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Nowadays, materials science is moving towards the understanding and control of materials in nonequilibrium
states by making use of perturbative techniques to investigate their dynamical responses. From this perspective,
the use of ultrashort light pulses seems to be a relevant approach as it can selectively address different degrees of
freedom in solid-state systems and more particularly electrons. Such a method can help to decipher the physical
phenomena arising from electronic correlations and complements a more conventional methodology where the
phase diagrams of materials are investigated at thermodynamical equilibrium. Here, we combine femtosecond
optical spectroscopy and a high-pressure setup to monitor the ultrafast out-of-equilibrium photo response of a
V,05 thin film across the pressure driven insulator-to-metal transition. The experimental results demonstrate
the possibility to use the spectroscopy of coherent phonons as a thermodynamical phase marker in V,0; thin
films. In addition, the frequency behavior of the ultrafast coherent phonon mode (A, character) seems to reflect
the manifestation of a strong coupling between the lattice and electronic degrees of freedom near first-order
transition lines with a pronounced drop in frequency around the critical pressure.

DOI: 10.1103/PhysRevResearch.6.043037

I. INTRODUCTION

The Mott transition is one of the most fascinating phenom-
ena in condensed matter physics [1,2]. This physical effect
implies that a material that should be metallic considering its
electronic band filling and atomic structure could present an
electronic insulating phase induced by electronic correlations.
Despite being discussed for more than 60 years, this effect still
drags a tremendous amount of research and its global under-
standing is not fully covered yet. In its most simple picture, the
Mott transition can be modeled with a simple Hubbard model
considering only electronic bandwidth and on-site repulsion,
accounting for correlations (often referred to as W and U,
respectively). A common practice is to investigate the physics
of Mott materials and their phase diagram by modulating the
W parameter via the application of hydrostatic pressure. In
this way, a Mott insulator can be turned into a correlated
metal under increasing pressure. From that perspective, it is
still a common dogma to consider the Mott transition under
the sole aspect of electronic degrees of freedom and more
specifically the U/W ratio. However, numerous studies have
pointed out that, when approaching transition lines, electronic
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degrees of freedom couple to the lattice and more particularly
to elastic degrees of freedom [3]. This coupling becomes even
more relevant close to critical end points [4] where spectacular
effects such as the breakdown of Hooke’s law of elasticity
can be observed [5]. Some complex models exist to include
these degrees of freedom in the full physical picture of phase
transitions in Mott materials [6—8]. These theoretical models
suggest the emergence of this coupling in any measurements
made near transition lines where the quantity probed exper-
imentally is coupled to the elastic bulk modulus, and to the
lattice at larger scales.

A prototypical Mott material is vanadium sesquioxide
(V,03), or its chromium-doped equivalent (V;_,Cr,),0s3,
which can display a phase transition at room temperature
between a paramagnetic insulating phase (PI) and a paramag-
netic metallic phase (PM) under hydrostatic pressure [9]. This
isosymmetric transition is accompanied by a large volume
change revealing the strong coupling between electronic and
lattice degrees of freedom. Furthermore, this structural change
is also reflected in a variation of optical phonon frequencies
with lower values in the PM phase. Indeed, according to
previous Raman studies [10,11], a lower frequency of Ay,
modes is observed in the metallic phase with a softening of
a few percent compared to the ones of the PI phase.

On another aspect, the development of ultrafast laser-based
technologies has granted access to strongly out-of-equilibrium
states in solid-state materials at fundamental timescales for
electronic and structural processes. It can be seen as a direct
translation of the more conventional steady-state spectroscopy
in the time domain where excited and nonthermal states can be
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interrogated. Along this line, one of the most common tech-
niques is ultrafast optical spectroscopy where an ultrashort
optical pulse is used as an impulsive perturbation in order to
investigate the response function of materials. One of the most
singular effects in this field of research is the observation of
coherent phonons, appearing as an oscillating temporal mod-
ulation of physical quantities such as the dielectric function or
in diffraction patterns.

This process is often classified using two terminolo-
gies; displacive excitation of coherent phonon (DECP) [12]
and impulsive Raman scattering (IRS) [13]. Both mecha-
nisms can be described through a unifying Raman formalism
and correspond to two limiting cases of the same physical
process [14,15]. The case of DECP mostly refers to reso-
nant excitation within the electronic band structure, which
is often observed in semimetals (Bi, Sb) and semiconduc-
tors [12,16,17]. In this case, the electron-phonon coupling
is responsible for the generation of a macroscopic number
of optical phonons at the Brillouin zone center, the latter
potentially probed by different techniques including opti-
cal spectroscopy and diffraction. When dealing with optical
spectroscopy measuring simple optical quantities (reflectivity
and transmission, for instance), only the totally symmetric
modes of A, A; or Aj, characters are directly measur-
able. More recently, the study of nonequilibrium states by
means of coherent phonon spectroscopy has been extended
to numerous type of materials, including molecular materials
[18-21], charge-density wave systems [22,23], transition-
metal dichalcogenides [24-26], and transition-metal oxides
including V,0; [27-31]. Furthermore, the absence or pres-
ence of coherent phonons as well as their frequencies are a
tool used nowadays to seek for the occurrence of photoin-
duced phase transition [32,33].

In the following, the idea we want to address is to scru-
tinize if the monitoring of ultrafast coherent phonons in a
Mott material (V,03) across an isosymmetric phase transition
could provide some physical insights regarding its thermo-
dynamical phase and dynamical response. In order to do so,
we have measured the transient photoresponse of a V,03 thin
film across the pressure driven insulator-to-metal (IMT) phase
transition at room temperature using ultrafast optical spec-
troscopy. By analyzing the transient reflectivity presenting the
signature of coherent phonons, in which is embedded part of
the lattice response, it is possible to observe the occurrence
of the pressure driven Mott transition. In addition, the results
display the presence of a strong coupling between the elec-
tronic subpart and the lattice inducing a pronounced softening
of optical phonon near the critical pressure.

II. MATERIAL AND METHODS
A. Sample preparation

In this study, the sample under scrutiny is a thin film of pure
V,0;3 deposited on a Si0O,/Si substrate. After sputtering of a
vanadium target in Ar/O, discharge, the sample is annealed
at 1080 K for 10 h in a controlled atmosphere. The resulting
sample is a centimeter square wide, single phase, V,03 thin
film of ~200 nm thickness. Under cooling at ambient pres-
sure (1 bar), this sample presents two transition temperatures
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FIG. 1. Phase diagram of V,0; adapted from Ref. [9]. The white
area denotes the crossover region. The insert shows the expected path
followed by the sample when hydrostatic pressure is applied. The
blue line corresponds to the thermal path followed by the sample
under cooling.

resulting in a double hysteresis loop. At room temperature,
this sample is in the paramagnetic insulating (PI) phase with
a corundum structure (space group R3c). Upon cooling, it
undergoes an isostructural phase transition towards the para-
magnetic metallic phase (PM) at around 270 K. At an even
lower temperature, a second phase transition to an antiferro-
magnetic insulating (AFI) phase occurs around 175 K. This
transition is concomitant with a structural symmetry change
from a corundum to a monoclinic structure. This peculiar
thermal behavior is very likely due to the difference of thermal
expansion between the SiO,/Si substrate and V,03, leading
to a biaxial tensile strain after cooling down from 1080 K
(annealing temperature) to room temperature. This dynamic
is similar to the one displayed by bulk V,03 substituted by
1% of Cr, as shown in the standard phase diagram of V,03
(Fig. 1).

In the following, we focus our experimental investigation
on the phase transition taking place at room temperature
between the PI and PM phases; the isosymmetric Mott
transition. According to a projected phase diagram (Fig. 1,
insert) based on the thermal behavior of the sample (Fig. 8,
Appendix B), the phase transition line should be crossed
within 10000 bars (1 GPa) with an expected critical pressure
between 2000 and 4000 bars.

B. Ultrafast optical spectroscopy

The ultrafast photoresponse of the sample is investigated
by means of femtosecond optical spectroscopy. The method-
ology is based on the classical pump-probe scheme. An
amplified Ti:sapphire femtosecond laser (7 mJ, 65 fs) op-
erating at 1 khz is the core of the optical setup. A part of
the out-coming pulse is split and sent on pump and probe
beam paths. The probe beam is made of a supercontinuum
pulse generated through a sapphire plate and covering the full
visible range with a detection spanning from 475 nm (2.6 eV)
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FIG. 2. Scheme of the experimental setup combining ultrafast
optical spectroscopy and a high-pressure cell. The black lines rep-
resent the pressure cell area.

to 725 nm (1.7 eV). The detection scheme displays a global
sensitivity of 2.107> for an averaging of 10000 spectra.

The pump photon energy is centered at 1.55 eV (800 nm)
with an estimated pulse duration of ~65 fs. This energy being
much larger than the optical band gap of the PI phase, one
expects to directly excite electrons above the gap. Thus, the
interaction with the optical pump field results in a similar ef-
fect in both PI and PM phases with the ultrafast generation of
an excited electronic gas [29]. The typical size (FWHM) of the
pump pulse of quasi-Gaussian profile is around 290 um lead-
ing to an average excitation density of 2.1 mJ/cm? (details
of the calculation are provided in the Appendix). This value
remains identical for all the data set presented afterwards.

We define the transient reflectivity discussed hereafter as:

Ron(t, A) — Rogi (%
AR(t,)) = (tR)ff(x) ir(4) 1)

with Ry, (¢, 1) the reflectivity of the pumped material at a
given delay ¢t and Ry(A) the reflectivity of the unexcited
material.

C. High-pressure cell

The scheme of the setup is displayed in Fig. 2. The high-
pressure setup is based on a helium gas cell that can cover
a pressure range from 1-7000 bar. The very large sample
volume allows the study of thin systems of mm? size and mm
thickness. The sample is mounted inside the cell, resulting in
numerous optical interfaces inducing several reflected beams
and providing an easy way to remove spurious contributions
from the optical window. The use of a sapphire window en-
sures the possibility to operate in a spectral range spanning
from 5-0.25 eV (250-5000 nm). Using this experimental con-
figuration, we have performed ultrafast optical spectroscopy
under hydrostatic pressure, from 1-6200 bar. Additional tech-
nical details can be found in Ref. [34]. All the measurements
were collected on a single ramp of increasing pressure starting
from ambient pressure. The very likely hysteretic behavior
of the sample under pressure prevents comparing the case of
compression and the decompression one.

III. RESULTS

We systematically measure transient broadband reflectivity
changes as a function of the applied hydrostatic pressure after
a femtosecond optical excitation with a 800 nm pump pulse.
Figure 3 displays time-dependent broadband reflectivity ob-
tained at 6200 bars. The presented data are corrected for the
chirp of the supercontinuum probe, providing the same time
axis for all wavelengths.

A clear oscillation modulating the full spectral range is
observed up to 1.5 ps and is superimposed to a global pho-
toinduced signal of ~1% in absolute value. This feature,
already reported in numerous studies [27-30,34], is attributed
to the ultrafast generation of coherent phonons. The signal
around time zero is strongly dominated by contributions re-
sulting from nonlinear effects occurring in the sapphire optical
window. This strong optical signature can be clearly seen
in Fig. 4(a), where a complete time trace around the central
wavelength of 675 nm is shown up to 1.5 ps. The plotted time
trace is an average over a 25 nm wide spectral window in order
to improve the statistics of the signal.

The experimental data are fitted by using a model con-
taining three distinct components acting at different delays
[Fig. 4(b)]. The details of this model are presented in
Appendix A. First, a strong modulation of the signal is ob-
served around time zero, with alternative positive and negative
peaks. This feature is the signature of nonlinear optical effects
[35-37] occurring both in the sapphire window and the sam-
ple, including cross-phase modulation (XPM). These effects
are acting around time zero before the sample response and
an additional fast electronic contribution might be present
but is partially smeared out by these large nonlinear opti-
cal contributions (Fig. 7, Appendix A). Afterwards, a small
oscillation lasting almost one picosecond is observed inde-
pendently of the probed spectral range. The inset in Fig. 4(a),
when an additional linear component is removed, provides a
clear view of these oscillations. This oscillating component
is fitted with an exponentially damped cosine, a conventional
way for modeling coherent phonons [18,38]. Being only in
PI or PM phases, we do expect to observe only one single
phonon frequency related to the totally symmetric zone center
Ay, mode [27,29]. This fitting method gives direct access to
the frequency, the damping and the phase of the mode. These
three quantities are relevant ones when discussing the physics
of ultrafast coherent phonons. However, the correlation of
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FIG. 3. Broadband transient variation of reflectivity following a
800 nm photoexcitation at 6200 bars.
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FIG. 4. (a) Transient reflectivity of a V,0; thin film around
675 nm after photoexcitation with 800 nm pulse at 6200 bars. Insert
is a zoom on the oscillating component. (b) Top, fit of the data ac-
counting for nonlinear effects and coherent phonon. Raw data points
are shown in blue and the fit in a red solid line. Bottom, residual
component of the fit.

the phase parameter with other free parameters such as the
experimental response function or the XPM component makes
a reliable estimation of this quantity difficult. Nevertheless,
the frequency and damping components are weakly correlated
to the other free parameters, allowing for a complete study of
their behaviors under hydrostatic pressure. This statement is
supported by the fit shown in Appendix A where the artifact
component (XPM) is removed from the global photoresponse
(Fig. 7). Indeed, the signal related to coherent phonon is not
affected by the XPM component, in contrast to a possible fast
electronic response.

The fit shown in Fig. 4(b) (at 6200 bars) reveals a
good agreement with the experimental data, and provides
the following values: Frequency(A;,) =7.14 £ 0.02 THz
and damping-74(Aj;) = 0.34 £0.02 ps. These values are
consistent with previous studies performed on single crys-
tals and thin film of V,0;3 in the PM phase [29,30,39].
An additional component is added to account for slower
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FIG. 5. Evolution of the fitted phonon frequency as a function of
hydrostatic pressure. Dashed line represents an affine fit for values
higher than 4500 bars. Error bars represent the standard deviation
obtained from the fitting procedure.

dynamics that arise from thermoelastic effects. Such effects
are related to the macroscopic response of the lattice and
occur in the picosecond to nanosecond timescales, depend-
ing on the size of the sample [30,34]. Figure 5 shows the
evolution of the extracted frequency as a function of the ap-
plied hydrostatic pressure. Every point is obtained using the
same fitting method and keeping the same central probing
wavelength (675 nm). This analysis reveals a dependency of
the phonon frequency under pressure. First, the frequency
seems to linearly decrease from 1 to 3000 bars. At this
pressure, the frequency reaches a lower value of ~7 =+
0.05 THz. It corresponds to a softening of ~ 7% compared
to ambient pressure (~ 7.5 THz). This feature is consistent
with the frequency shift of the A;, mode observed during
the pressure-induced PI-to-PM transition and monitored by
Raman spectroscopy (= 15-20 cm~!, ie., 0.45-0.6 THz)
(Fig. 9, Appendix C). As the pressure is further increased up
to 4500 bar, the frequency increases slightly before reaching a
plateau-like response with an average value of ~ 7.15 THz.
Both phases undergo a shift of the A;, phonon frequency
under hydrostatic pressure. For the PM one, the experimental
value of this shift is obtained by fitting the experimental points
above 4500 bars with an affine function (dashed line). The
average resulting coefficient is +7.5 x 10> THz per kbar.
For the PI phase, the frequency shift is extracted from a Ra-
man spectroscopy measurement on a PI single crystal (Fig. 9,
Appendix C) and gives the experimental value of —9 x 1073
THz per kbar. Even taking into account the coexistence of
phases, which is very likely to occur during the pressure-
induced transition, these values, extracted from the material
far from the transition lines, cannot explain the abrupt soft-
ening of 0.5 THz over a region 3000 bar wide, as shown in
Fig. 5, and the presence of a minimum at about 3000 bar.
Indeed, this frequency has a lower value, between 2500 and
3500 bars, compared to the linear interpolation of a plausible
high-pressure PM phase, highlighted by the green area in
Fig. 5.

Regarding the damping component, all the fitted values are
between 0.3 and 0.5 ps (gray area in Fig. 6), showing no obvi-
ous correlation with the applied hydrostatic pressure (Fig. 6).
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FIG. 6. Evolution of the fitted damping time as a function of
hydrostatic pressure. Gray area emphasizes the observed range of
decay time. Error bars represent the standard deviation obtained from
the fitting procedure.

A persistent value of ~ 2 ps for the lifetime of coherent
phonon at room temperature matches previous studies on this
topic [28,29,39]. This suggests that the macroscopic phase of
the system (PI or PM) does not strongly impact the damping
dynamics of the coherent phonon. It indicates that the main
damping mechanisms (electron-phonon and phonon-phonon
scattering) are of similar order of magnitude in both PI and
PM phases.

IV. DISCUSSION

The generation of coherent optical phonons upon ultrafast
optical excitation is a well-known phenomenon [12,15]. The
generated phonon, often in the THz range, is detectable using
femtosecond optical pulses (100 fs ~10 THz). The direct
comparison between steady-state Raman spectroscopy and
ultrafast coherent phonons is a common practice [27] but one
should keep in mind that Raman spectroscopy is an incoherent
effect probing the ground state of the material.

Related to the relaxation mechanism, it must be empha-
sized that most of the energy dissipation from the electronic
subsystem toward the lattice occurs via an incoherent pro-
cess. Only a very small amount of the initial excess energy
is transferred directly to the lattice via the DECP mech-
anism. Overall, the main channel for dissipation remains
electron-phonon scattering processes over the full Brillouin
zone including acoustic branches [40,41]. The latter re-
sults in an temperature increase of the lattice. Here, the
excitation density used for the experiment pushes the sys-
tem far from equilibrium with an upper value of ~ 25 K
for heating effects in the thin film (see calculations in
Appendix D).

The observation of coherent phonon in V,03 has been
described so far within the frame of the DECP mechanism
because a genuine electronic excitation occurs while excit-
ing the material with 1.5 eV photon energy [27,29,30]. This
mechanism implies that the observed mode, when probing
simple optical quantities, is a zone center Raman active mode
with Ay, character. In both PI and PM phases, V,0Oj3 presents
30 phonon branches, including seven Raman active modes

(2 Ay 5 Ep) [42]. The two A, modes for the PM phase
have frequencies of ~ 7.2 THz (240 cm™') and 15 THz (500
cm™ 1), respectively. The fitted frequency around ~ 7 THz is
matching the value of the lower A, mode. This result is in
agreement with previous observations of coherent phonons re-
ported in studies performed both in PM or PI phases [27-31].
Moreover, when analyzing coherent phonon dynamics, the
presence of a slight shift in the phase of the oscillations can be
linked to electronic relaxation dynamics [43]. Unfortunately,
the presence of several contributions near time zero does not
allow an analysis to such an extent.

However, our results provide a clear monitoring of the
coherent phonon dynamic across the first-order IMT transition
line. In order to understand the physical picture into play, we
should stress out the following points based on the variation
of phonon frequency shown in Fig. 5. First, the presence
of a plateaulike behavior for pressure higher than 4500 bars
tends to indicate the establishment of the PM phase above
this value. This statement is further supported when looking
at static differential reflectivity where a change of behavior
is observed around 3000 bars (Fig. 10, Appendix E). Ad-
ditionally, a slight increase in the frequency of A;, phonon
is expected in the PM phase with increasing pressure. The
fitted value, using an affine function for frequencies above
4500 bars, provides an experimental increase of +-0.0075 THz
per kbar for this plausible PM phase and fulfills the expected
behavior of a simple solid. However, the variation in fre-
quency for lower pressures seems quite different. Indeed, the
frequency linearly decreases and reaches a minimum around
3000 bars. This feature cannot be explained by a physical
picture considering only a single phonon frequency related
to the sole macroscopic state of the system (PI or PM), even
taking into account a variation of frequency under pressure for
both phases.

In order to rationalize these experimental observations, it
is relevant to consider at first the behavior of solids while sub-
ject to hydrostatic pressure. In a general frame, simple solids
tend to obey the Birch-Murnaghan equation of state [44,45]
that stipulates that B = —VZ—"; is a positive constant where B
denotes the elastic bulk modulus. As a consequence, in simple
materials, the elastic bulk modulus increases while increasing
pressure and so does the speed of sound. One additional effect
is that lattice potential generally hardens under pressure, re-
sulting in an increasing frequency for optical phonon modes.
This behavior corresponds to the one observed above 4500
bars in the plausible pure PM phase.

Nonetheless, the observed decrease of frequency of the
Ajg mode in the 0-3500 bars region does not follow this
general rule as it shows a softening of phonon frequency while
increasing pressure. In this pressure range, the response of the
system deviates from the expectation of a simple material.
However, this behavior is expected as the phonon frequency
is lower in the PM phase (*7.15 THz) compared to PI
phase (=7.5 THz) so a frequency drop has to occur during
the phase transition. Such a feature is a rather distinct signa-
ture of the isostructural IMT accompanied by a large volume
change.

More significant is the presence of a minimal value at 3000
bars with a clear softening of a few percent (7 THz). This
observation can be understood within the framework of a
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compressible Hubbard model developed by Hassan er al.
[7], when applied near first-order transition lines. Within
this model, lattice degrees of freedom react to the softening
of electronic degrees of freedom. One consequence is the
prediction of a sound velocity anomaly near transition lines
that emphasizes a strong coupling between acoustic phonon
branches and the electronic subsystem. This behavior was
experimentally observed during a pressure driven insulator-
to-metal transition in a molecular material [3] and predicted
to be valid also for inorganic Mott materials such as V,0s3.
Our observations, in time-resolved fashion (Fig. 5), indicate
a mode softening upon compression with the appearance of a
local minimum around 3000 bars. This behavior matches very
well the expected evolution of sound velocity predicted in
V,0;3 for the pressure-driven phase transition [7]. Comparing
these two quantities, our results tend to reveal a correlation be-
tween the sound velocity and the optical phonons frequencies
of the A, mode both in steady state and out-of-equilibrium.
It indicates that one possible origin for the observed behav-
ior of the optical phonon is the critical coupling between
electronic degrees of freedom and the lattice near first-order
transition lines. The occurrence of this phenomenon far from
the critical end point of V,0; (T =475 K) also matches
the theoretical predictions for equilibrium conditions. Overall,
our findings are in agreement with previous studies dealing
with quasiequilibrium cases and tend to validate a physical
picture when lattice contribution should always be considered
in the insulator-to-metal Mott transition. Furthermore, this
physical picture seems to be relevant even in strongly out-of-
equilibrium cases after ultrafast photoexcitation.

V. CONCLUSION

With this study, we have demonstrated the possibility
of using the ultrafast spectroscopy of coherent phonons to
probe the evolution of a V,0s3 thin film across the pressure
driven isostructural insulator-to-metal phase transition (IMT)
occurring at room temperature. The results demonstrate that

J

AR(t)

such a technique can be used to interrogate the evolution of
the system in the time domain and probe the phase diagram.
It can be used to track the emergence of a macroscopic phase
once all degrees of freedom have equilibrated on longer time
scales.

Related to the V,03 system under study, the behavior of
the coherent phonon frequency suggests the emergence of the
paramagnetic metallic phase (PM) above 4500 bars. More
interestingly, the variation in frequency at lower pressures
(1-3500 bars) cannot be understood solely in the frame of a
biphasic material considering only a given frequency for both
PI and PM phases, even when considering the very plausible
coexistence of phases during the pressure driven transition.
On the contrary, this evolution reflects the critical coupling of
the electronic subsystem with the lattice when approaching
first-order transition lines with a sudden drop in frequency
around the critical pressure, here 3000 bar. Our experimental
data show that such an effect, predicted at equilibrium, is also
reflected in the coherent ultrafast out-of-equilibrium response.
Overall, our results suggest that the lattice contribution for
Mott materials must not be neglected near transition lines
regardless of dealing with equilibrium or highly excited con-
ditions.
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APPENDIX A: FITTING MODEL

The single wavelength time traces are fitted with the model
already provided in Ref. [46]:

= cos(B (1 — to_xpm)* + $) % [Ao exp (
0

— _ 2 _
x exp( Sy b v )} + [A cos(@(t — 1) + o) exp ( - t“)

t—1

+ Adec EXP < —

Tdec

The model, considering two physical phenomena of differ-
ent origin, is divided into two parts. The first one describes
the evolution of cross-phase modulation (XPM) with Ay cor-
responding to the amplitude of the Gaussian and A; the
amplitude of the first derivative of the Gaussian, t their full
width half-maximum (FWHM) and #y_xpp the time zero event
of XPM signal. In addition, in the case of pump pulses shorter
than 25 fs, the first cosines, which include the B constant and
the phase ¢ will reproduce the fringe artifact generated around
the time zero event.

—4In2 % (t — lOXPM)2> A 8In(2) * (t —to_xpm)
— Ay

72 72

Td

>+(a*t+b)] * H ().

(

The second part corresponds to an exponentially damped
oscillation convoluted with an heaviside function H (1),
in order the mimic the coherent phonon. Here w, ¢y,
Acoss and t; correspond to the frequency, the phase, the
amplitude, and the damping decay time, respectively. In
addition, A, and 4. represent the amplitude and decay time
of an electronic relaxation. In this model, #, represents the
time zero of the material photoresponse. Also, an additional
affine function accounts for possible thermoelastic
effects.
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FIG. 7. (Top) Raw data and the fitted function accounting for
the XPM component and thermoelastic effects. (Bottom) Residual
of the signal after removal of the XPM and linear compo-
nents, showing the photoresponse related to the coherent phonon
(insert).

This model is taking into account cross-phase modulation
(XPM) occurring when the two pulses overlap in the time
domain in a dense medium, in our case the sapphire window.
Different models have been then proposed to best represent
the shape of the artifact using the sum of a Gaussian and its
derivatives. We use the model developed by Baudisch [46],
which achieves a good XPM fit by using only the first-order
derivative of the Gaussian.

Figure 7 shows the experimental time trace together with
the fitted part corresponding to the XPM component. It should
be noticed that the asymmetric shape of the XPM compo-
nent is given by the two parameters Ay and A;. This directly
points out that the amplitude of the exponential decay that
accounts for electronic relaxation A, is strongly correlated
with the XPM component as well as #;. As can be seen in
the bottom panel, the damped oscillations appear at a later
time, thus avoiding a strong correlation with the other free
parameters.

APPENDIX B: THERMAL BEHAVIOR OF V,0; THIN FILM

The thermal behavior of the sample was monitored down
to 100 K by measuring its electrical conductivity upon cooling
and heating. The resistivity of the sample has been measured
using the four-point probe technique. The variation of resistiv-
ity, shown in Fig. 8, reveals a double hysteresis upon heating
and/or cooling with a variation of several orders of magnitude
indicating the occurrence of phase transition. This feature
indicates the crossing of two transition lines when cooling
down the sample, starting from room temperature. Thus, the
two transition temperatures 7, are: upon cooling: Tprpy =
263 K and Tpm_arr = 168 K, and heating: Tpy_pr = 280 K and
TAp],pM =178 K.

* R_heating (Ohm)

108 i « R_cooling (Ohm)

AFI

100 150 200 250 300 350
Temperature (K)

FIG. 8. Resistivity curve of the sample as a function of the
temperature.

APPENDIX C: RAMAN SPECTROSCOPY STUDY UNDER
PRESSURE ON (V.962Cro.033)203 SINGLE CRYSTAL

The Raman measurements were performed on a V,03
single crystal with 3.8% of Cr substitution in the PI phase
at room temperature. We used a diamond anvil cell setup
[inset of Fig. 9(a)] coupled to a Renishaw confocal Raman
microscope with a 785 nm excitation wavelength. Figure 9(a)
compares the Raman spectra of the crystal at ambient pres-
sure in the PI with the pressure-induced PM phases under a
pressure of 17800 bars (1.7 GPa). An abrupt softening of the
Raman phonons is observed at the pressure-induced PI-to-PM
transition [Fig. 9(b)].

APPENDIX D: ESTIMATION OF LASER-INDUCED
HEATING

We first consider a pump beam of Gaussian shape
and size (BS) of ~ 290 wm FWHM. The energy of 4w
per pulse translates into an excitation density (ED) of
ED =~ 2.1 mJ/cm?. Afterwards, the three following in-
terfaces at normal incidence are considered: air-sapphire,
sapphire-air, and air-V,03. Considering the refractive indexes
of sapphire and V,0; [47] at 800 nm, it comes that 79%
of the incoming energy is transmitted into the V,0O3 thin
film. The excited volume of Ve iS Vexe = BS x 200nm =
3.81 x 1078 cm?. The density of deposited energy per volume
is f= W =82.16J/cm™>. Based on the reported
values of heat capacity for V,03 [48] (Cp=3.25] cm3 KD,
similar in both phases, we can estimate a temperature increase
of about AT = 25 K. We must stress that this estimated value
has a physical meaning only when all degrees of freedom
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FIG. 9. (a) Comparison of Raman spectra in the metallic phases
of (V0.062Cr.038)203 single crystal under a pressure of 17.8 kbar and
at the ambient pressure in insulating phase at room temperature. In-
set: scanning electron microscopy image of the (V¢.962Cro 038)203—PI
single crystal used for the Raman study under pressure and schematic
illustration of the diamond anvil cell setup. (b) Evolution of the
frequency of the low-energy A;, mode as a function of hydrostatic
pressure.
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FIG. 10. Differential static reflectivity normalized with respect
to the ambient pressure one as a function of pressure.

are equilibrated inside the material. It does not correspond to
the lattice temperature during the ultrafast coherent response.

APPENDIX E: STEADY-STATE REFLECTIVITY
OF V,0; THIN FILM

Figure 10 displays the differential optical reflectivity as a
function of hydrostatic pressure of the V,03 thin film accord-
ing to the following formula:

ARG P) = Roft(X, P) — Rogi(A, P = 1 bar) E)
’ Roit(A, P = 1 bar) :

The results indicate a change in differential reflectivity around
3000 bars, which is likely related to the change in electronic
structure associated with the metallization of the sample. This
feature suggests a critical pressure around 3000 bars for induc-
ing the Mott transition. One can notice a similar trend in the
change in reflectivity observed during the symmetry-breaking
insulator to metal phase transition (AFI to PM) [49].
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