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We investigated the inhomogeneous electronic properties at the surface and interior of VO, thin films that
exhibit a strong first-order metal-insulator transition (MIT). Using the crystal structural change that accompa-
nies a VO, MIT, we used bulk-sensitive x-ray diffraction (XRD) measurements to estimate the fraction of
metallic volume p*RP in our VO, film. The temperature dependence of the pXRP was very closely correlated
with the dc conductivity near the MIT temperature and fitted the percolation theory predictions quite well:
o~ (p-p.)" with rt=2.0£0.1 and p.=0.16+0.01. This agreement demonstrates that in our VO, thin film, the
MIT should occur during the percolation process. We also used surface-sensitive scanning tunneling spectros-
copy (STS) to investigate the microscopic evolution of the MIT near the surface. Similar to the XRD results,
STS maps revealed a systematic decrease in the metallic phase as temperature decreased. However, this rate of
change was much slower than the rate observed with XRD, indicating that the electronic inhomogeneity near
the surface differs greatly from that inside the film. We investigated several possible origins of this discrepancy
and postulated that the variety in the strain states near the surface plays an important role in the broad MIT
observed using STS. We also explored the possible involvement of such strain effects in other correlated

electron oxide systems with strong electron-lattice interactions.
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I. INTRODUCTION

The unusual physical properties of transition metal oxides
(TMOs) have made them one of the most widely investigated
materials in condensed matter physics over the last two de-
cades. These properties include a metal-insulator transition
(MIT),"? colossal magnetoresistance (CMR),>¢ and high-
temperature superconductivity.”"'° The strong electron corre-
lation, represented by the Hubbard Hamiltonian, has pro-
vided valuable insight into the intriguing behavior of TMOs,
including their electronic structures. Researchers have used
numerous experimental tools, including optical, photoemis-
sion (PES), and scanning tunneling (STS) spectroscopies, to
investigate the evolution of the electronic structural changes
as electron correlation increases systematically.

Recently, numerous reports have examined the electronic
inhomogeneities in TMO materials. For example, atomic
resolution STS studies of the high-temperature supercon-
ductor Bi,Sr,CaCu,0, revealed intrinsic electronic inhomo-
geneities that might be related to basic mechanisms of the
superconducting transition.””'? The investigation of such in-
trinsic inhomogeneities requires obtaining atomically clean
surfaces by cleaving single crystal samples. This cleaving
process is relatively easy for layered oxides. However, tech-
niques for preparing an atomically well-defined surface of
nonlayered oxides are not well established or are challeng-
ing, making it difficult to obtain atomically flat surfaces.
Therefore, many experimental works have investigated elec-
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tronic inhomogeneities using noncleaved samples or thin
films.3>-® The results of experiments conducted under these
conditions can vary widely depending on the probing depth
of the experimental tools used. These differences can be very
significant, particularly for some TMO systems with strong
electron-lattice interactions.

Vanadium dioxide (VO,) is one of these widely investi-
gated TMOs with a strong electron correlation. This com-
pound exhibits an MIT at 341 K and has quite strong
electron-lattice couplings.>!'~1° Since its MIT is of the first
order, it should also exhibit large related electronic inhomo-
geneities. Optical spectra of a VO, film suggested the coex-
istence of metallic and insulating phases during its MIT, the
evolution of which could be explained in terms of the perco-
lation model.!* Our recent and preliminary STS works on
another VO, film suggested similar phase segregation phe-
nomena, but its temperature-dependent evolution appeared to
be much slower than the optical data.'* These studies raised
the following question: do electronic inhomogeneities at the
VO, surface behave differently from those inside the bulk?

In this study, we investigated the phase transition of a
VO, thin film as it underwent MIT, using both surface- and
bulk-sensitive experimental tools. STS studies provided mi-
croscopic visual images of surface inhomogeneities, while
x-ray diffraction (XRD) patterns monitored the structural
phase transition and demonstrated the coexistence of phases
with two differing crystal structures, possibly metallic and
insulating phases, inside our VO, film. Both these surface-
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and bulk-sensitive results indicated the presence of electronic
phase separation in the VO, film, but this differed in two
important ways. First, the surface underwent transition over
a much wider range of temperature (300—365 K) than did
the bulk (330-340 K). Second, the fraction of metallic vol-
ume, obtained from XRD data, well reproduced dc conduc-
tivity (o) based on the percolation model; however, it was
not possible to fit the o data reasonably using STS data.
Section II of this paper describes our experimental meth-
ods. Section III presents the experimental results for dc trans-
port, XRD, and STS measurements. It also explains how we
were able to analyze our STS maps and XRD spectra to
obtain quantitative values for the area and volume fractions
of the metallic phase, respectively. Section IV applies the
percolation model to assess whether the values we obtained
for the fraction of the metallic volume represent an MIT
occurring inside the VO, film. It also compares our experi-
mental results with results from earlier optical and photo-
emission spectroscopy studies. When we compared our ex-
perimental results with experiments using different probing
depths, we found that the temperature dependence of the
MIT inside our VO, film differed considerably from that at
the surface. Based on our findings, we revisited some earlier
studies including PES and STS research on TMO materials.
Section V summarizes the main findings of this study.

II. EXPERIMENTAL METHODS

We successfully grew epitaxial VO, thin films on Al,O3
(012) single crystal substrates using a pulsed laser deposition
technique.'* We prepared a sintered polycrystalline V,05 tar-
get using the conventional solid-state reaction method. We
focused a KrF excimer laser beam on the target with a flu-
ence of 1 J/cm? and a repetition rate of 2 Hz. To obtain high
equality epitaxial films, we used a relatively slow growth
rate of 0.4 nm/min. To obtain a sharp MIT transition, we
optimized the film deposition conditions using dc resistance
data. We found that the optimal substrate temperature and
oxygen pressure were 450 °C and 15 mTorr, respectively.
After deposition, we cooled the films to room temperature at
the deposition oxygen pressure without any postannealing
process. Subsequent XRD studies confirmed the growth of
high-quality epitaxial VO, thin films without any evidence
of impurity phases.'*

After growing the 70 nm VO, film, we quickly trans-
ferred it into an ultrahigh vacuum (UHV) chamber (~35
X 107" Torr) and conducted STM and STS studies. Our
UHV chamber was equipped with reflection high-energy
electron diffraction (RHEED) and a variable-temperature
STM system that could operate from 25 to 1500 K. Immedi-
ately after the transfer, we obtained a spotty RHEED pattern,
confirming that our VO, film surface had good crystallinity.
Using a Pt-Ir tip, we obtained topographic images at the
sample bias voltage of 2 V, and then carried out STM and
STS measurements at various sample bias voltages ranging
from —1.0 to 2.0 V. With a fixed tip-sample distance, we
took the STS I-V curves and differentiated them numerically
to obtain dI/dV-V curves.
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FIG. 1. Electrical conductivity (o) of a 70-nm-thick VO, thin
film on Al,O5 (012) substrate; o changed sharply and clearly dem-
onstrated hysteresis. The arrows indicate the direction of the sweep-
ing temperature.

To determine the temperature-dependent evolution of mi-
croscopic inhomogeneities related to the MIT, we performed
our STM and STS studies using temperatures between 300
and 380 K. To ensure that the temperature measurements
were accurate, we used silicon-diode temperature sensors
and calibrated the sample temperature within an experimen-
tal error of less than 0.1 K. We increased the sample tem-
perature using a resistive heater, waited for a sufficient time,
and then moved the STM tip toward the VO, film again to
adjust for changes caused by thermal drift. The thermal drift
was so great that it was impossible to perform a series of
STS studies at the same sample position. However, we re-
peated STS studies several times at each temperature and
were able to reproduce most experimental results.

After the STM and STS studies, we carried out dc trans-
port and temperature dependent XRD studies. Using an XRD
machine equipped with a heating stage, we conducted 6—26
scans near the VO, (200) peak at temperatures between 320
and 350 K with a 1 K step in ambient atmosphere. To exam-
ine the thermal expansion of the substrate, we also measured
the changes in the substrate peak, i.e., AlL,Os; (012). We
found that the substrate had a negligibly small thermal ex-
pansion of 2X 10™#/K, so in our XRD analysis we ignored
the contribution made by thermal expansion of the substrate.

III. RESULTS AND ANALYSIS
A. dc transport properties

Our VO, film exhibited a clear first-order MIT in a tem-
perature region from 330 to 340 K. Figure 1 presents dc con-
ductivity (o) data for the VO, thin film, measured using the
conventional four-probe dc technique. As temperature in-
creased, the film underwent an MIT from an insulating state
to a metallic state at an MIT temperature (7)) of 340 K, a
value similar to that for a single crystal, i.e., about 341 K.!!
The MIT of our film was accompanied by a large dc conduc-
tivity change (Ao/ o) with a fourth-order difference of mag-
nitude, which is comparable to the value for a single crystal,
i.e., Ao/a;~10°."! Due to the nature of the first-order phase
transition, the experimental values of Ty differed during the
heating and cooling cycles. The Ty values of our film had a
hysteretic difference of about 6.5 K, which was greater than
the value of about 2.0 K for a single crystal.!! The MIT was
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completed in the temperature region of about 2.2 K. This
value of MIT width, ATy, is also greater than that for a
single crystal, i.e., <1.0 K.2

We obtained some insights into the quality of our VO,
films by comparing our results with those from earlier stud-
ies of VO, thin films. Recently, Nagashima et al. reported
that the ambient atmosphere affected MIT in strained VO,
ultrathin films grown epitaxially on TiO, (001) single crystal
substrates.!> By changing the ambient atmosphere pressure,
they were able to vary the Ao/ oy values of their films from
10° to 10°. Films deposited at lower oxygen pressures had
smaller Ao/ gy values, possibly caused by oxygen vacancies.
The large Ao/ oy value (about 10*) of our film suggests that
it is nearly free from such oxygen vacancy effects. Muraoka
and Hiroi were able to change the Ty value of their epitaxial
films from 341 to 300 K by controlling the strain state.'¢
Later, Nagashima et al. found that such strain effects could
be relieved by developing nanoscale line cracks under ther-
mal stress.!” The similarity of the Ty value of our film to
values for a single crystal suggests that strain effects and
nanoscale line cracks do not play important roles in the
transport properties of our film. Brassard et al. also reported
the MIT characteristics of sputtered VO, films;'® they found
that Ao/ oy could vary from 10 to 10° and that ATy could
vary from 3.0 to 9.5 K. They argued that such variation in
the MIT characteristics was correlated with grain size: larger
grains result in a larger Ao/ oy and sharper ATy Compared
with reported values of Ty, Ao/ oy, and ATy, the character-
istic MIT values of our VO, film were much closer to the
corresponding values for a single crystal, suggesting that our
VO, film is of very high quality.

B. Temperature-dependent XRD measurements

The metallic and insulating phases of VO, have different
crystal structures, and are tetragonal and monoclinic, respec-
tively. A structural phase transition also occurs simulta-
neously with the MIT. Therefore, we can use careful struc-
tural studies, such as XRD, to determine the amounts of the
metallic and insulating VO, phases.

Figure 2(a) presents two characteristic XRD spectra of a
VO, (200) film in its insulating and metallic states. The open
and filled squares represent VO, (200) peaks at 331 and
346 K, respectively. The (200) peak in the insulating state
occurs at 37.08°, and that for the metallic state occurs at
37.22°. These values agree well with values for a single
crystal.'” Figure 2(b) presents a contour plot of the
temperature-dependent XRD VO, (200) peak intensity dur-
ing the heating cycle. The figure shows that as temperature
increases, the VO, (200) peak moved to a higher angle. Note
that the XRD peak position changed rather sharply at the
temperature region between 335 and 341 K. (In the cooling
cycle, the peak position changed between 329 and 335 K.)

To estimate the fraction of metallic phase volume (p*RP),
we analyzed the XRD spectra quantitatively. The filled
circles in Fig. 2(c) represent the VO, (200) peak at 338 K
during the heating run. Note that its full width at half maxi-
mum is greater than those at 331 and 346 K. Assuming that
two distinct phases coexist inside a VO, film during its MIT,
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FIG. 2. (Color online) (a) X-ray diffraction (XRD) patterns of
the VO, (200) peak measured at 331 K (open squares) and 346 K
(filled squares) during the heating run. (b) A contour plot of the
temperature-dependent XRD VO, (200) peak intensity, obtained
while increasing the temperature; the film peak shifted at around
338 K, while it did not move below 331 K or above 346 K, except
for negligible thermal expansion. (c) Fitting of the XRD pattern at
338 K (filled circles) as the superposition of the peaks obtained
from the insulating (short dashed line) and metallic (dashed line)
components.

it is reasonable to fit the broad peak as a superposition of
insulating and metallic XRD peaks. As demonstrated in Fig.
2(c), we were able to fit the XRD intensity at 338 K very
well in terms of the 331 and 346 K XRD data. We repeated
this quantitative XRD analysis for each degree of tempera-
ture between 320 and 350 K and obtained the corresponding
pXRP values. The filled circles in Fig. 3(a) represent pXRP
values obtained from the XRD analysis. Note that the tem-
perature dependence of p*XRP is very closely correlated with
the dc transport near Ty, indicated by the solid line.

C. Spectroscopic images obtained from the STM and STS
studies

As noted in the Introduction, STS is a powerful micro-
scopic tool for investigating inhomogeneity in surface elec-
tronic states. Figure 4 presents STM and STS measurements
of the VO, film surface at 334 K during the cooling cycle.
As shown in Fig. 4(a), the topography image revealed that
the film had a granular nanocrystalline structure with a root-
mean-square roughness of 2 nm. A wider area scan revealed
the average grain size to be about 50 nm. Figure 4(c) pre-
sents the typical /I-V characteristics of the metal- and insula-
torlike regions; the solid lines indicate that region A should
exhibit metallic behavior, and the dashed line indicates that
region B should exhibit an insulating response. The inset
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FIG. 3. (Color online) (a) Temperature dependence of the me-
tallic fraction (p) extracted from XRD (filled circles) and optical
spectroscopy (OS, open squares) measurements (the OS data were
adapted from Ref. 14). The solid line representing the o data re-
veals well-matched temperature dependence for both XRD and OS
data. (b) Temperature dependence of p estimated from scanning
tunneling spectroscopy (STS, filled diamonds) measurements. The
spectral intensity was around the Fermi level, measured using pho-
toemission spectroscopy (PES, open triangles) (data adapted from
Ref. 24).

shows the dI/dV curves obtained numerically using /-V mea-
surement data; it clearly shows that region A is conducting
and region B yields a vanishing conductance near the Fermi
level at zero bias with an insulating energy gap of ~0.5 eV.
This energy gap value is in good agreement with the bulk
value of 0.5 eV.?’ To visualize spatial variation in the elec-
tronic states of our film, we recorded the STS images using
tunneling current values with a fixed bias of —0.4 V, as
shown in Fig. 2(b); this technique is commonly used to il-
lustrate electronic inhomogeneity.>* Comparison of Figs.
4(a) and 4(b) suggests that the granular structure of our VO,
film affects the spatial variation in its electronic states.

To observe the progressive evolution of the inhomogene-
ity in the surface electronic states of our VO, film, we ob-
tained STS images at numerous temperatures around the
MIT. Figure 5 presents several STS images at decreasing
temperatures ranging from 365 to 300 K. In the spectro-
scopic images, the black areas represent metallic regions,
where the tunneling current becomes smaller than the thresh-
old current level of =5 pA under a sample bias of —0.4 V;
correspondingly, the white areas represent insulating regions,
where the tunneling current becomes larger than the thresh-
old current level. The fraction of the metallic phase de-
creased very slowly with the temperature. At 365 K, most of
the surface area exhibited metallic behavior, except for small
randomly distributed insulating islands. As the temperature
decreased, insulating regions appeared and began to grow.
Between 339 and 330 K, clusters along the metallic regions
appeared to become disconnected, which would constitute
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FIG. 4. (Color online) The (a) topography and (b) tunneling
current map of the VO, film, measured simultaneously at 334 K.
(c) The I-V characteristic curves of regions A and B as indicated in
(a) and (b). The inset presents the corresponding tunneling conduc-
tance (d1/dV) curves. The curve in region A exhibits a characteristic
insulating behavior with a finite energy gap of approximately
0.5eV.

real-space observation of percolation. At 300 K, most of the
surface area was insulating, except for small randomly dis-
tributed metallic islands. Using these STS images, we mea-
sured the surface areas of metallic and insulating regions and
estimated the fraction of the metallic region (pSTS). The filled
diamonds in Fig. 3(b) represent temperature-dependent val-
ues of pS™S. Compared to p*RP and the dc transport, pSTS
revealed a change in MIT over a much wider temperature
region.

IV. DISCUSSION

A. Application to the percolation model

This section applies the percolation model, which suc-
cessfully describes a two-phase system across a phase tran-
sition, to obtain further insight into the considerable differ-
ences between the pXRP and pSTS values. According to the
percolation model, o should have power law dependence as
a function of the metallic volume fraction:
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FIG. 5. Spectroscopic images, 1 X 1 um?, of the local electronic
structure of a VO, thin film measured at a fixed bias voltage of
—0.4 V during cooling from 380 K. Metallic (black) and insulating
(white) regions coexisted from 346 to 315 K. As the temperature
decreased, the total area of the metallic regions decreased gradually.
At 300 K, almost all areas became insulating regions, except a
small portion of the metallic islands.

U~(p_pL')t’ (1)

where p is a variable representing the metallic fraction, p, is
the percolation threshold of p, and ¢ is the conductivity ex-
ponent. It is well established that the universal values of p.
and ¢ are 0.45 and 1.4, respectively, for a two-dimensional
(2D) percolation conduction model, and 0.15-0.17 and 2.0,
respectively, for a three-dimensional (3D) percolation con-
duction model.?!??
First, we used pXRP values as p. As shown in Fig. 6(a), the
o versus pXRP plots for two different thermal cycles over-
lapped quite well. The solid line in Fig. 6(a) represents the
line fitted with the percolation model, which agrees fairly
well with the experimental data. To obtain the conductivity
exponent, we plotted log(c) versus log(pXRP—pXRP) as
shown in the inset of Fig. 6(a). (During actual fitting, we
applied the percolation model fitting for a finite size
system.?®) Based on this, we estimated r=2.0+0.1 and
XRD_(.16+0.01. These values are in excellent agreement
with the universal values in the 3D percolation models.
These results demonstrate that the MIT transition in our VO,
film occurred during the percolation process, in which the
metallic phase increased in a percolative manner to form
conducting filaments that carry electrical current. Therefore,
pXRP should be a good physical quantity, successfully de-
scribing the MIT inside our VO, film.
Next, we examined what would happen if we used pS™
values as p. In Fig. 6(b), the open and filled circles represent
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FIG. 6. (a) The pXRP dependence of o, where the fraction of the
metallic volume (pXRP) was obtained from XRD analysis. The solid
line fits data points to the percolation model; the inset is a log-log
plot of o versus (p*RP—pXRP) The conductivity exponent (r) was
estimated at 2.0+0.1, which is in good agreement with the universal
value of the three-dimensional percolation model. (b) The pSTS de-
pendence of o, where the fraction of the metallic area at the surface
region (pS™S) was estimated from our STS studies. The solid and
dashed lines are the fitting curves to each heating and cooling run,
respectively. The inset is a log-log plot of o versus (pST5—p>'®),
with an estimated =0.45+0.05.

experimental data during cooling and heating runs, respec-
tively. The solid and dotted lines are the corresponding fitting
curves. The log (o) versus log(pSTS—prs) curves, shown in
the inset of Fig. 6(b), reveal that /=0.45+0.05. This value is
much smaller than the universal values for either the 2D or
3D case. In addition, the prS values for heating and cooling
runs are 0.58+0.02 and 0.48+0.01, respectively. This differ-
ence is unacceptable in the percolation model, where o
should only vary as a function of p; the percolation model
does not allow two values of pST for a given o value. There-
fore, pSTS cannot describe the percolative evolution of the
MIT occurring inside our VO, film.

B. Comparison of metallic fractions obtained from
experimental methods with differing probing depths

Other experimental studies have investigated the percola-
tive nature of the MIT in VO, films. Choi et al. investigated
the midinfrared properties of a VO, film near the MIT and
found that the MIT could be described well using the coex-
istence of metallic and insulating domains.'? Chang et al.
extended this research using optical spectroscopy and ob-
tained similar conclusions.'* In a temperature-dependent
PES study of VO, thin films, Okazaki et al. reported hyster-
etic behavior in the intensity around the Fermi level with
temperature across the MIT.?* Together with our XRD and
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FIG. 7. Frequency distribution of the tunneling current at
—0.4 V, obtained from thousands of I(V) scans measured at indi-
vidual points over large areas at each temperature. The vertical
dashed line indicates the threshold for dividing the /(V) scans into
metallic or insulating responses in the spectroscopic images shown
in Fig. 5.

STS data, we can induce the effects of probing depth when
estimating the metallic fractions in VO, films near the MIT.

Figure 3(a) presents the progressive growth of the metal-
lic fractions in VO, films, obtained using bulk-sensitive ex-
perimental tools, such as XRD and optical spectroscopy. The
solid line plots the temperature-dependent o on a logarithmic
scale. The filled circles and open squares represent the frac-
tion of the metallic volume determined using XRD and op-
tical spectroscopy, respectively.'# The volume fractions esti-
mated using XRD and optical measurements showed very
similar temperature dependence and resembled those of
log(o). The noticeable analogy between log(o) and p sup-
ports the credibility of the scaling law o~ (p—p,)" based on
the percolation model. Note that the probing lengths in XRD
and optical measurements exceeded 1000 nm and a few hun-
dred nanometers (near 0.5 eV), respectively. Therefore, as
we expected, the bulk-sensitive experimental tools were able
to probe the percolative MIT that occurs inside VO, films
quite well.

By contrast, Fig. 3(b) presents the temperature-dependent
changes in the metallic content estimated using surface-
sensitive experimental tools such as PES and STS. The open
triangles represent the Fermi level intensities obtained using
PES, revealing more gradual temperature dependence, as op-
posed to the abrupt change in o. Considering that PES has a
probing depth of approximately 1.0 nm at hv=21.218 eV,
the fact that it produced different data from the bulk-
sensitive tools indicates that inhomogeneities in the surface
region within a few lattice constants of VO, differ from
those inside the films. In addition, the filled diamonds in Fig.
3(b) represent the pSTS data that we obtained using STS in
this study. Since STS is mainly used to probe electronic
states in the top most layer, the difference between p5™ and
pXRP can become much larger. These data from surface-
sensitive tools suggest that electronic inhomogeneities in the
VO, surface region are quite different from those inside the
film and likely exhibit much slower changes near the MIT.

Our STS experiments revealed another aspect of the MIT
of our VO, thin film. If we assume that STS accurately
probes the intrinsic metallicity of VO,, it should give a bi-
modal distribution of the tunneling current at a fixed bias
voltage due to the phase separation near MIT. Figure 7 pre-
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sents the frequency distribution of the tunneling current at
—0.4 V. Note that it does not exhibit the bimodal behavior
predicted from phase separation, which is a basis of the
percolation-type MIT. Instead, it exhibits a slow, gradual
change in temperature. All these data suggest that the elec-
tronic states at the VO, film surface differ significantly from
those in the interior of the film.

C. Possible origins

Many semiconductors exhibit numerous surface effects
that can affect surface electronic states, and their effects have
been investigated systematically.” TMOs have a much
shorter coherence length of electrons than do semiconduc-
tors, so the local state near the surface could be more impor-
tant. However, it has been difficult to investigate the surface
effects of TMO systems, and they are poorly understood.?
This section discusses why the VO, surface exhibits such a
peculiar phase transition behavior.

Numerous factors could affect surface physical properties,
including oxidation states, chemical contaminants, and strain
relaxation. First, the oxidation states of vanadium ions at the
surface might differ from +4, possibly due to reduced coor-
dination number, oxygen vacancies, or other defects. Note
that there are several binary vanadium oxides, known as the
“Magnéli phases,” with a chemical formula V,0,,_; 3<n
<9), and these have different oxidation states.?’” These va-
nadium oxides exhibit a wide range of electronic properties,
but no vanadium oxide exhibits MIT at temperatures exceed-
ing the Ty, value of VO,: for example, the values for V,03
(168 K), V40,5 (145 K), V,0; (250 K), V504 (139 K), and
V¢O,, (177 K) are much lower than for VO, (341 K).?8 Al-
though the MIT observed using STS appeared to be much
broader than those observed using other bulk-sensitive tools,
it was nearly completed around 300 K, which is much higher
than the T\y values for most other V,0,,_; phases. There-
fore, surface oxidation states might not be able to explain the
STS data. Second, chemical contamination is unlikely to af-
fect our results. The STM and STS data were similar for
different sample positions and over repeated heating and
cooling cycles. In addition, the RHEED pattern also assured
that the sample surface was well ordered and did not reveal
any degradation features.

Variation in the strain states near the surface might play a
very important role in the broad MIT observed using STS.
Note that VO, has strong electron-lattice coupling and con-
siderable electron correlation effects.'®192% As noted above,
several reports have indicated that the Ty value of epitaxial
films can vary from 341 to 300 K by controlling the strain
states.”>"!7 Several researchers have also reported that in
VO, films, MIT occurs less abruptly with decreased film
thickness.!7183031° A gmall perturbation in the strain state
near the surface might be enough to nucleate the other elec-
tronic phase at a temperature far from the bulk Tyq. These
nucleation sites would be propagated through the VO, film,
so they could allow the surface MIT to become broader than
that inside the film. This interpretation is consistent with the
many reported thickness-dependent MITs in VO,
film.!7-18:3031 1t would also explain the observed wide MIT
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and the considerable hysteretic difference of Ty in o(T) in
our VO, film, as shown in Fig. 1. Since VO, has very strong
electron-lattice interactions, the broad MIT near the surface
might result from variation in the strain states.

The effect of strain on the surface electronic states might
also be important in other strongly correlated electron TMO
systems, such as Ca,_,Sr,V0;,>*% NdNiO;,® and CMR
manganates.>* For example, PES has indicated that CaVOs,
which is close to the MIT boundary, has a much smaller
spectral weight at the Fermi level than does SrVO;.3> The
origin of the large PES spectral difference is
controversial.3*3> Recent PES spectra, obtained at several
photoelectron energies, have revealed that the stronger struc-
tural (GdFeO;-type) distortion on a CaVO;5 versus a SrVO;
surface can cause a stronger dependence of the observed
spectral weight for a probing length.3*3° Kozuka et al. re-
ported that the interface electronic properties of NdNiO5 are
distinct from those of the interior and do not undergo bulk
MIT.?¢ Electronic characterization of the junctions formed
between NdNiO; films and Nb-doped SrTiO; substrates re-
veals that NdNiO; MIT is strongly suppressed at the inter-
face, where the SrTiO; substrate effectively clamps the
NdNiOj; to prevent structural distortion. In addition, it is well
known that the CMR manganates have very strong electron-
lattice interactions.?” Fiith et al. investigated the spatially in-
homogeneous MIT in La;_,Ca MnOj5 thin films using STS
and found that some regions remained insulating even to low
temperatures, far into the bulk FM state;? this result is similar
to our observations in Fig. 5. All of these examples indicate
that the strain distribution near the TMO sample surface
could significantly influence the surface electronic state.
Such effects would be very important to TMO systems with
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strong electron-lattice interactions. Further systematic inves-
tigations are required to clarify such surface effects.

V. SUMMARY

In summary, we investigated the electronic inhomogeneity
near the first-order metal-insulator transition of a VO, thin
film. Using scanning tunneling spectroscopy (STS) and x-ray
diffraction (XRD) measurements, we showed that both me-
tallic and insulating phases likely coexist near the transition
temperature. However, the surface-sensitive STS data re-
vealed a much more gradual change in the metallic fraction
than the bulk-sensitive XRD data. We found that the XRD
data were consistent with the dc conductivity change in
terms of a 3D percolation model. However, the metallic frac-
tion from the STS data deviated from the percolation predic-
tions, suggesting that the surface electronic state of VO, film
differs from that of the interior. We examined several pos-
sible causes for this discrepancy and found that variation in
the strain states near the film surface might play an important
role. Our results highlight the importance of using surface-
sensitive tools with great care when investigating the surface
electronic states of transition metal oxides with strong
electron-lattice interactions.
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