement with the large Hubbard intra-atomic elec-
tronic Coulomb interaction parameter U = 1.2 eV
calculated by Sommers and Doniach.'*
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