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Photoinduced phase transitions in complex correlated systems occur very rapidly and involve
the interplay between various electronic and lattice degrees of freedom. For these materials to
be considered for practical applications, it is important to discover how their phase transitions
take place. Here we use a novel ultrafast diffraction conoscopy technique to study the evolution
of vanadium dioxide (VO3) from biaxial to uniaxial symmetry. A key finding in this study is an
additional relaxation process through which the phase transition takes place. Our results show that
the biaxial monoclinic crystal initially, within the first 100-300 fs, transforms to a transient biaxial
crystal, and within the next 300-400 fs converts into a uniaxial rutile crystal. The characteristic
times for these transitions depend on film morphology and are presumably altered by misfit strain.
We take advantage of Landau phenomenology to describe the complex dynamics of VOs phase

transition in the femtosecond regime.

INTRODUCTION

Discovery of a phase transition near room tempera-
ture of ~ 340 K, accompanied by a dramatic insulator-to-
metal change in electrical properties[1], made VOs one of
the highly investigated strongly correlated electronic ma-
terials. VOg complex phase transition involves electron-
electron correlations and electron-lattice interactions[2,
3], which makes it challenging to determine the tran-
sition processes[4-6]. Along with temperature[l], VOq
phase transition can also be triggered by a number of dif-
ferent external excitations such as pressure[7], strain[8],
doping[9], or light[10]. Out of these external excita-
tions, light with ultra-short laser pulses allows moni-
toring the phase transition dynamics on ultrafast time
scale[11]. In the past recent decades, several enthralling
results on VOag, using optical[11-17], terahertz[18-21], X-
ray[10, 22-27], and electron diffraction[28-30] methods
increased our understanding regarding its phase transi-
tion.

VO is one of the intensively studied transition metal
oxides and a large number of studies have been devoted
to the finding of driving mechanisms behind its phase
transition. There is a long standing debate over the two
mechanisms, Mott or Peierls type, believed to be respon-
sible for the VO, phase transition[12, 31-35]. Within in
this long standing debate, much less attention has been
paid to the structural phase transition (SPT) dynamics
on femtosecond time scale. An important study related
to the VO, phase transition process involves determin-
ing the stages through which a monoclinic biaxial crystal
transforms to a rutile uniaxial crystal. One way to study
SPT dynamics in femtosecond regime is by tracking only
the structural degrees of freedom. Conventional opti-
cal pump-probe methods provide a collective response of
lattice and electron dynamics. To separate lattice relax-
ation component from pure electronic response in tran-
sient nonlinear optical signal is a nontrivial task and new

experimental approaches are required.

In this paper, we present a novel method of ultrafast
diffraction conoscopy (UDC) which allows tracking the
transient change of lattice symmetry. By monitoring the
transient polarization of scattered light along with the
evolution of conoscopy patterns, the UDC reveals two
different components of VO5 lattice distortion on subpi-
cosecond time scale. The structural phase transition oc-
curs from monoclinic biaxial to rutile uniaxial crystal and
follows a complex phase trajectory via transient interme-
diate state with biaxial symmetry. Observed nonequilib-
rium structural dynamics is supported by a quantitative
analysis in terms of Ginzburg-Landau formalism.

EXPERIMENT

Sample preparation and characterization

Thin films of VO, with various thicknesses were grown
on single-crystal (110) Al;Og (A-cut) and (100) AlOg
(M-cut) substrates by using pulsed laser deposition tech-
nique. For these samples, the laser ablation process was
performed using an excimer laser (KrF, 248 nm wave-
length) with 25 ns pulses. The process was carried out
at 4 J/cm? fluence with a chamber pressure of 50 mTorr,
argon and oxygen gas flows of 10 and 15 standard cu-
bic centimeters per minute, respectively, and substrate
temperatures of 550 °C. The X-ray diffraction (XRD)
patterns of all VO, films evidenced single monoclinic M;
phase at room temperature, with good off-plane and in-
plane orientation with respect to the sapphire substrates
which can be described as epitaxial. Atomic Force Mi-
croscopy (AFM) and XRD analyses were performed to
verify the quality and orientation of the films, as shown
in Supplementary Figs. 2 and 3 respectively[36].
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FIG. 1. Schematics of the experimental setup for polarization
resolved light scattering measurements.

Ultrafast diffraction conoscopy

The experiment to study light-induced SPT dynam-
ics of VOy was performed with a scatterometer setup
schematically shown in Fig. 1. A titanium sapphire laser
(Ti:Sapphire) provides ultrashort pulses with a central
wavelength of A=800 nm and a repetition rate of 80 MHz.
The output from Ti:Sapphire is sent to a regenerative
amplifier (Spectra-Physics:Spitfire) which is pumped by
a Nd:YLF laser (Merlin) of 8 W average output and a rep-
etition rate of 1 KHz. The regenerative optical amplifier
provides 800 nm wavelength output with pulse time du-
ration between 80 and 130 fs and 1 KHz repetition rate,
which is used as a pump beam. The second harmonic
pulse, which acts as a probe, with a central wavelength
of 400 nm, is obtained by using a Beta Barium Borate
(BBO) nonlinear crystal.

The phase transition was triggered by the circularly
polarized pump pulse focused to a spot size of 0.6 mm.
Circular polarization was used to avoid possible artifacts
owing to the photoinduced anisotropy of VO4 electronic
density that is not actually related to lattice symmetry.
To monitor the phase transition, the vertically polarized
probe pulse was focused into a tighter spot of 70 pm
diameter. Both pump and probe pulses were incident
normal to the sample surface, which was mounted on a
rotational holder. The time delay between pump and
probe pulses was controlled by using a retro-reflector in
the probe arm. Scattered light from the sample was col-
lected by an elliptical mirror which focused the light to a
charge-coupled device (CCD). The pump beam was pre-
vented from reaching the detector by using a color filter.

The scattering distribution signal was measured and
mapped as a Bidirectional-Scatter-Distribution-Function
(BSDF) versus polar angle 8 and azimuthal angle . The
BSDF is defined as follows[48]:

1
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where Iy is the intensity of incident light, and dls.qs is
the intensity of light scattered into solid angle d2. To
record the conoscopy images an analyzer is inserted be-
tween CCD and elliptical mirror at horizontal polariza-
tion. The transient scattering signal is maximal when
the VO optical axis is tilted to a specific angle with re-
spect to the probe polarization so that there is a stronger
change of elliptical polarization of scattered light during
the SPT. Therefore, samples were rotated to a position
of highest transient modulation of scattering signal. The
measurements were performed at room temperature.

The conoscopy technique is based on angle-resolved
elastic light scattering and employs two crossed linear
polarizers before and after the elliptical mirror (Fig. 1).
Light scattering is a process directly related to surface ir-
regularities and optical properties and provides informa-
tion about material inhomogeneities[49-52]. UDC tech-
nique is useful for statistical analysis of transient crys-
tallographic symmetry of polydomain highly orientated
films with a thickness about one order of magnitude less
than the laser probe wavelength. This method is based
on the fact that the crystal anisotropy produces optical
birefringence and splits linearly polarized light into two
mutually orthogonal components with different phase ve-
locities. Due to cumulative phase difference of these com-
ponents, the scattered light becomes elliptically polar-
ized. The degree of elliptical polarization and the shape
of conoscopy pattern were monitored by using a CCD
detector equipped by a linear polarizer (analyzer).

UDC allows separating signals related only to the lat-
tice symmetry transformation from other types of signals
(band filling, change of optical constants during phase
transition, etc.), which is an important advantage of this
technique. A noticeable contribution in light depolariza-
tion arises from Rayleigh scattering which allows moni-
toring birefringence of microcrystals with sizes much less
than the light wavelength.

RESULTS

Figure 2(a) shows the Bidirectional-Scatter-
Distribution-Function (BSDF) indicatrices of hemi-
spherical light scattering from a 40 nm thick VO, film
on a sapphire substrate (A-cut) as a function of both
polar and azimuthal angles. The distinctive conoscopy
patterns at different probe delays are outlined by dashed
isophotes. For these scans, the energy fluence of the
pump pulses was 14 mJ/cm?. In the first few hundred
femtoseconds, the scattering signal consists of two
hyperbolas, similar to biaxial isogyres (see Fig. 3(d) in
the Supplemental Material [36]), in opposite quadrants,
which transform to a cross-like pattern, similar to
uniaxial isogyres (see Fig. 3(b) in the Supplemental
Material [36]), at the end of the phase transition.
Figure 2(c) represents the cross-sections of the scattering
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FIG. 2. Ultrafast diffraction conoscopy of VO3 film on A-cut Al;Os. (a) Evolution of the light scattering indicatrix showing
the transformation of biaxial isogyres to uniaxial isogyres. The distinctive conoscopy patterns are outlined by dashed isophotes.
The black rectangular region along with a black bar shows the location of the sample holder. (b) Three-dimensional view of
light scattering indicatrix showing conoscopy patterns at 0 fs. (¢) Cross-sections of the scattering indicatrix along an azimuthal
angle p=225° for 25 fs, 330 fs, 540 fs and 800 fs. The arrow inside the inset shows the azimuthal direction of the cross-sections.
(d) Temporal position of BSDF minimum of scattering indicatrix cross-section at ¢=225" for various pump fluences. Error
bars represent the standard deviation obtained from multiple measurements to collect BSDF minimum shift.

indicatrix for probe delays of 25 fs, 330 fs, 540 fs, and
800 fs, along an azimuthal angle p=225°. The most
obvious non-trivial observation from these BSDF curves
is that the intensity minimum shifts significantly during
the SPT interval. This noticeable shift reflects the
change in the conoscopy pattern as a result of lattice
transformation.

To investigate the evolution of the VO, system through
SPT, we take polar angles corresponding to BSDF mini-
mum of scattering indicatrix curves at various probe de-
lays and plot, as shown in Fig. 2(d), for different pump
fluences. From this BSDF minimum shift trend, two
distinct processes can be resolved: (1) during the first
~300 fs the initial monoclinic lattice of VOs transforms
into a nonequilibrium biaxial phase which appears as an
increase of the angular position of the BSDF minimum
and (2) after ~300 fs the angular position of the BSDF
minimum starts to decrease, attaining a constant value
within 500-700 fs. In discussing this transition, we define
some characteristic times in Fig. 2(d), where T1 time
represents zero delay, T2 time is defined by the extreme
of minimum change and T3 is where the shift reaches
a steady level. Tji is defined as the time difference be-
tween the it and j** times. The shift reaches a peak at
T2 within 300 fs after zero delay. After a period of AT21
= 300 fs, the shift starts to decrease for a period of AT32
= 300-400 fs and reaches a minimum at T3. After that,
the shift reaches a steady level, which corresponds to the

end of the subpicosecond phase transition.

The light scattering intensity is proportional to the
squared value of optical polarizability and surface
roughness[48, 53]. The absolute value of the VOy di-
electric constant and, as a consequence, its polarizability
is lower for the metallic phase[54]. As shown in Refs. 55
and 56, the surface geometry does not change during ul-
trafast phase transition, and the light scattering intensity
decreases due to transient change of VOs optical prop-
erties. Hence, if the phase transition is a single stage
process, then the BSDF minimum should shift mono-
tonically. However, the fact that it first increases and
then decreases indicates that the initial monoclinic lattice
transforms to a different biaxial crystal. Although the ac-
tual crystal symmetry of this transient phase is unknown,
it is definitely a biaxial crystal, as evidenced in the indi-
catrix sequence in Fig. 2(a). Furthermore, the increase of
pump fluence results in a larger transient change of this
angular position due to a higher level of photoinduced
metastability accompanied by stronger lattice distortion.

In order to further investigate the rich dynamics of
the VO5 phase transition and also to support results of
Fig. 2(d), we map the UDC data as a relative change of
measured signal ABSDF(t)/BSDF(0), where ABSDF(t)
= BSDF(t)-BSDF(0) as shown in Fig. 3(a). These data
represent the evolution of polarization state of light scat-
tering from VOg film. Here an emerging rectangular
region with larger positive ABSDF(t)/BSDF(0) values,
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FIG. 3. Evolution of polarization state of light scattering from VO, film on A-cut Al,Os. (a) Relative change of UDC indicatrix
ABSDF(t)/BSDF(0); A rectangular region, ascribed to a multistage phase transition, emerging in the beginning of the phase
transition reaches to a peak between 250-350 fs and then starts to decrease and disappears after 500-700 fs (see Movie 1 in the
Supplemental Material [57]). (b) Change of the width (Wr) of the dark rectangular region at an azimuthal angle of ¢=225" with
respect to the probe delay. Width was measured from 95 fs to 470 fs due to the low resolution outside this interval. (c) Light
scattering, integrated over the hemisphere without analyzer, as a function of probe delay for a pump fluence of 20 mJ/cm?. (d)
UDC: cross-section of ABSDF(t)/BSDF(0) at ¢=225° for various pump fluences. Error bars represent the standard deviation

obtained from multiple measurements.
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FIG. 4. Transient light scattering from VO3 films on A-cut
Al;03. (a) Relative change ABSDF(t)/BSDF(0) of UDC in-
dicatrix. The sample is rotated by -45° from the original
orientation in Figs. 2 and 3. (b) Evolution of light scattering
indicatrix without an analyzer.

peaks at 250-350 fs and then starts to decrease and disap-
pears after 500-700 fs (see Movie 1 in the Supplemental
Material [57]). This behavior can be ascribed to a two-
stage phase transition which causes an increase followed
by a decrease of differential scattering. It is noted that
the time for the maximum differential scattering signal

coincides with the characteristic time T2 for BSDF min-
imum [see Fig. 2(d)].

To trace the change of light polarization due to lat-
tice transformation into an intermediate transient state,
we define an arbitrary parameter Wr as the width of
the rectangular region at an azimuthal angle of ¢=2259.
The measured width (Wr) in angular units for various
time delays is shown in Fig. 3(b). Due to the low res-
olution near zero delay, we measured Wr starting from
100 fs. Change of the width with time delay follows the
same trend as seen from the position of BSDF minimum
in Fig. 2(d). From these results, we conclude that the
observed phase transition is dominated by biaxial sym-
metry, which changes to uniaxial within 500-700 fs time
interval. Our results for the shift of BSDF minimum and
relative change of differential scattering provide solid ev-
idence for the existence of a two-stage phase transition
in VOs. Next, we explore the phase transition trend us-
ing total integrated scattering over hemisphere without
analyzer and compare the results with those for UDC
patterns. Figure 3(c) shows the total integrated scat-
tering signal Ig/Iy as a function of the probe delay for
the first 800 fs. From this curve, we deduced the phase
transition characteristic time on the order of 400 fs.

The complex dynamics of photoinduced phase transi-
tion results in a gradual change of the VO5 band struc-
ture on femtosecond time scale. Ordinary pump-probe
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FIG. 5. The light scattering from 80 nm thick VO film on
A-cut Al;O3. (a) Evolution of UDC indicatrix during the
transformation of VO from biaxial to the uniaxial crystal
at 14.0 mJ/cm? excitation. (b) Relative change of transient
conoscopy signal ABSDF(t)/BSDF(0).

optical techniques which utilize transient transmission,
reflection or total integrated scatter show a monotonic
step-like change of the optical signal as VOs switches
to its final rutile phase. However, these techniques only
partially resolve lattice relaxation dynamics, and many
features remain hidden. After rigorous analysis of exper-
imental data, several works[16, 28, 29, 56, 58] reported
the presence of at least two stages of phase transition.
Here, applying UDC technique the two stages of SPT
process can be clearly resolved on a femtosecond time
scale as shown in Fig. 3(d). As it was expected, when
VO, completely switched into a final rutile phase within
700 fs, the total change of the scattering signal is nearly
independent on pump fluence. However at ~ 300 fs, in-
creasing excitation level results in the significant rise of
ABSDF(t)/BSDF(0) UDC signal. This behavior is as-
sociated with higher level of photoinduced metastability
which provides stronger transient lattice distortion and,
as a consequence, higher depolarization of scattered light.

In order to demonstrate the influence of crystal ori-
entation on transient UDC indicatrix, we rotated the
sample by -45°, from the original orientation in Figs. 2
and 3. The resulting differential UDC patterns are shown
in Fig. 4(a). At this orientation of the sample, the b,,
axis of VOs lattice coincides with the polarization plane
of the probe beam. As a result, the ABSDF(t)/BSDF(0)
signal drops monotonically, without showing noticeable
light depolarization.

To compare UDC results with ultrafast light scatter-
ing, we collected scattering data by removing the ana-
lyzer from the setup. The BSDF indicatrices, measured
as a function of both 6 and ¢, with respect to probe de-
lay, are shown in Fig. 4(b). As expected, the scattering
indicatrices show only a continuous decrease of the sig-
nal without any noticeable intermediate transition, same
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FIG. 6. The light scattering from 80 nm thick VO, films
on M-cut Al;Os. (a) Evolution of UDC indicatrix during
transformation of VO2 from biaxial to the uniaxial crystal at
14.0 mJ /cm? laser excitation. (b) Transient change of relative
conoscopy signal ABSDF(t)/BSDF(0).

as seen for total integrated scattering [Fig. 3(c)]. An
elliptical type pattern can be observed in these indicatri-
ces due to the multidomain epitaxial nature of the film,
which means that there are strongly preferential lateral
orientations of the VOy lattice with respect to the sub-
strate. These results highlight the relevance of the UDC
for studies of the transformation.

To explore the effects of thickness and misfit strain, we
also investigated thicker VO2 (80 nm) samples grown on
A-cut (110 plane) and M-cut (100 plane) sapphire sub-
strates. The azimuthal orientation of the samples was
set to obtain maximal differential, ABSDF(t)/BSDF(0),
signal. Time-resolved diffraction conoscopy indicatrices
from VO, films on A-cut and M-cut substrates are shown
in Figs. 5 and 6 respectively. The scattering data for all
the samples are compared with respect to their orienta-
tion along the probe direction. By comparing 40 nm and
80 nm VO, samples on A-cut substrates the conoscopy
patterns in the case of the thicker film are less sharp.
However, the change from biaxial to uniaxial symmetry
is still visible [Fig. 5]. Similarly, for the 80 nm thick VOq
film on M-cut sapphire the change in conoscopy patterns
clearly indicates biaxial to uniaxial transformation. Dif-
ferential scattering [Fig. 6(b)] shows a sharp square-like
feature due to the preferable orientation of VO grains
and domains on single-crystal Al,O3 substrate, as con-
firmed by x-ray measurements versus azimuthal orienta-
tion of the sample (see Figs. 2(c) and 2(d) in the Sup-
plemental Material [36]).

Figure 7 shows the cross-sections of UDC patterns
along azimuthal directions with stronger light depolar-
ization, for all the three samples. As can be clearly seen
in the case of the 40 nm thick VOs film on A-cut sap-
phire, the first stage in the transition process reaches an
extreme, shown by a vertical dashed line, in about 250—
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FIG. 7. Cross-sections of UDC patterns from three VO2 sam-
ples for different polar angles at azimuthal angle =285°
with respect to time delay. ABSDF(t)/BSDF(0) distribution
for (a) 40 nm VO2 film on A-cut Al,Os, (b) 80 nm VO
films on A-cut Al2Os3, (¢) 80 nm VO3 films on M-cut Al,Os.
Cross-section maps clearly show the difference between phase
transition dynamics in three VO2 samples. In the case of 40
nm sample on A-cut sapphire, the first stage in the transi-
tion process reaches an extreme in about 300 fs and is then
followed by a second stage which decays within 300-400 fs.
The first stage is twice faster in thicker samples on A- and
M-cut sapphire substrates. Vertical dashed lines indicate the
maximum of ABSDF(t)/BSDF(0) signal related to the inter-
mediate biaxial state.

300 fs and is then followed by a second stage which decays
within next 300—400 fs. However, in the case of thicker
samples on A- and M-cut sapphire substrates the first
stage occurs twice faster than for the thin sample. This
implies that the intermediate biaxial state lasts longer in
thinner films, which are expected to have higher strain,
as compared to thicker films.

DISCUSSION

Time-resolved diffraction conoscopy allows monitoring
the transformation of lattice symmetry in epitaxial or
textured films with thicknesses much smaller than the
wavelength of incident light. Moreover, obtained data
are statistically averaged over thousands of microcrystals
within the illuminated area. Thus, UDC technique can
provide information about structural relaxation for thin
polydomain films, as long as transient light depolariza-
tion or a transient conoscopy patterns can be detected.
The presence of VO domains with different orientations
results in a smearing of the conoscopy patterns; however,
this does not affect the pathway of structural transforma-
tion. We note that for all the studied films we observed
very similar transient behavior and a pronounced change
of scattering signal and conoscopy patterns.

The biaxial to uniaxial ultrafast phase transition in
VO, takes place in two stages, and can be considered

as related to two different lattice distortions similar to
those discussed by Goodenough[2]. It should be noted
here that we have observed two components of the SPT
for three VO films with substantially different morphol-
ogy, and these two components are associated with two
different characteristic lattice distortions with different
relaxation times. Moreover, for the thinner film, which
is expected to have a higher misfit strain, the characteris-
tic relaxation time of the first transition stage is 250-300
fs [Figs. 2, 3 and 7(a)] which is twice slower than for
the thicker films [Figs. 7(b) and 7(c)]. This fact suggests
that the strain is one of the key parameters controlling
ultrafast lattice relaxation dynamics.

While two distinct lattice relaxation processes are ob-
served, the starting point of the second process is difficult
to resolve with high accuracy. It is very likely that the
light pulse triggers two lattice relaxation processes simul-
taneously, but the internal strain in the film alters the
relaxation time of each characteristic lattice distortion
and affects the total pathway of the SPT which appears
as a two-stage process. The first stage of SPT is related
to the initial transition to a transient state with biaxial
symmetry. This process is mainly associated with the
antiferroelectric lattice distortion. The second stage of
SPT is related to the lattice transformation into the ru-
tile phase, with uniaxial symmetry, and can be assigned
to V-V bonding.

Here we note that the total light-induced SPT in a
thin VOg film occurs simultaneously in all grains of the
film within several hundred femtoseconds. Several stud-
ies of transient surface statistics[55, 56] have shown the
absence of coexistence of different VOo phases during the
ultrafast phase transition. While slight variation of char-
acteristic transition time was observed versus grain size,
the pathway of SPT was identified as a coherent process
across all spatial frequencies of the surface. Moreover,
on femto- and picosecond time scales only short-range
phonon interactions take place[55, 56]. As a result, the
ultrafast phase transition does not noticeably contribute
to formation of new domains within several picoseconds.

The ultrafast first-order phase transition can be ana-
lyzed in terms of Ginzburg-Landau theory[59-61]. The
experimentally observed SPT dynamics can be supported
by modelling of thermodynamic potential ® for photoex-
cited VO, as shown in Fig. 8. To estimate the profile
of thermodynamic potential, we performed calculations
of molecular dynamics and measured transient reflection
and transmission of VO, films (see Supplemental Mate-
rial [36]). Measurements of relaxation rates on picosec-
ond time scale allowed us to estimate the profile of ®.
Two different components of VO lattice distortion re-
vealed by UDC can be associated with two effective ion
displacements x1 and x5, which correspond to antiferro-
electric distortion and V-V bonding respectively. Taking
into account only insulating M; and metallic R-phase of
VOs,, the thermodynamic potential ® consists of two po-



tential wells separated by a barrier AG. The two-well
potential model does not imply the presence of an inter-
mediate state of VO, explicitly, but it can be used for
analyses of two different lattice distortions.

The two-well lattice thermodynamic potential & can
be described by employing the following ansatz[61]:

B
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where F is laser fluence and «(F), 81, f1 and v are ex-
perimentally derived constants. These constants were es-
timated from additional measurements of the slower (pi-
cosecond) component of VOs relaxation dynamics which
was detected after the ultrafast subpicosecond transition
at excitation fluence below 30 mJ/cm?.

We assume that the concentration of photoexcited free
carriers is the main factor that alters ®, and x; and xo
correspond to the whole displacement of VO sublattices
during antiferroelectric distortion and V-V bonding, cor-
respondingly. The VO, lattice motion is oscillatory in
nature and it has been shown by many groups that it os-
cillate with frequency of 6 THz[3, 16-18, 62, 63]. Taking
into account the relaxation nature of these oscillations,
we obtain the equation of motion[64]:
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where m is the effective mass and g; is the damping coef-
ficient, related to the experimentally measured transition
rate for each distortion i of the phase transition. For two
observed distortions, damping coefficients g; = 6.7x10'2
s~ land go = 2.1x10'2 57! were calculated using experi-
mental data of figures 2 and 3. Using the thermodynamic
potential ® and frequency 6 THz of optical phonon mode,
the effective mass m was estimated as 1.7x10~2 kg.
Figure 8(a) shows the pathway of the energy relaxation
obtained by numerical integration of equation (3) for the
ultrafast first-order phase transition. Here, the photoex-
citation of the free carriers instantaneously modifies the
thermodynamic potential ® by screening the Coulomb
repulsion and switching the VOg lattice into a nonequi-
librium excited state [65, 66]. In case of absence of inter-
nal strain, our model assumes that the relaxation rates
for two distortions x1 and x5 are equal. As a result, the
phase trajectory of the phase transition is just a sim-
ple transition from monoclinic phase to rutile phase de-
noted by a straight dashed line ”M;-R” on the poten-
tial landscape in Fig. 8(a). This transition would result
in monotonic decrease of light depolarization during the
transition. However, experimental observations of lattice
dynamics by UDC shows significant transient depolariza-
tion of light scattering for all samples due to deviation of
actual phase trajectory from "M;-R” straight line. Since

320 fs 80 fs
160 fs

x1 (A) x (A)

FIG. 8. Phase trajectory of photoexcited VO3. The solid line
with arrows shows the pathway of the energy relaxation af-
ter photoinduced change of thermodynamic potential. Two
potential energy surfaces, marked by A and B, correspond to
unperturbed and photoexcited states of VO3 respectively. (a)
A double-well potential case. This model implies the presence
of only M; and R phases. Dashed line indicates the phase tra-
jectory for the case of equal relaxation rates for antiferroelec-
tric distortion (z1) and V-V bonding (z2). (b) A triple-well
thermodynamic potential. The possible intermediate phase is
denoted by Bj.

the lifetime of transient biaxial phase depends on type
and thickness of epitaxial film [Fig. 7], it is believed that
the internal misfit strain increases this deviation via dif-
ference in the relaxation rate for antiferroelectric distor-
tion and V-V bonding.

The UDC data for 40 nm VOs/Al;05(A-cut) shows
significant rise of transient depolarization within 300 fs
[Figs. 2 and 7(a)], a timescale which is nearly twice longer
than the oscillation period of VO3 optical phonons (see
Section 5 in the Supplemental Material [36]). This rel-
atively long time can correspond not only to different
relaxation rates for distortions x7 and x5, but also to the
presence of an intermediate biaxial phase and additional
third potential well on the ® landscape denoted by B, as
shown in Fig. 8(b). Upon light-induced phase transition
the lattice symmetry changes from monoclinic to rutile
via B, moving along some complex phase trajectory.

Recently, several studies using tempearature[l7,
67-70], pressure[71-74], light[29, 35, 58, 66] and
voltage[27] demonstrate that VO2 phase transition takes
place through an intermediate phase with monoclinic
symmtery. Bai et al. suggest the presence of several new



phases (e.g. distorted My, orthorhomic, X phase) under
high pressure[72]. In the case of photoinduced SPT, the
initial excited state corresponds to M; phase, while the
transient biaxial phase B, can be My or orthorhombic
phase. However, the exact symmetry of B, phase cannot
be determined by optical UDC technique. Nevertheless,
transient B, phase is definitely a biaxial phase which is
different from initial My and final rutile phase.

The presence of two different lattice distortions in ul-
trafast phase transition reveals a resemblance between
light-induced and thermally induced crystallographic
transtions in terms of Goodenough/s model, proposed in
his seminal work[2]. According to Goodenough, two dis-
tinguishable components of lattice distortion are present:
antiferroelectric distortion into an orthorhombic struc-
ture and homopolar V-V bonding along the a,, axis.
For pure and unstrained VO these distortions occur at
the same temperature. However, doping or mechanical
strain both separate the temperatures at which they oc-
cur. In our case, it is very likely that the strain affects the
SPT in a similar way, resulting in structural transition
from monoclinic to an intermediate phase before trans-
forming to a rutile symmetry. This concept agrees with
Goodenough/s prediction about an orthorhombic inter-
mediate phase which is also biaxial in nature. There have
been numerous studies demonstrating that the strain is
one of the key parameters which alters the phase tran-
sition pathway [23, 69, 75-84]. Laverock et al. provide
conclusive evidence that the observed intermediate phase
is accessible in the ground state at ambient temperatures
and pressures in epitaxially strained VO2[69].

For a triple-well thermodynamic potential the quanti-
tative theoretical analysis of the SPT dynamics becomes
rather difficult. However, qualitative estimation shows
that the additional potential well can noticeably increase
the transient time of the nonequilibrium biaxial state.
The presence of an additional potential well in ® can
significantly increase the difference in the relaxation rate
for antiferroelectric distortion and V-V bonding and, as a
result, increase the depolarization time of scattered light
observed by UDC. During this SPT, the relaxation rate
can be a function of time (i.e. damping of vibrational
modes can change during SPT). Taking into account sig-
nificant differences in relaxation dynamics of epitaxial
VO, films on different substrates [Fig. 7], it is very likely
that the depth of the potential well B, for transient inter-
mediate phase depends on film morphology and internal
strain.

CONCLUSION

In conclusion, we have shown that the femtosecond
pump-probe diffraction conoscopy is a powerful technique
to track the structural phase transition dynamics in com-
plex correlated materials. A pronounced two-stage pro-

cess in the phase transition of VOs was observed with
two distinct characteristic times. After the phase transi-
tion is triggered by a light pulse, the monoclinic biaxial
crystal transforms to a transient biaxial crystal which is
the first stage of the phase transition, lasting for 100—
300 fs. The second stage lasts next 300400 fs and is
related to the lattice transformation from transient bi-
axial phase into the rutile uniaxial phase. It is most
likely that the internal misfit strain in epitaxial film al-
ters the observed characteristic relaxation times. By ap-
plying Ginzburg-Landau formalism it is shown that the
observed two-stage UDC dynamics is originated from two
lattice distortions with different relaxation times. Ac-
cording to Goodenough,s model of VO, lattice instability
these distortions can be associated with antiferroelectric
lattice distortion and homopolar V-V bonding.
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