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Photoemission study of the metal-insulator transition in VO2 ÕTiO2„001…: Evidence for strong
electron-electron and electron-phonon interaction
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We have made a detailed temperature-dependent photoemission study of VO2 /TiO2(001) thin films, which
show a metal-insulator transition at;300 K. Clean surfaces were obtained by annealing the films in an oxygen
atmosphere. Spectral weight transfer between the coherent and incoherent parts accompanying the metal-
insulator transition was clearly observed. We also observed a hysteretic behavior of the spectra for heating-
cooling cycles. We have derived the ‘‘bulk’’ spectrum of the metallic phase and found that it has a strong
incoherent part. The width of the coherent part is comparable to that given by band-structure calculation in
spite of its reduced spectral weight, indicating that the momentum dependence of the self-energy is significant.
This is attributed to by ferromagnetic fluctuation arising from Hund’s rule coupling between differentd orbitals
as originally proposed by Zylbersztejn and Mott. In the insulating phase, the width of the V 3d band shows
strong temperature dependence. We attribute this to electron-phonon interaction and have reproduced it using
the independent boson model with a very large coupling constant.
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I. INTRODUCTION

To elucidate the physical properties of Mott-Hubbard s
tems has been one of the most challenging subjects in
densed matter physics and has continued to pose contro
sial theoretical as well as experimental issues. In this resp
the single-particle spectral function of transition-metal o
ides, particularly of early transition-metal oxides, is of fu
damental importance in the physics of Mott-Hubbard s
tems. In fact, the coexistence of the coherent part@the
quasiparticle~QP! band# and the incoherent part~a remnant
of the upper and lower Hubbard bands! in the spectral func-
tion and spectral weight transfer between them as a func
of electron correlation strengthU/W, whereU is the Cou-
lomb repulsion energy andW is the bandwidth, are a remark
able manifestation of electron correlation as identified in
photoemission spectra of V and Ti oxides.1,2 Theoretically,
dynamical mean-field theory~DMFT! applied to the Hub-
bard model has successfully reproduced these characte
features.3 Comparison between experiment and theory, ho
ever, has not been straightforward. In DMFT, the self-ene
is necessarily local, and therefore the density of states~DOS!
at the Fermi level (EF), namely, the spectral intensity atEF
remains the same as that of the noninteracting system
electron correlation effect manifests itself as the narrow
of the coherent QP band. Experimentally, the reduction of
DOS at EF rather than the narrowing of the coherent p
was observed in the photoemission spectra of Ca12xSrxVO3,
suggesting the importance of the momentum dependenc
the self-energy.1,2 However, a recent ‘‘bulk-sensitive’’ photo
emission study of the same compounds has shown tha
QP band is indeed narrowed and the DOS atEF remains
unchanged from that predicted by band-structure calculat
indicating that the self-energy is nearly momentum indep
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dent as assumed in DMFT.4 In the present work, we have
studied another typical Mott-Hubbard system VO2, which
undergoes a metal-insulator transition as a function of te
perature, and examined the spectral function of the ‘‘bulk’’
see whether the self-energy is momentum independen
not. Our results have shown that the self-energy ismomen-
tum dependent, probably due to ferromagnetic fluctuation
arising from the multiorbital nature of the V 3d band of the
rutile structure.

VO2 is well known for its first-order metal-insulator tran
sition ~MIT ! at 340 K.5 The transition is accompanied by
structural transition. In the high-temperature metallic phas
has a rutile structure while in the low temperature insulat
phase (M1 phase! the V atoms dimerize along thec axis and
the dimers twist, resulting in a monoclinic structure. T
magnetic susceptibility changes from paramagnetic to n
magnetic in going from the metallic to the insulating phas
Hence, this transition is analogous to a Peierls transition
in fact the importance of electron-phonon interaction h
been demonstrated by Raman scattering6 and x-ray
diffraction7 studies. On the basis of local-density approxim
tion ~LDA ! band-structure calculation, Wentzcovitchet al.8

concluded that the insulating phase of VO2 is an ordinary
band ~Peierls! insulator. On the other hand, the magne
susceptibility of the high-temperature metallic phase is
usually high and temperature dependent, indicating the
portance of electron-electron correlation. Furthermore,
doped VO2 or pure VO2 under uniaxial pressure in the@110#
direction of the rutile structure has another monoclinic ins
lating phase called theM2 phase. In theM2 phase, half of
the V atoms form pairs and the other half form zig-z
chains.9 While the V atoms in the pairs are nonmagnet
those in the zig-zag chains have local moment and are
garded as one-dimensional Heisenberg chains accordin
©2004 The American Physical Society04-1
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an NMR study.10 Based on these observations for theM2
phase, Riceet al.11 objected to the argument of Wentzcovitc
et al. Thus it still remains highly controversial whether th
MIT of VO2 is driven by electron-phonon interaction~result-
ing in a Peierls insulator! or electron-electron interaction~re-
sulting in a Mott insulator forming a spin-Peierls-like state!.

To deal with the above problems, photoemission spect
copy is a powerful technique and, in fact, has been ex
sively applied to this material.12–18However, detailed photo
emission studies of the MIT has been hampered becaus
transition temperature of bulk VO2 is rather high and there
fore it is difficult to keep the surface clean in an ultrahi
vacuum for the high-temperature metallic phase. Also,
cause the transition is strongly first order with the structu
change, the sample is destroyed when it crosses the MIT
one can go through the transition only once for one sam

In this work, we have avoided those experimental di
culties by using thin film samples epitaxially grown o
TiO2(001) surfaces using the pulsed laser deposit
technique.19 After having obtained a clean surface by oxyg
annealing, the surface remained fairly stable for seve
hours even in the high-temperature metallic phase and
lowed us to study detailed temperature-induced changes
in the metallic and insulating phases including the hyster
behavior across the MIT. Spectral weight transfer betw
the coherent and incoherent parts of the V 3d spectral func-
tion accompanying the metal-insulator transition was clea
observed. We have attempted to deduce the ‘‘bulk’’ pho
emission spectrum by subtracting surface contributions fr
the measured spectra. We compare the ‘‘bulk’’ spectrum w
the band-structure calculation to discuss electron correla
in the metallic phase, particularly possible momentum
pendence of the self-energy. We have also found a str
temperature dependence in the spectra of the insula
phase and attributed it to strong electron-phonon interact

II. EXPERIMENTAL

VO2 /TiO2(001) thin films were prepared using th
pulsed laser deposition technique as described in Ref. 1
V2O3 pellet was used as a target. During the deposition,
substrate temperature was kept at 733 K and oxygen pres
was maintained at 1.0 Pa. The film thickness was abou
nm. The epitaxial growth was confirmed by four-cycle x-r
diffraction ~XRD! measurements and the MIT was confirm
by electrical resistivity measurements showing a jump
about thee orders of magnitude. The transition temperatu
the films was 295 K on heating cycle and 285 K on cooli
cycle, while the MIT occurs at 340 K in bulk samples.5 The
reduced MIT temperature of the films is due to the compr
sive strain from the TiO2 substrate.19 Bulk VO2 single crys-
tals were prepared by the chemical vapor transport met
and measured as described in Ref. 18.

X-ray photoemission spectroscopy~XPS! and ultraviolet
photoemission spectroscopy~UPS! measurements were pe
formed using the MgKa line (hn51253.6 eV) for XPS and
the He I resonance line (hn521.2 eV) for UPS with a VSW
hemispherical analyzer. Estimation of the instrumental re
lution and binding energy calibration were made by meas
16510
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ing gold spectra. The total energy resolution was;0.8 eV
for XPS and;30 meV for UPS. Clean surfaces were o
tained by annealing the films in a preparation chamber c
nected to the spectrometer at 643 K under;1 Pa oxygen
atmosphere for 1 h prior to the photoemission measuremen

III. RESULTS

Figure 1 shows the O 1s and V 2p core-level XPS spectra
of a VO2 /TiO2(001) film taken at room temperature. Co
tributions from the MgKa3 and Ka4 satellites have been
subtracted. The O 1s peak shows a single peak without an
contamination signals at higher binding energies, indicat
that the surface became sufficiently clean by the above
cedure.

Figure 2 shows the valence-band UPS spectra
VO2 /TiO2(001) taken at 300 and 280 K. The seconda
electron background has been subtracted following the p
cedure of Li and Henrich.20 The structures from binding en

FIG. 1. O 1s and V 2p core-level XPS spectra o
VO2 /TiO2(001) thin film.

FIG. 2. Valence-band photoemission spectra of VO2 /TiO2(001)
thin film. Secondary electron background has been subtracted.
4-2
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ergiesEB.2 to 12 eV are due to the O 2p band. The region
from EB.2 eV toEF is the V 3d band. While the O 2p band
shows no clear temperature dependence, the V 3d band
shows a temperature dependence, indicating that the
occurred between 280 and 300 K.

Figures 3~a! and 3~b! show the UPS spectra o
VO2 /TiO2(001) in the V 3d band region taken at variou
temperatures. First the temperature was decreased from
to 150 K, then it was increased again to above 300 K. T
spectra showed good reproducibility within this temperat
cycle. The tail of the O 2p band has been subtracted
shown in Fig. 3~a! and the resulting spectra have been n
malized to the integrated intensity fromEB520.3 to 2.3 eV,
as shown in Fig. 3~b!. The MIT is clearly seen as the chang
in the spectral intensity atEF accompanied by the spectr
weight transfer between the low binding-energy regionEB
50 – 0.5 eV~coherent part! and the high binding-energy re

FIG. 3. Photoemission spectra of VO2 /TiO2(001) thin film in
the V 3d band region.~a! Raw data. Dotted and dot-dashed lin
indicate estimated contributions from the tail the O 2p band.~b! V
3d band with the O 2p contributions being subtracted. The ins
shows a hysteretic behavior of the spectral intensity aroundEF

across the MIT.~c! Photoemission spectra of a bulk single crys
VO2 . Top: raw data; bottom: background being subtracted.
16510
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gion EB50.5– 2 eV ~incoherent part!. The spectra of the
films @Fig. 3~b!# are almost identical to that of the bul
sample@Fig. 3~c!# except for the somewhat stronger tempe
ture dependence of the film spectra. Because of the m
higher stability of the film surface in vacuum, we could o
tain the spectra with much higher signal-to-noise ratio
much smaller temperature intervals in the whole tempera
range. Also, the film retained the original spectra after s
eral temperature cycles whereas the bulk single crystal br
into pieces once it crossed the MIT. In the previous study
bulk single crystals,18 detailed temperature-dependent stud
were therefore limited to the low-temperature insulati
phase, where the crystal did not break. The present temp
ture dependence in the insulating phase has reproduced
bulk crystal results.

Here, we have observed a hysteretic behavior in the sp
tra with temperature across the MIT, as demonstrated by
temperature dependence of the intensity aroundEF ~inte-
grated fromEB520.2 to 0.5 eV! shown in the inset of Fig.
3~b!. The hysteretic behavior is seen over the tempera
range of;10 K. This may indicate the coexistence of m
tallic and insulating regions with changing volume fractio
in this temperature range. Photoemission spectra of ano
system which shows a first-order temperature-induced me
insulator transition,RNiO3, also shows a similarly gradua
temperature dependence.21,22 In the case ofRNiO3, the hys-
teretic behavior in the transport and thermodynamic prop
ties extends over a wide temperature range of several
K,23 and correspondingly the photoemission spectra sho
more gradual temperature dependence over the wider
perature range.

Recently, it has been demonstrated that photoemis
spectra of transition-metal oxides are strongly influenced
surface contributions. In particular, the incoherent part c
tered aroundEB51 – 1.5 eV contains more surface contrib
tions than the coherent part.4,24 Since the surface layer tend
to have a smaller bandwidthW and hence a largerU/W, the
surface layer tends to have a stronger incoherent part a
weaker coherent part than in the bulk.24,25In order to remove
such surface contributions and to analyze the electro
structure of bulk materials, we attempted to deduce
‘‘bulk’’ spectrum in the metallic phase under several assum
tions. If the thickness of the surface layer isd and the pho-
toelectron escape depth isl, the observed spectrumF(v) is
given by

F~v!5Fs~v!~12e2d/l!1Fb~v!e2d/l,

whereFs(v) and Fb(v) are the ‘‘surface’’ and the ‘‘bulk’’
spectra, respectively. As the electronic properties of the
face layer of VO2 are not precisely known, in the following
analyses, we consider the extreme case where the photoe
sion spectra of the surface layer largely consists of the in
herent part. Therefore, the intensity of the incoherent par
the ‘‘bulk’’ spectrum deduced below should be regarded
the lower bound for the actual bulk one.

Assuming that the spectrum at 280 K (,TMI) represents
the ‘‘surface’’ spectrum, because the photoelectron esc
depthl is not precisely known, we subtracted the ‘‘surfac

l

4-3
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contribution with various ratios as shown in Fig. 4~a!. Here,
‘‘20% subtracted’’ means that the intensity of the subtrac
insulatorlike spectrum was 20% of the total intensity. In F
4~b!, we compare the ‘‘bulk sensitive’’ XPS spectrum in th
literature12 with those spectra in~a! after having broadened
them with a Gaussian function corresponding to the low
experimental energy resolution of XPS~;0.55 eV!. One can
see that the XPS spectrum is in best agreement with ‘‘2
subtracted’’ spectrum. According to the ‘‘universal curve’’
the photoelectron escape depth,26 the escape depth is;10 Å
for hn521.2 eV and;15Å for XPS (hn51486.6 eV), re-
spectively. Using the surface layer thickness of 2c ~55.7 Å!
on the ~001! surface of the rutile structure, wherec is the
c-axis lattice constant, the surface contribution is;44% for
hn521.2 eV and;32% for hn51486.6 eV, respectively
Hence, the ‘‘20% subtracted’’ spectrum should have 3
surface contribution and therefore it is reasonable that
‘‘20% subtracted’’ spectrum is in agreement with the XP
spectrum. After all, we consider that the ‘‘bulk’’ spectrum
given by the ‘‘40% subtracted’’ spectrum.

FIG. 4. ~a! Subtraction of ‘‘surface’’ contributions with variou
ratios from the photoemission spectrum of the metallic phase.~b!
Comparison of the spectra in~a! with the XPS spectrum from Ref
12. Here, the curves in~a! have been broadened with a Gaussian
account for the lower energy resolution of XPS.
16510
d
.

r

e

IV. DISCUSSION

A. Metallic phase

In Fig. 5, we compare the ‘‘bulk’’ spectrum thus deduc
with the LDA band-structure calculation.27 The calculated
density of states~DOS! is multiplied by the Fermi-Dirac dis-
tribution function at 350 K and broadened with a Gauss
corresponding to the instrumental energy resoluti
The width of the coherent part;0.5 eV is similar to that
given by the band-structure calculation. This mea
that m* /mb is ;1, wherem* is the average effective mas
of the QP andmb is the average bare band mass of t
V 3d band. From the spectral weight ratio of the cohere
part to the incoherent part 1:2, the renormalization fac
becomesZ;1/3. From the ratio of the intensity atEF of the
spectra to the DOS given by the band-structure calculat
one can estimate the averagek mass defined by
mk /mb5u]«k /]kuk5kF

u/u]«k /]kuk5kF
1] ReS(k,v)/]kuk5kF

u,
as mk /mb;0.3. Thus, we again obtain m* /mb
5(1/Z)(mk /mb);1. Note that we have assumed that t
surface layer is without the coherent part aroundEF . If the
surface spectrum has a finite coherent part, the coherent
of the ‘‘bulk’’ spectrum would be further reduced and th
deducedk mass would be even smaller. Hence,mk /mb
;0.3 deduced here should be taken as the upper limit
mk /mb , and therefore on can safely conclude themk /mb is
smaller than unity. That is, the momentum dependence of
self-energy is not negligible in the metallic phase of VO2.

Our finding mk /mb,1 is contrasted with the ‘‘bulk’’
spectra of Sr12xCaxVO3 reported by Sekiyamaet al.4 In
their result, the width of the coherent part of the V 3d band
of SrVO3 is reduced by a factor of;40% compared with the
LDA result, and the spectral weight of the coherent part
also reduced by;40% due to the transfer of spectral weig
to the incoherent part, resulting in almost the same spec
intensity atEF as that of the LDA value, that is, the sel
energy has negligible momentum dependence
Sr12xCaxVO3. The origin of the momentum dependence
the self-energy in VO2 is not known at this moment. On

FIG. 5. ‘‘Bulk’’ spectrum is compared with the LDA band
structure calculation from Ref. 27.
4-4
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possibility is poor screening of long-range Coulomb inter
tion, but it is unlikely that the screening effect is so differe
between VO2 and Sr12xCaxVO3. Another possible origin of
the momentum dependence is ferromagnetic fluctuation
VO2 considering the enhanced magnetic susceptibility in
metallic phase, corresponding tom* /mb;6 ~Ref. 28!. Re-
cently, Liebsch and Ishida29 proposed that the multiorbita
nature of the V 3d band is important to describe the metal
phase of VO2 ~Refs. 29, 30!, following the idea originally
proposed by Zylbersztejn and Mott.31 According to these
works, the occupancy of thet2g orbitals is very different
between the metallic and the insulating phases due to la
distortion in the insulating phase and this affects the role
local Coulomb interaction in each phase. If many orbit
contribute to the metallic conductivity, ferromagnetic corr
lation may arise from Hund’s coupling between those orb
als. Further studies are necessary to confirm this scenar

B. Insulating phase

As stated in Sec. I, it has been controversial whether
insulating band gap is primarily caused by the lattice dist
tion or the electron-electron interaction. In order address
issue, it is useful to examine the photoemission spectral
shape of the V 3d band in the insulating phase.

In Fig. 6, we compare the UPS spectrum of the insulat
phase with the DOS given by the LDA1U band-structure
calculation (U54.0 eV) by Huanget al.,32 where the effect
of electron-electron interaction is taken into account on
mean-field~i.e., Hartree-Fock! level. The figure shows that
although the insulating gap can be produced by the L
1U method, the Gaussian-like broad spectrum of V 3d band
cannot be reproduced. This disagreement between theory
experiment cannot be explained by a surface effect bec
since the bulk component should have finite contribut
~;60%! even for this low photon energy and therefore t
sharp feature should be clearly visible overlapping the s
face signals. This means that electron-electron interaction

FIG. 6. UPS spectrum in the insulating phase~280 K! compared
with the LDA1U band-structure calculation (U54.0 eV) ~Ref.
32!.
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the mean-field level is not sufficient to understand the p
toemission spectrum of the insulating VO2. Here, we point
out that the photoemission spectra of a double-layer man
nite La1.2Sr1.8Mn2O7 also show a broad Gaussian-like lin
shape in striking contrast with LDA band-structure calcu
tion, and this discrepancy has been attributed to the str
electron-phonon coupling.33 Furthermore, one can recogniz
that the spectra of VO2 show very strong temperature depe
dence in the insulating phase as shown in Fig. 3. The s
temperature dependence was observed in the spectra of
single crystal and was attributed to electron-phonon inter
tion, because the core-level spectra also show a simil
strong temperature dependence.18

Simple thermal broadening cannot explain the obser
temperature dependence as shown in Fig. 7~a!, where the
photoemission spectrum taken at 150 K and the same s
trum broadened with a Gaussian, whose FWHM is 200 m
(;8kBT at 300 K! are compared. In order to simulate th
temperature-dependence based on the electron-phonon
action mechanism, we introduce the spectral function of
independent boson model at finite temperature given by34

FIG. 7. Comparison of the spectral function of the independ
boson model with the photoemission spectra of VO2 /TiO2(001) in
the insulating phase.~a! Spectrum at 150 K and its Gaussia
broadened (FWHM5200 meV) spectrum,~b! independent boson
model calculation,~c! measured photoemission spectra~the same as
Fig. 3!.
4-5
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A~v!5e2g~2N11!(
l

gl

l ! (
m50

l

lCmNm~N11! l 2m

3d@v2«c1D2~ l 22m!v0#,

whereN is the phonon occupation number,g is the electron-
phonon coupling constant,v0 is the average phonon energ
the D5gv0 is the electron self-energy shift due to couplin
to phonons, and«c gives the peak position of the spectr
This spectral function describes the situation where spec
weight is transfered from the zero-phonon line at the low
binding energy«c2D to «c2D1( l 22m)v0 by emitting
( l 2m) phonons or absorbingm phonons. Because this spe
tral function consists of a series of delta functions, one ha
broaden this function to compare with the photoemiss
spectra. For this purpose, we use a simplified model s
energy S(v)5Gv/(v1 ig)2, which simulates the ‘‘life-
time’’ broadening which increases with increasing bindi
energy.35 In Figs. 7~b! and 7~c!, we compare the spectra
function of the independent boson model with the pho
emission spectra of VO2 /TiO2(001) in the insulating phase
We have chosen the parameters as«c51.2 eV, g540, and
v050.03 eV~Ref. 36! for the independent boson model an
G51.5 eV2 and g52 eV for the broadening. Because th
tail of the lower binding energy side of the photoemissi
spectrum reaches the vicinity ofEF , we have chosen the
coupling constantg so that «c2D;0. Hence,g5«c /v0
'40. One can see that the temperature-dependent spe
function of the independent boson model qualitatively rep
duces the photoemission spectra.

The extremely large coupling constantg540 may appear
unphysical at first sight. However, Citrinet al.37 have shown
that in ionic crystals the coupling constant can be large
reportedg555 for KI based on their analysis of temperatur
dependent core-level photoemission spectra. They have
mated the value of g using the expression g
5e2(6/pV)1/3(1/«`21/«0)/v0 , whereV is the volume of a
primitive unite cell, «` and «0 are the high- and low-
frequency limits of the dielectric constant. For VO2, V
;29.5 Å3, «` and«0 have been given as 5 and 30 in Re
31, respectively. From these values,g is calculated as;32.
On the other hand, Egdellet al.38 have used 1/2R in stead of
(6/pV)1/3 for perovskite-type V oxides, whereR is the ionic
radius of the transition-metal ion. In this case,g becomes as

*Present address: Department of Physics, Nag
University, Nagoya 464-8602, Japan. Electronic addre
okazaki@cc.nagoya-u.ac.jp
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large as 47.~R is 0.82 Å for VO2.36! Hence, we can say tha
g530– 50 is a reasonable value for the electron-phonon c
pling constant for VO2.

Finally, we comment on how the strong electron-electr
interaction and the strong electron-phonon coupling are
lated with each other in VO2 ~and probably in other
transition-metal oxides as well!. In ionic crystals, the on-site
Coulomb repulsion energyU is given by U5e2/2«`R.
Therefore, according to the expression of Egdellet al.,38 the
largeU and the largeg is related with each other though«` .
This means that the strong electron-phonon interaction
consequence of strong electron-electron interaction.

V. CONCLUSION

We have studied the electronic structure of VO2 by mea-
suring the photoemission spectra of VO2 /TiO2(001) thin
films. The metal-insulator transition was clearly observed
a change in the spectral intensity atEF accompanied by
spectral weight transfer between the coherent and incohe
parts of the spectral function. From comparison of t
‘‘bulk’’ spectrum in the metallic phase and the band-structu
calculation, we have concluded that, while the mass
hancement factorm* /mb is almost unity, the momentum de
pendence of the self-energy is important in the meta
phase, possibly due to ferromagnetic fluctuations aris
from the multiorbital character of the V 3d band. In the
insulating phase, the V 3d band is strongly broadened as th
temperature is increased. We attribute this temperature
pendence to the electron-phonon interaction and reprodu
it using the independent boson model with a very large c
pling constant. This indicates that, while electron-electr
interaction is necessary to produce the band gap in the i
lating phase, electron-phonon interaction is important
fully understand the electronic structure and charge trans
in VO2.
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