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Photoinduced insulator-to-metal phase transition in VO, crystalline films and model of dielectric
susceptibility
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A light-induced insulator-to-metal ultrafast phase transition (PT) was observed in VO, thin films deposited
on single-crystal sapphire and amorphous glass substrates. The PT and optical properties of VO, were char-
acterized by transient reflection, absorption, and transient grating nonlinear optical measurements. VO, films
deposited on crystalline substrates are spatially ordered and show noticeable anisotropy in optical response
upon PT. Structural and optical properties are dependent on the shear plane of the sapphire substrate. Signifi-
cant twinning was found for VO, deposited on a (001)Al,O5 substrate while a VO, film on (012)Al,05 is
highly textured, without detectable twinning. VO, dielectric susceptibility is described by a proposed model.
The V-O-V charge transfer was considered as a major process contributing to the linear and nonlinear dielectric
susceptibility. The PT time and relaxation dynamics were found to be dependent on the film morphology and

concentration of structural defects.
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I. INTRODUCTION

The metal-insulator phase transition in vanadium dioxide
(VO,) is one of the key problems of solid-state physics
which has been extensively studied in recent years. The first-
order insulator-to-metal (/-M) phase transition (PT) of VO,
can be initiated by simple heating or by light illumination.'?
During the I-M PT the VO, lattice transforms from mono-
clinic phase with crystallographic space group Cgh to tetrag-
onal (rutile) phase of group Dﬁ. As a result, the physical
characteristics of VO,, such as conductivity, magnetic sus-
ceptibility, Seebeck coefficients, and optical constants, un-
dergo a considerable change.>”” The thermally induced PT
occurs at a temperature about 7,.=340 K, demonstrating hys-
teresis of various physical properties versus temperature. The
width and shape of the hysteresis strongly depend on the
internal structure of VO,. The light-induced PT is nonther-
mal and extremely fast: the I-M optical switching occurs
within ~100 fs.® Therefore the light-induced PT in VO, thin
films is very important for practical applications such as
light-controlled solid-state optical switchers and diffractive
elements, storage devices, infrared laser cavity mirrors with
switchable reflectivity, smart optical windows, ultrafast light-
controlled electronic devices, etc.” 1

From the scientific perspective the mechanism of the
phase transition phenomenon in vanadium dioxide is still not
clear. The driving force for the PT and the contribution of the
electron-lattice interactions as well as electron-electron cor-
relations to the PT have been under discussion in numerous
investigations. It is expected that the role played by electron-
electron correlations in VO, is considerable in order to sta-
bilize the insulator phase, especially for Cr-doped VO,.® On
the other hand, the experimentally observed spontaneous va-
nadium tilting and paring along the c axis during a PT clearly
demonstrates the Peierls mechanism of dj-band splitting. The
PT in VO, is first order, and the lattice symmetry cannot be
broken directly by the Hubbard mechanism. However, the
lattice distortion could be considered a consequence of the
correlation gap opening by the Hubbard mechanism. Such a
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type of PT where electron correlations are dominant in the
PT mechanism was considered in Refs. 16 and 17. It is also
expected that the lattice relaxation could be strongly influ-
enced by structural inhomogeneities.'®!”

In the insulator phase VO, is paramagnetic, while other
correlated vanadium oxides such as V,05 and V40,3 show
antiferromagnetic ordering. The electron-lattice interaction
which includes the charge-density waves shows the lattice
instability of metallic VO, at the R point of the Brillouin
zone.”’ The tendency to condensation of the soft phonon
mode at the R point near the PT temperature (Peierls mecha-
nism) was observed in VO, by diffuse x-ray scattering
experiments.”! A strong direct electron-phonon interaction
and structurally driven /-M PT were found experimentally on
the subpicosecond time scale in femtosecond pump-probe
experiments.® The VO, band structure and importance of the
lattice distortion in the PT mechanism was considered in
terms of crystal-field theory by Goodenough?? and quantita-
tively described in Refs. 20, 23, and 24 in terms of band
theory. Two different mechanisms of thermally induced and
light induced PT in VO, have been proposed in Refs. 25-27.
The spontaneous charge transfer (CT) O?~— V>* interacting
with the lattice can be considered as the order parameter for
a thermally induced PT. It was shown that the carrier-
induced screening of the CT in metallic VO, plays an impor-
tant role in the PT. The driving force for a light-induced PT
could be related to the vibronic exciton-controlled mecha-
nism. According to this model the consecutive excitation of
Frenkel and in-cluster vibronic Wannier-Mott excitons re-
sults in a resonance I-M PT process.

In this paper we investigate the phase transition dynamics
and polarization-dependent optical properties of VO, crystal-
line films upon femtosecond laser excitation. A model for
VO, dielectric susceptibility based on consideration of light-
assisted charge transfer is proposed. Optical studies of light-
induced PT were conducted by the transient grating tech-
nique and pump-probe transmission and reflection
measurements. In order to compare the VO, physical prop-
erties, VO, films with equal thicknesses were grown by the
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FIG. 1. The unit cell of VO, crystal. Dashed lines represent
monoclinic cell. The tetragonal cell is shown by solid lines.

pulsed laser deposition (PLD) technique. Significant struc-
tural and optical anisotropy will be demonstrated for the
films deposited on crystalline sapphire substrates. It will be
shown that the excited-state dynamics and PT time are sen-
sitive to the film structure.

II. LATTICE STRUCTURE AND DIELECTRIC
SUSCEPTIBILITY

A. Optical indicatrix and dielectric tensor

The VO, unit cell for the tetragonal and monoclinic
phases is shown in Fig. 1. In the tetragonal phase the struc-
tural  lattice  parameters are a,=b,=4.55 A  and
¢,=2.88 A2 and all axial angles are 90°. During the
metal-insulator PT the unit cell is doubled and slightly
distorted. As a result the lattice parameters in the
monoclinic phase become a,,=5.743 A, b,,=4.517 A, and
cp=5375 A The axial angle between a,, and c, is
B,,=122.61°. Crystallographic planes for monoclinic VO,
are marked in Fig. 1. Taking into account the small twist of
the unit cell during PT, the g, and ¢, directions are assumed
to coincide with b,, and a,,, respectively; the a,,, c,,, b,, and
¢, axes are located in the same plane (010).

Optical properties of crystalline vanadium dioxide are
strongly related to the lattice symmetry. Since the VO, unit
cell is not cubic, light propagation through the VO, crystal is
anisotropic and can be described in terms of the optical in-
dicatrix (i.e., ellipsoidal surface where the radius vector cor-
responds to the index of refraction). The imaginary part of
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the VO, refractive index is several times less than the real
part.? Therefore, it is expected that the real part produces the
main contribution to the VO, optical anisotropy. Neverthe-
less, absorption is not small in the optical spectral range. The
dielectric tensor € of VO, is complex and can be simply
described in the coordinate system xyz superposed on tetrag-
onal crystallographic axes, as shown in Fig. 1. The tensor &
for an absorbing crystal with tetragonal crystallographic
symmetry takes a simple diagonal form with components
&=, =& and &/ =g?! After the PT to the monoclinic
phase, the dielectric tensor changes significantly. Nondiago-
nal components &y, =¢)' and &);=¢, appear due to twisting
of the unit cell. However, these components are significantly
smaller than the others and can be ignored. By neglecting an
optical gyrotropy, the dielectric tensors & and &™ for the
tetragonal and monoclinic phase, respectively, can be defined
as

t m
g, 0 0 g, 0 0
Al ~ t aAMm ~ m m
g=0 & 0] &=|0 e &| (1)
1 m m
0 0 g 0 &y &

In the metallic tetragonal phase the optical indicatrix is an
ellipsoid with optical principal axis oriented along the z di-
rection; the other two axes—along x and y—are equal. The

cross section of this ellipsoid by the (201) plane is a circle.
In the insulator monoclinic phase, however, the ellipsoid has
three different axes: one axis coincides with the x direction;
the other two orthogonal principal axes are arbitrarily ori-
ented in the (010) plane.

B. Model of dielectric susceptibility taking into account the
linear and nonlinear optical response

In transient optical experiments the signal intensity is a
function of the light-induced modulation of dielectric con-
stants. The main idea related to the transient optical proper-
ties of VO, is a charge-transfer contribution to the dielectric
susceptibility. Between two adjacent vanadium nuclei there
are electron clouds of the oxygen atoms,3? through which the
CT in vanadium pair occurs. V-O pairs form electric dipoles,
and the V-O distance is critical for the CT. As shown for the
tetragonal lattice structure in Fig. 2, the CT occurs along two

V-O-V orthogonal directions a, and b, in the (201) plane,
where only coplanar vanadium and oxygen atoms are repre-
sented. Similarly, V-O-V CT occurs along the ¢, axis, which
is normal to the plane of the figure. In the monoclinic phase
the atomic positions are slightly changed, but the V-O-V CT
scheme is similar. The CT direction corresponds to the maxi-
mal change of the electronic polarizability induced by CT
due to the pump laser or probe laser interaction. As a result,
the angular dependence of the diffracted signal intensity will
be defined by the angle ¢ between the direction of the field
vector E and each V-O-V CT direction. Obviously, spatial
anisotropy of CT will cause anisotropy of dielectric suscep-
tibility.

Let us consider the CT induced by an optical field polar-
ized along a chain of vanadium atoms (directions a, or b, in
Fig. 2). In terms of harmonic CT model, the VO, single-cell
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FIG. 2. Diagram shows the cross section of tetragonal VO,

lattice by the (201) plane. Hatched and open circles represent va-
nadium and oxygen atoms, respectively. Solid and dashed lines
show projection of oxygen octahedrons shifted on half of the lattice
constant along the ¢, axis. The V-O-V charge transfer is shown by
heavy arrows.

charge-transfer potential with respect to the dimensionless
CT order parameter ¢ is

SU.i=—q>+Aq + '%14 —geakE. (2)

DR

Here a is a CT length which controls the light-induced dipole
moment of CT (i.e., it is the distance between two V ions in
Fig. 2), a=mw2C7a2, wcr is the CT frequency, and m is the
mass coefficient. The parameter A is a total excitation energy
including Hubbard-type energy. The third term in Eq. (2) is
related to the fourth-order anharmonicity for the CT. It
should be stressed that this term is an origin of nonlinear
optical response of vanadium dioxide. The dielectric suscep-
tibility of a unit cell for a fixed CT direction can be ex-
pressed in terms of equilibrium charge transfer:

IU(E)  ae dq.4(E)
QE  Q OE

Xcell(o) = s (3)

where u(E) is the dipole moment of the lattice cell and () is
the cell volume. The equilibrium value of the CT order pa-
rameter ¢,,(E) is determined by minimization of the poten-
tial (2) and solution of the following cubic equation:

(A -eakE) + aq,, + ,quq =0. 4)

The result obtained from Egs. (3) and (4) shows that the
equilibrium values of CT order parameter and dielectric sus-
ceptibility are dependent on external electric field. Hence,
the dielectric susceptibility represents both linear and nonlin-
ear contributions of CT with respect to electric field strength.
The spectral-dependent dielectric susceptibility has Lorentz-
type frequency behavior:
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Dcr
ce w) = ce 0 T 2 4 5
Xeetl( @) = Xeen )w2CT—w2+iFw (5)
where I' is the charge-transfer damping due to charge-
transfer—Iattice interaction and w is the light frequency. The
mean-field approximation gives a dispersion-type relation for
dielectric susceptibility of the CT source for bulk VO,:

Xcell(w)
1- D(k)Xcell(w) '
where D(k) is a dispersion function controlled by Fourier

transform of the parameter D,,, used in the CT-CT interaction
energy between neighboring cells:

x(k, ) = (6)

Ucr-cr==Dimqidm- (7)

The mode-softening condition for the charge-transfer-
assisted phase transition is

D(kpz) Xceu(®w) = 1. (8)

The wave vector kg, corresponds to the critical point on the
boundary of the Brillouin zone and related to the VO, cell
doubling. Such a PT phenomenon can be treated as a trigger-
type effect in VO,. From a microscopic point of view, the
mode-softening and related PT is addressed to the CT-
controlled mechanism and can be analyzed in terms of a
charge-transfer vibronic exciton phase model.>*3> Taking
into account the coexistence of dielectric and metallic mi-
croregions within the temperature range of the VO, phase
transition, we can obtain an additional [with respect to the
CT effect (5)] free-carrier isotropic contribution to the high-
frequency susceptibility:3

2
w

R (9)

(w)=-——
Xre o+ ivw,’

where w, and w, are plasma and free-electron collision fre-
quencies. It could be realized even at room temperature un-
der the condition of an extended hysteresis loop.

III. EXPERIMENTAL DETAILS
A. Thin-film growth

The VO, thin films were deposited on amorphous SiO,
and crystalline Al,O5 substrates by the pulsed laser deposi-
tion technique. The sapphire substrates were single-crystal
slices: (012)Al,05 [R cut, Al,O5(R)] and (001)Al,05 [C cut,
Al,O5(C)]. These different substrates were used in order to
create VO, thin films with different morphologies. VO, films
were fabricated in an oxygen and argon atmosphere under a
total pressure of ~30 mTorr in the vacuum chamber. A me-
tallic vanadium target was evaporated by a pulsed KrF exci-
mer laser (Lambda Physik Compex 110, wavelength A
=248 nm, 20-ns pulse duration, 4 J/ cm? fluence). The sto-
ichiometry and structural properties of the resulting vana-
dium oxide films are extremely sensitive to PLD conditions,
particularly the O,/ Ar flow speed rate and substrate tempera-
ture. Pure phase VO, films were formed in the tetragonal
phase at O, and Ar flow rates of 20 and 5 c¢m?/min, respec-
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FIG. 3. Experimental setup. M, mirror; OD, optical delay; BS,
beam splitter; PD, photodetector.

tively. During deposition the substrates were held at a tem-
perature of 840 K. For this work, 30-nm-thick VO,/SiO,,
VO,/Al,05(R), and VO,/Al,05(C) films were deposited si-
multaneously in the same PLD run. As a result, these films
were created with identical conditions and with equal thick-
nesses.

B. Methods

The structure of the VO, films was determined by angle-
resolved x-ray diffraction (XRD) and atomic force micros-
copy (AFM). The x-ray diffraction measurements were per-
formed in a Bruker D8 Discover diffractometer (Bruker
AXS, Karlsruhe, Germany). The area of the sample illumi-
nated by x rays was ~1 X5 mm. The surface geometry was
probed by an atomic force microscope (Park Scientific In-
struments, Autoprobe CP) using a Si;N, cantilever.

Transmission measurements covering the wavelength
range 380—1000 nm were performed with a Hitachi U-2001
spectrophotometer.

The time-resolved transient grating diffraction measure-
ments were conducted in forward geometry. The experimen-
tal setup is illustrated in Fig. 3. A Ti:sapphire laser system
running at a 50-Hz repetition rate was used as a light source;
120-fs output laser pulses with central wavelength A\
=400 nm were split by a glass beam splitter into pump and
probe pulses. The interference pattern on the sample surface
was produced by two equally divided s-polarized pump
pulses with crossing angle 6=9° or §=22.5°. As a conse-
quence, a light-induced spatial transient grating was created.
The probe pulse impinged the surface at normal incidence
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FIG. 4. X-ray diffraction patterns of VO, films deposited on
crystalline Al,O3 and amorphous SiO, substrates.

60,,.=0° and was focused into a 50-um spot within the cen-
tral area of the interference pattern formed by the two
crossed pump beams. The diffraction intensity of the probe
pulse was monitored as a function of time delay between
pump and probe. The timing was controlled by an electro-
mechanical optical delay line mounted on a motorized trans-
lation stage. The VO, samples were installed on a precision
rotation holder.

In pump-probe transmission and reflection measurements
only one pump pulse was used. Measurements were con-
ducted at normal incidence of probe pulses. In spectral tran-
sient reflectivity measurements white light pulses were used
as a probe. The white light continuum was generated by
focusing of femtosecond radiation with A=800 nm on a sap-
phire plate. A monochromator equipped with a photomulti-
plier tube was employed to measure the spectrum of reflected
pulses.

IV. RESULTS AND DISCUSSION
A. Structure of VO, films

X-ray diffraction was used in order to analyze the struc-
tural properties of vanadium dioxide thin films. The XRD
pattern (Fig. 4) shows a pure M, phase characterized by a
(200) reflection peak at 26=37.1° for VO,/Al,05(R), (020)
reflection at 26=39.8° for VO,/Al,05(C), and (011) reflec-
tion at 26=27.9° for VO,/SiO, samples. No peaks from sec-
ondary phases were detected. A broad peak with maximum
near 26=21.5° and peaks at 26=25.6° and 41.7° for
VO0,/Si0,, VO,/Al,05(R), and VO,/Al,05(C), respec-
tively, correspond to the substrate contribution to the signal.
A sharp peak very close to the substrate (012) peak in Fig. 4
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FIG. 5. X-ray diffraction intensity vs azimuthal orientation of
the sample for (a) (006)Al,03(R) and (002)VO, plane of
VO,/AlL,05(R) and (b) (012)Al,05(C) and (011)VO, plane of
VO,/Al,05(C).

corresponds to a ghost reflection of the intense sapphire
(012) peak and is due to tungsten impurities in the
copper target of the x-ray tube. Thus the x-ray diffraction
spectra demonstrate the presence of VO, crystallites
with different preferred orientations which are strongly
dependent on the substrate type: (100)VO,I1(012)Al1,05(R),
(010)VO,11(001)Al,O5(C), and (011)VO,[ISiO,.

In order to study the orientations of the VO, films in the
surface plane, azimuthal XRD scans (f scans) were con-
ducted for the films on sapphire substrates. The substrate-
dependent two-dimensional orientation of the VO, lattice
was found. The VO,/Al,05(R) thin film had high structural
ordering without detectable crystalline twinning. In the
corresponding f scans obtained at the appropriate tilt angles
[Fig. 5(a)], only a single (002)VO, reflection was found
for the film, at the same position as the (006)Al,O5(R)
reflection for the substrate. These data indicate that the
orientation of b,, and c¢,, VO, axes in the surface plane is
[010]VO,II[100]AL,O05(R) and [001]VO,I[021]ALO5(R),
respectively.

The VO,/Al,05(C) film, in contrast, demonstrates pro-
nounced twinning. Figure 5(b) shows six (011)VO, XRD
peaks with 60° symmetry which correspond to a threefold
twinned structure with 120° domain walls. Hence, the
VO, lattice is oriented along three equivalent Al,O4
crystallographic directions as [100]VO,lI[100]A1,05(C),

[100]VO,lI[010]AL,O5(C), and [100]VO,I[110]AL,O05(C).
These XRD results are in agreement with data in Refs. 36
and 37.

The surface topography is strongly dependent on mecha-
nisms involved in the PLD process. The AFM studies of the
surface provide detailed information on the geometric relief.
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0

30 nm

FIG. 6. Atomic force microscope images of VO, topography
(2X2 um? scan): (a) VO,/Si0,, (b) VO,/ALO5(R), and (c)
VO,/AL05(C).

The topography of the VO, films deposited on different sub-
strates is shown in Figs. 6(a)-6(c). The root-mean-square
(rms) roughness evaluated from AFM data for VO,/SiO,,
VO,/Al,05(R), and VO,/Al,05(C) is 5.4 nm, 5.1 nm, and
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5.3 nm, respectively. These quite close rms values appear
due to the similar geometry of the films. The average size of
VO, grains is about 300 nm for all samples. Only slight
differences in the topography are distinguishable. The com-
plex surface topography conceals the specific features of dif-
ferent films. Nevertheless, statistical analysis of the surface
allows finding significant geometrical regularities and the
correlation between surface structures of the films.

Thin-film growth on a substrate depends on numerous
PLD factors. In general, film growth in different surface ar-
eas is not completely independent, even for growth on amor-
phous substrates, because this process includes a series of
correlated mechanisms such as the mass and heat transfer
from one surface point to another and relaxation of mechani-
cal stresses. Therefore the spatial distribution of surface
heights z(u,v) for two orthogonal u and v directions is not
entirely random. A functional relation between heights at dif-
ferent surface points separated by an interval L is stochastic
and can be characterized by the autocorrelation function
(ACF).*® The ACF represents a signature of the surface ir-
regularities. Namely, this function represents the change of
heights distribution law versus surface shift L. Thus, the ACF
provides statistical information about the spatial distribution
of surface heights and can be expressed by

1
ACF(L) = lim ——
E—» 525 £

where £ is the surface area, ¢ is the rms roughness, # and v
are Cartesian coordinates of the surface, and L, and L, are
surface shifts from the coordinate origin along u and v direc-
tions, respectively.

The autocorrelation analysis of AFM data for our samples
shows the isotropic random height distribution for the VO,
film deposited on an amorphous SiO, substrate and signifi-
cant anisotropy for VO, on single-crystal Al,O3. ACF data
obtained for VO,/Al,03(R) and VO,/Al,O5(C) are shown
in Fig. 7. For VO,/Al,05(R) [Fig. 7(a)] the ACF shows os-
cillations with four pronounced peaks at L=600 and 900 nm
along two orthogonal directions which are parallel to
[010]VO, I[100]Al,O5(R) and [001]VO,II[021]A1,05(R) di-
rections, as determined by XRD. Figure 7(b) is more com-
plex and represents a highly symmetrical ACF with charac-
teristic peaks along preferential directions with a=30° and
B=45° symmetry.

The oscillation period of the autocorrelation function cor-
responds to the size of the structural unit which is periodic
on the surface. ACF data obtained for VO,/Al,05(R) indi-
cate strong ordering of surface heights with characteristic
sizes of 300 and 600 nm along [100]JAI,O5(R) and
[021]A1,05(R)substrate crystallographic directions, respec-
tively. Taking into account the XRD results previously dis-
cussed, the VO,/Al,05(R) film can be represented as a non-
twinned highly-textured crystalline film with correlated
surface irregularities along two crystallographic axes.

The oscillation period of the ACF along marked directions
for VO,/Al,05(C) [Fig. 7(b)] is about 300 nm. It is very
likely that the preferential directions which do not coincide
with Al,Oj5 crystallographic axes correspond to the twinned

z(u+ L, v+ L,)z(u,v)dudv, (10)
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FIG. 7. Autocorrelation function of (a) VO,/Al,03(R)
(3 X3 um? area) and (b) VO,/ALL,O5(C) (2X2 um? area). Arrows
1, 2, and 3 correspond to the substrate crystallographic directions
[100]ALO5(C), [010]ALLO5(C), and [110]AL,O4(C), respectively.

structure of the film. ACF data indicate that the local struc-
ture of VO,/Al,05(C) can be represented as a set of twinned
VO, grains pointing along only two crystallographic direc-
tions of the sapphire substrate. Other AFM measurements of
the VO,/Al,O5(C) film showed that within different areas of
the sample the VO, grains also align along the third equiva-
lent crystallographic direction of the Al,Os(C) substrate.
This result is consistent with the XRD results related to
threefold twinning of the film. Nevertheless, in most cases
the AFM analysis of 2X2 um? surface areas showed the
local orientation of twinned VO, grains along only two di-
rections.

In addition to XRD and AFM data, the VO, temperature
hysteresis was examined by reflection measurements. For
VO, films on single-crystal Al,O5 substrates the hysteresis
width was AT~4 K, while for VO, on amorphous SiO, the
hysteresis is much broader, with AT~20 K. According to
Ref. 39, the narrow hysteresis for VO,/Al,O5(C) or
VO,/Al,05(R) corresponds to crystalline films with less
structural defects. The broader hysteresis of VO,/SiO, is
attributed to numerous oxygen vacancies and significant dis-
persion in oxygen nonstoichiometry. This result is in agree-
ment with structural data obtained by XRD and AFM.

In conclusion, the VO,/Al,04(C) film consists of
twinned VO, crystalline grains while there is no twinning in
the VO,/Al,O4(R) film. Hence, the twinning effect and oxy-
gen vacancies cause a number of structural inhomogeneities
in VO,/Al,05(C). Nevertheless, the narrow hysteresis width
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FIG. 8. Normalized change of reflection in optical spectral range
after light-induced (temporal dependence) and thermally induced
(@ symbols, static values) I-M PT in VO, film.

(AT~4 K) obtained for both VO,/Al,05(R) and
VO,/Al,05(C) is typical for single VO, crystal and indi-
cates a relatively high structural quality of these films. How-
ever, a very different structural property was observed for
VO,/Si0,. Its broader hysteresis along with random distri-
bution of grains on the amorphous substrate indicates a
higher concentration of oxygen vacancies, grain interfaces,
and elastic tensions in the vicinity of structural defects.
Therefore from VO,/Al,O3(R) and VO,/Al,O5(C) to
VO,/Si0, films a gradual increase of the structural inhomo-
geneities can be expected.

B. Spectral properties of VO, thin films
during a phase transition

The change of the VO, optical constants can be induced
by ultrafast laser excitation which pumps free carriers to the
hybridized 7" and upper 3d, bands. This change is associated
with the I-M PT. However, additional nonlinearity may occur
due to the nonequilibrium distribution of electrons in the
conduction band. In order to clarify the relative nonlinear
electronic contribution to transient optical properties at the
picosecond time scale the light-induced change in reflectivity
was measured in comparison to a thermally induced one in a
broad spectral range.

The time evolution of the light-induced change in the
spectral reflectivity AR(N)/R;(\) for VO,/SiO, and the re-
flectivity change induced by heating to 410 K are shown in
Fig. 8. Here AR(\) is the change of the reflection coefficient
due to a PT and R,(\) denotes the reflection coefficient of
VO, in its insulator phase. White-light femtosecond pulses
were applied as the probe. The pump laser fluence was
w,=30 mJ/ cm? The reflectivity change after film heating is
associated with a complete first-order phase transition. A
similar behavior was also found in transient reflection mea-
surements using the pump-probe technique. There was no

PHYSICAL REVIEW B 75, 075109 (2007)

LY E Y T —— . VO/ALO,(R)
60+ Metal -~ 77~~~ __Insulator.
P S
» #
&
S
§ 401 VO/siO, Metal Insulator
é Insulator VOZ/AIZOQ(C)
g
g
£ 20- ,/Si0,
0L, T T
400 600 800 1000

Wavelength (nm)

FIG. 9. Transmission spectra for 30-nm-thick VO, films for the
low-T insulator phase at 7=295 K and for the high-7" metallic phase
at T=410 K.

further relaxation process observed after the light-induced
instantaneous change in reflection for any of the spectral
components. Comparing the AR(\) process by optical pump-
ing to the process by thermal heating, it is believed that
ultrafast laser excitation causes a complete /-M phase tran-
sition. The contribution due to optical nonlinearity in total
reflection during 0.5-20 ps is negligible. As a consequence,
on this time scale the VO, dielectric constants can be de-
scribed in terms of a linear approximation.

As shown above, VO, films prepared in the same deposi-
tion process are similar in rms roughness and thicknesses,
but different in crystallographic orientation and texture with
respect to the substrate type. To reveal the effect of spectral
optical anisotropy in vanadium dioxide thin films for nonpo-
larized light, transmission measurements were conducted.
The spectral dependences obtained (Fig. 9) are typical for
pure VO, film and show a strong thermochromic effect for
all samples. Also it shows a significant influence of the VO,
lattice orientation on transmission at temperatures below and
above the PT point.

The thin-film model*® was applied to estimate the film
dielectric constants based on transmission data. It indicates
that the imaginary part of the VO, refractive index increases
after an /-M PT while the optical absorption decreases due to
light interference in VO, thin film. The relative change in
transmission upon a PT is significantly different for different
samples (Fig. 9). Such a difference indicates anisotropy of
VO, optical constants due to different orientation of VO,
lattice on SiO,, Al,O5(R), and Al,O5(C) substrates. The ef-
fective dielectric constant for nonpolarized light is an aver-
aged value (i) of the components s;y, 8;Z=81Zy and siz for
VO,/AlL,05(C), (ii) 8;100) in the plane (100) for
VO,/Al,05(R), and (iii) 82011) in the plane (011) for
VO,/Si0,; here, the index i=¢,m denotes the tetragonal or
monoclinic phase, respectively. It should be noted that the
dielectric constant &, for VO,/SiO, is isotropic due to the
isotropic nature of the film deposited on amorphous glass.

The maximal and minimal relative changes in transmission
are observed for VO,/Al,03(R) and VO,/Al,05(C), respec-

075109-7



LYSENKO et al.

tively. This result indicates a larger change in dielectric con-
stants for VO,/Al,O3(R) than that for twinned crystalline

C. Phase transition dynamics

Ultrafast transient grating measurements were conducted
for 30-nm-thick VO, films. An instantaneous light-induced
I-M PT occurs within the bright areas of the fringe pattern
produced by the two crossed pump beams. Owing to equal
thicknesses of the different films, the light-induced PT was
realized under the same conditions for all films. The diffrac-
tion efficiency of the probe pulse is proportional to the aver-
aged value of the squared deviation in dielectric constant*!*?
and can be expressed as

77(f) = P?dlm = OF(Hinc’ G’S’A’dfilm)<|A8(t)|2> (1 1)
where P and P, are intensities of diffracted and incident
light, respectively, OF is a time-independent optical factor,
dyyy is the film thickness, and Ae(r) is the light-induced
change of dielectric constant. The (---) brackets denote the
spatial averaging. In our experiments OF has a slight depen-
dence on the sample optical anisotropy and is assumed to be
constant for all orientations of the sample.

To compare PT and excited-state dynamics for different
VO, films with equal thickness, time-resolved transient dif-
fraction 7(r) was measured with constant laser fluence w,
=10 mJ/cm?. The linearly polarized probe pulse impinged
the surface at normal incidence. In order to find the polariza-
tion dependence of the diffraction signal on the direction of
the optical electric field as well as the sample orientation, the
samples were placed and fixed at the normal axis.

The light-induced /-M PT dynamics in the transient grat-
ing experiment shows two components: it is a light-induced
ultrafast phase transition (UPT) occurring on a femtosecond
time scale (Fig. 10) followed by a slower PT component
which is a continuation of the PT until subnanoseconds
(Fig. 11). Strong optical anisotropy could be observed in
VO,/Al,O5(R). For the VO,/Al,05(C) sample, however, a
little angular dependence was identified and a fully isotropic
signal was observed for VO,/SiO,. Figures 10 and 11 show
the transient grating diffraction signal 7(z) as a function of
probe delay. The normalized signal shows a rapid buildup at
zero delay, forming a sharp peak followed by subsequent
relaxation.

The change of diffraction signal during the PT for all
samples (Fig. 10) is correlated to the spectroscopic data
(Fig. 9). A noticeable difference appears in the signal inten-
sity for VO,/Al,05(C) compared to other films. This is re-
lated to the different film optical constants, resulting from the
different structural orientation of the VO, films on different
substrates, as shown by XRD. The sharp peaks at zero delay
are associated with the nonlinear contribution in dielectric
susceptibility x(k,w) as was discussed in Sec. Il A signifi-
cant contribution to 7(z) during the I-M UPT is caused by a
change in intra-atomic equilibrium positions upon laser
excitation.'®!® When the UPT is completed, the diffraction
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FIG. 10. Transient grating signal versus probe-pulse delay upon
a light-induced insulator-to-metal phase transition. The inset shows
a zoomed-in signal taken for the VO,/Al,05(C) film. Pump beam
crossing angle 6=9°.

signal variation becomes slower. Here, the transition time 7,
is defined for the UPT and indicated by arrows in Fig. 10.

The UPT time was measured as 7,=140 fs, 200 fs, and
450 fs for VOz/A1203(R), VOz/A1203(C), and VOz/SIOZ
samples, respectively. These values were reproducible as
long as the pump fluence was kept constant. As discussed
above the film structural disorder increases from
VO,/Al,03(R) to VO,/Al,05(C) to VO,/Si0, films; 7, was
found to increase in a parallel way.
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FIG. 11. Transient grating signal versus probe-pulse delay at
pump beam crossing angles #=9° and #=22.5° and grating periods
A=2.5 pm and A=1 wum, respectively, for VO, films on different
substrates.
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After the UPT the diffracted signal undergoes slow decay
for tens of picoseconds (Fig. 11) due to the gradual decrease
of the grating contrast caused by the /-M PT in the dark areas
of the fringe pattern. The recovery process back to the insu-
lator phase occurs after a ~250-ps delay*® and takes several
hundreds of nanoseconds. The latter process is beyond the
experimental range and to be excluded from the discussion.
The relaxation behavior in Fig. 11 is nearly exponential and
is common for ultrathin VO, films with thicknesses less than
~50 nm. The characteristic PT time 7 is defined as the time
when the diffraction signal decays by a factor of 1/¢>.** The
time 7, was found independent of the grating periods A when
the crossing angle between the two pump pulses changed. It
indicates that on the picosecond time scale, the I-M PT has
no significant relation to certain diffusion processes along the
grating vector in the film plane.

The general peculiarities of phonon dynamics during a
light-induced PT was discussed in Ref. 8. Cavalleri et al.
pointed out that photoexcited electrons can modify the vibra-
tional spectrum of VO, and provide conditions for the PT. In
the present work we propose a PT model based on the inter-
action of excited electronic states with the lattice. Note that
there are three types of light-induced I-M PT presented be-
low. The first mechanism is related to the UPT dynamics
shown in Fig. 10. The second mechanism is also related to
the UPT and along with third mechanism to the slower I-M
PT characterized by time 7, (Fig. 11). Each of these pro-
cesses is elucidated below.

(i) Charge-transfer UPT. As shown in Sec. II, the light-
induced UPT occurs at a critical number of photoexcited
charge transfers, when condition (8) is satisfied. The final
excited state, which is responsible for the mode softening
and the /-M UPT, can be attributed to the formation of lo-
calized correlated charge-transfer vibronic excitons.*333 This
is bipolaronic charge-transfer excitons, existing under equi-
librium between CT’s and lattice distortions.

(ii) Wannier-Mott-exciton-controlled PT. It is a coopera-
tive behavior of indirect interactions between vibronic
Wannier-Mott excitons (WME’s) via phonon modes.?*?’
Exciton-exciton correlations are here defined as a coopera-
tive “Negative-U” effect which results in a clustering of ex-
citons to form a cooperative excitonic potential well. The
well depth increases linearly with concentration nyy,,x of ex-
citons per vibronic WME cluster and can be represented by
Epin=—A—=B(T)ny, . Here A stands for a single vibronic
WME energy and the parameter B(7) is related to the coop-
erative vibronic contribution of all in-cluster excitons to the
energy of a single in-cluster WME. The energy of vibronic
WME clustering is reduced by this cooperative effect. Con-
sequently, the vibronic WME overlaps with percolation,
leading to an increase the effective excitonic radii. The large-
radius WME states (V>*+electron in the large-radius state)
are rather similar to an intermediate state between insulator
and metallic VO, with V3*+extended radius electron. At a
critical WME density the probability of resonant tunneling
into an excited state in the metallic phase becomes greater
than exciton decay. This type of PT is caused typically by
strong overlapping of these large-radius WME states with the
metallic states.

(iii) Phonon-related PT. For the intermediate radii
WME’s, the phonons generated by laser excitation may
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match with the excited vibronic WME states to cause a reso-
nant interaction. The multiphonon resonant interaction re-
sults in ionization of the vibronic WME’s followed by VO,
lattice transformation. This effect has vibronic origin. In the
insulator phase the V** ionization actually corresponds to
V4+HV5++efm. Here, the initially occupied 3dj state of the
V# ion becomes unoccupied and the deformation field in-
duced by interaction of the 3d, state with lattice vibrations
disappears. This scenario corresponds to the realization of
light-induced ferroelastic PT on picosecond time scale (Fig.
11).

The first two transition mechanisms indicate that the UPT
time 7, strongly depends on excitation power and pulse du-
ration. For disordered VO, structure 7, is expected to in-
crease. For the VO,/SiO, sample (Fig. 10), 7,=450 fs was
obtained. It is about 3 times longer than that for VO,/Al,05
due to higher structural disorder in VO,/SiO,. Therefore,
numerous oxygen vacancies are coexistent with different V
charge states. Direct photoexcitation of electrons to oxygen
vacancy levels leads to a recharging of the vacancies without
the formation of excitonic states. Such a process will reduce
the number of photoexcited free carriers and excitons. The
presence of structural disorder alters the CT properties, di-
electric susceptibility and CT-CT cell-cell interaction energy
as well, in consequence of which the UPT time 7, increases.

The PT time 7, also increases with VO, structural disor-
der (Fig. 11). Apparently, it is related to the localization of
photoexcited carriers in potential wells near defects, result-
ing in a reduction of the forming cooperative excited states
(e.g., cooperative excitonic wells) which are responsible for
the PT. Moreover, the slower PT is a transformation of VO,
domains with monoclinic symmetry to domains with tetrag-
onal symmetry, characterized by displacement of domain
walls. The displacement of each domain wall can be signifi-
cantly reduced due to pinning of the wall by defects.

D. Azimuthal anisotropy of the VO, optical response

Transient grating experiments which emphasize the aniso-
tropic properties of VO, films were performed with changing
sample orientations at fixed delay time 7 corresponding to
the complete light-induced UPT. The anisotropy of optical
properties was only observed in films deposited on single-
crystal substrates. The diffraction intensity was found to be
dependent on the angle ¢ between the polarization vector E
of the electromagnetic field and the reference direction. The
reference direction for VO,/Al,O5(R) was fixed along the c,,
VO, axis. For VO,/Al,05(C), this reference direction can-
not be assigned in such a way because of the significant
twinning of the VO, film on Al,O5(C) substrate. Therefore
the reference direction was taken as the [100]A1,04(C) di-
rection of the substrate. The measured diffraction signal 7(¢)
for different samples was normalized to the maximal signal
for VO,/Al,05(R) and is shown in Fig. 12.

Figure 12(a) shows a significant polarization anisotropy
of 7(¢p) for VO,/Al,03(R) while for VO,/Al,05(C) the an-
gular modulation of 7(¢) is much less noticeable. In general,
the signal 7(¢) can be presented as a sum of constant isotro-
pic (77,) and azimuthal angle-dependent anisotropic [A7(¢)]
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components: 7(¢)=7y+An(¢). Anisotropic components
A7nc(@) for VO,/Al,05(C) and Azg(e) for VO,/Al,O5(R)
are shown in Figs. 12(b) and 12(c), respectively. The modu-
lation of A7g(¢) is about 30%, but only ~1% for Anc(e).

As shown above, a general property of VO,/Al,O5(C) is
a threefold twinning of the crystalline film with 120° domain
walls. The angular distribution of transient grating diffraction
signal [Fig. 12(a)] is mostly isotropic due to this film twin-
ning. Nevertheless, the angular distribution of A7q(¢) dem-
onstrates a slight anisotropy [Fig. 12(b)] which can be asso-
ciated with two preferred directions. Since the diffraction
signal depends on the film morphology within several tens of
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FIG. 13. Azimuthal dependence of the absorption coefficient
variations during the I-M PT for the 30- and 60-nm-thick VO, films
deposited on an Al,O3(R) substrate.

microns illuminated by the probe beam, the ~60° anisotropy
of Anc(¢) indicates that a higher number of VO,/Al,05(C)
domains are oriented along only two directions in the
(001)Al,04 plane within the monitored area.

The angular dependence of the normalized diffraction
signal for VO,/AlL,03(R) can be fitted by 7z(¢)
= Nor+ Mag c0s*(¢), where 70z=0.69 and 7,,=0.31 are con-
stants. This distribution is elongated along the c,, axis [Fig.
12(c)]. This remarkable optical anisotropy, as well as its nar-
row temperature hysteresis (AT~=4 K) and the XRD and
AFM data presented before, indicates that the optical and
structural properties of the crystalline VO, film grown on
Al,O5(R) are closer to those of the bulk single crystal.

During the I-M PT the absorption coefficient of bulk VO,
increases. Nevertheless, in thin VO, films the absorption by
the film decreases due to an interference effect. The change
of the effective absorption coefficient can be expressed as
Aa=~(1/dg,)In(I'/T"), where I' and I" are the transmitted
intensities for the film in tetragonal and monoclinic phases,
respectively. The light-induced change in transmission for
VO,/Al,05(R) films with 30 and 60 nm thicknesses was
measured at a fixed delay time 7 with various sample orien-
tations. Data obtained for the absorption coefficient varia-
tions demonstrate significant angular anisotropy (Fig. 13).

The indices of refraction for the two orthogonal crystallo-
graphic directions of the VO,/Al,O5(R) film were calculated
from the data shown in Fig. 13. Additional measurements of
the reflection coefficient have been also conducted in order
to reduce the numerical error. A thin film model*® was used
in the calculation procedure. In the monoclinic phase the
index of refraction for [010]VO, (b,,) and [001]VO, (c,,)
directions was found to be n,=2.87+il.13 and
n,=2.95+i1.16, respectively, at A=400 nm. After the light-
induced PT, due to the relative isotropy of optical constants
in the higher-symmetry tetragonal phase, only a weak polar-
ization dependence of transmission and reflection was found.
The averaged index of refraction obtained for the metallic
tetragonal phase is n,,=2.5+i1.17.

The optical absorption of vanadium dioxide could signifi-
cantly change the optical indicatrix. On the other hand, in
thin VO, film the real part of the refractive index provides a
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significant contribution to the film absorption. Moreover, the
imaginary part of the VO, refractive index is about 2 times
less than the real part and the relative change of the imagi-
nary part is significantly smaller at A=400 nm. This result
indicates that the dominant contribution to the VO, optical
response during the PT is due to variation in the real part of
the refractive index.

As shown in Fig. 12(a), due to significant twinning of
VO,/Al,04(C), the optical properties of this film are mostly
isotropic. On the other hand, the VO,/Al,O3(R) properties
are similar to those of single VO, crystal. The XRD data
show that the (100)VO, plane is parallel to the substrate and
two crystallographic directions b,, and c,, are in the surface
plane. The angle between the y and c,, axes is ¢,,=32.61°
(Fig. 1). As a result, at normal incidence of the laser pulse
the angle between the optical axis z and wave vector k is @,,,.
In the VO, crystal k=(27n/\)s, where n is the index of
refraction, and s is the unit vector. The refractive indices
which correspond to ordinary and extraordinary waves in the
crystal can be found by solving the equation®

det|f’l2(6ij—sisj')—8ij|:0. (12)

Here i,j=x,y,z; (S,-j is the unit tensor. The cross section of
the optical indicatrix by surface plane parallel to (100)VO, is
an ellipse with two axes along b,, and c,,. Only the ordinary
wave propagates through the crystal when light polarization
is along the b,, axis (Ellb,,). When Ellc,,, only the extraor-
dinary wave propagates through the crystal in the (010)
plane. Dielectric constants for VO,/Al,O5(R) can be found
by solving Eq. (12). Taking into account the relation £=n>
and that ¢,,~30°, the dielectric constants &/ and &/ in the
tetragonal phase for two corresponding orthogonal directions
b,, and c,, are

P 4e!
0T T gl sin? @, + & cos® @,

&' +3¢|
(13)
Analogous values &)’ and &' for the monoclinic phase are

8m 8m _am2
yy ~zz yz

m o2 m 2 mo:
€y, 8IN° @, + €7 Cos™ @, + &, sin 2¢,,
4(emem — "2
yy~zz Yz

=
m m |
Eyy 3e. +2V3e

ot (14)
yz

Thus, in according to Eq. (11) the angular dependence of the
transient grating diffraction signal for VO,/Al,O3(R) can be
expressed as

7(¢) = OF(|Ae, (1))

(|Ae (0 - <|As{,<r>|2>)}
X{l + cos? cp( <|A80(Z)|2) s

(15)

where ¢ is the angle between the polarization vector E and
¢,y axis, and Ag,=(&! —&) and Ag,=(e,—&'). Since the nor-
malized signal [Figs. 12(a) and 12(c)] has azimuthal depen-
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dence 7g(®)=7or+ Mar cos*(¢), the ratio |Ae,|/|Ae,| can be
estimated as

|As,| _
|As,|

(Aey — ——
<|A8 |2>=V’7]0R=V1_77AR- (16)

Analysis of experimental diffraction data gives the value
|Ag,|/|Ae,|=0.83. A similar value |Ag,|/|Ae,|=0.82 was cal-
culated from the optical constants obtained in transmission
pump-probe measurements discussed above. Thus, these two
results obtained in different optical experiments are consis-
tent. Therefore, the transient grating signal for thin
VO,/Al,03(R) film can be correctly described by (11) and
(15) and it gives reliable information about the relative
change of the dielectric constants.

The transient grating diffraction signal [Figs. 10-12] as
well as the transmission change during a thermally induced
PT (Fig. 9) for VO,/Al,05(C) is much smaller than for
VO,/Al,05(R). By comparison of data obtained for these
samples, one can suppose that the change of e,, and e,
components of the VO, dielectric tensor upon a PT is much
larger than g, or &, at A=400 nm. Taking into account
(13)—(15), it is very likely that the pronounced optical re-
sponse of VO,/Al,04(R) occurs mainly due to a significant
change in the &,, and &,, components. In terms of the charge-
transfer model, the major contribution to the electronic sus-
ceptibility is produced by the V-O-V CT process. It should be
noticed that the angular distribution of transmission, reflec-
tion, and transient grating diffraction signal for metallic
VO,/Al,05(R) at sample temperature T=410 K was almost
isotropic. Hence, the angular anisotropy in optical signal for
VO,/Al,05(R) is apparently due to different conditions for
V-O-V CT along the a, and b, axes in the monoclinic phase
(Figs. 1 and 2). While in the tetragonal phase the parameters
for CT along the a, and b, axes are equivalent, in the mono-
clinic phase it is certainly not due to differing interatomic
distances along corresponding axes.

V. CONCLUDING REMARKS

Using the transient grating technique and spectral trans-
mission and reflection, the light-induced insulator-to-metal
phase transition in VO, crystalline films was characterized.
The observed PT in different VO, films suggests that the
phase transition time and excited-state relaxation dynamics
depend on the film structure, concentration of oxygen vacan-
cies, and other structural defects. Most likely, the increase of
oxygen vacancy concentration and lattice disorder decrease
the PT rate. The light-induced PT is attributed to the charge-
transfer and exciton-controlled mechanism.

The charge-transfer model is proposed to describe the
VO, dielectric susceptibility. The present analysis can be ex-
tended to other solid-state materials.

Comparison of spectral reflectivity variations upon a
light-induced and thermally induced PT clearly shows that
photoexcitation of VO, results in complete insulator-to-metal
PT. After the PT produced by the laser pulse, the nonlinear
contribution of nonequilibrium carriers to the transient opti-
cal properties of VO, is insignificant. A transient optical re-
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sponse occurs mainly due to the change in linear susceptibil-
1ty.

VO, films prepared for this optical study exhibit signifi-
cantly different morphology, depending on their substrates.
While VO, on amorphous SiO, substrate is statistically iso-
tropic, with numerous structural defects, the crystalline VO,
films on single-crystal sapphire substrates have preferable
orientation along sapphire crystallographic directions and a
relatively low concentration of defects. The x-ray diffraction
analysis, atomic force microscopy, and optical experiments
show nontwinned structure for VO,/Al,05(R), with optical
properties closer to bulk single-crystal VO,. The VO, film
deposited on an Al,O5(C) substrate is significantly twinned,
with crystallites oriented along three crystallographic direc-
tions of the substrate and 120° domain walls. Nevertheless,
local orientation of VO, grains was found only along two
directions for small regions sampled in the optical experi-
ments.

An important result of this experimental study shows the
significant polarization dependence of the transient grating
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diffraction intensity and pump-probe transient transmission
for the VO,/Al,O5(R) film. It showed that the light-induced
change of dielectric constants during a PT is anisotropic
which can be observed by the pump-probe technique and
analyzed by an optical indicatrix for single-crystal VO,. The
VO, crystalline film deposited on an Al,O3(C) substrate
demonstrates only slight anisotropy in the transient grating
diffraction signal due to significant twinning of the film. Fi-
nally, the substantial anisotropic ultrafast response of crystal-
line VO, films will find a wide variety of applications in
ultrafast polarization holography, diffractive optics, intracav-
ity mirrors of pulsed lasers, and information processing.
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