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Critical behavior and size effects in light-induced transition of nanostructured VO, films
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The light-induced insulator-to-metal phase transition was investigated by femtosecond pump-probe tech-
niques in nanocrystalline VO, films. The size of VO, nanoparticles and the VO, film morphology were found
to be critical for the ultrafast light-induced phase-transition dynamics. Experimental measurements of the
third-order nonlinear susceptibility ¥ for the insulating phase at different excitation levels and transient
grating experiments show a size-dependent threshold behavior which is related to the light-induced transition

process. Optical properties of VO, nanoparticles,

)((3)| data, and transition dynamics at subnanosecond time

scale also demonstrate a pronounced size dependence. The rate of structural phase transition increases due to
confinement effect as particle size decreases. Nucleation of the metallic phase shows a critical behavior with
formation of a metastable state in VO,. A kinetic model for the metallic phase growth and transient grating
signal evolution upon ultrafast laser excitation is developed for VO, thin film.
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I. INTRODUCTION

The extraordinary optical properties of nanomaterials
have attracted much attention in recent years due to their
dependence on size and geometrical shape of
nanostructures.! Among the wide range of such materials,
nanostructured vanadium dioxide is promising for modern
optoelectronic applications due to its photorefractive proper-
ties originating from a metal-to-insulator phase transition
(M-T PT). At room temperature VO, is an insulator with
semiconducting  properties. Nondestructive  first-order
insulator-to-metal (I-M) PT of VO, can be induced either
thermally at a temperature of 7,.=340 K or by light
excitation.”® The light-induced PT of VO, makes this mate-
rial attractive for potential technological applications in high-
speed optical switches, laser intracavity mirrors with opti-
cally controlled reflectivity, thermochromic windows,
diffractive elements, and actuators.”'> The range of such ap-
plications can be significantly extended by fabrication of
nanocrystalline VO,(nc-VO,) films. Recent considerable ef-
forts in the development of VO,-based nanostructures show
their outstanding properties.'>"'” As shown in Refs. 13 and
19-23, nonlinearity, spectral properties and hysteresis be-
come tunable by sizing of VO, nanoparticles (NPs), and ul-
trafast control of surface-plasmon resonance is possible
within less than 150 fs.!”

The M-I PT phenomenon in VO, was discovered a half
century ago.> Nevertheless, the nature of electronic states
involved as well as the driving force of the PT in this corre-
lated metal oxide is still not entirely clear. Different theoret-
ical approaches employ Mott-Hubbard?*-2° or Peierls?>’~33
conceptions to describe the PT and band structure of VO,.
Many experiments show the important role of electron-
electron correlations which stabilize the insulator phase of
VO,.34% At the same time, x-ray and ultrafast optical stud-
ies reveal structurally driven properties of the PT.***” Upon
light-induced PT the vibrational spectrum is modified by
photoexcited electrons, resulting in structural instability. Ul-
trafast terahertz spectroscopy elucidates the coherent struc-
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tural dynamics and transient electronic conductivity of VO,
on femtosecond®® and picosecond*®** time scales.

Experimental studies show that along with ordinary opti-
cal excitations of free carriers in VO,, it is possible to form
bound electronic states (e.g., excitons or polarons).3840:30-54
The formation of these states could play an important role in
the PT mechanism. The existence of small polarons in VO,
was suggested by Mott.>> Later investigations have shown
that the large polaron intermediate-coupling could be more
appropriate for VO, systems.”® The x-ray-absorption study of
(Ti,V)O, solutions has revealed a core excitons in pure
monoclinic VO,.>' A recent optical studies show signatures
of exciton self-trapping on femtosecond time scale*® as well
as possible presence of charge-transfer (CT) excitons.*"
Charge-transfer and exciton models can explain the main
features of the light-induced PT on different time scales.’*>¢
In terms of the exciton model the I-M PT occurs due to
formation of specific intermediate states related to Frenkel
excitons and vibronic Wannier-Mott excitons. Further devel-
opment of these models can bring deeper understanding of
the PT phenomenon in VO, complexes.

There has been a significant research effort aimed at un-
derstanding the influence of structural characteristics onto PT
properties (i.e., hysteresis, conductivity, temperature thresh-
old of M-I PT, and dynamics of the light-induced
PT).!7-23-56-61 Since physical characteristics of semiconduc-
tors depend on particle size, the reduction in VO, particles
down to several nanometers considerably changes electronic
and optical properties of the samples. Variation in VO, par-
ticle size within the nanoscale region alters the confinement
of electrons, affects the VO, electronic structure, and thus PT
properties. In this connection, a study of size-dependent
light-induced PT dynamics is of special interest.

In this paper the experimental results elucidate the phase
transition dynamics in nanocrystalline VO, films upon ul-
trafast laser excitation. We report on metallic phase nucle-
ation on the femtosecond time scale and nucleus growth on
subnanosecond time scale in metastable VO, at different lev-
els of optical excitation. The systematic studies of the third-
order nonlinear susceptibility, transient optical properties,
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and relaxation times manifest size-dependent phase transi-
tion in VO, nanoparticles. The formation of an exited elec-
tronic state is crucial for the PT threshold and for nucleus
growth dynamics. Generally, excited state dynamics is de-
pendent on optical excitation energy and size of VO, NPs,
indicating the complex relaxation character of VO, which is
optically switched to a metastable state. This work also pro-
poses model for the nucleus growth kinetics demonstrating
agreement with experimental data.

II. EXPERIMENTAL

Ultrathin VO, nanocrystalline films were prepared by re-
active pulsed laser deposition (PLD) technique combined
with in situ thermal treatment of the sample in the vacuum
chamber. A Lambda Physik Compex 110 KrF excimer laser
was used for the ablation process. Laser pulses of ~20 ns
duration and wavelength A\=248 nm at a 25 Hz repetition
rate were focused onto a metallic vanadium target at
~4 J/cm? fluence. Amorphous VO, films were grown on
quartz glass substrates at room temperature and a 20 mTorr
chamber pressure in a O, and Ar gas mixture. Each deposi-
tion lasted 7 min and the film was immediately annealed in
situ for 40 min at a total pressure of 0.3 Torr. Annealing
temperatures were varied in the range 7=590-673 K. The
resulting films had nearly the same thickness of 30 nm, as
measured with a stylus profilometer. The annealed films were
nanocrystalline, as verified by atomic force microscopy
(AFM) and by x-ray diffraction (XRD) scans. At a constant
annealing time, the temperature increase resulted in larger
VO, NP size. Thus, each nc-VO, film was synthesized as a
layer of randomly distributed VO, nanoparticles. Here we
assume that a single VO, NP consists of a single nanocrystal.
Crystalline VO, films without NPs have been also prepared
by PLD and are described elsewhere.’®

The morphology of the samples was characterized by
XRD and AFM methods. The XRD measurements were per-
formed in a Bruker AXS D8 Discover diffractometer. The
surface topography data were acquired on a Park Scientific
Instruments Autoprobe CP AFM. The surface scans are per-
formed in contact mode, using a silicon-nitride cantilever. To
improve measurement accuracy, several different randomly
selected sites were analyzed for each film.

To obtain information about optical properties of the
samples, reflectance and transmission measurements were
performed using two different lasers with wavelengths A
=527 nm and A=1310 nm as light sources. Angular depen-
dence of the reflection coefficient was measured with a go-
niometer stage and amplified photodiode. Transmission mea-
surements were conducted at normal incidence and at
different temperatures of the nc-VO, films. Temperature was
maintained by a computer-controlled Peltier heater.

The light-induced PT in nc-VO, films was studied by
pump-probe transient grating (TG) technique. The same ex-
perimental configuration was used in degenerate-four-wave-
mixing (DFWM) experiments in order to find the third-order
nonlinear susceptibility of the samples.’®%? There is only a
slight difference between DFWM and TG procedures.
DFWM measurements were conducted at simultaneous inter-

PHYSICAL REVIEW B 82, 205425 (2010)

action of pump and probe pulses with the sample while the
TG measurements employed a variable delay between pump
and probe. A Ti:Sapphire spectra-physics femtosecond laser
system was used as a light source. Laser pulses of 130 fs
duration with central wavelength A=400 nm and Gaussian
beam shape were generated at a 50 Hz repetition rate. Laser
radiation delivered from the laser system was split into pump
and probe beams. An interference pattern was formed on the
nc-VO, film by two equally divided pump pulses with cross-
ing angle #=9°. As a result the light-induced PT was realized
within maxima of the interference pattern forming a metal/
insulator diffraction grating with period of 2.5 um. The
probe pulse was focused to a 100 um spot within the central
area of the interference pattern. Its intensity was reduced by
neutral density filters to avoid nonlinear interaction with the
sample. Time-resolved transient grating experiments were
conducted in forward geometry. The intensity of the trans-
mitted diffracted probe pulse was measured as a function of
time-delay between pump and probe pulses controlled by an
electromechanical optical delay line.

III. RESULTS AND DISCUSSION

A. Structure and optical properties of nanocrystalline
VO, films

The structure of VO, films was studied by x-ray diffrac-
tion and by atomic force microscopy. The morphology of
nc-VO, films and average size of the VO, NPs was found to
be dependent on the film growth rate, gas pressure in the
chamber, annealing time and temperature. The PLD film was
amorphous for unannealed test samples. Here XRD scans did
not show any diffraction signal attributable to VO, and dis-
tinguishable from the broad SiO, substrate peak [Fig. 1(a)].
For the annealed samples a single XRD peak is found at the
angle 26=28°, attributed to monoclinic M; phase with pre-
ferred orientation of VO, crystallites with (011) planes par-
allel to the substrate surface. The diffraction peaks were sub-
stantially broadened in comparison with those of standard
VO,(M,) powder samples, as expected for nanocrystals with
sizes of a few tens of nanometers.'® These results indicate the
reorganization of the amorphous film to a nanocrystalline
structure through the annealing process.

To determine the surface parameters, such as root-mean-
square (rms) roughness, power spectral density (PSD) func-
tion of the surface, and average size of VO, nanoparticles,
the AFM measurements were performed. Figure 1(b) shows
representative AFM image of a nc-VO, film with randomly
distributed isolated particles. Average size of VO, NPs was
calculated for each film by graphical and statistical analysis
of AFM images. It was found that the samples contain NPs
with characteristic radii R varying from 14 to 37 nm.

Statistical analysis of the surface height profiles gives in-
formation about rms roughness J,,,, and the PSD function.
The rms roughness describes the irregularity of the surface
height and is an integral characteristic of the surface.%® Thus,
as could be expected for nc-VO, films, d,,, increases with
particle size from 0.6 to 1.6 nm [see inset in Fig. 1(c)]. More
detailed information about roughness was obtained from the
PSD. A PSD function is proportional to the magnitude of the
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FIG. 1. (a) XRD patterns of amorphous VO, film before anneal-
ing and nc-VO, film after annealing. (b) AFM image of a nc-VO,
film with isolated nanoparticles. (c) Power spectral density function
of the nc-VO, film surfaces as a function of the spatial frequency.
The insert shows the rms roughness of the films versus the average
radius of VO, nanoparticles.

rms roughness components versus spatial frequency of the
surface relief decomposition.®>%* Since the nc-VO, films are
isotropic and uniform, PSD data were averaged for all azi-
muthal directions. Characteristic parameters of the surfaces
can be determined from the shape of the PSD functions
shown in Fig. 1(c). Thus, similar slopes of PSD curves indi-
cate similar statistical characteristics of different surfaces. A
noticeable difference in PSD appears for spatial frequencies
below f=1/(2R). Within this frequency range the amplitude
of PSD functions correlates with the characteristic size of
VO, NPs, showing gradual increase of the surface inhomo-
geneity with particle size. As spatial frequency exceeds f
=1/(2R), such a correlation disappears. At higher frequen-
cies the PSD amplitude does not depend strictly on NP size.
This could be due to additional presence of multiscale VO,
nanocrystallites with sizes much smaller than the average NP
size. Moreover, a low frequency component of PSD function
increases significantly as particles grow while higher fre-
quency component undergo a relatively small change. This
fact indicates a growth of nanoparticles with a preferred size,
as was also observed directly in the AFM images.

It is well known that the optical properties of materials
significantly depend on the material morphology. Therefore
quantitative analysis of reflection and transmission data can
give information about material optical constants and struc-
ture. Results of reflectance measurements versus angle of
incidence at A=527 nm are presented in Fig. 2 for a 30-nm-
thick unannealed amorphous VO, film and for the nanocrys-
talline film with largest NPs. The figure shows the reflec-
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FIG. 2. (Color online) Angular dependence of the reflectance in
two polarizations for amorphous and nanocrystalline VO, films at
A=527 nm. Symbols are experimental data, lines are calculated
reflectance. The inset shows the Brewster angle versus particle size.

tance for two orthogonal polarizations, perpendicular (R,)
and parallel (R,) to the incidence plane. The angular depen-
dences of R, and R, are typical for semiconductor films with
a Brewster angle located between 67° and 76° (see inset in
Fig. 2).

A good agreement was obtained between experimental
data and theoretical curves calculated with the Fresnel rela-
tions applied for thin films according to Ref. 65. By fitting of
the experimental data, the index of refraction at A\=527 nm
was found to be n=2.6+i0.6 for the amorphous VO, film
and n=3.0+0.8 for the nc-VO, film with largest NPs. Thus,
annealing produces noticeable changes in the film morphol-
ogy and optical constants. As annealing time and NP size
increases, the concentration of structural defects and oxygen
nonstoichiometry decreases,!® resulting in the increase of the
real and imaginary parts of the complex refractive index and,
as a consequence, in the gradual change of the Brewster
angle.

To gain knowledge about the relation between optical
properties and structure of nc-VO, films upon thermally in-
duced PT, optical transmission measurements were con-
ducted. Spectral measurements (not presented here) within
the visible optical range have shown that the relative change
of the transmittance during PT does not depend strictly on
the VO, particle size. Nevertheless the shape and slope of
each hysteresis loop for transmittance measured at A
=1310 nm are strongly dependent on the film structure and
mean radius of nanoparticles (Fig. 3). The hysteresis loop
becomes broader with steeper edges as VO, NP size in-
creases.

The observed differences in hysteresis have been attrib-
uted to different statistical properties of nc-VO, films, vari-
ous concentrations of oxygen vacancies, dislocations and
mechanical stresses in VO, NPs of different size.'?!%-20-7
The annealing process and NP growth result in higher crys-
talline perfection of the VO, structure and modification of
microrelief, making the size distribution of VO, particles
more uniform. According to Ref. 57, VO, grains with com-
parable sizes have similar PT temperatures. Therefore a
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FIG. 3. (Color online) Transmittance of nc-VO, films versus
temperature at A=1310 nm.

growth of isolated NPs with preferred characteristic size re-
duces the dispersion of PT temperatures for different par-
ticles in the same film. As a result, the edges of the hysteresis
loop become steeper. At the same time, the whole tempera-
ture range of the hysteresis loop is a function of structural
defects of VO, structure.?’-’

Vanadium dioxide has a relatively large third-order non-
linear susceptibility x'¥.62% For ultrathin VO, solid films in
the insulating phase the |x®)] is around (5-8) X 10~ esu at
A=400 nm and drops to 5X107'° esu for the metallic
phase. Experimental measurements of x® for the insulating
phase are difficult because the light interaction with VO,
induces the first-order phase transition, giving an additional
contribution to the optical response. To accomplish correct
measurements of ¥ by DFWM technique it is important to
separate diffraction signals related to C5,— D, lattice trans-
formation and to excitation of the population density grating.
In this study, in order to detect only the signal from the
population density grating, the optical pump was adjusted at
different levels near and below the threshold for the light-
induced I-M PT. Since below a threshold point the lattice
transformation is not initiated, the DFWM signal is due to
excitation of the electronic subsystem only. The third-order
susceptibility for each sample was measured in a series of
experiments at different pump levels versus peak intensity of
electromagnetic field in the film, as shown in Fig. 4(a). We
note that these intensities are four times larger than those of
a single pump beam I, due to interference effect. The | X(3)|
values were calculated from experimental DFWM data in
accordance with the relation for diffraction signal from Refs.
67 and 68.

For each individual sample the Fig. 4(a) shows a nearly
constant | X(3)| value, as peak field intensity increases up to
~3x 10" W/cm? and up to ~1 X 10'® W/cm? for a crys-
talline VO, film without NPs and for the nc-VO, film with
smallest NPs, respectively. Above these threshold levels the
|x*®| values decrease significantly. Generally, the third-order
nonlinear susceptibility does not depend on incident light
intensity. Therefore the set of |x*)| measurements at different
pump levels should give the same result. However this is
valid only for material in the same phase. If the material
undergoes a PT, its nonlinear susceptibility changes as well.
Hence, in accordance with the data obtained, the third-order
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FIG. 4. (Color online) The third-order nonlinear susceptibility of
VO, films in insulating phase. (a) |x'*)| as a function of peak inten-
sity of the interference field in the film. The experimental data are
taken at laser pump level below (filled symbols) and above (open
symbols) I-M PT threshold. (b) [x*)| as a function of particle radius.

nonlinear susceptibility for insulating VO, can be assigned to
| X(3)| measured at lower optical pumping below the PT
threshold level. This threshold is associated with pump in-
tensity when the |y¥)| starts to change. In Fig. 4(a) the cor-
responding region is depicted by a solid line. As can be seen,
the I-M PT threshold level is larger for crystalline film and
decreases with NP size from 3X10'° W/cm? to 1
X 1010 W/cm?.

Below the threshold for each sample the |x*)| data are
slightly dispersed near a constant level which can be consid-
ered as the averaged third-order nonlinear susceptibility. To
define the size dependence of nonlinear susceptibility more
precisely, the |y'¥| measurements were conducted for differ-
ent samples at the same experimental conditions and at peak
pump intensity of I,=1X10° W/cm? which is significantly
below the I-M PT threshold. The data obtained are shown in
Fig. 4(b). The third-order susceptibility demonstrates a
gradual increase with NP size. Such behavior can originate
both from excitonic enhancement of )((3),69 and from size
dependence of the VO, morphology, crystallinity and num-
ber of structural defects. However it is difficult to estimate
here the individual contributions of these two factors. Films
with larger particles have higher crystallinity, lower concen-
tration of defects and, as a consequence, higher x*. On the
other hand, the excitonic enhancement can be also signifi-
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probe-pulse delay at different pump fluence for single nc-VO, film;
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cant. It is important to note that the excitonic enhancement of
the third-order susceptibility occurs in small semiconductor
particles with radii R much larger than the exciton Bohr ra-
dius but smaller than the excitation wavelength \,%°-7! and
such particles are under consideration in the present study. It
is also possible to expect an excitonic enhancement of x** in

ultrathin crystalline film without NPs but with thickness
d<<\.

B. Transient grating dynamics upon light-induced phase
transition

1. Time evolution of the diffracted signal

The light-induced phase transition in VO, is ultrafast and
can occur faster than 150 fs.!721:384756 However if light in-
tensity is not sufficiently high, the I-M PT process takes tens
or hundreds of picoseconds.”” Such a longer PT also occurs
for relatively thick VO, films (d>50 nm) because of strong
light absorption in the film.”>-7> Films used in our experi-
ments have nearly equal thicknesses which correspond to the
light penetration depth in VO, at A=400 nm (=30 nm).
Therefore laser excitation produces an almost uniform distri-
bution of metallic nuclei across the film, perpendicularly to
the surface. However in the lateral direction the nucleation
occurs only within areas where the laser pump intensity ex-
ceeds a PT threshold. Such experimental conditions facilitate
the data analysis and allow development of a model for me-
tallic phase evolution in the system. The growth of the new
phase during and after light illumination is highly nonlinear
and depends on light intensity, pulse duration, wavelength,
density, and type of excited electronic states in VO,.

A representative evolution of the TG diffraction signal
7(t) for one nc-VO, film on a 2.5 ns time scale at different
excitation levels is shown in Fig. 5. Here 7(r) is normalized
to its maximal value at pump fluence of 1.43 mJ/cm?. The
signal is associated with the formation of the spatial metal/
insulator diffraction grating and demonstrates complex be-
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FIG. 6. (a) Distribution of the light intensity on the film surface
in transient grating experiment and photoinduced change in the real
and imaginary parts of the complex dielectric constant for ultrathin
VO, film at A\=400 nm. The range of &(x) variation is taken from
Ref. 76. The ultrafast I-M PT occurs when the intensity of resultant
electromagnetic field in the film I(x) exceeds a PT threshold Ipr. (b)
Optically exited carrier density grating. (c) TG diffraction signal
versus volume fraction of metallic phase.

havior depending on average pump fluence. Generally, the
structural dynamics of VO, at any optical excitation can be
separated into three main components: (i) ultrafast phase
transition (UPT) with characteristic time less than 500 fs,
(ii) extended phase transition (EPT) during ~0.1-0.3 ns,
and (iii) the VO, recovery (metal-to-insulator transition) on
the time scale up to hundreds of nanoseconds.®%7>

The UPT can be resolved in Fig. 5 as a sharp signal rise at
zero time delay. Since the distribution of light intensity on
the film surface is alternative, the UPT is initiated in the
areas of the interference pattern where field intensity is maxi-
mal [see Fig. 6(a)]. Within adjacent areas with lower light
intensity the PT becomes to be slower (EPT) and occurs
during ~0.1-0.3 ns. The M-I recovery process stars after
this period of time.

It has to be noted that the evolution of TG signal for thin
nc-VO, film significantly different as compared to other ma-
terials and, therefore, it requires special consideration. Since
the experiment is performed for ultrathin films, the intensity
distribution across the film is uniform at each point but has a
periodical modulation along the film surface. The ultrafast
optical pump excites a population density grating An [Fig.
6(b)] and also produces the I-M PT within areas where the
field intensity is higher than the PT threshold level Ipr [Fig.
6(a)]. The diffraction signal intensity 7(z) depends on both
these factors. However, as shown in Refs. 56 and 75, at
sufficiently high optical pump the change of VO, optical
properties on the picosecond time scale is determined mostly
by growth of new metallic phase during PT and the contri-
bution of excited electronic states is small. Therefore, as a
good approximation in the light-induced I-M PT experiment,
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the transient signal #(¢) is determined mostly by evolution of
metallic phase in the film. In ultrathin VO, films the bound-
ary between insulator and metallic phases is quite sharp. This
happens because the insulating phase changes to the metallic
one abruptly in the area where the pump intensity exceeds
the I-M PT threshold Ipy [Fig. 6(a)]. Thus, the spatial distri-
bution of &(x) for the thin VO, film can be approximated by
a Heaviside-type function

+ (ey—€)
1 +exp(= 21, + 21, cos(q,x) — Ipr])’

where ¢, and g, are dielectric constants of metallic and in-
sulating VO,, correspondingly, g, =27/ A is the grating vec-
tor, and A=X\/2 sin(6/2) is the diffraction grating period, I,
is the peak intensity of each incident pump beam, 7y is a
constant which defines the steepness of the &(x) function at
the metal-insulator boundary. Therefore, in spite of the sinu-
soidal distribution of pump intensity in the film, the VO,
dielectric constant g(x) is modulated by a rectangular func-
tion due to the step boundary between metallic and insulating
phases.

The spatial inhomogeneity of &(x) is a principal factor
which defines the TG diffraction signal intensity. This signal
is proportional to the averaged squared value of the dielectric
constant variation as 7(f) ~(|A&[?).”7-7 As shown in the Ap-
pendix, taking into account the rectangular modulation of
&(x), the spatial averaging of |Ag|* gives (|Ae|?)=|eo[?[&(1
—§&)], where gy=¢),—¢&; and ¢ is the volume fraction of me-
tallic phase in the film. This result allows defining the TG
diffraction signal as

(&) = n[4&(1 - 8], (2)

where 7, is a maximal diffraction intensity. This relation
shows that the diffraction signal is maximal when the metal-
lic and insulating phases have equal volume fractions in the
film [Fig. 6(c)].

The TG data in Fig. 5 show significant qualitative differ-
ence at highest and lowest pumping. Nevertheless, according
to Eq. (2), at different excitation levels the evolution of the
TG signal indicates similar structural dynamics in the film.
Thus, at higher optical pumping the volume fraction of the
metallic phase is €>1/2 and, in agreement with Eq. (2),
signal 7(r) decreases on ~0.3 ns time scale as the metallic
phase grows. At lower pump level the situation is opposite:
£<1/2 and 7%(¢) increases, as the metallic phase grows as
well. A study of this phase growth in optically excited VO,
on ~0.3 ns time scale (EPT) is discussed in the next section.

(1)

elx) =g

2. Kinetics of metallic phase growth after optical excitation

To obtain information about the EPT in VO, nanostruc-
tures, EPT dynamics was studied for nc-VO, samples at dif-
ferent excitation levels. Figure 7 shows TG diffraction effi-
ciency for highest (w,=5 mJ/cm?) and lowest (w,
=1 mJ/cm?) laser fluence used in such experiment. Here,
7(¢) is normalized to its maximal value for the film with R
=37 nm at w,=5 mJ/ cm?. We note that the sequence in the
signal intensity 7(r) for different films at higher excitation
[Fig. 7(a)] is in the reverse order as compared to the lower
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FIG. 7. (Color online) Normalized diffraction efficiency upon
EPT in nc-VO, films at excitation energy (a) w,=5 mJ/cm?* and
(b) w,=1 mJ/cm?. Dashed lines are a fit by Eqs. (2) and (9).

excitation [Fig. 7(b)]. Nevertheless the metallic phase growth
dynamics is similar in both cases, as discussed in previous
section. According to Eq. (2), diffraction efficiency would be
maximal if the size of metallic and insulating VO, strips in
the induced diffraction grating is the same (£=1/2), since the
transparency modulation ratio for such a grating is maximal.
In the present experiment the fraction of the metallic phase at
lower excitation is less than 1/2 but it is above this value at
higher excitation for each film. At higher pump level [Fig.
7(a)] the signal is stronger for samples with larger particle
size in accordance with Eq. (2) and Fig. 6(c), because the
fraction of metallic phase & is above 1/2 but ¢ is lower for the
nc-VO, films with larger particles as compared to the films
with smaller particles. As optical fluence decreases to w),
=1 mJ/cm? the sequence of the curves is reversed [Fig.
7(b)] because the & becomes lower than 1/2 for all films but
& anyhow is still lower for the films which contain larger
particles.

Previous study of VO, TG dynamics in ultrathin VO,
films has shown that the diffusion processes in the film plane
do not give noticeable contribution to the I-M PT at least on
~200 ps time scale.’® It was confirmed by TG measure-
ments with different grating periods, A=1 um and A
=2.5 um, where the relaxation dynamics was found to be
identical for different A. According to Refs. 7880, this re-
sult indicates that the heat or currier diffusion along the grat-
ing vector in the film plane cannot be considered as a pri-
mary origin of EPT. Moreover, such diffusion in nc-VO,
films is even weaker in comparison with solid crystalline
VO, films due to localization of relaxation processes within
the volume of single nanoparticles. Hence, the heat or currier
diffusion in the lateral direction in ultrathin VO, films can be
neglected.
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FIG. 8. (Color online) Time dependence of normalized transient
grating signal 7(t) for crystalline VO, film without NPs on Al,O3
substrate upon light-induce I-M PT at different excitation energies.
Dashed lines are fit by Eq. (2) and (9).

An estimation of the heat flow in VO, with thermal dif-
fusion coefficient of 0.02 cm?/s made in Ref. 6 shows that
the thermally induced transition is relatively slow and can be
observed on the time scale larger than 1 ns. A study of a
thermal contribution to the I-M EPT and M-I recovery dy-
namics was reported in Ref. 72 for thin VO, films. It was
shown that this contribution to the EPT on subnanosecond
time scale is small but can be dominant on longer scale in the
recovery. Figure 8 shows an example of such PT dynamics in
the crystalline VO,/Al,O5 film. Thus, if the pump energy is
sufficiently high (w,>2 mJ/ cm?), the temperature of VO,
film can exceed the PT point 7. after interband electron-hole
recombination and electron-phonon relaxation. In this case
the M-I recovery process is thermal and occurs due to heat
sink from the film to the substrate. As a result, it strongly
depends on substrate thermal conductivity K and takes from
tens of nanoseconds to microseconds.%>7> The difference in
recovery time for VO, films deposited on single-crystal
ALO; (K,=42 W m™' K™!) and glass substrate with lower
K(K,=1.38 W m~! K7!) is around two orders of magnitude.
However, the thermal processes in PT dynamics can be sup-
pressed by reducing the laser excitation energy down to rela-
tively low level (wps 2 ml/cm?), when it is still possible to
induce the I-M PT but without increase of the film tempera-
ture above the critical point 7.. Then the thermal influence
onto PT becomes negligibly small and the heat sink into the
substrate does not control the M-I recovery. The recovery
occurs almost simultaneously for VO, films deposited onto
substrates with different thermal conductivities and takes
only ~2.5 ns.9>7 Thus, at sufficiently low laser excitation
the total VO, structural dynamics, including EPT, cannot be
assigned to thermal processes in the film. It is also important
to note that the characteristic time of EPT in Ref. 72 was
found nearly independent on the laser pump energy and was
the same for different VO, films deposited on glass and
Al,O5 substrates. The EPT time 7 in Fig. 8 also shows only
a slight dependence on optical excitation, as it will be shown
below. These results indicate that the thermal contribution to
EPT on subnanosecond time scale is rather small at any op-
tical pumping. Therefore EPT dynamics could be assigned to
an interaction of lattice vibrations with excited electronic
states.

PHYSICAL REVIEW B 82, 205425 (2010)

Since the PT of VO, is a first-order transition, the EPT
should be considered in terms of a decay of some metastable
state into metallic phase. Thus, after laser excitation whole
film is switched to a metastable state, except areas where the
I-M transition is already done. As noted above, the thermal
contribution to EPT is unlikely. Therefore the VO, metasta-
bility can be associated with single or cooperative optically
excited electronic states. In this scenario the EPT occurs as a
growth of metallic nuclei within metastable zones of the
film. Here we assume that the metallic nuclei are formed
during UPT, the size of single nucleus is less than the size of
VO, NP and the nucleus growth process is confined by NP
volume. In TG experiment the concentration and sizes of
nuclei are nonuniform in the film plane and have a periodical
distribution.

The evolution of VO, metallic phase after optical excita-
tion can be described in terms of a phenomenological model
of the new phase boundary migration. After ultrafast light
excitation and formation of metallic nuclei, the nucleus
growth occurs on a 100-300 ps time scale. This relatively
slow transition (EPT) can be associated with motion of a
nucleus boundary in the metastable zone of VO, with a ve-
locity vy, in response to the net pressure P(¢) on the bound-
ary. Here we can assume that the ‘pressure’ is a generalized
function of the I-M PT driving force, which depends on the
optical excitation level and on the nature of excited elec-
tronic states in VO,. From the recrystallization theory of
solids,®! the velocity v, is taken to be directly proportional
to the pressure as

vu() =M@ P(@), 3)

where M(z) is the mobility of the nucleus boundary. Since
the EPT occurs in a highly nonequilibrium environment, the
mobility M(¢) and pressure P(r) both depend on optical
pump fluence w, and time . Evidently, at temperatures be-
low the PT point 7. and without optical excitation the
nucleus boundary mobility and PT driving force are zero and
PT does not occur. However, laser excitation considerably
changes the PT conditions. Optical pumping generates nu-
merous excited electronic states which form a metastable
state of VO, and reduce the activation energy AG,, for
nucleus boundary migration. As a result, the metallic phase
grows in the metastable zone of the film. In order to analyze
the nucleus growth dynamics, we apply the approximation
where the mobility M(¢) is independent of the PT driving
force and independent of the details of the mechanism of
boundary migration, and is an exponential function®' which
can be expressed as

AG.
M=M, exp(— ”), 4)
kg T

where M, is the maximal mobility, 7 is the lattice tempera-
ture, and kg is the Boltzmann constant. Here we neglect ther-
mal effects in I-M transition dynamics and assume that at
room temperature the activation energy AG,, depends only
on the energy of excited electronic states including coopera-
tive effects. In terms of this model, an optically excited
single electronic state reduces the activation energy to some
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level G° . Additional contribution of cooperative interactions
between excited states can provide further reduction in this
energy. Since the energy of a cooperative excited state has
quadratic dependence on concentration n,, of active quasi-
particles in the cluster (for instance, excitons or polarons),®?
the activation energy can be approximated as

AG,, =Gy~ Gyn; (5)

ex “ex’

where the second term corresponds to the contribution of
cooperative interactions and G _is a constant.

In this model we do not emphasize the nature of the ex-
cited electronic states. It can be an excitation in VO, due to
charge transfer and lattice distortion. In our previous
studies® we have developed models of I-M PT which are
based on exciton interaction with the VO, lattice. The main
idea involves the creation of a cooperative potential well due
to interaction between excited states which facilitate the PT
process. The depth of this well depends on the concentration
of photoexcited electrons per VO, cluster. Assuming an ex-
ponential decay of excited states in the cluster, their concen-
tration can be expressed as n,,=nye "%, where n, is a maxi-
mal concentration and 7,, is a characteristic lifetime. As a
result, the activation energy is

AG,, =G - G} nge e, (6)

In this approximation the time dependence of the boundary
mobility is caused by decay of cooperative states only. Here
we assume that the activation energy ng has a constant
value on the monitored time scale.

The EPT occurs in the metastable zone of the film and the
PT driving force has to be controlled by a level of metasta-
bility. Therefore the temporal behavior of the PT driving
force will be proportional to the decay of the metastable
state. Assuming an exponential decay pattern, the pressure
on the metallic phase boundary can be expressed as P(¢)
=Pye™"™n, where P, is the maximal pressure, and 7,, is the
characteristic decay time of the VO, metastable state. This
characteristic time describes decay of all exited electronic
states, including hot free electrons and cooperative states.
Time 7,, is expected to be close or equal to 7,,, however the
relation between these times can be found only after the ex-
act nature of excited electronic states in VO, is revealed. The
nucleus boundary velocity is then

Gl nge e ¢ >
vyt)=vgexp|l — —-—1, 7
() =0 P( ksT T (7)

where vy=M P, exp(-G® /kgT). Equation (7) allows one to
calculate the volume fraction of metallic phase in the film
upon EPT and to determine the TG signal (2). However,
since in TG experiment the light pulse can produce many
metallic nuclei with nonuniform distribution, the growth
speed of the metallic phase within grating period has to be
described by an averaged value (v,,). Here (...) denotes a
spatial averaging.

The total volume fraction of metallic phase & can be pre-
sented as a sum of the metallic phase fraction &, produced
during UPT and the fraction &, which is related to the in-
cipient metallic phase in the metastable area of the film dur-
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ing EPT. Taking into account that some fraction & of VO,
metallic nanoparticles undergo also a recovery process (i.e.,
M-I PT), the net volume fraction of metallic phase can be
written as =&+ &y — & For thin film this relation can be
expressed by using the boundary velocity (v,,) for metallic
phase and (v,) for incipient insulating phase during M-I re-
covery as

&) = &+ %fo (')t - %fo (1= et
(8)

where the recovery starts right after decay of the metastable
state. Assuming that the recovery process is much slower
than EPT and has a nearly constant velocity (v;) on the moni-
tored 2.5 ns time scale, the metallic phase fraction in the film
can be modeled by

<U()> ft (<G;xn%>e—2[//7}x ¢ )
1) = I —————dt’
&)~ &+ A exp ks T .

0
- Oj\—” fo (1-e™""m)dr’. )

On the picosecond scale, when the recovery process is not
started yet, the third term in the Egs. (8) and (9) can be
neglected. The approximation of experimental data by Eqs.
(2) and (9) shows good coincidence for the crystalline VO,
film without NPs (Fig. 8) as well as for nc-VO, films [Fig. 7
and 11(b)]. Thus, this model can be applied for different
structures and can give quantitative information about evo-
lution of a new phase in the system.

Previous study of EPT in thin solid VO, films did not
show significant differences in characteristic times for EPT
at various levels of optical excitation.”” Nevertheless, in this
work we found that the transition time 7 for crystalline VO,
film is slightly decreasing from 0.24 ns to 0.20 ns as excita-
tion level increases (Fig. 8). Here the time 7 was derived by
fitting Egs. (2) and (9) to TG experimental data, and good
agreement was obtained when times 7,, and 7,, were chosen
to be equal (7=7,,=7,,). In nc-VO, structures additional in-
fluence on time 7 can be produced by spatial confinement of
optical excitations within volume of single NPs. Figure 9
shows the EPT time derived from the data in Fig. 7, where it
demonstrates a nearly linear increase with particle size at
constant excitation energy. This size-dependent EPT in VO,
NPs can be due to lower activation energy AG,, in smaller
NPs and due to different propagation time of optical excita-
tions in different NPs. Also, a slight difference in time 7 was
observed at higher and lower pumping for each film.
Perhaps, such a dependence of 7 on laser excitation level is
related to the higher probability of the transition at higher
pumping due to some processes of phonon coupling with
photoexcited states which are not considered in the phenom-
enological model discussed above.

Recently Baum ef al.® reported on the ultrafast electron
diffraction study of light-induced I-M PT of VO, and have
shown that the PT within ~300 ps occurs as a shear motion
of atoms, and the speed of this motion is close to the aver-
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FIG. 9. EPT time versus particle size (symbols). Solid lines are
a linear fit. The dotted line shows the ballistic propagation time in
VO, crystalline particle.

aged speed of acoustic waves in crystalline VO,,
v,=~4000 m/ .83 In the present work, the characteristic time
7 of EPT was found longer but comparable with propagation
time of ballistic phonons through the nanoparticle f5
=2R/v, (Fig. 9). These results indicate that the EPT is rather
a phonon-assisted transition. An estimation of phonon scat-
tering in VO, shows that a resonant and nonresonant phonon
scattering on V-V dimers is noticeable while the elastic scat-
tering by defects should be neglected because the mean free
path of this scattering is substantially above the size of VO,
particles, film thickness and TG period. We also note that the
elastic phonon scattering by NP’s surface and excitation of
breathing acoustic modes in NPs could provide additional
contribution to the PT dynamics. However in the present
study we did not observe any signature of coherent acoustic
oscillations.

Since the femtosecond optical pulse generates =6 THz
coherent V-V oscillations,*#7 the resonant phonon scattering
should occur on V-V dimers. According to Ref. 84 the cross
section of this scattering is 0=)\(2)/ a, where A\ is the phonon
wavelength. Taking into account the concentration of vana-
dium ions in VO, (3 X 10?> cm™),>" we derive a mean-free
path £=5X10"% cm. This length has order of VO, lattice
period and, therefore, initially generated optical phonons are
confined to a few lattice periods. The phonon propagation on
distances longer than € occurs due to nonresonant scattering,
where initial phonon of frequency v, decays to lower energy
phonons with v, =v,/2,v,=v,/4,...,v;=v,/2".3 It is also
interesting to note that the estimated characteristic time of
the resonant phonon scattering is 7 =120 fs which is
around UPT time of VO,. Hence, it is possible that this scat-
tering could be significant during UPT.

The nonresonant scattering with cross section®* o
=()\(2)/ ) (L'/ vy)%(v/ vy)* occurs due to anharmonic phonon
interactions with V-V pairs. Assuming that the width of pho-
non state I" at vy=6 THz is quite broad under high-intensity
optical excitation,® I'=1.5 THz, the estimation of the mean-
free path gives €,=120 nm for v, phonons. The magnitude
of this length is comparable with the size of VO, nanopar-
ticles and nc-VO, film thickness. For v, phonons we find the
characteristic scattering time approximately 30 ps which is
within the order of measured EPT time 7 (Fig. 9). Hence, the
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FIG. 10. (Color online) Normalized transient grating signals
upon ultrafast light-induced insulator-to-metal phase transition of
nc-VO, films.

contribution of nonresonant scattering to EPT could be no-
ticeable. This scattering leads to quasidiffusional phonon
propagation, where the propagation time linearly depends on
distance traveled but is longer than the ballistic propagation
time #5348

As shown above the thermal, in the ordinary sense, con-
tribution to the light-induced transition is unlikely during the
time period up to hundreds of picoseconds. Nevertheless the
contribution of nonequilibrium phonons to the EPT dynam-
ics should to be crucial. VO, can undergo the EPT as
phonons propagate through the volume of the VO, particle,
producing a decay of the optically excited metastable state
(e.g., state produced by excitons, polarons, or dense electron-
hole plasma) via phonon scattering. The first-order I-M PT
has vibronic origin during the (V**—V**+e/,,) reaction
with percolation behavior.>* In this process the deformation
field induced by interaction of the 3d, state with lattice vi-
brations in the insulator phase vanishes, resulting in struc-
tural I-M PT.

3. Ultrafast transition and nucleation of metallic phase

The I-M UPT dynamics was studied at a constant pump
level w,=5 mlJ/ cm?. Figure 10 shows the sharp signal rise
associated with UPT within the subpicosecond time domain.
The characteristic time for UPT was estimated to be close to
the autocorrelation width of the excitation laser pulse. There-
fore, the UPT time for VO, nanoparticles is apparently less
or close to the pulse duration used in the experiment. A com-
mon sharp peak at zero delay is associated with the nonlinear
contribution to the dielectric susceptibility caused by elec-
tronic excitations upon laser pulse interaction with the
sample. It was also found that the TG signal amplitude dur-
ing UPT depends on the size of the nanoparticles.

The amplitude of the signal at constant pump level is
gradually larger for the samples with larger NPs (Fig. 10).
However, this result shows some ambiguity compared with
the relative change in the transmittance during PT, which did
not show an evident correlation with VO, NP size either at
A=1310 nm (Fig. 3) or within the broad visible spectral
range. Therefore, a gradual increase of the TG signal with
particle size within the picosecond time scale is difficult to
assign to a different relative change of the transmittance
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and/or optical constants upon PT. Most likely it is a conse-
quence of different I-M PT threshold levels in different films.

Taking into account that the boundaries between insulator
and metallic phases in a light-induced grating are sharp, the
phase change along the VO, film can be approximated by
Heaviside-type function, as discussed in Sec. III B 1. Thus,
the metallic phase fraction &, produced during ultrafast tran-
sition is defined by

mA
. s
O mA o 1+exp(=HA2I,+2I, cos(qx) —Ipr])’
(10)

where m is an integer number. This relation shows that &,
depends on the PT threshold level Ipr. Since the metallic
grating induced during UPT produces the diffraction signal
(&) = nol4&(1-&)], [see Eq. (2)], then at constant pump
level I, the TG signal #(¢) is strictly proportional to the
threshold 7py.

At a pump fluence w,=5 mJ/ cm? the induced fraction of
metallic phase &; in the film exceeds 1/2. Therefore in accor-
dance with Eq. (2) and Fig. 6(c), a higher signal in Fig. 10
corresponds to the lower &,. Moreover, taking into account
Eq. (10), the observed decrease in diffraction signal with NP
radius indicates that the threshold level Ipy of I-M PT also
decreases with the radius of VO, particles. We note that this
result is in good agreement with the conclusion about the PT
threshold obtained from analysis of the third-order nonlinear
susceptibility in Sec. IIT A [Fig. 4(a)].

In contrast to bulk VO,, it is likely that the influence of
the NP’s interface on the threshold level Ipy is dominant. In
VO, NPs the low frequency order-disorder soft mode can be
modified due to size effect. Since the experimental results
indicate that the threshold /Ipy is reduced for small NPs, the
interaction strength between interface soft mode and opti-
cally excited electronic states has to be increased as the NP’s
size decreases, resulting in a higher probability of I-M PT.

It has to be also noted that the decrease of the pump
fluence down to w,=1 mlJ/ cm? results in a reduction of &
below 1/2 and, as a consequence, in opposite behavior of the
diffraction signal 7(z): the signal increases as the particle
size decreases, as was shown in Fig. 7(b). Further decrease in
excitation energy will lead to significant reduction in size
and concentration of metallic nuclei in the film.

A monitoring of excited states dynamics at low concen-
tration of metallic nuclei can give important information
about nucleation and subsequent nucleus growth in VO, NPs
during EPT. To study the metallic phase nucleation in
nc-VO, film the laser pump was reduced to the minimal
level of 300 uJ /cm?, as low as the TG signal was still mea-
surable. We note that this amount of energy is substantially
below minimum value required to produce thermally induced
PT in thin film. Therefore a thermal contribution to the PT
dynamics in VO, can be neglected.

Figure 11 shows the absolute diffraction efficiency for
nc-VO, films with equal thicknesses but NPs of different
radii. Compared to the data in Fig. 10, the TG signal at lower
pump level demonstrates significant differences on the time
scale of a few picoseconds [Fig. 11(a)], where it yields a
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FIG. 11. (Color online) Time dependence of absolute diffraction
efficiency #(s) for nc-VO, films at the excitation energy w,
=300 uJ/cm?. (a) TG signal on a 3 ps time scale. (b) Evolution of
the signal 7(r) demonstrates I-M EPT (signal growth on a
~0.1-0.3 ns scale) and M-I PT (recovery process on a longer time
scale). Dashed lines are approximations by Eq. (2) and (9). Inset
shows a start of I-M EPT.

sharp peak at zero delay time. Furthermore, as the pump
pulse ends, the diffraction signal level for different samples
becomes the same after 0.5 ps.

As noted above, the TG signal at sufficiently high pump is
mostly due to light-induced metallic phase in the film (see
Figs. 5, 7, 8, and 10). However, the considerable qualitative
difference between the TG signal #(¢) on picosecond time
scale in the case of lower [Fig. 11(a)] and higher optical
excitation (Fig. 10) indicates that the contribution of metallic
phase to the signal at lower pumping is significantly reduced.
Moreover, at low excitation the signal 7(z) has the same
level for all films on the 0.5-2.0 ps time scale. This result
indicates that the diffraction signal in Fig. 11(a) originates
rather from the population density grating but not from me-
tallic phase, as it was also shown for |x®)| data in Sec. III A
(Fig. 4). The same level of TG signal on this time scale is
due to the same level of electronic excitations in different
films produced by 300 wJ/cm? pulse. Thus, the excited state
dynamics on the 0.5-2.0 ps time scale could be considered as
the formation of a metastable state which is responsible for
the growth of metallic nuclei. Here we assume that the nucle-
ation of the metallic phase occurs as a UPT process but the
contribution of metallic nuclei to the diffraction signal be-
comes to be noticeable on the time scale longer than 2.0 ps.
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Nucleus growth starts only after formation of a metastable
state. As seen from the inset in Fig. 11(b), this occurs on a
time scale above 2.0 ps for nc-VO, films with R=14, 21, and
24 nm, where the growth of metallic phase results in a signal
rise with separation for different films. For the film with R
=25 the signal rise is not distinguishable on 16 ps time scale,
but it appears on a longer time scale [Fig. 11(b)]. Growth of
nuclei during ~0.1-0.3 ns causes a significant difference
for different films. The signal rise is noticeable for the films
with smaller NPs due to intense nucleus growth, while nei-
ther the nc-VO, film with largest NPs (R=37 nm) nor the
crystalline VO, film without NPs show any increase of the
signal [Fig. 11(b)]. For the latter films the TG signal just
decreases after laser excitation.

Growth dynamics of the nuclei can be treated in terms of
the EPT model discussed above, where Egs. (9) and (2) give
a good approximation to the experimental data [Fig. 11(b)].
Thus, the nucleation of metallic phase occurs rather as a UPT
process in VO, and the EPT is a growth of metallic nuclei
with radii larger than a critical value r.. Since the TG data
were obtained at quite low optical excitation level, some nu-
clei have radii smaller than a critical value r.. and, therefore,
cannot grow. Perhaps this takes place distinctly in the crys-
talline film without NPs and in the nc-VO, film with R
=37 nm. Here all metallic nuclei recover back to the insu-
lating phase without growing, and the metastable state de-
cays to the initial nonexcited state within a few nanoseconds.

As shown in Refs. 13, 19, 20, and 57 and also in Sec.
III A, the number of defects is increased for films with
smaller VO, particle size. Since the probability of nucleation
is higher within areas with structural defects,®' the concen-
tration of nuclei in nc-VO, films with smaller NPs has to be
higher. Moreover, at sufficiently high concentration, some
nuclei can run into a single nucleus with overcritical radius
r>r,, even if initial radii were »<<r,. Thus, in nc-VO, films
with smaller NPs optical pumping produces more metallic
nuclei, and many of them are merged and grow up, giving
the most pronounced rise in TG signal, as can be seen in Fig.
11(b). The recovery process back to the initial insulating M
state starts after EPT and appears as signal decay in Fig.
11(b) within only a few nanoseconds.

Data obtained in this work along with previous results
suggest that the CT accompanied by electron-phonon inter-
actions is a primary order parameter in light-induced first-
order PT of VO,. Optical pumping produces such a CT fol-
lowed by symmetry change from monoclinic Cgh to
tetragonal Dﬁ space group. Vanadium ions in VO, exist in
different charge states. The insulating phase contains mainly
V** ions and, upon optical excitation, light induces the V**
— V* CT via intermediary oxygen ion, forming a recharged
state for the V-O-V triad as (V¥ — 0 — V**) = (V>*-0-V3**).
Here the V°* ion is a basic ion for ionic core formation in the
metallic state. The V** ion is unstable due to resonance con-
ditions fulfillment because 3d? shell states are immersed into
the 3d-conduction band. As a result, the V3* state decays due
to resonance transition from 3d” electrons to the VO, con-
duction band as (V>*-0-V**)= (V>*-0-V*+ey,,,). The free
electron belongs to the conduction electron band of the me-
tallic state. Thus, the subsequent percolation behavior of
(V>*-0-V*+ep,,) clusters leads to final insulator-to-metal

56,86
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phase transition with VO, symmetry change. This is a gen-
eral model of the light-induced PT in VO,. Here the mecha-
nism and dynamics of the CT can be considered in terms of
direct CT by high-intensity light and in terms of photoex-
cited electronic states, including cooperative effects.>

IV. CONCLUSION

This paper demonstrates the studies on the light-induced
phase transition and optical properties of nanostructured VO,
films. The heat treatment of the nc-VO, films results in crys-
tallization of initially amorphous VO, film and growth of
isolated crystalline nanoparticles of preferential size, depend-
ing on annealing temperature. Optical properties of nc-VO,
undergo gradual changes as the characteristic size of nano-
particles increases, demonstrating an increase of refractive
index, and third-order nonlinear susceptibility x®. For dif-
ferent films in insulating phase the |x®] values were found in
the range 6.8X107°-9.0x10™ esu at A=400 nm. The
growth of y) with nanoparticle size can be derived from the
gradual change in the film morphology, crystallinity, and
number of structural defects. Moreover, the obtained data
indicates possible excitonic enhancement of x*® in nanocrys-
tals.

The third-order nonlinear susceptibility and phase transi-
tion threshold level both demonstrate higher values for crys-
talline film without nanoparticles as compared to nc-VO,.
The analysis of |x®)| data obtained at different pump power
and transient grating study of the ultrafast phase transition of
nc-VO, show a decrease in the transition threshold level with
VO, particle size. Such a decrease for smaller particles can
occur due to interaction between optically excited electronic
states and an order-disorder mode at the interface.

We show that the ultrafast phase transition of nanocrys-
talline VO, films occurs within 130 fs at sufficiently high
laser excitation while at lower excitation the insulator-to-
metal transition becomes much slower and extended up to
hundreds of picoseconds. Such extended phase transition oc-
curs when optical excitation produces a metastable state in
VO, which is necessary for the growth of metallic nuclei.
Thus, metallic nuclei grow in a highly nonequilibrium state
of VO, where the contribution of cooperative effects to the
growth process can be significant.

The metallic phase growth kinetics after laser excitation
has been modeled in terms of recrystallization theory of sol-
ids. The proposed model demonstrates a good agreement
with experimental data and can be appropriate for VO, thin
films as well as for bulk VO,. A fitting procedure applied to
the experimental data reveals a diminution of the character-
istic transition time as the size of VO, nanoparticles de-
creases. A largest time was observed for crystalline film
without particles. It is shown that such size-dependent be-
havior of the transition time for nc-VO, can originate from
phonon propagation through the volume of the VO, particle
accompanied by interactions with photoexcited states.

Photoexcited state dynamics monitored at a relatively low
laser excitation regime indicates formation of a metastable
state of the VO, system on a time scale of ~107!? s, and the
growth process of the metallic nuclei starts right after forma-
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tion of this state. The critical radius of nuclei diminishes as
the optical excitation increases and the nucleation in the
films with higher concentration of structural defects can form
relatively large nuclei with overcritical size due to coales-
cence of smaller nuclei. Finally, it is pointed out that correct
understanding of the exact nature and dynamics of photoex-
cited electronic states and of their role in the phase transition
processes is of significant importance for the development of
VO,-based optical materials

APPENDIX

The averaged value {|Ae|?) can be calculated by spatial
averaging of |Ae(x)|>=|g—&(x)|?> along the light-induced me-

PHYSICAL REVIEW B 82, 205425 (2010)

tallic grating. Here the average dielectric constant & depends
on the concentration of metallic phase in the film, and for the
case of rectangular modulation of &(x) [see Fig. 6(a)] it is
defined as €={;e;+{yey=€+ €9, Where gg=¢€y—€;, {y
and {; are the volume fractions of metallic and insulator
phase in the film, respectively, and {y+{;=1. The spatial
averaging gives then

1 mA
<|A8|2>=Mf |§—8(x)|2dxz|5_8M|2§M+|5—81|2§1
0

= |30|2§M(1 = Lum)-
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