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Distinct contribution of acoustic and optical phonons in light-induced lattice transformation was
resolved at different time scales by monitoring the insulator-to-metal phase transition in epitaxial
and non-epitaxial VO2 films. Applying the ultrafast angle-resolved light scattering technique we
demonstrate a significant influence of internal misfit strain in epitaxial films on sub-picosecond phase
transition dynamics. This technique also allows observing a contribution of structural defects in the
evolution of the transient state. The ultrafast structural phase transition dynamics is discussed
in terms of the Ginzburg-Landau formalism. Using a set of experimental data we reconstruct the
thermodynamic potential of photoexcited VO2 and provide a phenomenological model of ultrafast

light-induced structural phase transition.

I. INTRODUCTION

Vanadium dioxide is a classic example of a ferroelas-
tic material that undergoes first-order insulator-to-metal
transition (IMT) at temperature T,=341 K!. The tran-
sition is accompanied by structural change?3 from low-
temperature monoclinic (M;-structure, space group C3,
)*5 to high-temperature rutile (R-structure, space group
Diﬁ)G lattice symmetry. Owing to strong electron corre-
lations, the phase transition dynamics of VOs is a very
complex process. Crystallinity and internal strain sig-
nificantly alter the width and tilt of thermal hysteresis
and can shift the temperature of IMT by several degrees
above or below T, point of stoichiometric unstrained
VO, crystal.”® Numerous theoretical approaches have
been developed to describe VOo phase stability. While
some models explain the metal-insulator transition in
terms of the Mott-Hubbard mechanism of correlation gap
opening,? 12 other approaches consider band models with
Peierls instability'®'° or describe it by combining both
mechanisms. %18 Moreover, all these substantially differ-
ent approaches provide fairly close qualitative and quan-
titative explanations of VO4 physical properties. There-
fore, in order to better understand the actual mechanisms
of IMT in VO,, along with theoretical approaches new
experimental methods are required to track the process
dynamics.

While the IMT of VO3 can be induced by heat, this
transition can be also initiated or altered by strain,®!9-22
electric current,?> 2> by doping with different metal
ions,?27 by THz radiation®® and by light.2?3* The in-
vestigation of ultrafast photoinduced processes in phase-
change materials is of special interest since methods of
ultrafast spectroscopy can potentially track electron and
phonon lattice dynamics separately. Existing theoretical
models provide a satisfactory description of ultrafast dy-
namics of photoexcited VO4.3>37 However, these mod-
els also reveal the great complexity of the problem, and
the general picture of evolution for electronic and lat-
tice subsystems is still poorly understood. The problem
of the nature of photoexcited states remains open. In
most cases, experimental and theoretical studies assume
for simplicity only the photogeneration of dense electron-

hole plasma but neglect the possibility of excitonic and
polaronic states in VOg.

As shown in numerous works,??3%74% the photoinduced
IMT in VO depends on incident light intensity, wave-
length, and also on film crystallinity, structural defects,
and internal strain. Recent studies indicate that the ul-
trafast structural phase transition (SPT) is likely to be
triggered by a screening of electron correlations on the
sub-picosecond scale.?4:36:46:47 The study of ultrafast re-
sponse in VO, by Mayer et al.?® shows that the sub-
picosecond nonthermal IMT of VO can also be induced
by a strong THz pulse. Since the THz excitation does not
produce direct photodoping, the proposed model of the
IMT involves carrier tunneling in the presence of strong
THz field. We note that the utilization of strong THz
field for triggering and monitoring the IMT in VOg is
of special interest since it can provide new information
about bonded electronic states, cooperative effects and
the possible presence of polaronic states,'%48 and their
role in structural and electronic properties of VOs.

In this paper, we demonstrate a comprehensive ap-
proach describing the pathways of photoinduced first-
order structural transition in VO, versus optical exci-
tation level, material strain, morphology and structural
defects. The discussion starts by presenting a semi-
classical computation (Sec. II) of vibration density of
states and adiabatic relaxation of kinetic energy on the
sub-picosecond time scale. We apply a method of molec-
ular dynamics (MD) which neglects electron-electron cor-
relations and, therefore, simulates the actual case of pho-
toinduced screening of the correlations. In order to better
understand the results of MD computation and to find
relations between different degrees of freedom of ultra-
fast structural dynamics, we performed the experimen-
tal study of VO3 with techniques described in Sec. III.
In Sec. IV we report on the experimental results of
time-resolved transmission, reflection and angle-resolved
light scattering within nanosecond, picosecond and sub-
picosecond time scales. We show a noticeable influence
of photoacoustic strain on nonlinear optical (NLO) dy-
namics of VO3 on the nanosecond time scale. Then, ap-
plying time-resolved light scattering technique, we ob-
serve grain-size-dependent phase transition on the sub-



picosecond time scale at different levels of optical ex-
citation. The dynamics of photoinduced SPT shows a
considerable anisotropy for epitaxial VOq film due to in-
fluence of the misfit strain. The evolution of excited state
depends on size of VO5 grains/domains and on concen-
tration of structural defects. In Sec. V we summarize our
experimental data and present a phenomenological model
of ultrafast structural dynamics of VO3. Our modeling
is based on the numerical integration of the equation of
motion for the effective displacement of lattice ions in
terms of Ginzburg-Landau formalism.

II. SUB-PICOSECOND MOLECULAR
DYNAMICS

Recent progress in experimental and theoretical stud-
ies of phase transition in VO, evidences that the screen-
ing of electron correlations is a key factor which trig-
gers the SPT.12:18,34,36,46 Photoinduced metallization of
VO3 occurs during the light pulse interaction, showing
Mott-type behavior with possible band-gap collapse on
a timescale less than ~60 fs.%6*? Nevertheless, the total
structural transformation of VO, lattice from monoclinic
to rutile symmetry is slower with durations ranging from
~80 fs to several hundred femtoseconds®® or even sev-
eral picoseconds,’®°1:°* depending on the level of opti-
cal excitation, wavelength, and morphology of the sam-
ple. In this context, the transient lattice distortion can
be modeled by using semi-classical computational meth-
ods of molecular dynamics (MD) which neglect electron-
electron correlations. We note that the MD method does
not permit computation of exact lattice dynamics during
SPT, but provides a meaningful estimation of quantita-
tive parameters of these dynamics (i.e. root-mean-square
(rms) atomic displacements, vibrational density of states,
kinetics of energy relaxation, etc.).

To compute the MD we used the QuantumWise soft-
ware package®. The method of MD employs Born-
Oppenheimer approach with semi-classical ReaxFF (re-
active force field) potential which describes interactions
between all atoms.’®®>7 This approach significantly re-
duces the computation cost and allows analyzing large
atomic clusters. ReaxFF potential consists of various po-
tential energy functions, including Coulomb and van der
Waals interactions, which provide accurate descriptions
of bond breaking and bond formation. A full descrip-
tion of these functions can be found in Ref. 56. Each
ReaxFF function is based on an appropriate many-body
expansion and is obtained from solving the Schrédinger
equation for fixed positions of the nuclei.?®

The ReaxFF method retains nearly the accuracy of
quantum mechanical calculations.’®®” However it ne-
glects electron-electron correlations.  Therefore this
method is very promising to simulate the lattice dy-
namics for the case when electron-electron correlations
are screened by photoexcitation of a dense electron-hole
plasma.
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FIG. 1. (a) The time evolution of kinetic energy and effective
transient temperature T* for pure monoclinic VO2(M1) and
for structure with 2.5% of oxygen vacancies (VO2(M1)+2.5%
O vac.) at T=15 K and for rutile VO2(R) at T=385 K. (b)
Kinetic energy and T for VO2(M;) at T=313 K. The enve-
lope is shown by dashed lines for VO2(M7) at t >20 fs.

VO, is a strongly-correlated oxide and electron corre-
lations play an important role in stabilization of the low-
T monoclinic VO lattice. The semi-classical method of
MD provides rather an estimation than the actual trajec-
tory of the lattice transformation, where the final struc-
ture corresponds to an equilibrium uncorrelated structure
of VOg which is neither monoclinic nor rutile. Therefore,
taking the real ’correlated’ structure of VO3 as the input
for MD calculations, we obtain the evolution of corre-
lated to uncorrelated VOq structure. The method of MD
does not use an external ’excitation’. To apply the con-
cept of MD, we assume that the ultrafast photoexcitation
produces only screening of electron-electron correlations,
while all other physical characteristics of VO5 remain un-
changed.

Upon photoexcitation of VOs, the lattice transforma-
tion within sub-picosecond time scale is considered as
an adiabatic process, where the energy exchange with
the surroundings is neglected. As the input parameters
for MD calculation we use only the initial temperature
and cluster of vanadium and oxygen atoms constructed
according to VOq lattice parameters. Initial velocities
of atoms were set according to the Maxwell-Boltzmann
distribution, and the calculation was performed for adi-
abatic relaxation with constant number of particles, vol-
ume and total energy of the system.

To model the photoinduced lattice dynamics, the ini-
tial lattice parameters of the monoclinic VOy(M;) unit



cell were taken from experimentally obtained data in
Ref. 5: a,;,=5.7517 A, b,,=4.5378 A, ¢,,=5.3825 A, the
angle between a,, and c¢,, axes is [3,,=122.646°. The
MD computation was performed for a VO3 (M) cluster
of 20,217 atoms at temperatures T=15 K and 7T=313 K.
In order to reduce the random component of atomic mo-
tion, the main calculations were performed for T=15 K.
To estimate the influence of oxygen vacancies on MD, ad-
ditional calculations were performed for a VOo(M7) clus-
ter with 2.5% of vacancy defects randomly distributed
inside the lattice. The 2.5% oxygen deficiency is close to
the stability limits for the VO, structure. To compare
MD of monoclinic VO3 (M;) and rutile VO3 (R), we also
calculated MD for a VOq(R) cluster of 49,152 atoms at
temperature T=385 K, slightly above the T, point. Crys-
tal structure parameters for rutile VOg(R) were taken
from Ref. 6 (a, =4.53 A, b,=4.53 A, ¢,=2.869 A).

The computational study of adiabatic lattice dynam-
ics reveals significant instability of the VOq lattice with
monoclinic symmetry, while the rutile phase was found to
be relatively stable. Fig. 1(a) shows the time evolution
of kinetic energy FEy;, and effective transient tempera-
ture T* for VOo(M;) and VO2(R). The temperature T*
was calculated from kinetic energy through the equation
Eiin = 3/2NkpT*, where N is the number of atoms
and kp is Boltzmann constant. A comparison of kinetic
energy evolution for monoclinic and rutile phases shows
that Ejy;, for VOo(M7) increases within 900 fs by two or-
ders of magnitude, from 45 to 2.29x10% cal/mole, while
for VO2(R) this change is noticeably less. For VO3(R)
Ein changes from 1.15x 103 to 1.05x10% cal/mole: after
a small drop it returns to nearly the same level. The
dynamics of VO3(M;) is more pronounced, and increase
of the temperature from T'(0 fs)=15 K to T'(0 fs)=313 K
[Fig. 1(b)] does not noticeably affect the relaxation ki-
netics, but results in an increase of the final average level
of Ejin to 2.7x10% cal/mole (T*=905 K).

A significant difference in the relative change of Ey;p,
for correlated low-T monoclinic phase and for non-
correlated high-T rutile phase was a priori expected as
the result of photoinduced screening of electron correla-
tions, and eventually reliably confirmed by the ReaxFF-
based MD simulation. Thus, a screening of Coulomb
repulsion for non-correlated rutile VOy does not provide
a considerable change of Ej;,, while for the correlated
low-T" monoclinic phase the screening results in instanta-
neous rise of kinetic energy followed by lattice instability.
Also, this indicates that the electron correlations in the
low-T' phase are the major factor in stabilizing the VOo
monoclinic symmetry.

The envelope of Ey;,(t) for t >20 fs in Fig. 1 can be ap-
proximated by the function Fo+ E; exp(—t/7), where Ey
and FE; are fitting constants and 7 is a characteristic re-
laxation time. The transient dynamics of kinetic energy
shows near-exponential oscillatory decay with 7=120 fs.
This process is associated with elastic phonon-phonon
scattering and randomization of the phase of coherent
phonon oscillations. Moreover, this result strongly sup-

ports the estimation of characteristic time for the reso-
nant elastic scattering of optical phonons on V-V dimers
performed in Ref. 59. The time 7=120 fs is compara-
ble to experimentally observed characteristic time of the
fastest component of the photoinduced structural transi-
tion in VOg, which ranges from ~80 fs to several hundred
femtoseconds.? Therefore, it is very likely that the elas-
tic phonon-phonon scattering in a highly non-equilibrium
environment plays a significant role in the SPT dynam-
ics, triggering the lattice transformation from monoclinic
to rutile symmetry on the sub-picosecond time scale.

The computation of VO3(M;) lattice dynamics at
low-temperature T'(0 fs)=15 K results in an increase of
the effective temperature up to 7*=768 K [Fig. 1(a)]
which is very close to the Debye temperature of VOo
(Tp=750 K).6%61 This fact indicates a possibility of ex-
citation of all vibration modes in high-T VO,%? and,
very likely, it contributes to structural instability of pho-
toexcited low-T phase, even at initial temperature as
low as 15 K. On the observed timescale the average
kinetic energy approaches to Ej;,=2.29x103 cal/mole.
The difference between this energy and the energy which
corresponds to the transition temperature T,.*=341 K
(Erin=1.02x10% cal/mole) is 1.27x10% cal/mole. It
is noted that this value is very close to the latent
heat of the phase transition experimentally obtained by
Ryder® (1.02x10% cal/mole) and by Chandrashekhar
et al.%' (1.12x10% cal/mole). In terms of thermody-
namics, this means that the photoinduced screening of
electron-electron correlations triggers an exothermic re-
action which guarantees the thermally-induced phase
transition of VO, even if the initial temperature of the
sample is near absolute zero.

Time (fs)
0 400 800

S -
N
\\ >
—~ 1
oo
N
\\
L}

— All atoms (V+0O)
—0
, ——V

vio (D)

Normalized
Velocity ACF (arb. u.)
j=)

10

0.4

0.3

5
0.2

0 10 Zb
Velocity (A/ps)

0 100 200 300 400 500

rms displacement (A) |-

0.0 0.1

0

Velocity probability
distribution (%)

Time (fs)

FIG. 2. The computation of molecular dynamics for vana-
dium (V), oxygen (O) and for all atoms (V+0O) of VO2 (M)
at T=15. (a) Velocity autocorrelation function. (b) Velocity
probability distribution within 500 fs (¢) rms atomic displace-
ment.



Additional analysis of the VO3 (M) cluster with 2.5%
of oxygen vacancies shows that the structural defects
slightly increase the kinetic energy released during the
phase transition [Fig. 1(a)], while the nonequilibrium dy-
namics remains nearly the same as for pure crystalline
VOs,. Therefore, it could be expected that the vacancies
facilitate the ultrafast SPT. However, the MD calcula-
tions do not consider an influence of defects on the for-
mation of specific localized electronic states which can
significantly contribute in SPT dynamics. As a result,
the real photoinduced dynamics in VOs with high con-
centration of structural defects can be more complex.

Figures 2(a) and 2(b) show the velocity autocorrelation
function (ACF) and velocity probability distribution for
vanadium and oxygen atoms, respectively. The velocity
ACF shows oscillatory decay within ~500 fs. This be-
havior indicates initial coherent atomic motion, but co-
herency eventually vanishes in ~500 fs. Within this time
scale the rms displacement of all atoms [i.e. weighted av-
erage rms value for V and O atoms, Fig. 2(c¢)] shows some
oscillatory behavior, approaching the value of 0.32 A with
respect to initial position. While the rms displacement
is not, strictly speaking, an order parameter 7. (effective
displacement of lattice ions during photoinduced SPT),
it compares well with the value of 7. = 0.26 A obtained
recently by van Veenendaal for ultrafast SPT in VO,.3”
Therefore, it is reasonable to expect a correlation be-
tween these two values within ~500 fs.

The vibrational density of states (DOS) for the
VO3 (M) cluster was computed by Fourier transform of
the atomic velocities.%3 Figure 3 shows the DOS com-
puted within 1 ps time scale for all atoms and for O-
and V-atoms separately. Additionally, DOS was calcu-
lated for the lattice with 2.5% of oxygen vacancies. The
presence of structural defects results in smearing of sharp
resonance peaks, but the overall spectrum of vibrational
DOS remains the same. MD computation clearly shows
two broad resonances of optical phonons with maxima
at 6.2 THz (25.6 meV) and at 17.7 THz (73 meV). The
VO, lattice oscillations near 6 THz were observed in sev-
eral previous studies.3%:33:39,43,49,64.65 The second reso-
nance was clearly observed by Kiibler et al. in Ref. 32.
Thus, the calculated spectrum of vibrational DOS is fully
supported by experimental time-domain and THz spec-
troscopy data.

III. EXPERIMENT

Several high quality epitaxial and non-epitaxial VOq
films with substantially different morphology, different
thicknesses, domain structure and in-plane oriented crys-
tallites were synthesized. VO films with thicknesses
of 30 nm, 50 nm, 80 nm and 100 nm were grown by
pulsed laser deposition (PLD) technique on amorphous
Si0O5 and single crystal Al,O3 (C-cut and A-cut sapphire)
substrates. An excimer KrF laser with 20-ns pulses of
248 nm wavelength, was used to ablate a rotating metal-
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FIG. 3. Vibrational density of states of all atoms (V40O) and
only oxygen (O) and vanadium (V) atoms. Calculations are
performed for pure VO2(M;) and for VO2(M7) with 2.5% of
oxygen vacancies (V+0O+vac.).

lic vanadium (99.95% purity) target, using ~4 J/cm?
laser fluence. VO films were grown at 30 mTorr pressure
in the PLD chamber, in oxygen and argon atmosphere,
with Oy and Ar flow rates of 20 and 5 std. cm3/min,
respectively. The substrate temperature was maintained
at 550°C.

All samples were prepared at identical nominal con-
ditions using the same protocol of PLD growth. De-
position of VOg on different substrates provided a va-
riety of desired structures and morphologies of the ma-
terial. The VO, films’ phase, crystallographic orienta-
tion, and morphology was determined by x-ray diffraction
(Bruker D8 Discover X-ray diffractometer) and atomic-
force-microscopy (AFM, Park Scientific Instruments, Au-
toprobe CP). Only VOs films with single monoclinic M;
phase at room temperature were selected for the current
study.

The synthesis of VO5 on single crystal sapphire re-
sulted in epitaxial films and relatively low concentra-
tion of structural defects.*?%® These films experience
moderate misfit strain owing to lattice mismatch at the
film/substrate interface.5” % As determined from the
XRD data for VO3 /Al;O3(A-cut), the film’s out-of-plane
orientation is with its b,,, axis normal to the substrate sur-
face. Additional azimuthal ¢-scans of the sample were
performed to determine the in-plane orientation of VOo
crystallites. It was found that the film a,,, axis is normal
to the sapphire c-axis [0001]. Therefore, the ¢,, axis is
also in the film plane.

For VO3 deposited on (0001) Al;O3(C-cut) substrate,
the XRD reflection at 20=39.8° indicated that the (010),,
planes are parallel to the substrate surface. Due to the
three-fold symmetry of sapphire around the c-axis, the



deposited VOs film is twinned, with orientation of the
a.,, axis along three equivalent crystallographic directions
of the substrate as [100],,||[100].41203, [100],,]|[010] 41203
and [100],,||[110] a;203.*?

VO, films deposited on SiOs show only out-of-plane
orientation, and are expected to have higher concen-
tration of oxygen vacancies and other structural de-
fects. The strong reflection observed at 20=27.98° for
VO, /SiO indicated that the (011),, plane is parallel to
the substrate.

In the present study, the VO films deposited on
Aly03(C-cut) and SiO2 substrates were used to observe
the influence of photoacoustic excitations and structural
defects on SPT. The 50-nm-thick VO3 /Al,O3(C-cut) film
was used to monitor fluence-dependent evolution of SPT
on picosecond time scale in order to reconstruct the ther-
modynamic potential of VOs in its nonequilibrium pho-
toexcited state. The VOy/Al;03(A-cut) film was used
to study the influence of misfit strain and structural
anisotropy on SPT dynamics.
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FIG. 4. Experimental setup for ultrafast angle-resolved light
scattering measurements within the hemisphere. BS: beam
splitter; DM: dichroic mirror; GP: Glan-type polarizer; NF:
neutral density filter; F: color filter; L: lens; A/4: quarter-wave
plate; SH: sample holder; PD1 and PD2: silicon photodetec-
tors; RM: removable mirror.

A Spectra-Physics Ti:Sapphire femtosecond laser sys-
tem was used as a source to induce and to monitor the
phase transition dynamics of VO, at room temperature.
The system generates light pulses with A=800 nm wave-
length and 130 fs duration. Owing to the relatively slow
recovery rate of non-epitaxial VOs/SiOy after optical
excitation,”®"" to monitor SPT in these films the rep-
etition rate of laser pulses was set to 200 Hz. To study
epitaxial VOq/Al5O3 films the laser repetition rate was
set to 1 kHz. In this work, we performed different pump-
probe transient reflection, transmission, and light scat-
tering measurements. Depending on experimental geom-
etry, the wavelengths of pump and probe pulses were
A=800 nm or frequency-doubled A=400 nm by a BBO
crystal.

The time- and angle-resolved hemispherical elastic
light scattering (TARHELS) technique was used to study
multiscale dynamics of photoinduced SPT in VOs. The

scatterometer setup is illustrated in Fig. 4. In all scat-
tering measurements, the pump (A=800 nm) and probe
(A=400 nm) pulses are overlapped on the sample surface
at normal incidence and focused to a spot size of 0.7 mm
and 70 pum respectively. To prevent nonlinear interaction
of probe pulse with the sample, its intensity was reduced
by several orders of magnitude compared to pump pulse.
Probe light was linearly polarized by a Glan-type prism
GP. The polarization of pump pulse was set circular by
quarter-wave plate A/4. A computer-controlled optome-
chanical delay line was used to set a time delay ¢ between
pump and probe pulses with a resolution of 10 fs. Sam-
ples were placed at the focal point of the custom-built
metallic elliptical mirror with 20-cm diameter aperture.
The mirror was used to collect scattered light within the
whole hemisphere over the sample surface and to project
the image to a 16-bit charge-coupled device (CCD).™
Color filter F was used to filter out the pump wavelength
light from the recorded image. Obtained scattering pat-
terns were recalculated into indicatrices of Bidirectional-
Scatter-Distribution-Function (BSDF) versus polar 6 and
azimuthal ¢ angles or spatial frequency f of the surface.
BSDF is the function with close resemblance to surface
power spectral density, and it can be used for the surface
analysis within ”scatter prediction” approach.™ Two am-
plified silicon detectors PD1 and PD2 were used to mon-
itor transient total integrated scattering and reflection
correspondingly. Detectors are conjugated with a gated
data processor.

IV. RESULTS AND DISCUSSION

The light-induced SPT in VO3 is a complex process
which depends on excitation wavelength, fluence and
sample morphology. A laser pulse with fluence above
the phase transition threshold (Fy ~3 mJ/cm?) induces
ultrafast structural transition, accompanied by a notice-
able change of optical and electronic properties of VOs.
Therefore dynamics of the SPT can be tracked by moni-
toring transient reflectivity R(t), transmittance Tr(t) or
light scattering I;(t). Fig. 5 shows the typical evolution
of ultrafast light scattering signal (inset) upon photoin-
duced phase transition within ~500 fs and also differ-
ential reflectivity (main panel) within several nanosec-
onds for an epitaxial 50 nm VOgz/Al,O3(C-cut) film.
Rigorous observation of the SPT in different samples
by pump-probe optical techniques allows distinguishing
several characteristic time scales for qualitatively differ-
ent transient dynamics. These are time scales (i) up to
~500 fs, (ii) between 500 fs and ~40 ps,” and (iii) above
~40 ps. In the next sections, we discuss the SPT and spe-
cific optical response for each timescale. We will address
first the dynamics (iii) in Sec. IV.A, then (i) in Sec. IV.B
and IV.C, and finally (ii) in Sec. IV.D.
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FIG. 5. Evolution of transient differential reflectivity

AR(t)/Ro upon photoinduced phase transition of epitaxial
50-nm VO32/Al203(C-cut) film at different levels of optical
excitation. Ry is the reflectivity of an unperturbed sample,
AR(t) = R(t)— Ro. The wavelengths of the optical pump and
probe pulses are 400 nm and 800 nm, respectively. The inset
shows transient differential signal Al (¢)/Io of light scattering
integrated within the hemisphere. Iy is the scattering signal
of the unperturbed sample, Al (t) = I,(t) — Io.

A. The role of photoacoustic excitations in phase
transition dynamics on nanosecond time scale

Using VOs films with different thicknesses and mor-
phologies, it is possible to enhance and monitor specific
nonequilibrium processes. The transient reflection and
transmission both provide essentially the same informa-
tion about the photoinduced phase transition in VOs.
For 50 nm VO3/Al;O3 film, the differential signal of
transient reflection is much stronger as compared to the
transmission. Therefore, to obtain higher signal-to-noise
ratio, the NLO dynamics for this sample was studied in
reflection geometry. On the other hand, for thicker, 100
nm VO2/SiO9 film, the interference effects introduced
some artefacts into the reflection signal. Therefore, for
this sample reliable information about the phase transi-
tion dynamics was obtained from transmission measure-
ments.

Figures 5 and 6 show a significant difference between
two NLO processes for the nanosecond time scale, for
50-nm thick epitaxial VO2/AlyO3 and for non-epitaxial
100-nm thick VO3/SiOy films. It was found that the
VO, /Al;03 film switches into the metallic phase rapidly
without noticeable posterior dynamics at F=15 mJ/cm?.
The recovery process back to insulating phase starts at
~1.3 ns, as the laser fluence drops to 5.5 mJ/cm?. The
photoexcitation of 100 nm thick VO3 /SiOs film shows
more complex dynamics [Fig. 6(a)].

A similar behavior of the optical signal for VO3/SiO5
and VO3/Al503 films was found within several picosec-
onds after optical excitation. The NLO response within
1 ps for thinner (50 nm) VO3/Al;03 film was reliably

observed only at F© > 3 mJ /crr127 while at lower flu-
ence the increased noise significantly affected the mea-
surement accuracy. For 100-nm-thick VO3/SiOy film
the NLO response was much stronger. By plotting the
NLO signal at 1 ps delay versus pump fluence for this
sample, it was possible to derive accurately the thresh-
old fluence Fj, required to initiate the ultrafast SPT in
VO3 material.*® Thus, Fig. 6(b) shows the normalized in-
stantaneous change of transmittance |[ATr(1ps)/Tr(0)|,
where the increasing optical excitation contributes to the
rise of the optical transmission starting from a fluence
of 3 mJ/ecm?. This specific optical response indicates a
qualitative change in NLO dynamics of VOs. As shown
by O’Callahan et al®, the threshold F, can vary for
different VO, samples within a short range: from 2 to
6 mJ/cm? and, according to the literature3! 33:50:54.75,
the fluence of 3 mJ/cm? compares well with the threshold
values for the ultrafast phase transition in VOs. There-
fore, in this study, we assume that the observed quali-
tative change of NLO signal at fluence Fy=3 mJ/cm? is
related to the threshold of sub-picosecond SPT of VOs.

At F <3 mJ/cm? the sub-picosecond NLO signal
|AT'r(1ps)/Tr(0)| is nearly constant. Presumably, in this
case the NLO response is related to photogeneration of
dense electron-hole plasma in the film. However on longer
(picosecond) timescale the transient transmission shows
a decrease within first 200 ps [Fig. 6(a)], associated with
the SPT.

Figure 6(a) shows a striking difference in the path-
ways of phase transition dynamics for VO5/SiOs below
and above F'=6 mJ/cm? pump level. At lower excita-
tion, the system recovers back into the initial insulating
phase within several nanoseconds, while at higher excita-
tion the recovery process does not start on the observed
timescale, and the film is continuously switching into its
metallic state. This transition is associated with nucle-
ation and growth of metallic phase inside of photoexcited
monoclinic VO,. Moreover, above F=6 mJ/cm? the to-
tal SPT dynamics does not depend much on excitation
level, and the full recovery of the system occurs on mi-
crosecond time scale, as shown in Fig. 6(c) for the fluence
9 mJ/cm?.

Figures 6(a) and 6(c) show that the increase in the
excitation level above 6 mJ/cm? to 9 mJ/cm? increases
the characteristic recovery time 7z by more than two
orders of magnitude: from 7g=1.5 ns (F=1.5 mJ/cm?)
to 7r=200 ns (F= 9 mJ/cm?). This evidences the ma-
jor contribution of heat to the SPT on a nanosecond
time scale at pump fluence above 6 mJ/cm?: the heat
increases the film temperature above T, and, therefore,
stabilizes the metallic phase. As a result, the recovery
time depends only on heat sink into the substrate within
several microseconds. However, it is very likely that at
laser excitation below 6 mJ/cm? the average tempera-
ture of the film does not reach 7, point and the system
recovers rapidly, within several nanoseconds. We note
that the repetition rate of the laser pulses was reduced to
200 Hz for all measurements of non-epitaxial VO3 /SiO4
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FIG. 6. Nonlinear optical dynamics of 100 nm VO2/SiO> film. (a) Transient transmittance of the film upon optical excita-
tion. Numbers specify the laser pump fluence in mJ/cm?. Cray arrows show two distinctly different directions of relaxation
kinetics for the fluence below and above 6 mJ/cm?. The dashed curve is a fit using Eq.(1). (b) Magnitude of relative change
|ATr(1ps)/Tr(0)| of transmittance at 1 ps delay, where ATr(1ps) = Tr(1ps) — Tr(0). (c) Transient transmittance showing
recovery of VO32/SiO2 film into insulating phase at different levels of optical excitation. The oscillatory part of the signal at
F=1.5 mJ/cm? fitted (dashed curve) by Eq.(1). The signal on the right panel was obtained by using a continuous wave laser
source. (d) AFM topography of 2.6x2.6 pm? area. The lower panel shows a cross-section of the AFM image corresponding
to the dashed line in the image. (e¢) Two consecutive measurements of transient transmittance within the same area of the
sample, confirming a pronounced oscillatory behavior. Dashed curves show the fit to equation Ay — A2|sin(27vt + o).

film. This rate was sufficient to provide complete heat At the fluence F=2.0 mJ/cm? the frequency of os-
sink to the substrate and to prevent any possible accu-  cillations decreases to v=7x10® Hz [Figs. 6(a)]. This
mulation of the heat in the film during the repetitive low-frequency oscillatory response is difficult to associate
excitation of the sample. with acoustic waves propagating in normal direction to

The NLO dynamics of VO3 /SiO2 shows the complex the film surface. Additional contribution into oscillatory
behavior. For F=1.5 mJ/cm? [Fig. 6(c)] it was possible dynamics can be produced by acoustic waves propagating
to resolve oscillations with frequency v=4x10° Hz and  in lateral direction. According to AFM data [Fig. 6(d)],
with impulse response: the grain size in the film ranges from 0.2 pm to ~1 pm.
Rough estimation shows that the acoustic wave with

Tr(t) = Ao+A[1—exp(—t/7r)|+ Az sin(2mrt+epo), (1) v=7x10% Hz can be excited within a large grain of size

where Ay, A1 and A, and time 7 are fitting constants 1-2 pm.

and (g is the initial phase. Taking into account relatively In some areas of the film we observed a strong oscilla-
low frequency of observed oscillations, the oscillatory sig-  tory signal with v=8x10°® Hz and with 2% modulation
nal was assigned to photoacoustic material response. of the sample transmittance, as shown in Fig. 6(e). The
The speed of the acoustic wave propagating across  signal is proportional to Ag — Aa|sin(27vt + ¢p)|. This
the film of thickness d can be estimated using the fol- distinct behavior may be assigned to photoacoustically
lowing equation:"®7® v = 4dv. For d=100 nm and  driven ferroelastic SPT, where a standing acoustic wave
v=4x10° Hz, one obtains the speed v=1600 m/s. This modulates the strain field in the large VOq grain.
value is less than half the speed of sound in single-crystal Obtained experimental data allows describing the

VO, (v=4000 m/s).” Such a large difference can be re-  light-induced SPT of VO, in terms of the free energy dif-
lated to an amorphous structural component of the film ference AG between insulating and metallic phases. The
as well as to possible change of mechanical properties of  potential barrier AG is a function of temperature Ty at
VOs; in its photoexcited nonequilibrium state. the phase boundary and actual temperature 7', molecu-



lar latent heat g, number of molecules IV, pressure p and
specific surface energy o, and can be expressed as®’

AG = —(Ngq/T)AT—NkgT In(p/po)+NAu+oAs, (2)

where AT =T —Tp, As is the surface area of nucleating
grain, domain or cluster, Ay is the chemical potential
related to the difference in the bonding of VO3 molecules
for metallic and insulating phases; pg is the equilibrium
pressure at the thermodynamical phase boundary.

Heat and strain significantly contribute to SPT on the
nanosecond time scale via changing AG. Equation (2)
provides a straightforward explanation of this dynam-
ics. While the first term of Eq.(2) is related to the
conventional contribution of heat, the second term is re-
lated to the photoinduced pressure and strain in the film.
The photoexcitation decreases the binding energy differ-
ence NAyp, increases lattice temperature via electron-
phonon and phonon-phonon scattering, generates acous-
tic phonons and, as a result, alters AG producing the
SPT on the nanosecond time scale.

Since VO4/SiOs is a non-epitaxial film and is expected
to have relatively high acoustic impedance and high ther-
mal boundary resistance,”® generated acoustic phonons
should be confined inside the film and do not propa-
gate into the substrate on the monitored nanosecond time
scale. As a result, these phonons provide significant con-
tribution into ferroelastic SPT. In contrast to VO3 /SiOa,
for epitaxial VO5/Al503 films the photoacoustic response
was not observed clearly due to lower acoustic impedance
[see Fig. 5]. Owing to epitaxial nature of VO3/Al;03,
phonons leave the film volume rapidly without noticeable
acoustic modulation of the optical properties. Neverthe-
less, a recent observation of phonon dynamics in an epi-
taxial VOq/AlyO3 film by Abreu et al.®' shows that the
lowering of the sample temperature increases the signal-
to-noise ratio and provides reliable detection of acoustic
phonons.

B. Grain-size-dependent sub-picosecond phase
transition dynamics in the presence of anisotropic
internal misfit strain

As shown above (see Fig. 6) the strain field produced
by photoacoustic wave in VO plays an essential role in
the light-induced SPT on the nanosecond time scale. Ac-
cording to recent studies of ultrafast light scattering,3?%3
the influence of internal strain on the sub-picosecond
SPT dynamics of VOg is also significant. In order to
obtain new information about how internal strain affects
the femtosecond SPT, we used a 80-nm-thick epitaxial
VO3 /Al;03(A-cut) film with anisotropic misfit stain.

Since the VO film was deposited in its rutile phase,
because of the growth temperature employed, the mag-
nitude of misfit strain in the film can be obtained by
considering the lattice mismatch between VO3(R) and
sapphire AloO3(A-cut) substrate. The sapphire A-plane
represents the cross-section of the unit cell along [0001]
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FIG. 7. (a) Scattering indicatrix for unexcited VO2/Al2O3(A-
cut) film. Arrows show the orientation of a., and c,, axes of
VO3 (Mj1). (b) 5x5 um? AFM topography of VO2/Al203(A-
cut) film. The average lateral size of grains is 175 nm and
rms surface roughness is 4 nm. (c) BSDF(f) cross-sections
at =75° at t=0 fs and at t=720 fs after photoexcitation;
F=12 mJ/cm?. (d) Transient change ABSDF(t)/BSDF(0) of
the scattering signal upon light-induced phase transition at
F=12 mJ/cm?, where ABSDF(¢)=BSDF(¢)-BSDF(0).

and [1100] directions with respective values cgqpn and
V3asaph , where csapn = 12.993 A and agqpn = 4.759 A3
These distances are large in comparison with the VO3 (R)
lattice parameters, but accommodation occurs by multi-
ples of the a, and ¢, parameters. Corresponding to the
substrate [0001] direction it is noted that csapn =~ 3ar,
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with a lattice mismatch of approximately —4.4 %. Corre-
sponding to the substrate [1100] direction, \/gasaph =~ 3¢,
with a lattice mismatch of —4.2 %. Both of these values
imply that as the VO3 (R) film grows on the A-cut sap-
phire substrate, it will be compressed in all directions
along its surface. As the film is cooled to room tem-
perature, strains will change, because of (i) the phase
transformation and (ii) film-substrate thermal expansion
mismatch. However, consideration of the VO3 (M;) lat-
tice parameters and their orientation on the sapphire A-
surface shows that the relatively large strain values cal-
culated above will be largely maintained.

To observe the influence of misfit strain on femtosecond
SPT as a function of surface spatial frequency, we per-
formed TARHELS measurements. These measurements
provide spatial resolution of phase transition dynamics
in differently oriented groups of domains, grains, and
clusters.” To avoid experimental uncertainty owing to
polarization-dependent excitation of VOo, we used a cir-
cularly polarized pump pulse.

The BSDF indicatrix of hemispherical light scatter-
ing by VOg3/AlxO3(A-cut) film is shown in Fig. 7(a).
The anisotropy of the scattering pattern is caused by
the texture of the epitaxial film [Fig. 7(b)] which is
highly influenced by the single-crystal substrate. The
photoinduced SPT at F=12 mJ/cm? results in uniform
decrease of light scattering intensity for all spatial fre-
quencies. The cross-sections of the scattering indica-
trix at delay time ¢=0 fs and =720 fs [Fig. 7(c)] show
that the profile of BSDF distribution versus spatial fre-

quency f remains unchanged during the SPT. More-
over, the relative transient change of the scattering signal
ABSDF(t)/BSDF(0) [Fig. 7(d)] does not show noticeable
angular dependence or anisotropy. Thus, despite the epi-
taxial nature of the film, the excitation of the film at laser
fluence F'=12 mJ/cm? produces simultaneous SPT with
nearly the same rate in all VOq grains/domains with dif-
ferent spatial frequencies. These data show uniform and
isotropic SPT at this level of optical excitation. Nev-
ertheless, it was found that the SPT dynamics changes
dramatically and becomes essentially anisotropic when
the excitation reduces to the levels close to the threshold
Fy.

To enhance the influence of anisotropic misfit strain on
SPT dynamics in VOg grains/domains with different spa-
tial frequencies, the pump fluence was set near the thresh-
old Fy, at F=7 mJ/cm?. As shown previously,3?:33:43,65
the photoexcitation of VO5 with relatively low fluence re-
sults in activation of coherent phonon mode at ~6 THz.
This allows us to observe clearly the influence of film mor-
phology on amplitude and evolution of these oscillations.

Transient change of the scattering signal
ABSDF(t)/BSDF(0)  obtained  for  the same
VO3 /Al,03(A-cut) film shows strong oscillatory

behavior [Fig. 8(a)] associated with photoexcitation
of active Raman modes in monoclinic VOs due to
stretching and tilting of V-V dimers.32:33:43:64.65 Tp the
central part of scattering indicatrix, the amplitude of
oscillations is relatively high, but it decreases at larger
polar angles and the transient signal decays rapidly. Due
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FIG. 9. (a) The Fourier transform of the oscillatory compo-
nent in the scattering signal for different spatial frequencies.
(b) The thermodynamic potential of photoexcited VOz. @
is altered by internal strain in the film. Strain contributes
in additional positive d¢1 or negative d¢2 component of the
potential ®. Dashed arrows indicate the initial energy of the
VO, system right after photoexcitation. Here the same level
of photoexcitation switches the grains/domains with different
thermodynamic potential into different excited states.

to epitaxial orientation of the film, oscillatory response
of grains/domains contributes to symmetric diffraction
pattern outlined by dashed rhomb in the center of
scattering indicatrix.

The cross-section of the ABSDF(¢)/BSDF(0) indi-
catrix at two azimuthal directions ¢=215° and ¢=0°
[Fig. 8(b)] reveals anisotropy in the evolution of coher-
ent lattice oscillations which accompany the SPT. The
dashed line in the figures separates two mainly different
areas for the SPT process. Taking into account the es-
sentially nonlinear dynamics of photoexcited VOg, the
dashed line defines a set of time points when the char-
acter of structural dynamics changes qualitatively. For
VOsq structures with higher spatial frequencies the SPT
occurs faster, while for structures with f < 1.95 pym™!
at p=215° and f < 1.2 um~! at ©=0° a monotonic
phase transformation does not start on the monitored
timescale. This behavior evidences the size-dependent
and anisotropic SPT dynamics, which rate depends on
size and orientation of VOq grains/domains in the film.

The oscillation of ABSDF(t)/BSDF(0) for larger crys-
tallites is anharmonic and contains several oscillatory
modes [see f=1.0 um~" in Fig. 8(c)]. However for smaller
grains [see f > 1.5 um~1! in Fig. 8(c)] the oscillations be-
come harmonic. The Fourier transform of the oscillatory
component for the scattering signal at f=2.3 um~! shows
a single frequency centered at vp=6.1 THz [Fig. 9(a)],
while for lower spatial frequency f=1.0 um~! the Fourier
spectrum is more complex.

The strong dependence of ABSDF(¢)/BSDF(0) oscil-
lations versus spatial frequency is attributed to the influ-
ence of the misfit strain on thermodynamic potential ®
of photoexcited VOs. The detailed description of this po-
tential will be given in Sec. IV.D. Different strain in VOq
grains/domains of different size and orientation alters ®
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FIG. 10. (a) Transient change ABSDF(t)/BSDF(0) of the
scattering signal at ¢=250° versus spatial frequency of sur-
face relief; F=6 mJ/cm? (b) Upper panel: the cross-
sections of the data mapped in (a) along the time axis
marked by dashed lines. Lower panel: the oscillatory part
of ABSDF(¢)/BSDF(0) obtained by high-pass filtering of the
signal at f=2.46 ym~" (circles). Solid line is the fit to equa-
tion A sin(27vt 4+ o) with v=11.2 THz.

as shown in Fig. 9(b). As a result, the same level of pho-
toexcitation switches these grains/domains into different
excited states. In consequence, nonequilibrium dynamics
of VO3 becomes grain-size-dependent.

It is important to note that at certain scattering an-
gles we were able to resolve oscillations with nearly dou-
bled frequency ~2vy. Figure 10(a) shows TARHELS
data obtained at F=6 mJ/cm?, at azimuthal direction
»=250°, for the same VO3/AlyO3(A-cut) film within
f=1.8-25 pm~!. The observed oscillations are local-
ized at certain spatial frequencies and represent nonequi-
librium dynamics of certain groups of VO, grains. The
cross-sections of Fig. 10(a) at different spatial frequencies
[upper panel of Fig. 10(b)] show noticeable oscillatory
behavior of the transient signal at f=2.12, 2.24, 2.264,
and 2.46 pum~'. The lower panel of Fig. 10(b) shows
the oscillating part of the signal at f=2.46 ym~!, which
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11. Ultrafast light scattering by VO2/SiO2 at F=15 mJ/cm?. (a) log(BSDF) indicatrix of the unperturbed sample. (b)

Relative change ABSDF (t)/BSDF(0) of the scattering signal upon light-induced SPT. Dashed circle separates two regions with
different nonlinearity. (c) BSDF and power spectral density (PSD) of the surface obtained by the cross-sections of scattering
indicatrix at p=0°. PSD was calculated using Elson’s theory.®” (d) Same as (c) for f=2.3-2.5 yum™".

can be approximated by the function Agsin(27vt + ¢o)
with »=11.2 THz. The obtained frequency of 11.2 THz
is nearly doubled frequency of the active Raman mode
shown in Fig. 9(a). We note that similar oscillations with
the frequency ~2vg were previously resolved by multiter-
ahertz spectroscopy® (12 THz) and by transient reflec-
tivity technique*? (10 THz).

C. Sub-picosecond phase transition in the presence

of structural defects

The influence of structural inhomogeneities on tran-
sient optical properties was observed for 30 nm thick
non-epitaxial polycrystalline VO5/SiOs film. In contrast
to epitaxial VOq/Al;05(A-cut) film, for VO3/SiO2 the
oscillations of scattering signal were not resolved. It is
very likely that the oscillatory signal is suppressed ow-
ing to fluctuation of the initial phase of lattice oscilla-
tion in different grains and domains, because of signifi-
cant randomness in orientation and distribution of VO
grains on the surface, as well as the relatively high con-
centration of structural defects in the non-epitaxial film.
At a laser excitation well above the transition threshold
(F=15 mJ/cm?) the scattering signal shows the mono-
tonic rise at § >70° (f >2.35 um~1!) [Figs. 11(a), 11(b)].
We note that a similar rise of the signal was observed also
for epitaxial VOq/Al;03(A-cut) film [Fig. 7(d)], how-
ever with much lower relative intensity. This behavior
is different from the dynamics at lower optical excitation
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shown in Figs. 8 and 10, and is not related to coherent
excitation of optical phonons. As will be shown below,
this signal originates from growing optical inhomogeneity
in the film.

Taking into account the evolution of the dielec-
tric constant during the IMT from &; ~7.4+i5.5 to
€m ~4.7+i5.46 for probe wavelength A=400 nm,®> the
scattering cross-section of VOg should decrease by ~35%.
This estimation is consistent with ~20% drop of the
scattering signal in Fig. 7(d). We note that the opti-
cal constants significantly depend on film morphology
and concentration of structural defects, and the scatter-
ing signal can decrease by a low percentage only. Nev-
ertheless, at excitation levels well above the threshold
Fy, light scattering cannot increase for pure VO, and
does not show any signature of ”transition opalescence”
on the sub-picosecond time scale, as shown in Refs. 82
and 86. However, Fig. 11(b) and the cross-sections
[Figs. 11(c), 11(d)] of the scattering indicatrix [Fig. 11(a)]
at different time delays show the rise of the scattering sig-
nal above f=2.35 um~! (§ =70°). This behavior can be
interpreted as a consequence of increased local optical in-
homogeneity in the film, and cannot be assigned to the
uniform change of dielectric constant as VOs switches
from an insulator to metal.

The transient optical inhomogeneity can originate from
several major factors: from structural defects of vana-
dium dioxide and inhomogeneous nucleation of VO, sites
or from film twinning and geometrical reconstruction of
the surface. As shown above [Figs. 7(c), 7(d)] and in



Refs. 82 and 86, the ultrashort light pulse induces uni-
form SPT in all VO4 grains of the thin film and does not
modify the surface morphology on the picosecond time
scale. Therefore, it is proposed that the most probable
origin for the transient increase of scattering signal at
the relatively high optical excitation of F=15 mJ/cm?
is the presence of structural defects (presumably oxi-
gen vacancies) in smaller grains with spatial frequencies
f >2.35 yum~1.

The non-epitaxial growth of VOs on SiO; substrate
results in a quite disordered structure with numerous
oxygen vacancies and other point-like defects. The con-
centration of structural defects is higher in the small-
est grains of the film,® and it is very likely that the
grains with f >2.35 ym™"! also contain inclusions of VO,,
(1 < 2 < 2.5) oxides,* other than VO,. Thus, VO,
would undergo the phase transition upon light illumina-
tion, while VO, would remain in the same phase or show
different nonlinear optical response as compared to VOs.
As a result, the system disorder rapidly increases as the
VOs grains with high concentration of structural defects
are switching into the metallic phase.

The MD calculations show that the presence of oxygen
vacancies does not noticeably alter the kinetics of SPT
[Fig. 1(a)]. This is consistent with experimental data
obtained for non-epitaxial VO2/SiO2 film with higher
structural disorder [Fig. 11], as compared to epitaxial
VO3/Al;03 [Fig. 7). Thus, the complete phase transi-
tion in VO2/SiO2 occurs within the same timescale of
~500 fs, as in the case of VO3/Al;03. The phase tran-
sition rate within the full monitored range of spatial fre-
quencies of the VO5/SiO2 film was found to be nearly
same. However these films, in contrast to epitaxial films,
contain highly disordered structures with f > 2.35um™!,
where the transient signal rises up and has significantly
increased noise [Fig. 11(d)]. It is very likely that this
noticeable noise component is a signature of alteration
of thermodynamic potential ® and SPT trajectories by
structural defects in the smallest VO5 grains with em-
bedded VO, sites.

D. Picosecond lattice relaxation and
thermodynamic potential

In this section, we discuss the nonequilibrium dynam-
ics on a ~40 ps time scale and perform quantitative re-
construction of the VO3 thermodynamic potential ver-
sus photoexcitation level. For this study we used an
epitaxial 50 nm VO3/Al;O3(C-cut) film which absorbs
75% of incident radiation and is sufficiently thin for uni-
form photoexcitation. Figure 12(a) shows typical tran-
sient reflectivities of the film at three different excitation
levels: 4 mJ/cm?, 6 mJ/cm? and 27 mJ/cm?. The in-
set shows an AFM image of the sample surface, which is
more uniform than the VO3 /SiO4 sample [Fig. 6(d)]. The
observed NLO response has two distinctive components:
instantaneous change of reflectivity within ~500 fs and
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posterior evolution on picosecond time scale. While these
two components were observed previously in numerous
studies,3143:50:90 most of the attention has centered so far
in the femtosecond response of VO5. Both components of
NLO signal are related to light-induced phase transition
in VO3 grains, domains and/or clusters. We also found
that the slower (picosecond) component completely van-
ishes when the laser fluence exceeds ~30 mJ/cm?. This
result agrees with data obtained in Ref. 43.
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FIG. 12. (a) Transient change of VO2/Al;O3(C-cut) reflec-
tivity within 40 ps at different levels of optical excitation.
Dashed curves are the exponential fit. Inset: 5x5 ym? AFM
image of VO2/Al203(C-cut) sample. The average lateral size
of grains is 250 nm and rms roughness is 14 nm. (b) The relax-
ation rate for picosecond component of photoinduced phase
transition versus laser pump fluence.

Taking into account observed NLO dynamics at differ-
ent levels of optical excitation, we assume that at rela-
tively low laser fluence, much below 30 mJ/cm?, not all
VO, sites (i.e. domains, grains or clusters) are switched
into the complete metallic rutile phase within ~500 fs.
However their number increases with the pump level.
As a result, the relative change of reflection [Fig. 12(a)]



or transmission [Figs. 6(a), 6(b)] also increases with the
pump fluence. The rest of the VO, sites, which are not
switched by light within ~500 fs are still in monoclinic
but nonequilibrium excited state. These sites can un-
dergo the SPT on longer time scales, where the first-
order transition is mainly triggered by electron-phonon
and phonon-phonon scattering processes. These pro-
cesses contribute into nucleation and growth of new rutile
phase.??

The slower (picosecond) nonequilibrium dynamics of
VOo within ~40 ps depends on laser excitation level.
However, we did not find a noticeable dependence of the
relaxation rate versus film thickness for different samples,
as well as we did not detect oscillations of optical signal
which could be assigned to acoustic phonon contribution
on this timescale. In Ref. 74, Brady et al. also found
that the phase transition dynamics within 40.5+2 ps time
scale is independent on sample morphology.

The structural transformation within several picosec-
onds involves electron-phonon and anharmonic phonon-
phonon scattering processes which allow overcoming the
potential barrier AG(F') between insulating (monoclinic)
and metallic (rutile) phases. Increasing pump fluence de-
creases the difference NAy in binding energy for these
phases and, as a result, reduces the barrier. The relax-
ation rate for the picosecond component of SPT is deter-
mined by equation®°

7_71

=15 ' exp(—AG(F)/kgT), 3)

where 7 is the characteristic relaxation time and 7 is the
shortest detectable relaxation time for this component of
the SPT.

In this study, we performed a series of pump-probe
measurements of VO dynamics at different levels of op-
tical excitation and then derived the time 7 by an expo-
nential fit of experimental data. We have obtained the
relaxation times which compare well with the character-
istic times obtained by Wall et al.*? for similar processes
in VO, /SiO, film. The rate 7~ versus pump fluence is
shown in Fig. 12(b). These results can be well approxi-
mated by

1= AFN, (4)

with fitting constants A=1.0x10"2? cm?/(mJ-s) and
N=1.65. The slowest relaxation process, with the rate
771=2.9x10'0 571 was still observed at pump fluence
F=1.4 mJ/cm?, which is slightly below the threshold
Fy for the femtosecond component of I-M PT discussed
above. As the pump level increases to Fj,q,=30 mJ/cm?,
the slower (picosecond) component of NLO signal van-
ishes, providing an upper limit for the rate of SPT
75 '=2.7x10'? s7!. Equations (3) and (4) yield the de-
pendence of the potential barrier on pump fluence

AG(F) = =NkgTIn(F/Fpaz). (5)

Figure 13(a) shows the experimentally derived AG versus
the level of optical excitation. The fitting constant N in
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(4) and (5) can be interpreted as a constant which is
proportional to the degrees of freedom and number of
ions involved in phase transition process.
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FIG. 13. (a) Potential barrier AG(F) between monoclinic

(M) and rutile (R) phases derived from experimental data us-
ing Eq.(5). The inset shows the reconstructed thermodynamic
potential ® as a function of effective ion displacement n for
the unperturbed (dashed line curve) and photoexcited (solid
line curves) VOz. (b) The photoexcitation of VO2 at mod-
erate fluence. The vertical dashed arrow 1 shows the initial
under-barrier energy state of the VO3 system right after pho-
toexcitation. In this case, the interaction of the system with
an optical phonon of frequency wpp results in SPT (shown
by horizontal dashed arrow). The vertical dashed arrow 2
indicates the initial over-barrier photoexcited state of VOa.
Here the additional energy is gained by the ion subsystem via
resonant excitation of Raman modes.

Recently, the phenomenological Ginzburg-Landau
formalism”' was successfully applied to describe the
second-order photoinduced phase transitions in several
phase-change materials.”? 9% In our study we extend this
concept to the first-order SPT in VO, and consider a
thermodynamic potential & which depends on effective
ion displacement 7 as

a(F)2
5 Tty

én‘* + s,

@:
6

(6)
where a(F), 8, and v are experimentally derived con-
stants, and a(F) >0, 8 <0, v >0. In order to de-
scribe the ultrafast structural dynamics of the VOs lat-



tice caused only by electronic excitations and by scat-
tering of optical phonons within several picoseconds, the
contribution of transient photoacoustic stress was not in-
cluded in the expression (6). Using the experimentally
derived potential ® we avoid the necessity to know exact
details about the nature of photoexcited states and elec-
tronic mechanism of nearly instantaneous modification of
® by light with respect to the ground state.

Using the experimentally derived AG(F) [Fig. 13(a)],
we performed the reconstruction of the thermodynamic
potential ® (see Supplemental Material”®). In the un-
perturbed state, it has two global minima at 7, which
correspond to two different domains. A VOs microcrys-
tal resides only in one of these domain states. The inset
in Fig. 13(a) shows the thermodynamic potential (6) as a
function of effective ion displacement 7 for three different
excitation levels. According to the Landau theory, the
phase transition threshold corresponds to the case when
minima of potential wells for different phases coincide.

In this study we consider the photoinduced screening
of electron-electron correlations as a near-instantaneous
process which occurs on a timescale comparable to or
less than the duration of the femtosecond light pulse.
Moreover, in our model we assume that only this pro-
cess modifies the shape of the thermodynamic potential
®. Electron-phonon and phonon-phonon scattering pro-
cesses can contribute only to the change of the energy of
the ion subsystem, without altering the potential ®. In
this scenario, right after the illumination of the material
by a femtosecond pulse, the electronic state of VO is
changed by photoexcited free carriers and is character-
ized by a new thermodynamic potential ®. However the
positions of atoms remain unchanged due to the rela-
tively slow response of the lattice to femtosecond pho-
toexcitation. The corresponding initial states of VOq
right after photoexcitation are marked on the ® diagram
in Figs. 13(a) and 13(b) by dashed vertical arrows. Fig-
ure 13 shows that the minimum of the potential & of
photoexcited VO3 no longer coincides with the minimum
of the unperturbed ground state and, therefore, VO5 is
switched into a nonequilibrium state. The formation
of nonequilibrium state triggers the SPT. The quanti-
tative modelling of subsequent structural dynamics will
be given in Sec. V.

Figure 13(b) shows that at relatively low optical exci-
tation, slightly above the threshold Fy, the VOg system
switches into an excited metastable state below the po-
tential barrier AG(F). We note that the presence of
the metastable state was directly observed previously
in experiments on ultrafast electron diffraction.’’®* In
this case, the SPT occurs during several picoseconds via
anharmonic scattering of optical phonons. However, a
sub-picosecond above-barrier pathway for the potential
in Fig. 13(b) is also possible if we take into account
the fact that the broadband femtosecond pulse instan-
taneously produces resonant Raman oscillations of the
VO, lattice.?2:33:39:49,64 These oscillations can provide
additional kinetic energy to ions, sufficient to switch the
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system into an excited state above the potential barrier,
as indicated by the vertical dashed arrow 2 in Fig. 13(b).
In this case, ion motion overcomes the barrier AG(F),
and the structural phase transition occurs rapidly within
~500 fs.

If the optical pulse excites the VO system below the
potential barrier AG(F) in the ® diagram, the SPT can-
not occur due to tunneling through the barrier because of
the relatively high mass of ion subsystem. However, addi-
tional energy of lattice vibrations, sufficient to overcome
barrier AG(F), can be gained due to electron-phonon re-
laxation and due to anharmonic coupling of two or more
optical phonons. The rate of anharmonic optical phonon
scattering can be calculated using the equation obtained
by Klemens””

J 5 hw adw?

_1 v
247rfy M2 3

(7)

TCL S

where w is the angular frequency of the phonon, M is
atomic mass, a is atomic size, v is the speed of sound, ~y
is the Griineisen parameter and & is Planck constant.

Parameter J ranges from 1 to 6 and corresponds to the
number of different phonon scattering processes. Tak-
ing into account only single longitudinal-to-longitudinal
phonon scattering, J=1. The Griineisen parameter was
previously obtained only for rutile high-7" metallic phase
of VO3 as v, = 1 ~ 2.0 and ~,. ~ 4.5 for a,, b, and ¢,
crystallographic directions, correspondingly.”® In order
to calculate the phonon scattering rate, we used the aver-
aged value y=2.8, w=38x10'? rad/s and v=4000 m/s.™
Since the Klemens theory considers monoatomic solid
such as Si, for the case of VOy; we used the av-
eraged value of atomic mass M=4.6x10"2¢ kg and
atomic size a=1.9 A. From (7) one obtains the rate
7..1=1.3x10" s~!. This value belongs to the range of
experimentally obtained relaxation rates for the phase
transition process [Fig. 12(b)] and, therefore, provides
strong support for the proposed model of light-induced
structural phase transition in VO3 where anharmonic de-
cay of optical phonons contributes to the picosecond SPT
dynamics.

V. PHENOMENOLOGICAL MODEL OF
ULTRAFAST STRUCTURAL DYNAMICS

The ultrafast solid-to-solid structural phase transition
can be well described in terms of the phenomenolog-
ical Ginzburg-Landau theory.” > The oscillatory dy-
namics of VO3 during the light-induced SPT is essen-
tially nonlinear: it depends on pump fluence, film crys-
tallinity, internal strain and size of VOs grains and clus-
ters. The metastability of phase-change material can
be described by the thermodynamic potential ® (Eq.6).
Previously, it was shown experimentally that the ther-
modynamic potential of VO includes at least two lat-
tice distortions.’® >3 However, in order to avoid possi-
ble ambiguities in the present study, we consider only a



single generalized lattice distortion associated with lat-
tice transformation from monoclinic to rutile phase. Fig-
ure 14 shows the reconstructed potential ® for three dif-
ferent levels of optical excitation. These levels correspond
to the threshold laser fluence Fy=3 mJ/cm? [Fig. 14(a)],
moderate excitation at F=10 mJ/cm? [Fig. 14(b)], and
to excitation at F=30 mJ/cm? when the potential well
of monoclinic phase in ® diagram vanishes [Fig. 14(c)].

The main pathways of lattice relaxation from mon-
oclinic to rutile symmetry can be found by solv-
ing the motion equation for effective ion displace-
ment 7. This displacement is accompanied by pho-
toinduced phonon oscillations with resonance frequency
1p=6.1 THz (w=38x10'? rad/s), as shown in Fig. 9(a)
and also reported in Refs. 32, 33, 39, 43, 49, 64, and 65.
In terms of the microscopic theory of dynamic processes
in structural phase transitions,”® the equation of motion
can be written as

0%n on _8<I>

e T T Ty (8)

o2 ot

where m is effective mass of ion subsystem and L is the
kinetic coefficient. According to experimental data on
photoinduced coherent phonon oscillations obtained by
Wall et al. for the sub-picosecond time scale,*3:%5 this
coefficient increases with laser fluence. Substituting (6)
in (8), we find

0%y
w22

29 0
w? Ot

+an + By’ + 4" =0, 9)
where g = L/2m corresponds to the damping of the vi-
brational modes, & = a/mw?, B = B/mw?, § = v/mw?.

The phase trajectories on the nn phase plane and tran-
sient evolution of 7 in Figs. 14(d)-14(i) show possible
pathways of photoinduced ultrafast lattice transforma-
tion within 1.5 ps obtained by numerical integration of
Eq.(9). To perform the calculations, the kinetic coeffi-
cients were estimated from previously obtained exper-
imental data of photoinduced phase transition, yield-
ing g=3.3x10'2 s71 (Fy=3 mJ/cm?), g=5.0x102 s~1
(F=10 mJ/cm?) and g=5.2x10'% s~ (F=30 mJ/cm?).
We note that these coefficients are sufficiently close to
the kinetic coefficients which can be derived from damp-
ing ratio constants obtained in Ref. 43. The effec-
tive mass ™ was estimated at the threshold fluence
Fy as m=1.7x10"%° kg using experimentally obtained
constants for the potential ®(Fp) (see Supplemental
Material?®).

As shown above, the characteristic time of SPT and,
as a result, the kinetic coefficient depends on grain size.
A presence of structural defects, local deformations and
inhomogeneous strains between domain boundaries or
neighboring grains alters the profile of thermodynamic
potential ® [Fig. 9(b)]. These factors, and also the res-
onant excitation of coherent optical phonons, can con-
tribute into different pathways of the SPT dynamics upon
optical excitation, as shown in Figs. 14(d)-14(i).
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As was experimentally observed in this work, the op-
tical signal related to the fastest component of the phase
transition (i.e. rapid change of the optical signal within
~500 fs) at threshold excitation level Fy=3 mJ/cm? is
relatively small. However, as excitation increases, the
amplitude of this signal asymptotically increases and ap-
proaches some constant level [see Figs. 5 and 12(a)].
Above F' ~10-15 mJ/cm? the signal nearly saturates,
but still follows by a minor component of slower (picosec-
ond) evolution. The picosecond component of NLO sig-
nal vanishes above F'=30 mJ/cm? [see Fig. 12(b)]. The
modeling of ultrafast structural dynamics in Fig. 14 fully
supports the experimentally observed NLO dynamics of
VO,.

According to the model, at threshold fluence
Fy=3 mJ/cm? the optical pulse excites the system be-
low the potential barrier AG which separates two phases
[Fig. 14(a)]. Such excitation returns the system back
to its monoclinic phase: the system does not overcome
the AG barrier and relaxes to the bottom of the po-
tential well which corresponds to the excited (and also
slightly distorted) metastable monoclinic phase. The
corresponding trajectory in the 77 diagram [Fig. 14(d)]
is spiral dashed curve 1. The frequency of dissipative
oscillations during this relaxation is nearly double the
frequency vy and is ~12 THz [Fig. 14(g)]. It is im-
portant to note that very similar oscillatory dynamics
with 11.2 THz frequency was experimentally observed in
this study (Fig. 10). Also, 12 THz and 10 THz oscilla-
tions were observed, respectively, by Pashkin et al.* and
by Wall et al.*? in the low-fluence regime. These facts
strongly support the correctness of the model proposed.

Different trajectories of SPT in Fig. 14 are defined
by different initial conditions during photoexcitation of
the matarial. An additional contribution to the ultra-
fast SPT can be produced by resonant Raman process.
Coherent Raman excitation of the lattice is a nearly in-
stantaneous process which occurs within the timescale of
light interaction with the sample. This process can pro-
vide additional kinetic energy to the system, switching it
to the phase trajectories 2-5 in Figs. 14(d), 14(g). Trajec-
tory 2 is a separatrix which corresponds to the case when
the system passes a saddle point and can be switched ei-
ther to rutile or monoclinic phase. Trajectory 3 is the
transition to metallic rutile phase.

It is interesting to note the possibility of switching VOq
into another domain state of the monoclinic phase. Sep-
aratrix 4 and trajectory 5 in Figs. 14(d) and 14(g) show
the relaxation of VO, into the second potential well of the
monoclinic phase, related to another domain state. Here
we only mention this possibility which could be poten-
tially observed.'%® However, this requires verification by
additional rigorous experimental studies of photoinduced
dynamics.

According to the model of SPT shown in Fig. 13,
the photoinduced screening of electron correlations is a
nearly instantaneous process which alters only the ther-
modynamic potential. If the coherent Raman process
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FIG. 14. Thermodynamic potential ®, phase trajectories on 17 phase plane and evolution of n(¢) at different levels of optical
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dashed arrows on ® diagrams show the initial energy of VO2 system right after photoexcitation at n(0)=..

is excluded from the consideration, the photoinduced
screening does not change directly the position of ions,
and does not provide additional kinetic energy and mo-
mentum to the ion subsystem. In this case the most prob-
able trajectory will correspond to the trajectory with ini-
tial parameters 7(0)=n. and 7(0)=0. Figure 14(e) shows
that this is a separatix (trajectory 2) for moderate exci-
tation =10 mJ/cm?. That is, above F=10 mJ/cm? the
majority of phase trajectories lead to complete structural
transition. This dynamics corresponds to sub-picosecond
SPT of mostly all volume of the material. This is sup-
ported by our experimental observations of fastest (sub-
picosecond) component of SPT dynamics. It was found
that the transient reflectance within ~1 ps time scale
nearly saturates as pump fluence approaches F ~10-
15 mJ/cm? [see Figs. 5 and 12(a)]. Rigorous measure-
ments of transient reflectivity versus excitation fluence
performed by Wall et al. in Ref. 65 shows very simi-
lar saturation of the transient reflectivity signal as the
fluence approaches F' ~20 mJ/cm?. We also note that
there is still some possibility of relaxation back to mono-
clinic phase (trajectory 1) [Figs. 14(e) and 14(h)]. In this
case, the SPT occurs via optical phonon scattering dur-
ing several picoseconds, as discussed above. This slower
relaxation is observed up to F=30 mJ/cm? [Fig. 12(b)].

At excitation level of F=30 mJ/cm? the system dy-
namics undergoes a qualitative change: the poten-
tial well of monoclinic phase and barrier AG vanishes
[Fig. 14(c)]. As a result, all possible phase trajectories
change the symmetry of VO5 from monoclinic to rutile
[Figs. 14(f), 14(i)]. No slow (picosecond) relaxation com-
ponent was observed in NLO signal above F=30 mJ/cm?,
since there is no pathway to metastable monoclinic phase.
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The proposed model describes the ultrafast structural
dynamics within several picoseconds after photoexcita-
tion and agrees with numerous experimental observations
of the SPT in VO,. In order to extend this model on
nanosecond time scale, the model has to include addi-
tional modulation of thermodynamic potential by acous-
tic strain as well as a growth of phonon entropy.'°!

VI. CONCLUSION

It was demonstrated that the photoexcitation of VOg
enables various pathways and possibilities for transfor-
mation from its monoclinic to rutile symmetry. Resulting
dynamics strongly depends on excitation level, film mor-
phology, internal strain and strain induced by the optical
pulse.

Semi-classical computation of molecular dynamics for
VO, reveals significant instability of the monoclinic
phase in the absence of electron-electron correlations.
The computed dynamics of the VO, lattice shows its
close resemblance to the experimentally observed tran-
sient NLO response of VO, on the sub-picosecond time
scale. The thermodynamic parameters obtained by MD
method show that the screening of electron correlations
results in an exothermic reaction with saturation of the
phonon spectrum at initial temperatures of VO as low
as T=15 K. Also, calculations show the relatively small
influence of structural point defects on kinetics of SPT.
This was supported by experimental study of photoin-
duced dynamics of non-epitaxial films with relatively
high concentration of defects. Nevertheless, a presence
of structural defects produces nonuniform metallic phase



nucleation on the sub-picosecond time scale.

On a few-picosecond time scale the structural phase
transition can be considered as a non-thermal process.
However, on the nanosecond time scale the thermal con-
tribution to the transition becomes essential. It was also
shown that photoacoustic stress can potentially induce a
ferroelastic phase transition. Thus, the pronounced oscil-
latory signal which could be associated with alternating
switching of VO5 phase by a photoacoustic wave was ob-
served at frequency 0.8 GHz [Fig. 6(e)].

It was shown that the internal misfit strain in epitaxial
film noticeably alters the rate of phase transition within
~500 fs. For epitaxial films with anisotropic strain the
phase transition rate depends on the size and in-plane ori-
entation of VO3 grains/domains. This evidences that the
strain alters the potential energy landscape of photoex-
cited VOg and, as a result, changes the phase trajectory
of ultrafast structural dynamics.

In this work, we proposed a technique for a quan-
titative reconstruction of the thermodynamic potential
of photoexcited phase-change material. =~ While it is
rather an estimation of the energy landscape versus
pump fluence, the obtained energy can be used for semi-

quantitative analysis and numerical modeling of photoin-
duced dynamics. We show that the modeling of ultrafast
processes in VO3 can be performed in terms of a phe-
nomenological Ginzburg-Landau model. This model pro-
vides a reliable explanation of experimentally observed
structural dynamics, where the phase trajectories de-
pend on excitation level. Thus, higher optical excitation
above ~30 mJ/cm? corresponds to complete structural
transition of all VO, grains/domains into metallic ru-
tile phase within ~500 fs. However, at lower excitations,
grains/domains can be turned to long-lived metastable
monoclinic phase. The presented approach to model the
photoinduced structural dynamics offers unique potential
for the study of different phase-change materials.
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