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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 nonepitaxial VO,
films. Applying the ultrafast angle-resolved light scattering technique we demonstrate a significant influence of
internal misfit strain in epitaxial films on subpicosecond phase transition dynamics. This technique also allows
for 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 VO, and provide a phenomenological model

of the ultrafast light-induced structural phase transition.
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I. INTRODUCTION

Vanadium dioxide is a classic example of a ferroelastic
material that undergoes first-order insulator-to-metal transi-
tion (IMT) at temperature 7, = 341 K [1]. The transition is
accompanied by structural change [2,3] from low-temperature
monoclinic (M, structure, space group C;h) [4,5] to high-
temperature rutile (R structure, space group Dj;) [6] lattice
symmetry. Owing to strong electron correlations, the phase
transition dynamics of VO; is a very complex process. Crys-
tallinity and internal strain significantly alter the width and tilt
of thermal hysteresis and can shift the temperature of IMT by
several degrees above or below the 7, point of stoichiometric
unstrained VO, crystal [7,8]. Numerous theoretical approaches
have been developed to describe VO, phase stability. While
some models explain the metal-insulator transition in terms
of the Mott-Hubbard mechanism of correlation gap opening
[9-12], other approaches consider band models with Peierls
instability [13—15] or describe it by combining both mech-
anisms [16—18]. Moreover, all these substantially different
approaches provide fairly close qualitative and quantitative
explanations of VO, physical properties. Therefore, 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 VO, can be induced by heat, this
transition can be also initiated or altered by strain [8,19-22],
electric current [23-25], by doping with different metal ions
[26,27], by THz radiation [28], and by light [29-34]. The inves-
tigation 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 dynamics of photoexcited
VO, [35-37]. However, these models also reveal the great
complexity of the problem, and the general picture of evolution
for electronic and lattice 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
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plasma but neglect the possibility of excitonic and polaronic
states in VO,.

As shown in numerous works [22,38-45], the photoinduced
IMT in VO, depends on incident light intensity, wavelength,
and also on film crystallinity, structural defects, and internal
strain. Recent studies indicate that the ultrafast structural phase
transition (SPT) is likely to be triggered by a screening of elec-
tron correlations on the subpicosecond scale [34,36,46,47].
The study of ultrafast response in VO, by Mayer et al. [28]
shows that the subpicosecond 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 VO, is of special
interest since it can provide new information about bonded
electronic states, cooperative effects and the possible presence
of polaronic states [10,48], and their role in structural and
electronic properties of VO,.

In this paper, we demonstrate a comprehensive approach
describing the pathways of photoinduced first-order structural
transition in VO, versus the optical excitation level, material
strain, morphology, and structural defects. The discussion
starts by presenting a semiclassical computation (Sec. II)
of vibration density of states and adiabatic relaxation of
kinetic energy on the subpicosecond time scale. We apply a
method of molecular dynamics (MD) which neglects electron-
electron correlations and, therefore, simulates the actual case
of photoinduced screening of the correlations. In order to
better understand the results of MD computation and to find
relations between different degrees of freedom of ultrafast
structural dynamics, we performed the experimental study of
VO, with techniques described in Sec. I1I. In Sec. IV we report
on the experimental results of time-resolved transmission,
reflection, and angle-resolved light scattering within nanosec-
ond, picosecond, and subpicosecond time scales. We show
a noticeable influence of photoacoustic strain on nonlinear
optical (NLO) dynamics of VO, on the nanosecond time scale.
Then, applying the time-resolved light scattering technique, we
observe a grain-size-dependent phase transition on the subpi-
cosecond time scale at different levels of optical excitation.
The dynamics of photoinduced SPT shows a considerable
anisotropy for epitaxial VO, film due to influence of the misfit
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strain. The evolution of the excited state depends on the size of
VO, grains/domains and on concentration of structural defects.
In Sec. V we summarize our experimental data and present a
phenomenological model of ultrafast structural dynamics of
VO,. 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. SUBPICOSECOND MOLECULAR DYNAMICS

Recent progress in experimental and theoretical studies
of phase transition in VO, evidences that the screening of
electron correlations is a key factor which triggers the SPT
[12,18,34,36,46]. Photoinduced metallization of VO, occurs
during the light pulse interaction, showing Mott-type behavior
with possible band-gap collapse on a time scale less than
~60 fs [46,49]. Nevertheless, the total structural transforma-
tion of VO, lattice from monoclinic to rutile symmetry is
slower with durations ranging from ~80 fs to several hundred
femtoseconds [39] or even several picoseconds [50-52],
depending on the level of optical excitation, wavelength, and
morphology of the sample. In this context, the transient lattice
distortion can be modeled by using semiclassical computa-
tional methods 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 quantitative
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 [53]. The method of MD employs the Born-
Oppenheimer approach with semiclassical ReaxFF (reactive
force field) potential which describes interactions between
all atoms [54,55]. This approach significantly reduces the
computation cost and allows analyzing large atomic clusters.
ReaxFF potential consists of various potential energy func-
tions, including Coulomb and van der Waals interactions,
which provide accurate descriptions of bond breaking and
bond formation. A full description of these functions can
be found in Ref. [54]. Each ReaxFF function is based on
an appropriate many-body expansion and is obtained from
solving the Schrodinger equation for fixed positions of the
nuclei [56].

The ReaxFF method retains nearly the accuracy of quantum
mechanical calculations [54,55]. However, it neglects electron-
electron correlations. Therefore this method is very promising
to simulate the lattice dynamics for the case when electron-
electron correlations are screened by photoexcitation of a
dense electron-hole plasma.

VO, is a strongly correlated oxide and electron correlations
play an important role in stabilization of the low-7 monoclinic
VO, lattice. The semiclassical method of MD provides an
estimation rather than the actual trajectory of the lattice
transformation, where the final structure corresponds to an
equilibrium uncorrelated structure of VO, which is neither
monoclinic nor rutile. Therefore, taking the real “correlated”
structure of VO, as the input for MD calculations, we obtain
the evolution of correlated to uncorrelated VO, structure.
The method of MD does not use an external “excitation.”
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To apply the concept of MD, we assume that the ultrafast
photoexcitation produces only screening of electron-electron
correlations, while all other physical characteristics of VO,
remain unchanged.

Upon photoexcitation of VO,, the lattice transformation
within the subpicosecond time scale is considered as an
adiabatic process, where the energy exchange with the sur-
roundings is neglected. As the input parameters for the MD
calculation we use only the initial temperature and cluster
of vanadium and oxygen atoms constructed according to
VO, lattice parameters. Initial velocities of atoms were set
according to the Maxwell-Boltzmann distribution, and the
calculation was performed for adiabatic relaxation with a
constant number of particles, volume, and total energy of the
system.

To model the photoinduced lattice dynamics, the initial
lattice parameters of the monoclinic VO,(M;) unit cell were
taken from experimentally obtained data in Ref. [5]: a,, =
5.7517A, b, = 4.5378 A, ¢,, = 5.3825 A, and the angle be-
tween a,, and ¢,, axes is B, = 122.646°. The MD computation
was performed for a VO,(M;) cluster of 20 217 atoms at
temperatures 7 = 15K and T = 313 K. In order to reduce the
random component of atomic motion, the main calculations
were performed for 7 = 15K. To estimate the influence
of oxygen vacancies on MD, additional calculations were
performed for a VO,(M)) cluster 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 VO,(M;) and rutile VO,(R),
we also calculated MD for a VO,(R) cluster of 49 152
atoms at temperature 7 = 385K, slightly above the T, point.
Crystal structure parameters for rutile VO, (R) were taken from
Ref. [6] (a, = 4.53A, b, = 4.53A, ¢, = 2.869 A).

The computational study of adiabatic lattice dynamics re-
veals significant instability of the VO, lattice with monoclinic
symmetry, while the rutile phase was found to be relatively
stable. Figure 1(a) shows the time evolution of kinetic energy
Eyi, and effective transient temperature 7 * for VO,(M) and
VO,(R). The temperature 7* was calculated from kinetic
energy through the equation Eyj, = 3/2NkgT*, where N is
the number of atoms and kg is the Boltzmann constant. A
comparison of kinetic energy evolution for monoclinic and
rutile phases shows that Eyj, for VO,(M)) increases within
900 fs by two orders of magnitude, from 45 to 2.29 x 103
cal/mole, while for VO,(R) this change is noticeably less. For
VO,(R)Eyin changes from 1.15 x 103 to 1.05 x 103 cal/mole:
After a small drop it returns to nearly the same level. The
dynamics of VO,(M)) is more pronounced, and the increase
of the temperature from 7'(0 fs) = 15 K to T (0 fs) = 313 K
[Fig. 1(b)] does not noticeably affect the relaxation kinetics,
but results in an increase of the final average level of Ey, to
2.7 x 103 cal/mole (T * = 905 K).

A significant difference in the relative change of Ey;, for the
correlated low-7" monoclinic phase and for the noncorrelated
high-T rutile phase was a priori expected as the result of pho-
toinduced screening of electron correlations, and eventually
reliably confirmed by the ReaxFF-based MD simulation. Thus,
a screening of Coulomb repulsion for noncorrelated rutile VO,
does not provide a considerable change of E\y;,, while for the
correlated low-7" monoclinic phase the screening results in
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FIG. 1. (a) The time evolution of kinetic energy and effective
transient temperature 7* for pure monoclinic VO,(M;) and for
structure with 2.5% of oxygen vacancies [VO,(M;)+ 2.5% O
vacancy]at 7 = 15 K and for rutile VO,(R) at T = 385 K. (b) Kinetic
energy and Tx for VO,(M,) at T = 313 K. The envelope is shown
by dashed lines for VO,(M;) at t > 20 fs.

an instantaneous 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 VO,
monoclinic symmetry.

The envelope of Ey,(¢) for ¢ > 20 fs in Fig. 1 can be
approximated by the function Ey £ E| exp(—t/t), where Ej
and E are fitting constants and 7 is a characteristic relaxation
time. The transient dynamics of kinetic energy shows near-
exponential oscillatory decay with T = 120 fs. This process is
associated with elastic phonon-phonon scattering and random-
ization of the phase of coherent phonon oscillations. Moreover,
this result strongly supports the estimation of characteristic
time for the resonant elastic scattering of optical phonons
on V-V dimers performed in Ref. [57]. The time t = 120
fs is comparable to experimentally observed characteristic
time of the fastest component of the photoinduced structural
transition in VO,, which ranges from ~80 fs to several
hundred femtoseconds [39]. Therefore, it is very likely that the
elastic phonon-phonon scattering in a highly nonequilibrium
environment plays a significant role in the SPT dynamics,
triggering the lattice transformation from monoclinic to rutile
symmetry on the subpicosecond time scale.

The computation of VO,(M;) lattice dynamics at low-
temperature 7(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 VO, (Tp = 750K)
[58,59]. This fact indicates a possibility of excitation of all
vibration modes in high-7 VO, [60] and, very likely, it
contributes to structural instability of photoexcited low-T
phase, even at initial temperature as low as 15 K. On the
observed time scale the average kinetic energy approaches
to Exin = 2.29 x 10 cal/mole. The difference between this
energy and the energy which corresponds to the transition
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FIG. 2. The computation of molecular dynamics for vanadium
(V), oxygen (O), and for all atoms (V + O) of VO,(M,) at T = 15.
(a) Velocity autocorrelation function. (b) Velocity probability distri-
bution within 500 fs. (c) rms atomic displacement.

temperature 7.* = 341 K (Ey, = 1.02 x 10° cal/mole) is
1.27 x 103 cal/mole. It is noted that this value is very close to
the latent heat of the phase transition experimentally obtained
by Ryder [58] (1.02 x 10? cal/mole) and by Chandrashekhar
etal. [59](1.12 x 103 cal/mole). In terms of thermodynamics,
this means that the photoinduced screening of electron-
electron correlations triggers an exothermic reaction which
guarantees the thermally induced phase transition of VO,, even
if the initial temperature of the sample is near absolute zero.
Additional analysis of the VO,(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 dynamics remains nearly
the same as for pure crystalline VO,. Therefore, it could
be expected that the vacancies facilitate the ultrafast SPT.
However, the MD calculations do not consider an influence
of defects on the formation of specific localized electronic
states which can significantly contribute in SPT dynamics. As
a result, the real photoinduced dynamics in VO, with high
concentration of structural defects can be more complex.
Figures 2(a) and 2(b) show the velocity autocorrelation
function (ACF) and velocity probability distribution for vana-
dium and oxygen atoms, respectively. The velocity ACF shows
oscillatory decay within ~500 fs. This behavior indicates ini-
tial coherent atomic motion, but coherency eventually vanishes
in ~500 fs. Within this time scale the rms displacement of all
atoms [i.e., weighted average 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 . = 0.26 A obtained
recently by van Veenendaal for ultrafast SPT in VO, [37].
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FIG. 3. Vibrational density of states of all atoms (V + O) and only
oxygen (O) and vanadium (V) atoms. Calculations are performed for
pure VO,(M,) and for VO,(M;) with 2.5% of oxygen vacancies
(V 4+ O + vacancy).

Therefore, it is reasonable to expect a correlation between
these two values within ~500 fs.

The vibrational density of states (DOS) for the VO, (M)
cluster was computed by Fourier transform of the atomic
velocities [61]. Figure 3 shows the DOS computed within
1-ps time scale for all atoms and for O and V atoms
separately. Additionally, DOS was calculated 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 several previous studies [32,33,39,43,49,62,63].
The second resonance was clearly observed by Kiibler ez al. in
Ref. [32]. Thus, the calculated spectrum of vibrational DOS
is fully supported by the experimental time domain and THz
spectroscopy data.

III. EXPERIMENT

Several high quality epitaxial and nonepitaxial VO, films
with substantially different morphology, different thicknesses,
domain structure, and in-plane oriented crystallites were syn-
thesized. VO, films with thicknesses of 30 nm, 50 nm, 80 nm,
and 100 nm were grown by pulsed laser deposition (PLD)
technique on amorphous SiO; 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 rotat-
ing metallic 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 O,
and Ar flow rates of 20 and 5 std. cm? /min, respectively. The
substrate temperature was maintained at 550 °C.

All samples were prepared at identical nominal conditions
using the same protocol of PLD growth. Deposition of VO, on
different substrates provided a variety of desired structures and
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morphologies of the material. The VO, films’ phase, crystallo-
graphic orientation, and morphology was determined by x-ray
diffraction (Bruker D8 Discover x-ray diffractometer) and
atomic force microscopy (AFM, Park Scientific Instruments,
Autoprobe CP). Only VO, films with the single monoclinic
M, phase at room temperature were selected for the current
study.

The synthesis of VO, on single crystal sapphire resulted in
epitaxial films and relatively low concentration of structural
defects [42,64]. These films experience moderate misfit strain
owing to lattice mismatch at the film/substrate interface [65—
67]. As determined from the XRD data for VO, /Al,O3(A cut),
the film’s out-of-plane orientation is with its b,, axis normal
to the substrate surface. Additional azimuthal ¢ scans of the
sample were performed to determine the in-plane orientation
of VO, crystallites. It was found that the film a,, axis is normal
to the sapphire ¢ axis [0001]. Therefore, the ¢,, axis is also in
the film plane.

For VO, deposited on the (0001) Al,O3(C-cut) substrate,
the XRD reflection at 260 = 39.8° indicated that the (010),,
planes are parallel to the substrate surface. Due to the
threefold symmetry of sapphire around the ¢ axis, the
deposited VO, film is twinned, with orientation of the a,,
axis along three equivalent crystallographic directions of
the substrate as [100],,]|[100]s1203, [100],,]/[010]s1203, and
[100],,11[110]ar203 [42].

VO, films deposited on SiO, show only out-of-plane
orientation, and are expected to have higher concentration
of oxygen vacancies and other structural defects. The strong
reflection observed at 26 = 27.98° for VO,/SiO, indicated
that the (011),, plane is parallel to the substrate.

In the present study, the VO, films deposited on Al,O3(C
cut) and SiO, substrates were used to observe the influence
of photoacoustic excitations and structural defects on SPT.
The 50-nm-thick VO, /Al,O3(C-cut) film was used to monitor
fluence-dependent evolution of SPT on a picosecond time scale
in order to reconstruct the thermodynamic potential of VO,
in its nonequilibrium photoexcited state. The VO, /Al,O3(A-
cut) film was used to study the influence of misfit strain and
structural anisotropy on SPT dynamics.

A Spectra-Physics Ti:sapphire femtosecond laser system
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 wavelength and
130-fs duration. Owing to the relatively slow recovery rate
of nonepitaxial VO, /SiO, after optical excitation [68,69], to
monitor SPT in these films the repetition rate of laser pulses
was set to 200 Hz. To study epitaxial VO, /Al,Oj films the laser
repetition rate was set to 1 kHz. In this work, we performed
different pump-probe transient reflection, transmission, and
light scattering measurements. Depending on experimental
geometry, 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 VO,. The scatterometer
setup is illustrated in Fig. 4. In all scattering measurements,
the pump (A = 800 nm) and probe (A = 400 nm) pulses are
overlapped on the sample surface at normal incidence and
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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 photodetectors; RM, removable mirror.

focused to a spot size of 0.7 mm and 70 pm, 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
optomechanical delay line was used to set a time delay ¢
between pump and probe pulses with a resolution of 10 fs.
Samples 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) [70]. Color filter
F was used to filter out the pump wavelength light from the
recorded image. Obtained scattering patterns 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 [71]. Two amplified silicon detectors PD1 and PD2
were used to monitor transient total integrated scattering and
reflection correspondingly. Detectors are conjugated with a
gated data processor.

IV. RESULTS AND DISCUSSION

The light-induced SPT in VO, is a complex process
which depends on excitation wavelength, fluence, and sample
morphology. A laser pulse with fluence above the phase tran-
sition threshold (Fy ~ 3 mJ/cm?) induces ultrafast structural
transition, accompanied by a noticeable change of optical
and electronic properties of VO,. Therefore dynamics of the
SPT can be tracked by monitoring transient reflectivity R(¢),
transmittance Tr(¢) or light scattering I;(z). Figure 5 shows
the typical evolution of the ultrafast light scattering signal
(inset) upon photoinduced phase transition within ~500 fs
and also differential reflectivity (main panel) within several
nanoseconds for an epitaxial 50-nm VO,/Al,03(C-cut) film.
Rigorous observation of the SPT in different samples by
pump-probe optical techniques allows distinguishing several
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FIG. 5. Evolution of transient differential reflectivity

AR(t)/Ry upon photoinduced phase transition of epitaxial 50-nm
VO, /Al 03(C-cut) film at different levels of optical excitation. Ry
is the reflectivity of an unperturbed sample, AR(t) = R(t) — Ry.
The wavelengths of the optical pump and probe pulses are 400 and
800 nm, respectively. The inset shows transient differential signal
AIL(t)/1y of light scattering integrated within the hemisphere. I is
the scattering signal of the unperturbed sample, Al (¢) = L,(t) — Ip.

characteristic time scales for qualitatively different transient
dynamics. These are time scales (i) up to ~500 fs, (ii) between
500 fs and ~40 ps [72], and (iii) above ~40 ps. In the next
sections, we discuss the SPT and specific optical response for
each time scale. We will address first the dynamics (iii) in
Sec. IV A, then (i) in Secs. IV B and IV C, and finally (ii) in
Sec. IVD.

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

Using VO, films with different thicknesses and morpholo-
gies, it is possible to enhance and monitor specific nonequi-
librium processes. The transient reflection and transmission
both provide essentially the same information about the
photoinduced phase transition in VO,. For 50-nm VO, /Al,03
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 VO,/SiO, film, the interference effects
introduced some artifacts into the reflection signal. Therefore,
for this sample reliable information about the phase transition
dynamics was obtained from transmission measurements.

Figures 5 and 6 show a significant difference between two
NLO processes for the nanosecond time scale, for 50-nm
thick epitaxial VO,/Al, O3 and for no-epitaxial 100-nm thick
VO,/Si0, films. It was found that the VO,/Al,O; film
switches into the metallic phase rapidly without noticeable
posterior dynamics at F = 15 mJ/cm?. The recovery process
back to the insulating phase starts at ~1.3 ns, as the laser
fluence drops to 5.5mJ/cm?. The photoexcitation of 100-
nm thick VO,/SiO, film shows more complex dynamics
[Fig. 6(a)].

A similar behavior of the optical signal for VO,/SiO,
and VO,/Al,03 films was found within several picoseconds
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FIG. 6. Nonlinear optical dynamics of 100-nm VO,/SiO, film. (a) Transient transmittance of the film upon optical excitation. Numbers
specify the laser pump fluence in mJ/cm?. Gray 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(1 ps)/Tr(0)| of transmittance at 1-ps delay,
where ATr(1 ps) = Tr(1 ps) — Tr(0). (c) Transient transmittance showing recovery of VO,/SiO, 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 the 2.6 x 2.6 um? 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 — A;| sin(2z vt + ¢o)|-

after optical excitation. The NLO response within 1 ps
for thinner (50 nm) VO,/Al,O3 film was reliably observed
only at F > 3m]J /cmz, while at lower fluence the increased
noise significantly affected the measurement accuracy. For
100-nm-thick VO,/Si0; 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
threshold fluence Fj, required to initiate the ultrafast SPT in
VO, material [49]. Thus, Fig. 6(b) shows the normalized in-
stantaneous change of transmittance | ATr(1 ps)/Tr(0)|, where
the increasing optical excitation contributes to the rise of the
optical transmission starting from a fluence of 3 mJ/cm?.
This specific optical response indicates a qualitative change
in NLO dynamics of VO,. As shown by O’Callahan et al.
[49], the threshold Fyy can vary for different VO, samples
within a short range: from 2 to 6 mJ/cm? and, according
to the literature [31-33,50,52,73], the fluence of 3 mJ/cm2
compares well with the threshold values for the ultrafast phase
transition in VO,. Therefore, in this study, we assume that
the observed qualitative change of the NLO signal at fluence
Fy = 3mJ/cm? is related to the threshold of the subpicosecond
SPT of VO,.

At F <3mJ/cm? the subpicosecond NLO signal
|ATr(1 ps)/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 the longer
(picosecond) time scale the transient transmission shows a
decrease within the first 200 ps [Fig. 6(a)], associated with the
SPT.

Figure 6(a) shows a striking difference in the pathways of
phase transition dynamics for VO, /SiO, below and above the
F = 6mJ/cm” pump level. At lower excitation, the system
recovers back into the initial insulating phase within several
nanoseconds, while at higher excitation the recovery process
does not start on the observed time scale, and the film is
continuously switching into its metallic state. This transition
is associated with nucleation and growth of metallic phase
inside of photoexcited monoclinic VO,. Moreover, above
F = 6 mJ/cm? the total SPT dynamics does not depend much
on the excitation level, and the full recovery of the system
occurs on the microsecond 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 tiz by more than two orders of magnitude:
from 7z = 1.5ns (F = 1.5mJ/cm?) to 1z =200ns (F =
9mJ/cm?). This evidences the major 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 temperature 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 nonepitaxial VO,/SiO, film. This rate was sufficient to
provide complete heat sink to the substrate and to prevent
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any possible accumulation of the heat in the film during the
repetitive excitation of the sample.

The NLO dynamics of VO,/SiO, shows the complex
behavior. For F = 1.5mJ/cm? [Fig. 6(c)] it was possible to
resolve oscillations with frequency v = 4 x 10° Hz and with
impulse response:

Tr(t) = Ag + Ai[1 —exp(—t/tr)] + Az sin(Qm vt + ¢p),
(H

where Ay, A1, and A, and time Ty are fitting constants and ¢ is
the initial phase. Taking into account relatively low frequency
of observed oscillations, the oscillatory signal was assigned to
photoacoustic material response.

The speed of the acoustic wave propagating across the film
of thickness d can be estimated using the following equation
[74-76]: v = 4dv. For d = 100 nm and v = 4 x 10° Hz, one
obtains the speed v = 1600 m/s. This value is less than half
the speed of sound in single-crystal VO, (v = 4000 m/s)
[77]. Such a large difference can be related to an amorphous
structural component of the film as well as to possible
change of mechanical properties of VO, in its photoexcited
nonequilibrium state.

At the fluence F =2.0mJ/cm? the frequency of oscil-
lations decreases to v =7 x 10 Hz [Fig. 6(a)]. This low-
frequency oscillatory response is difficult to associate with
acoustic waves propagating in a normal direction to the film
surface. Additional contribution into oscillatory dynamics can
be produced by acoustic waves propagating in the lateral
direction. According to AFM data [Fig. 6(d)], the grain size
in the film ranges from 0.2 um to ~1 um. Rough estimation
shows that the acoustic wave with v =7 x 10% Hz can be
excited within a large grain of size 1-2 um.

In some areas of the film we observed a strong oscillatory
signal with v = 8 x 10® Hz and with 2% modulation of the
sample transmittance, as shown in Fig. 6(e). The signal is pro-
portional to Ag — A;| sin(2w vt + ¢p)|. This distinct behavior
may be assigned to photoacoustically driven ferroelastic SPT,
where a standing acoustic wave modulates the strain field in
the large VO, grain.

Obtained experimental data allows describing the light-
induced SPT of VO, in terms of the free energy difference AG
between insulating and metallic phases. The potential barrier
AG is a function of temperature Tj at the phase boundary
and actual temperature 7', molecular latent heat g, number of
molecules N, pressure p, and specific surface energy o, and
can be expressed as [78]

AG = —(Nq/T)AT — NkgT In(p/po) + NAu + o As,
2

where AT =T — Ty, As is the surface area of nucleating
grain, domain or cluster, Au is the chemical potential related
to the difference in the bonding of VO, molecules for metallic
and insulating phases; po 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) pro-
vides a straightforward explanation of this dynamics. While the
first term of Eq. (2) is related to the conventional contribution
of heat, the second term is related to the photoinduced pressure
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and strain in the film. The photoexcitation decreases the
binding energy difference N A, increases lattice temperature
via electron-phonon and phonon-phonon scattering, generates
acoustic phonons and, as a result, alters AG producing the
SPT on the nanosecond time scale.

Since VO,/Si0; is a nonepitaxial film and is expected
to have relatively high acoustic impedance and high thermal
boundary resistance [68], generated acoustic phonons should
be confined inside the film and do not propagate into the
substrate on the monitored nanosecond time scale. As a result,
these phonons provide significant contribution into ferroelastic
SPT. In contrast to VO, /Si0,, for epitaxial VO,/Al,0; films
the photoacoustic response was not observed clearly due
to lower acoustic impedance (see Fig. 5). Owing to the
epitaxial nature of VO, /Al,O3, phonons leave the film volume
rapidly without noticeable acoustic modulation of the optical
properties. Nevertheless, a recent observation of phonon
dynamics in an epitaxial VO,/Al,O3 film by Abreu et al. [79]
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 subpicosecond 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. According to
recent studies of ultrafast light scattering [80,81], the influence
of internal strain on the subpicosecond SPT dynamics of
VO, is also significant. In order to obtain new information
about how internal strain affects the femtosecond SPT, we
used an 80-nm-thick epitaxial VO,/Al,O3(A-cut) film with
anisotropic misfit stain.

Since the VO, film was deposited in its rutile phase,
because of the growth temperature employed, the magnitude
of misfit strain in the film can be obtained by considering the
lattice mismatch between VO, (R) and sapphire Al,O3(A-cut)
substrate. The sapphire A plane represents the cross section of
the unit cell along [0001] and [1100] directions with respective
values cgpn and \/gasaph, where cgpn = 12.993 A and Asaph =

4759 A [82]. These distances are large in comparison with
the VO, (R) lattice parameters, but accommodation occurs by
multiples of the a, and ¢, parameters. Corresponding to the
substrate [0001] direction it is noted that cgpn &~ 3a,, with a
lattice mismatch of approximately —4.4%. Corresponding to
the substrate [1100] direction, ﬁasaph ~ 3¢, with a lattice
mismatch of —4.2%. Both of these values imply that as the
VO,(R) film grows on the A-cut sapphire substrate, it will
be compressed in all directions along its surface. As the film
is cooled to room temperature, strains will change, because
of (i) the phase transformation and (ii) film-substrate thermal
expansion mismatch. However, consideration of the VO, (M)
lattice parameters and their orientation on the sapphire A
surface shows that the relatively large strain values calculated
above will be largely maintained.

To observe the influence of misfit strain on femtosecond
SPT as a function of surface spatial frequency, we performed
TARHELS measurements. These measurements provide spa-
tial resolution of phase transition dynamics in differently
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FIG. 7. (a) Scattering indicatrix for unexcited VO, /Al,O3(A-cut)
film. Arrows show the orientation of a,, and c,, axes of VO,(M,).
(b) 5 x5 um?> AFM topography of VO,/Al,O3(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 = 720fs after photoexcitation; F = 12mJ/cm?. (d) Transient
change ABSDF(r)/BSDF(0) of the scattering signal upon light-
induced phase transition at F = 12mJ/cm?, where ABSDF(t) =
BSDF(#)-BSDF(0).

oriented groups of domains, grains, and clusters [71]. To avoid
experimental uncertainty owing to polarization-dependent
excitation of VO,, we used a circularly polarized pump pulse.

The BSDF indicatrix of hemispherical light scattering by
VO, /Al,03(A-cut) film is shown in Fig. 7(a). The anisotropy
of the scattering pattern is caused by the texture of the epitaxial
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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
frequencies. The cross sections of the scattering indicatrix
at delay time t = 0 fs and ¢ = 720 fs [Fig. 7(c)] show that
the profile of BSDF distribution versus spatial frequency f
remains unchanged during the SPT. Moreover, the relative
transient change of the scattering signal ABSDF(¢#)/BSDF(0)
[Fig. 7(d)] does not show noticeable angular dependence or
anisotropy. Thus, despite the epitaxial 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 VO,
grains/domains with different spatial frequencies. These data
show uniform and isotropic SPT at this level of optical excita-
tion. Nevertheless, it was found that the SPT dynamics changes
dramatically and becomes essentially anisotropic when the
excitation reduces to the levels close to the threshold Fj.

To enhance the influence of anisotropic misfit strain on
SPT dynamics in VO, grains/domains with different spatial
frequencies, the pump fluence was set near the threshold Fy,
at F =7 mJ/cmz. As shown previously [32,33,43,63], the
photoexcitation of VO, with relatively low fluence results in
activation of coherent phonon mode at ~6 THz. This allows
us to observe clearly the influence of film morphology on
amplitude and evolution of these oscillations.

Transient  change of the  scattering  signal
ABSDEF(#)/BSDF(0) obtained for the same VO,/Al,O3(A-
cut) film shows strong oscillatory behavior [Fig. 8(a)]
associated with photoexcitation of active Raman modes in
monoclinic VO, due to stretching and tilting of V-V dimers
[32,33,43,62,63]. In 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 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(z)/BSDF(0) indicatrix
at two azimuthal directions ¢ = 215° and ¢ = 0° [Fig. 8(b)]
reveals anisotropy in the evolution of coherent lattice oscilla-
tions which accompany the SPT. The dashed line in the figures
separates two mainly different areas for the SPT process.
Taking into account the essentially nonlinear dynamics of
photoexcited VO,, the dashed line defines a set of time points
when the character of structural dynamics changes qualita-
tively. For VO, structures with higher spatial frequencies the
SPT occurs faster, while for structures with f < 1.95 um™!
at =215°and f < 1.2 um™! at ¢ = 0° a monotonic phase
transformation does not start on the monitored time scale.
This behavior evidences the size-dependent and anisotropic
SPT dynamics, which rate depends on size and orientation of
VO, grains/domains in the film.

The oscillation of ABSDF(#)/BSDF(0) for larger crystal-
lites is anharmonic and contains several oscillatory modes
[see f =1.0um™" in Fig. 8(c)]. However, for smaller grains
[see f > 1.5 um~' in Fig. 8(c)] the oscillations become
harmonic. The Fourier transform of the oscillatory component
for the scattering signal at f =2.3 um™! shows a single
frequency centered at vy = 6.1 THz [Fig. 9(a)], while for lower
spatial frequency f = 1.0 um~' the Fourier spectrum is more
complex.
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sections of the data mapped in (b) at ¢ = 0° shows gradual change of oscillatory dynamics versus spatial frequency.

The strong dependence of ABSDF(¢)/BSDF(0) oscillations
versus spatial frequency is attributed to the influence of the
misfit strain on thermodynamic potential & of photoexcited
VO,. The detailed description of this potential will be given
in Sec. IVD. Different strain in VO, grains/domains of
different size and orientation alters & as shown in Fig. 9(b).
As a result, the same level of photoexcitation switches
these grains/domains into different excited states. In conse-
quence, nonequilibrium dynamics of VO, becomes grain-size
dependent.
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FIG. 9. (a) The Fourier transform of the oscillatory component
in the scattering signal for different spatial frequencies. (b) The
thermodynamic potential of photoexcited VO,. & is altered by
internal strain in the film. Strain contributes in additional positive 6¢1
or negative §¢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.

It is important to note that at certain scattering angles
we were able to resolve oscillations with nearly doubled
frequency ~2vy. Figure 10(a) shows TARHELS data obtained
at F=6ml] /cm2, at azimuthal direction ¢ = 250°, for the
same VO, /Al,O3(A-cut) film within f = 1.8-2.5 um~!. The
observed oscillations are localized at certain spatial frequen-
cies and represent nonequilibrium 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 um~'. The lower panel of Fig. 10(b) shows
the oscillating part of the signal at f = 2.46 um™', which
can be approximated by the function A sin(2w vt + ¢g) with
v = 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
~2v, were previously resolved by multiterahertz spectroscopy
[33] (12 THz) and by transient reflectivity technique [43]
(10 THz).

C. Subpicosecond phase transition in the presence
of structural defects

The influence of structural inhomogeneities on transient
optical properties was observed for 30-nm-thick nonepitax-
ial polycrystalline VO,/SiO;, film. In contrast to epitaxial
VO, /Al,03(A-cut) film, for VO,/SiO, the oscillations of
scattering signal were not resolved. It is very likely that
the oscillatory signal is suppressed owing to fluctuation of
the initial phase of lattice oscillation in different grains and
domains, because of significant randomness in orientation
and distribution of VO, grains on the surface, as well as
the relatively high concentration of structural defects in the
nonepitaxial film. At alaser excitation well above the transition
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threshold (F = 15mJ/cm?) the scattering signal shows the
monotonic rise at @ > 70° (f > 2.35 um™") [Figs. 11(a) and
11(b)]. We note that a similar rise of the signal was observed
also for epitaxial VO, /Al,O3(A-cut) film [Fig. 7(d)], however,
with much lower relative intensity. This behavior is different
from the dynamics at lower optical excitation 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 dielectric constant
during the IMT from & ~7.44i5.5 to ¢, =~ 4.7+ i5.46
for probe wavelength A = 400 nm [83], the scattering cross
section of VO, should decrease by ~35%. This estimation is
consistent with ~20% drop of the scattering signal in Fig. 7(d).
We note that the optical constants significantly depend on
film morphology and concentration of structural defects, and
the scattering signal can decrease by a low percentage only.
Nevertheless, 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 subpicosecond
time scale, as shown in Refs. [80,84]. However, Fig. 11(b) and
the cross sections [Figs. 11(c) and 11(d)] of the scattering
indicatrix [Fig. 11(a)] at different time delays show the rise
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of the scattering signal above f = 2.35 um~! (9 = 70°). This
behavior can be interpreted as a consequence of increased local
optical inhomogeneity in the film, and cannot be assigned to
the uniform change of dielectric constant as VO, switches
from an insulator to metal.

The transient optical inhomogeneity can originate from
several major factors: from structural defects of vanadium
dioxide and inhomogeneous nucleation of VO, sites or from
film twinning and geometrical reconstruction of the surface.
As shown above [Figs. 7(c) and 7(d)] and in Refs. [80,84],
the ultrashort light pulse induces uniform SPT in all VO,
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 = 15mJ/cm? is the presence of structural
defects (presumably oxygen vacancies) in smaller grains with
spatial frequencies f > 2.35 um~!.

The nonepitaxial growth of VO, on SiO; substrate results in
a quite disordered structure with numerous oxygen vacancies
and other pointlike defects. The concentration of structural
defects is higher in the smallest grains of the film [86], and
it is very likely that the grains with f > 2.35 um™! also
contain inclusions of VO, (1 < x < 2.5) oxides [87], other
than VO,. Thus, VO, would undergo the phase transition upon
light illumination, while VO, would remain in the same phase
or show different nonlinear optical response as compared to
VO,. As aresult, the system disorder rapidly increases as the
VO, 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 nonepitaxial VO, /SiO, film with higher structural disorder
(Fig. 11), as compared to epitaxial VO,/Al, 03 (Fig. 7). Thus,
the complete phase transition in VO, /SiO; occurs within the
same time scale of ~500 fs, as in the case of VO, /Al,03. The
phase transition rate within the full monitored range of spatial
frequencies of the VO,/SiO, film was found to be nearly
the same. However, these films, in contrast to epitaxial films,
contain highly disordered structures with f > 2.35 um™',
where the transient signal rises up and has significantly
increased noise [Fig. 11(d)]. Itis very likely that this noticeable
noise component is a signature of alteration of thermodynamic
potential ® and SPT trajectories by structural defects in the
smallest VO, grains with embedded 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 VO, thermodynamic potential versus
photoexcitation level. For this study we used an epitaxial
50-nm VO, /Al,O3(C-cut) film which absorbs 75% of incident
radiation and is sufficiently thin for uniform photoexcitation.
Figure 12(a) shows typical transient reflectivities of the film
at three different excitation levels: 4 mJ /cmz, 6 mJ /cmz,
and 27 mJ/cm?. The inset shows an AFM image of the
sample surface, which is more uniform than the VO,/SiO,
sample [Fig. 6(d)]. The observed NLO response has two
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distinctive components: instantaneous change of reflectivity
within ~500 fs and posterior evolution on picosecond time
scale. While these two components were observed previously
in numerous studies [31,43,50,88], most of the attention has
centered so far in the femtosecond response of VO,. Both
components of the NLO signal are related to light-induced
phase transition in VO, grains, domains, and/or clusters. We
also found that the slower (picosecond) component completely
vanishes when the laser fluence exceeds ~30mJ/cm?. This
result agrees with data obtained in Ref. [43].

Taking into account observed NLO dynamics at different
levels of optical excitation, we assume that at relatively low
laser fluence, much below 30 mJ /cmz, 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) and 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
undergo the SPT on longer time scales, where the first-order
transition is mainly triggered by electron-phonon and phonon-
phonon scattering processes. These processes contribute into
nucleation and growth of new rutile phase [57].

The slower (picosecond) nonequilibrium dynamics of VO,
within ~40 ps depends on the 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 time scale.
In Ref. [72], Brady et al. also found that the phase transition
dynamics within a 40.5 £ 2-ps time scale is independent on
sample morphology.

The structural transformation within several picoseconds
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 decreases the differ-
ence N Au in binding energy for these phases and, as a result,
reduces the barrier. The relaxation rate for the picosecond
component of SPT can be determined by the following
equation [78]:

v =1 exp(—AG(F)/kpT), 3)

where t 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 optical
excitation and then derived the time t by an exponential fit
of experimental data. We have obtained the relaxation times
which compare well with the characteristic times obtained by
Wall et al. [43] for similar processes in VO,/SiO; film. The
rate 7! versus pump fluence is shown in Fig. 12(b). These
results can be well approximated by

' = AFV, (4)

with fitting constants A = 1.0 x 1072 cm?/(mJ s) and N =
1.65. The slowest relaxation process, with the rate =
2.9 x 10' s7! was still observed at pump fluence F =
1.4mJ/cm?, which is slightly below the threshold F, for the
femtosecond component of I-M PT discussed above. As the
pump level increases to Fp. = 30mJ/cm?, the slower (pi-
cosecond) component of the NLO signal vanishes, providing
an upper limit for the rate of SPT To_] =2.7x 10" s~
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FIG. 12. (a) Transient change of VO,/Al,03(C-cut) reflectivity
within 40 ps at different levels of optical excitation. Dashed curves are
the exponential fit. (Inset) 5 x 5 um? AFM image of VO,/Al,0;(C-
cut) sample. The average lateral size of grains is 250 nm and rms
roughness is 14 nm. (b) The relaxation rate for picosecond component
of photoinduced phase transition versus laser pump fluence.

Equations (3) and (4) yield the dependence of the potential
barrier on pump fluence,

AG(F) = —NkpT In(F / Fra). 5)

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

Recently, the phenomenological Ginzburg-Landau formal-
ism [89] was successfully applied to describe the second-
order photoinduced phase transitions in several phase-change
materials [90-93]. 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

alF) , B 4 v 6
C=——n+ 0+ Q)
where «(F), B, and y are experimentally derived constants,
anda(F) > 0,8 <0,y > 0. In order to describe the ultrafast
structural dynamics of the VO, lattice caused only by elec-
tronic excitations and by scattering of optical phonons within
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FIG. 13. (a) Potential barrier AG(F) between monoclinic (M)
and rutile (R) phases derived from experimental data using 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) VO,. (b)
The photoexcitation of VO, at moderate fluence. The vertical dashed
arrow 1 shows the initial under-barrier energy state of the VO, system
right after photoexcitation. In this case, the interaction of the system
with an optical phonon of frequency wp, results in SPT (shown by
horizontal dashed arrow). The vertical dashed arrow 2 indicates the
initial over-barrier photoexcited state of VO,. Here the additional
energy is gained by the ion subsystem via resonant excitation of
Raman modes.

several picoseconds, the contribution of transient photoacous-
tic stress was not included in the expression (6). Using the
experimentally derived potential ® we avoid the necessity to
know exact details about the nature of photoexcited states and
electronic 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 [94]). In the unperturbed state,
it has two global minima at £7. which correspond to two
different domains. A VO, microcrystal 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 dis-
placement 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 time scale comparable to or less than
the duration of the femtosecond light pulse. Moreover, in
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our model we assume that only this process modifies the
shape of the thermodynamic potential ®. Electron-phonon and
phonon-phonon scattering processes 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 char-
acterized by a new thermodynamic potential ®. However, the
positions of atoms remain unchanged due to the relatively slow
response of the lattice to femtosecond photoexcitation. The
corresponding initial states of VO, right after photoexcitation
are marked on the ® diagram in Figs. 13(a) and 13(b) by dashed
vertical arrows. Figure 13 shows that the minimum of the
potential ® of photoexcited VO, no longer coincides with the
minimum of the unperturbed ground state and, therefore, VO,
is switched into a nonequilibrium state. The formation of the
nonequilibrium state triggers the SPT. The quantitative model-
ing of subsequent structural dynamics will be given in Sec. V.

Figure 13(b) shows that at relatively low optical excitation,
slightly above the threshold Fy, the VO, system switches
into an excited metastable state below the potential barrier
AG(F). We note that the presence of the metastable state
was directly observed previously in experiments on ultrafast
electron diffraction [51,52]. In this case, the SPT occurs during
several picoseconds via anharmonic scattering of optical
phonons. However, a subpicosecond 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
instantaneously produces resonant Raman oscillations of the
VO, lattice [32,33,39,49,62]. These oscillations can provide
additional kinetic energy to ions, sufficient to switch the 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 cannot
occur due to tunneling through the barrier because of the
relatively high mass of ion subsystem. However, additional
energy of lattice vibrations, sufficient to overcome barrier
AG(F), can be gained due to electron-phonon relaxation 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 [95],

_1 J 5, ho a’w’
fas = P07V Mu2 3
where o 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 7 is Planck constant.

Parameter J ranges from 1 to 6 and corresponds to
the number of different phonon scattering processes. Taking
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 VO, as
Yo = V» = 2.0and y, >~ 4.5 for a,, b,, and ¢, crystallographic
directions, correspondingly [96]. In order to calculate the
phonon scattering rate, we used the averaged value y = 2.8,
® =38 x 10'? rad/s, and v =4000 m/s [77]. Since the
Klemens theory considers monoatomic solid such as Si, for

; (N
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the case of VO, we used the averaged value of atomic mass
M =4.6x 1072 kg and atomic sizea = 1.9 A. From (7) one
obtains the rate 7,,' = 1.3 x 10'! 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 VO, where anharmonic decay 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 phenomenological Ginzburg-
Landau theory [89-93]. The oscillatory dynamics of VO,
during the light-induced SPT is essentially nonlinear: It
depends on pump fluence, film crystallinity, internal strain,
and size of VO, grains and clusters. The metastability of
phase-change material can be described by the thermodynamic
potential ® [Eq. (6)]. Previously, it was shown experimentally
that the thermodynamic potential of VO, includes at least two
lattice distortions [50,51,97,98]. However, in order to avoid
possible ambiguities in the present study, we consider only
a single generalized lattice distortion associated with lattice
transformation from the monoclinic to rutile phase. Figure 14
shows the reconstructed potential ® for three different levels
of optical excitation. These levels correspond to the threshold
laser fluence Fy = 3 mJ/cm? [Fig. 14(a)], moderate excitation
at F =10mlJ /cm2 [Fig. 14(b)], and to excitation at F =
30mJ/cm? when the potential well of monoclinic phase in
the ® diagram vanishes [Fig. 14(c)].

The main pathways of lattice relaxation from monoclinic to
rutile symmetry can be found by solving the motion equation
for effective ion displacement n. This displacement is accom-
panied by photoinduced phonon oscillations with resonance
frequency vy = 6.1 THz (0 = 38 x 10'% rad/s), as shown in
Fig. 9(a) and also reported in Refs. [32,33,39,43,49,62,63].
In terms of the microscopic theory of dynamic processes in
structural phase transitions [99], the equation of motion can
be written as

9%n L o

27 S 8
o T e T Ty ®)

where i 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
subpicosecond time scale [43,63], this coefficient increases
with laser fluence. Substituting (6) in (8), we find

2
Oy 280
w?dr?  w? ot

where g = L /2 corresponds to the damping of the vibra-

tional modes, &@ = a/mw?, B = B/mw?, 7 = y /mw?.

The phase trajectories on the n7 phase plane and transient
evolution of 7 in Figs. 14(d)—14(i) show possible pathways
of photoinduced ultrafast lattice transformation within 1.5 ps
obtained by numerical integration of Eq. (9). To perform
the calculations, the kinetic coefficients were estimated from
previously obtained experimental data of photoinduced phase
transition, yielding g = 3.3 x 10> s™! (Fy = 3mJ/cm?),

+an+ B’ +yn’ =0, ©)
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FIG. 14. Thermodynamic potential ®, phase trajectories on the 17 phase plane, and evolution of 7(¢) at different levels of optical excitation:
at threshold laser fluence Fy = 3mJ/cm? (a), (d), (g); at F = 10 mJ/cm? (b), (e), (h); and at F = 30 mJ/cm? (c), (f), (i). Vertical dashed arrows
on @ diagrams show the initial energy of the VO, system right after photoexcitation at n(0) = 7..

g=50x102% s! (F=10mJ/cm?), and g=5.2x
102 s=!' (F =30mJ/cm?). We note that these damping
constants are sufficiently close to the constants which can
be derived from damping ratio obtained in Ref. [43]. The
effective mass /1 was estimated at the threshold fluence Fy as
i = 1.7 x 10~ kg using experimentally obtained constants
for the potential ®(Fp) (see Supplemental Material [94]).

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 resonant excitation of coherent
optical phonons, can contribute into different pathways of
the SPT dynamics upon optical excitation, as shown in
Figs. 14(d)-14().

As was experimentally observed in this work, the optical
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 approaches 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 (picosecond) evolution. The picosecond component
of the NLO signal vanishes above F =30mJ/cm? [see
Fig. 12(b)]. The modeling of ultrafast structural dynamics
in Fig. 14 fully supports the experimentally observed NLO
dynamics of VOs,.

According to the model, at threshold fluence Fy =
3 mJ/cm? the optical pulse excites the system below the poten-
tial 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 potential well which corresponds to the excited
(and also slightly distorted) metastable monoclinic phase. The

corresponding trajectory in the nn diagram [Fig. 14(d)] is a
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 important 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 oscillations were observed, respectively,
by Pashkin et al. [33] and by Wall et al. [43] 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
material. An additional contribution to the ultrafast SPT can
be produced by the resonant Raman process. Coherent Raman
excitation of the lattice is a nearly instantaneous process which
occurs within the time scale of light interaction with the
sample. This process can provide additional kinetic energy
to the system, switching it to the phase trajectories 2—5 in
Figs. 14(d) and 14(g). Trajectory 2 is a separatrix which
corresponds to the case when the system passes a saddle point
and can be switched either to the rutile or monoclinic phase.
Trajectory 3 is the transition to the metallic rutile phase.

It is interesting to note the possibility of switching VO,
into another domain state of the monoclinic phase. Separatrix
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 potentially observed [100].
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 thermodynamic
potential. If the coherent Raman process is excluded from the
consideration, the photoinduced screening does not change
directly the position of ions, and does not provide additional

075128-14



ULTRAFAST STRUCTURAL DYNAMICS OF VO,

kinetic energy and momentum to the ion subsystem. In
this case the most probable trajectory will correspond to
the trajectory with initial parameters 1n(0) = n. and 7(0) =
0. Figure 14(e) shows that this is a separatix (trajectory
2) for moderate excitation F = 10mJ/cm?. That is, above
F = 10mJ/cm? the majority of phase trajectories lead to
complete structural transition. This dynamics corresponds to
subpicosecond SPT of mostly all volume of the material. This
is supported by our experimental observations of the fastest
(subpicosecond) component of SPT dynamics. It was found
that the transient reflectance within ~1 ps time scale nearly
saturates as pump fluence approaches F ~ 10-15mJ/cm?
[see Figs. 5 and 12(a)]. Rigorous measurements of transient
reflectivity versus excitation fluence performed by Wall et al.
in Ref. [63] shows very similar 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 monoclinic phase (trajectory 1) [Figs. 14(e) and 14(h)].
In this case, the SPT occurs via optical phonon scattering
during several picoseconds, as discussed above. This slower
relaxation is observed up to F = 30 mJ/cm? [Fig. 12(b)].

At an excitation level of F =30mJ/cm? the system
dynamics undergoes a qualitative change: The potential well
of monoclinic phase and barrier AG vanishes [Fig. 14(c)]. As
a result, all possible phase trajectories change the symmetry
of VO, from monoclinic to rutile [Figs. 14(f) and 14(i)]. No
slow (picosecond) relaxation component was observed in the
NLO signal above F = 30mJ/cm?, since there is no pathway
to the metastable monoclinic phase.

The proposed model describes the ultrafast structural
dynamics within several picoseconds after photoexcitation and
agrees with numerous experimental observations of the SPT
in VO,. In order to extend this model on the nanosecond
time scale, the model has to include additional modulation
of thermodynamic potential by acoustic strain as well as a
growth of phonon entropy [101].

VI. CONCLUSION

It was demonstrated that the photoexcitation of VO, enables
various pathways and possibilities for transformation from its
monoclinic to rutile symmetry. Resulting dynamics strongly
depends on the excitation level, film morphology, internal
strain, and strain induced by the optical pulse.

Semiclassical 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 transient NLO response of VO, on
the subpicosecond time scale. The thermodynamic parameters
obtained by the MD method show that the screening of electron
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correlations results in an exothermic reaction with saturation
of the phonon spectrum at initial temperatures of VO, as low
as T = 15K. Also, calculations show the relatively small in-
fluence of structural point defects on kinetics of SPT. This was
supported by experimental study of photoinduced dynamics
of nonepitaxial films with a relatively high concentration of
defects. Nevertheless, a presence of structural defects produces
nonuniform metallic phase nucleation on the subpicosecond
time scale.

On a few-picosecond time scale the structural phase
transition can be considered as a nonthermal process. However,
on the nanosecond time scale the thermal contribution to
the transition becomes essential. It was also shown that
photoacoustic stress can potentially induce a ferroelastic phase
transition. Thus, the pronounced oscillatory signal which could
be associated with alternating switching of the VO, phase by
a photoacoustic wave was observed 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 orientation
of VO, grains/domains. This evidences that the strain alters
the potential energy landscape of photoexcited VO, and, as
a result, changes the phase trajectory of ultrafast structural
dynamics.

In this work, we proposed a technique for a quantitative
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 semiquantitative analysis and numerical modeling
of photoinduced dynamics. We show that the modeling of
ultrafast processes in VO, can be performed in terms of
a phenomenological Ginzburg-Landau model. This model
provides a reliable explanation of experimentally observed
structural dynamics, where the phase trajectories depend on
the excitation level. Thus, higher optical excitation above
~30mJ/cm? corresponds to complete structural transition of
all VO, grains/domains into the metallic rutile phase within
~500 fs. However, at lower excitations, grains/domains can
be turned to long-lived the 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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RECONSTRUCTION OF THE
THERMODYNAMIC POTENTIAL

We discuss the reconstruction of the thermodynamic
potential ® for the case of photoinduced first-order phase
transition. The potential ® is considered as the Landau
expansion of the free energy [1] for the effective displace-
ment of lattice ions 7 in the following form

<I>f—77 +§774+

5 =", (1)

6
where «, (8, and 7 are constants, and a >0, § <0, v >0,
and a = a(F). The constant « can be considered as the
quasiharmonic constant.  and - are fourth- and sixth-
order generalized constants. In Eq.(1) we assume that
« is the only constant which depends on the excitation
fluence F'. In this study we will find the constants a(F'),

5 and 7.

max

Displacement n

FIG. 1: Thermodynamic potential of the material in nonequi-
librium state.

Figure. 1 shows a typical profile of the potential ®
described by the Eq.(1). The condition 0®/9n=0 yields
the positions of minima 7,,;, and maxima 7,4

_ /B2 _
Nmin,max = \/ ﬁ + B 4a,y (2)

2y

Nmin and Mpq, can be used to calculate the energy barrier
AG which separates two structural phases of VOo
AG = ®(Nmaz) = L(Nmin)- (3)

Figure 2 shows the potential ® at the threshold fluence
Fy for the structural phase transition of VO,. For this

AG(F,)

-, 0 n,
Displacement n

FIG. 2: Thermodynamic potential at the threshold excitation
fluence Fyp.

state one can obtain the following coupled equations

9D (o, F
(g[;? ) _ aoto + B + g = 0
(4)
B
® (1o, Fo) = *770 4773 + 6770 0

where the constants ag = a(Fp) and 19 = Nmin at Fo.
The solution of (4) yields the relations between constants

40&0
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FIG. 3: Potential barrier AG(F) between two structural
phases of VO3 derived from experimental data, as described
in the main text of the paper.

The reconstruction of the potential ® can be stated
with arbitrary units for the effective displacement 7, set-
ting 9 =1. Using the experimentally obtained function
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FIG. 4: Thermodynamic potential as a function of effective
ion displacement 7 for different levels of optical excitation.

AG(F) (Fig. 3), Eq.(3) and the condition AG(ag) =
AG(Fp), we obtain numerically the constant ag at the
threshold level Fy

AG (o) = P(Mmaz[0]) — P(Nmin[])

AG(ao) = AG(Fy) = a0 =57

(7)
The constants 8 and v are calculated according to (5)
and (6). These constants do not depend on excitation
fluence F'. The profile of the potential & at different
levels of photoexcitation is altered only by the constant
a(F). In order to find the dependence of a versus F', the
potential barrier was calculated numerically as a function
of . Then, these data were presented as a(AG)

AG(a) = @(Mmaz[a]) — @(Mminla]) = a(AG)  (8)

The function AG(F) (Fig. 3) was obtained experimen-
tally, as described in the main text of the paper. These
data yield the dependence of the fluence versus the value
of potential barrier, F(AG). Thus, by calculating the
a(AG) and F(AQG) at the same values of AG one can
obtain numerically the function a(F).

a(AG)
F(AG)} = «(F) (9)
As the function «(F’) is obtained, the potential ®(F')
can be calculated at different pump fluences using the
expression (1), as shown in Fig. 4. For the ground state,
the constant «(0) was estimated by extrapolation of the
experimental data. We note that while the absolute val-
ues of constants «, 3, and v depend on the dimension of
the displacement 7, the reconstructed energy profile does

not. If the value of the effective displacement of lattice
ions 7. for the ground state is known, then all constants
can be easily renormalized.

The computation of molecular dynamics (MD) shows
that the root-mean-square (rms) displacement of VOq
atoms within the first 500 fs after photoexcitation is
0.32 A. Using this value as 7., one obtains 1y = 0.29 A.
While the rms displacement is not, strictly speaking, an
order parameter of photoinduced structural phase tran-
sition, it compares well with the effective displacement
of VOy ions (0.26 A) obtained recently by van Veenen-
daal [2]. Taking into account a proximity between these
values within ~500 fs, the value obtained by MD compu-
tation was considered as a reasonable estimation of the
effective ions displacement 7. for our study.

Table I shows constants «(F'), 5 and ~, and energy
barriers AG obtained for different levels of optical exci-
tation. These constants were used for the modeling of the
phase trajectories (Sec.V in the main text of the paper).
For the photoexcited VO5, the most pronounced ~6 THz
oscillations of the optical signal have been observed at
the threshold excitation in several experimental works [3—
7]. In our study we obtained the frequency of 6.1 THz
(w=38.3x10'2 rad/s). Assuming that at the threshold
level the quasiharmonic constant is oy ~ mw?, and also
p=251.92034 J/m? (see Table I for Fp=3 mJ/cm?), one
obtains the effective mass m=1.71x10"2® kg. We note
that this value is 2.4 times lower than the effective mass
m=4.06x10"25 kg of the ions involved in structural dis-
tortion, as used by van Veenedal in his theoretical work
to describe the light-induced phase transition in VO4 [2].
The discrepancy in the effective masses of the ion sub-
system is related to the difference in the models and ap-
proaches applied to describe the nonequilibrium struc-
tural dynamics of VOs.
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TABLE I: Constants «a(F), 3, v and energy barrier AG(F).

Fluence (mJ/cm?) a (J/m?) AG(J) AG(eV)
0* 100.768136 7.32395E-20 0.457125
0.5% 212.64583 2.77946E-20 0.17348
1* 226.982 2.3089E-20 0.14411
2% 242.33387 1.83834E-20 0.11474
3 251.92034 1.56308E-20 0.09756
4 259.06992 1.36778E-20 0.08537
5 264.85165 1.21637E-20 0.07592
6 269.75703 1.09252E-20 0.06819
7 274.04987 9.87902E-21 0.06166
8 277.89268 8.97219E-21 0.056

9 281.39241 8.1727E-21 0.05101
10 284.61966 7.45813E-21 0.04655
11 287.63047 6.81085E-21 0.04251
12 290.4622 6.21965E-21 0.03882
13 293.14792 5.67651E-21 0.03543
14 295.71281 5.17343E-21 0.03229
15 298.17499 4.70559E-21 0.02937
16 300.55503 4.2666E-21 0.02663
17 302.86532 3.85644E-21 0.02407
18 305.12023 3.46711E-21 0.02164
19 307.33215 3.10021E-21 0.01935
20 309.51173 2.75254E-21 0.01718
21 311.67273 2.42089E-21 0.01511
22 313.82751 2.10526E-21 0.01314
23 315.9896 1.80405E-21 0.01126
24 318.17619 1.51406E-21 0.00945
25 320.40891 1.23848E-21 0.00773
26 322.71763 9.70919E-22 0.00606
27 325.15045 7.14571E-22 0.00446
28 327.79198 4.67836E-22 0.00292
29 330.84847 2.30713E-22 0.00144
30 335.893 0 0

B8 = —1.2029353 x 10** J/m*
v = 1.077019710 x 10*® J/m°

*the constant o and AG at F <3 mJ/Cm2 are obtained by extrapolation of the experimental data.



