
PHYSICAL REVIEW B VOLUME 47, NUMBER 19 15 MAY 1993-I

Finite-size efFect on the first-order metal-insulator transition in VOq films grown
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We studied the finite-size efFect on the first-order metal-insulator phase transition and the accom-
panying tetragonal-to-monoclinic structural transition of VO2 films. The VO2 films were epitaxi-
ally grown by a metal-organic chemical-vapor-deposition technique on the (101) growth plane of a
125-A-thick Ti02 buffer layer which was also epitaxially predeposited on polished sapphire (1120)
substrates. The thickness of the VO2 films in this study ranges from 60 to 310 A. We find that VO2
films grow isomorphically on the Ti02 bufFer layer resulting in a high degree of epitaxial VO2 films.
We determined structural correlation lengths of the VO2 films parallel and normal to the growth
plane from the x-ray-diÃraction widths of VO2 reflections at room temperature. The structural
order parameter associated with the monoclinic distortion and the change in resistivity associated
with the metal-insulator phase transition were simultaneously measured using x-ray-diKraction and
resistivity measurements. It was found that the transition temperature, width of the transition, and
the estimated electronic gap are dependent on the structural correlation length normal to the growth
plane. These dependences are discussed in terms of finite-size and substrate efFects on the first-order
phase transition.

I. INTRODUCTION

Metal oxide systems have unique physical properties,
such as metal-insulator phase transitions (MIPT) and
the potential for important technological applications.
Metal-insulator phase transitions in metal oxide sys-
tems have been the subject of intense theoretical and
experimental studies. Several theoretical models
have been studied and many experimental methods
such as optical, 7 dielectric, elastic, thermal, and
electrical measurements have been applied in or-
der to explain the insulating phase, metallic phase, and
transition between them. Also, structural studies with
neutron and x-ray scattering have focused on the
structural phase transformation accompanying MIPT.
Despite the similarities in the structural and electronic
properties of metal oxide systems, the nature of MIPT
can be either first order in some systems such as VO2
(Ref. 2) or continuous in others such as Nb02. i4

The metal-insulator phase transition in bulk VOg oc-
curs at 67'C (Ref. 13) and it is accompanied by a slight
structural distortion from a tetragonal rutile structure
in the high-temperature metallic phase to a monoclinic
structure in the low-temperature insulating phase. In
the metallic phase d~~ and m* are the lowest-energy bands
near the Fermi level and they overlap. In the insulating
phase, however, a monoclinic distortion of the lattice by
a pairing of the V atoms induces a change in the V-0
hybridization, resulting in a rise of the vr' band above
the Fermi energy and a splitting of the d~I band with one
above and the other below the Fermi level. As a result
an optical band gap of 0.7 eV between the hybridized

sr* state and the lower energy d~~ state is created. It is
also known that the transition to the insulating phase
accompanies a charge-density wave formation and con-
densation of soft modes by the pairing of V atoms, which
is based on Peierls instability. ' An x-ray scattering
study 5 confirmed the existence of a soft phonon mode
by measuring diffuse scattering at B points of the Bril-
louin zone in the metallic phase.

The nature of MIPT of VO2 is first order. It is not
clear why MIPT of VOp is first order while that of a sim-
ilar material Nb02 is continuous unless a detailed free-
energy calculation is performed including all the relevant
interactions. In any case the first-order jump in con-
ductivity at the metal-insulator transition temperature
(T,) has been reported to be more than four orders of
magnitude for high-quality single-crystal samples.

Despite numerous studies on MIPT of bulk VO2,
studies on VO2 thin films focused mainly on ma-
terial aspects such as film quality and epitax-
ial relations to substrates. 2s A number of difFerent
methods have been used for VO2 thin-film prepara-
tions: dc sputtering, 7 rf sputtering, reactive ion-
beam sputtering, ion-assisted reactive evaporation and
annealing, reactive evaporation, i dc planar magnetron
reactive sputtering, and metal-organic chemical-vapor
deposition (MOCVD). 24~5 Some of these studies re-
ported successful deposition of high-quality VO2 films
with a discontinuity of three or four orders of magnitude
in conductivity.

In this paper we present a study of the finite-size efFects
on MIPT of MOCVD grown VO2 films by simultaneous
x-ray diKraction and electrical resistivity measurements.
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Following this Introduction, experimental details are de-
scribed in Sec. II. Epitaxial relations of the Ti02 buffer
layer with respect to the substrate and that of VO2 films
with respect to the Ti02 are described in Sec. III A and
the finite-size effects observed in our measurements will
be discussed in terms of finite-size scaling theory and
substrate effects in Sec. IIIB. Finally we will draw con-
clusions in Sec. IV.

For the best VO2 film quality a deposition time of 10
min was used for TiO& buffer layers on a sapphire (1120)
substrate. It was determined that the Ti02 (101) plane
grows parallel to the substrate surface (1120) and the
Ti02 [010] direction is parallel to sapphire [0001] direc-
tion as previously found in this system. The 10-min
Ti02 buff'er layers were approximately 125 A. thick.

II. EXPERIMENT

To achieve a high epitaxial and structural quality, each
VO2 film was epitaxially grown on a Ti02 buffer layer
which is epitaxially predeposited on a sapphire substrate.
Titanium dioxide has a tetragonal rutile structure and it
has been shown that one can grow it on various crystal-
lographic planes of polished sapphire substrates with a
high degree of epitaxy. Since the structure of VOq at
the deposition temperature of 500 C is also rutile and
the lattice constants nearly match with those of TiOq,
we expected the VO2 films to grow isomorphically on
the epitaxial Ti02 buffer layer and result in high-quality
VO2 epitaxial films.

The MOCVD system is a cold wall, horizontal, open
fIow system with a rectangular-shaped quartz tube reac-
tor. Titanium isopropoxide [Ti(OCsH7)4] and vanadium
triethoxide oxide [VO(OC2Hs)s] were used as metal-
organic precursors for Ti02 and VO2 deposition, respec-
tively. Pure nitrogen and oxygen were used as carry-
ing gas and oxidant, respectively. Except for deposi-
tion time, all other growth parameters were fixed as
follows: total gas flow rate, 1300 sccm (standard cu-
bic centimeter per min); pressure, 10 Torr; oxygen flow
rate, 200 sccm; metal-organic source temperature, 50'C;
metal-organic source (carrying gas) flow rate, 100 sccm.
Growth temperatures were 800'C for the Ti02 buffer
layer and 500'C for VO2 films. A detailed description of
the deposition system and sample preparation procedure
was presented elsewhere.

The x-ray measurements were made with a rotat-
ing anode x-ray source and a four-circle diffractometer.
The anode target was copper and Cu Ku radiation was
monochromatized and focused by the (0002) reflection
of a vertically bent graphite monochromator. The cen-
ter of the spectrometer was located at the parafocus-
ing point accepting the incoming beam of 10 mrad
vertically and ~2 mrad horizontally. Additional use of
slits allows a range of the longitudinal resolution from
5 x 10 s to 1 x 10 2 A. . Thickness and uniformity,
structural phases, crystallinity, and epitaxial orientation
of the buffer layer and VO2 films were characterized by
using x-ray reflectivity and diffraction techniques.

The size of the samples was 5 x 10 mm2. For resis-
tivity measurements two 5-mm-long grooves were made
along each 5-mm edge and two bare wires were attached
by silver paint into the grooves which are 8 mm apart.
In this way interference of the wires to the incoming
and outgoing x ray was minimized. A simple two-probe
method was used since the contact resistance between
the leads and VO2 film did not limit our measurements.
The temperature was regulated within 0.5 .

III. RESULTS AND DISCUSSIONS

A. Sample characterization

Characterization of the Ti02 bugger layer

According to previous work, 2s Ti02 films prepared
by MOCVD method grow uniformly on the sapphire sub-
strate (1120) plane. Since the uniformity of the buffer
layer is important to the quality of VO2 films, we used
x-ray refIectivity to find an optimum buffer thickness. In
Fig. 1 refIectivity scans for two Ti02 buffer layers with
10- and 20-min deposition lengths are shown as exam-
ples. As we can see the reflectivity for the 20-min film
decreases faster with increasing Q than that for the 10-
min film. Also a small-amplitude oscillation in the x-ray
reBectivity data is visible for the 10-min Film. This indi-
cates that the surface of the 10-min film is smoother than
that of the 20-min film. ' From the period of the os-
cillations we estimate the film thickness I of the 10-min
TiOq film to be 125 A. using I = 2~/AQ, where AQ
is the period of oscillation. In addition, the out-of-plane
structural correlation length, determined from the width

~ W

~ W .26
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FIG. 1. Reflectivity scan for a 10- and a 20-min deposited
Ti02 buffer layer on sapphire (1120). In the inset reflectivity
x Q for the 10-min data is shown.
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of (101)Ti02 was also 125 A. indicating that the out-
of-plane structural correlation length of the Ti02 film is
nearly equal to the film thickness.

The relevant quantity with respect to studying finite-
size effects on MIPT is the out-of-plane correlation length
of a sample, not the physical thickness of the film. How-
ever, since we find that the correlation length measured
from the x-ray scan at (101)TiOz and the physical thick-
ness measured from the reflectivity shown in Fig. 1 are
the same, we will use the out of-pt-ane correlation length
and thickness interchangeably in the rest of our discus-
sions. This applies for both the Ti02 layer and VO2
films, even though we measure only the out-of-plane cor-
relation length for the VO2 films.

8. Eyitaxy of the VOq film isith respect
to the TiOq buQer Layer

Sapp(1120)

~10

O
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FIG. 2. X-ray scan perpendicular to the growth plane for
the 15 min. VO2, 10 min. Ti02, sapphire film.

Figure 2 shows an x-ray scan of a 15-min VO2 film
(15-min VOz, 10-min TiOz, sapphire) along the surface
normal. Bragg reflections from rutile (101)Ti02, mono-
clinic (200)VOz, and sapphire (1120) are indicated in the
figure. As mentioned earlier, the transition from a rutile
structure to a monoclinic structure is a result of pairing
V atoms and a slight distortion from the tetragonal sym-
metry. Since the distortion angle is small, the positions
and the intensities of the rutile reflections in momentum
space do not change significantly through the transition.
Only weak additional superlattice peaks appear between
the reflections. The dimerization of V atoms occurs along
the rutile [lolj direction and the rutile (101) reflection
becomes monoclinic (200) reflection. The occurrence of
monoclinic (HKL) reHections with odd integer H signi-
fies the doubling of the unit cell by the dimerization. The
rutile and monoclinic reflection indices are related by a
transformation matrix given by

(H'l (0 o 2
K 0 1 0 K

l monoclinic rutile

Since the structure of Ti02 is close to that of VOq except
for a small distortion, the reflections from the Ti02 rutile

structure nearly overlap with the VO2 monoclinic reflec-
tions. In other words, the (HKL)Ti02 reflections are
closely positioned to (2L K H L)-VOz reflections in re-
ciprocal space. In addition the reciprocal-space position
of the sapphire (1120) reflection is close to them. There-
fore, all three reflections are shown together in Fig. 2.
The mosaic spreads measured from the full width at half
maximum (FWHM) of rocking curves at the peak posi-
tions for the growth planes of TiOz and VOz films were
0.14' and 0.36', respectively, as shown in Figs. 3(a) and
3(b), indicating a high degree of epitaxy to the substrate.
The in-plane epitaxial relation can be found by P scans
at reflections with in-plane momentum components. 2

The P scans, circular scans centered at a finite perpen-
dicular momentum transfer and parallel to the surface,
are shown in Figs. 3(c) and 3(d). These scans indicate
that the (020)TiOq and (020)VOq planes are well aligned
(FWHM = 0.62' for TiOz and 1.07' for VOz) with re-
spect to sapphire (0001) plane indicating a high degree
of in-plane epitaxy.

The Ti02 films are twinned on the sapphire sub-
strate. Since there are two choices for the direction of
the (020)TiOq reHection on the substrate, there exist two
domains randomly occupied in the film. Interestingly it
appears that VO2 grows isomorphically on each of the
twin domains of the Ti02 buffer layer. In other words,
the VO2 film chooses its orientation uniquely to fit the
corresponding TiOq domain as illustrated in the inset of
Fig. 4. In Fig. 4, H scans for the twin domains of Ti02
(210) and VO2 (313) are shown. By comparing the re-
flection intensities, the ratio in the domain population is
about 5:2 for the two VOz domains. As we can see the
intensity ratio for the TiOz buffer layer is also 5:2. Al-
though we investigated this effect for only one sample, it
suggests that the first VO2 layer senses the stacking di-
rection (see the inset of Fig. 4) of the layer one below the
top Ti02 layer and VOz grows into a structure coherent
with the underlying Ti02 rutile structure.

8. Determination of the VO2 film thickness

We used (313) reflection at room temperature for
the determination of the out-of-plane correlation and
for subsequent temperature-dependent measurements for
the following reasons. It is one of the strongest reflec-
tions with the odd integer H which are due to dou-
bling of the unit cell below the transition and there-
fore directly representing the structural correlation of V
atom dimerization in the insulating phase. Also, the
(313) reflection has neither interfering TiOq reflections
nearby nor higher harmonic contamination (A/2) origi-
nating from (1120)sapphire reflection and (0004) of the
graphite monochromator. Some reflections with the odd
integer H, such as (100)VO2 reflection, are subject to the
higher harmonic contamination.

First we measure sapphire (312) which is near the po-
sition of the (313)VOq peak to determine the instru-
mental resolution envelope. The sapphire substrates
are single crystals with a sufIiciently high quality so
that (312) peaks for all substrates are resolution limited.
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The measured peak profiles of sapphire reflections and
the VO2 reflections were close to a Gaussian functional
form. Therefore it was assumed that FWHM(film)2
= FWHM(measured) 2 —FWHM(instrumental) 2 to calcu-
late the finite-size broadening of the VO2 films. Figure 5
shows H scans (out-of-plane direction) of the (313)VO2
diffraction plane for the films we studied. We determined
that the out-of-plane correlation lengths, or film thick-
ness, were 60, 120, 155, 170, 215, and 310 A. , respec-
tively. The measurements were performed in two sepa-
rate batches of samples and they are separately shown
in Figs. 5(a) and 5(b) since the experimental setups were
not identical. The in-plane correlation length was also
determined in the same manner from K or L scans of
(313)VO2. We found that the in-plane correlation length
was approximately 500 A for every sample film that we
used in this study.

B. Study of the metal-insulator phase transition

The nature of MIPT of VO2 involves several differ-
ent aspects of electronic and structural properties. As
mentioned earlier, the Fermi level falls within two degen-
erate bands, a narrow d~~ made of overlapping d orbitals
and a broad sr* band made of d orbitals hybridized with

p orbitals of oxygen atoms. Because of the difference
in the anisotropy, the responses of these two bands to
electron-electron correlation (Hubbard-type interaction)
or to lattice distortion (Peierls mechanism) are different.
Therefore the free energy of this system should include
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FIG. 4. H scans of the (210)Ti02 and (313)VO2 and their
twin counterparts. The inset schematically shows the twin
domains of the Ti02 bu8'er film and the VO2 films grown on
them.

three terms to realistically explain MIPT: (i) free energy
of the orbitals; (ii) free energy of spins, which is a key
element in Hubbard model; and (iii) free energy of the
lattice distortion, which is a key element of Peierls mech-
anism. One of the main theoretical questions of the VO2
system was which of the electron-electron correlation or
the lattice distortion is the leading term in driving the
transition. A complete theoretical study has been carried
out to clarify the roles of each contribution to the total
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free energy and a rather clear picture of MIPT has been
presented.

According to the theory, 6 the existence of m* electrons
leads the system to undergo a first-order phase transition
while the dI~ band alone would have led the system to
undergo a second-order phase transition. The calculated
free-energy surface in the local magnetic order-parameter
axis and the structural order-parameter axis have two
minima separated by a line of maxima. This separation
of the two minima results in the first-order phase transi-
tion. They also concluded that electron-electron correla-
tion is the primary driving force for MIPT and the lattice
distortion follows the primary electronic transition.

The purpose of the simultaneous measurements with
resistivity measurements and x-ray diKraction is to learn
the finite-size dependence of the band gap (a measure
of electronic order parameter) and of structural distor-
tion (structural order parameter). The band-gap en-
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ergy can be measured from the resistivity and the struc-
tural distortion can be measured from the temperature-
dependent superlattice peak intensity.

The x-ray intensity of the superlattice peak from a
lattice distortion can be written in a single phonon ap-
proximation with a small-amplitude limit in the following
form:

Isuperlattice(Q) A(Q) I('9i + '9z) ' Ql (2)

where A(Q) is a geometric term and rli and rlz are pair-
ing and tilting parameters, respectively. The amplitude
of these two distortions is identical, ~gi~ = ~gq(, in the
case of VO2, which leads to the monoclinic symmetry
(~rli~ g ~g2~ leads to a triclinic structure). Since the su-
perlattice reflection intensity is a vector product of Q
and rji + rI2, it depends not only on the amplitude of the
distortion but also on the polarization of phonon. The
(313)VOz diffraction peak is one of the strongest reflec-
tion peaks among the superlattice reHections according
to Eq. (2).

The conductivity below the transition temperature is
proportional to e /" since other parameters such as
the conduction-band density and mobility of electrons are
not sharply dependent on the temperature. Therefore the
logarithm of the resistivity is roughly proportional to the
size of the gap opening during and below the transition.

Figure 6 shows schematically the behavior of the varia-
tion of the band-gap energy and the structural parameter
g through MIPT as a function of inverse temperature,
They are essentially the reproduction of the figures in
the theoretical calculation except for the inversion of
the temperature axis. The band-gap energy is indeed
at least qualitatively similar to the logarithm of exper-
imentally measured resistivity for bulk samples. The
sharp discontinuities in the band-gap energy and the lat-
tice distortion shown in Fig. 6 for a bulk system will
become broad and round when the sample size is finite
according to the statistical mechanics of finite-size scal-
ing for the first-order phase transition. In the case of
an Ising model under a magnetic field, the magnetization
curve which would normally show a sharp discontinuity
rounds and the susceptibility maximum is linearly pro-
portional to the size of the system. In the case of the
VO2 film samples studied here, only the thickness of the
sample needs to be considered finite and it varies from
one sample to another. The in-plane correlation lengths
measured from 0 and K scans are substantially larger
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FIG. 5. H scans of VO2 (313) for films of various thick-
ness. The scans shown in (a) and (b) were obtained with
diferent experimental resolutions. The scans were of&et for
display purpose. The scans from the top are for (a) 310- and
170-A, and (b) 215-, 155-, 120-, and 60-A-thick samples, re-
spectively.

1/Tc 1/Tc

FIG. 6. The theoretically calculated (Ref. 16) band-gap
energy and lattice distortion are schematically reproduced.



FINITE-SIZE EFFECT ON THE FIRST-ORDER METAL-. . . 12 905

than the Glm thickness and change little from one sample
to another.

Figure 7 shows a set of data taken for the samples
we studied in this work: the logarithm(resistivity) ver-
sus inverse temperature in the left-hand-side panels, the
integrated intensities of (313)VO2 diffraction peak vs in-
verse temperature in the right-hand-side panels. The in-
tegrated intensity for the 60-A. sample is not shown be-
cause the intensity of the superlattice reHections were too
weak compared with the background to be measured with
sufficient counting statistics within a reasonable experi-
mental time scale. The open circles are the data taken
in cooling measurements and the filled circles are data
taken in heating measurements. The solid lines are Bt
curves to the data as discussed later. The conductivity

~

~

~ ~

~

~

inverse of resistivity) data for 60-, 120-, 215-, and 310-
-thick samples are presented in one absolute scale for

comparison in our previous report. The conductivity
for the thickest sample (310 A) jumps nearly four orders
of magnitude at the transition temperature while that for
the thinnest sample (60 A) shows the jump of only two
orders of magnitudes.

In both the resistivity and x-ray intensity data of Fig. 7
hysteresis is clearly shown for all samples. The widths

of hysteresis do not show any systematic dependence on
thickness of the samples. Since hysteresis is due to nu-
cleation barriers of a erst-order transition, it is our spec-
ulation that the microscopic nature of the substrate af-
fects nucleation sites and in turn affects the width of the
hysteresis. Since the width of the hysteresis is identi-
cal for x-ray intensity measurements and the resistivity
measurements, it shows that the structural and electrical
order parameters are closely tied together.

To analyze the data in a systematic fashion, we used
an ad hoc model of a steplike function,

F(T) = — a+ —
~

tanh AT
~ ~

+ 1, (3)
t'

where F(T) indicates either logip(B) or I(313) and T,
and LT are the transition temperature and transition
width, respectively. The prefactor a+ & is to account for
the fact that ln(B) in the insulating phase has a linear
dependence on inverse temperature due to the relatively
narrow band gap. The parameter 6 is proportional to the
size of the band gap in the insulating phase and a + T
represents the size of the discontinuity at the transition
temperature in fitting the ln(B) data. The width of tran-
sition AT and transition temperature T, are shown in
Figs. 8(a) and 8(b) and the band-gap energy Ez ——A:~b
versus the inverse of the sample thickness is shown in
Fig. 9.
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FIG. 7. Temperature dependence of the integrated x-ray-
difFraction intensity of (313) (right-hand-side panels) and the
logarithm of electrical resistivity (left-hand-side panels) for
various samples. They are plotted against inverse tempera-
ture. The open circles are from cooling experiments and filled
circles are from heating experiments. The x-ray data for the
60-A sample are not available.

330—
I I I I I I I

0 0.005 0.0 1 0 0.015 0.020
I/d (A ')

FIG. 8. Sample thickness dependence of (a) transition
widths and (b) transition temperatures. (a) The circles are
from the resistivity measurements and the squares are from
the x-ray measurements. The solid lines are guides to the eye
for the transition widths from the resistivity measurements
(circles). The open symbols are from the cooling measure-
ments and the filled symbols are from the heating measure-
ments. (b) The open circles are from the resistivity measure-
ments and the filled circles are from the x-ray measurements.
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FIG. 9. The band. -gap energy of the insulating phase
vs sample thickness. The solid line is a guide to the eye.

According to the temperature-dependent finite-size-
scaling theory of a first-order phase transition, the devia-
tion from the bulk transition temperature and the width
of the transition, the so-called rounding field, ss should
scale with the inverse size of the sample,

T, (L) —T, (oo) 1/L,
AT(L) 1/L

(4)
(5)

With these theoretical predictions in mind we will discuss
the results shown in Figs. 8(a) and 8(b).

In Fig. 8(a) the transition width AT is plotted against
the inverse thickness. The circles are from the resistivity
measurements and the squares are from the x-ray inten-
sity measurements (open symbols are from the cooling
cycle and filled symbols are from the heating cycle). The
solid straight line is a guide to the eye for the data points
obtained from resistivity (circles). The open and filled
circles fall on the straight line quite well. However, the
square symbols obtained from 60-, 155-, 170-A. films devi-
ate from the straight line significantly. This observation
is also evident from the data in Fig. 7. The width of the
transition region in the x-ray intensity measurements ap-
pears broader than that in the resistivity measurements
for the thin samples. This observation suggests that the
electronic correlation length in the system is longer than
the structural correlation length for the thin samples. It
is probably possible that the development of a long-range
order in the unit cell doubling and lattice distortion is
disrupted by the influence of the underlying Ti02 buffer
layer. Since the Ti02 maintains the tetragonal symmetry
throughout the transition the strain in the system due to
the structural misfit may be significant to the thin sam-
ples. The linear dependence of the transition width with
respect to the inverse thickness, predicted in the finite-
size scaling, seems consistent at least with the resistivity
data.

In Fig. 8(b) the transition temperatures, obtained from
the x-ray data (filled circles) and from the resistivity data
(open circles) by averaging the transition temperatures
in the heating and cooling cycles, are shown. It is notice-
able that the extrapolation of the transition temperature

to the infinitely thick system does not find the transition
temperature of the bulk VO2 (340 K). The suppression
of the transition temperature can also be explained by
the inBuence of the TiO~ buffer layer. Since the Ti02
buffer layer maintains tetragonal symmetry throughout
the transition, the transition temperature can be sup-
pressed to lower the total energy of the system. The
fact that the thinner samples have higher transition tem-
perature, despite that the suppression of the transition
temperature should be larger on the thinner samples, is
not inconsistent with Eq. (4). The deviation of transition
temperatures for 155- and 170-A. samples from the solid
line also may be from the variation of the substrate qual-
ity from one sample to another. A much larger suppres-
sion of the transition temperature ( 20 K) was reported
when VO2 films are sputter grown on MgO substrates,
suggesting that the amount of suppression is strongly de-
pendent on the substrate and other growth conditions.

The band-gap energy can in principle be measured
from the slope of ln(R) vs 1/T in the insulating phase
if it is assumed that the gap energy is constant over the
temperature range from which the slope is determined.
Therefore, if the gap energy still increases below the tran-
sition temperature (in the insulating phase), the value of
the gap energy found from the slope of ln(R) vs 1/T will
be an overestimation. Nevertheless, the value of gap en-
ergy estimated in this manner is displayed in Fig. 9. Since
the x-ray intensity does not increase significantly below
T„as we can see in the right-hand-side panels of Fig. 7,
it is a reasonable assumption that the band gap also does
not increase. The band-gap energy of the 310-A. sample
is close to that of the bulk sample and the band-gap en-
ergy decreases linearly with the inverse thickness of the
sample except for the 60-A sample, which shows a large
deviation from the solid line (eye guide). Since the x-ray
intensity data for the 60-A. sample are not available, we
cannot prove that there is a significant increase of the
x-ray intensity below the transition temperature. If we
assume so, however, the unexpectedly high value of the
gap energy for the 60-A sample can be explained as an
overestimation.

IV. CONCLUSIONS

We studied the finite-thickness dependence of the first-
order metal-insulator phase transition of VO2 films whose
thickness ranges from 60 to 310 A.. Thermal hysteresis in
a transition is observed in simultaneous x-ray diffraction
and electrical resistivity measurements for all the samples
studied, which is consistent with the first-order nature of
phase transition. We find (i) that the transition width
(rounding field) measured from the resistivity is linearly
dependent on the inverse thickness of the sample as ex-
pected from the finite-size-sealing law; (ii) the suppres-
sion of T„which can be explained by a combined effect of
substrates and finite-size scaling; and (iii) that the tran-
sition widths measured from the x-ray intensity for the
thin samples are broader than those measured from the
resistivity, probably due to the influence of the tetragonal
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Ti02 buffer layer. We also find that the gap energy de-
creases approximately linearly as the thickness of the R.lm
decreases. From an experimental point of view, a more
systematic sample preparation under a better controlled
environment appears essential for more quantitative ex-
perimental results. An in situ study, although technically
diKcult, will be the only sure way to avoid preparation-
dependent results.
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