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Zohra Khaldi,b Marco Cammarata, a Eric Collet, ac Etienne Janodac

and Christophe Odin *ac
Received 20th January 2022, Accepted 11th February 2022

DOI: 10.1039/d2fd00013j

Triggering new stable macroscopic orders in materials by ultrafast optical or terahertz

pump pulses is a difficult challenge, complicated by the interplay between multiscale

microscopic mechanisms, and macroscopic excitation profiles in samples. In particular,

the differences between the two types of excitations are still unclear. In this article, we

compare the optical response on acoustic timescale of a V2O3 Paramagnetic Metallic

(PM) thin film excited by a terahertz (THz) pump or an optical pump, at room

temperature. We show that the penetration depth of the deposited energy has a strong

influence on the shape of the optical transmission signal, consistent with the

modulation of permittivity by the superposition of depth-dependent static strain, and

dynamical strain waves travelling back and forth in the sample layer. In particular, the

temporal modulation of the optical transmission directly reflects the excitation profile as

a function of depth, as well as the sign of the acoustic reflection coefficient between

the film and the substrate. The acoustic mismatch between the V2O3 layer and the

substrate was also measured. The raw data were interpreted with a one-dimensional

analytical model, using three fitting parameters only. These results are discussed in the

context of triggering phase transitions by ultrafast pump pulses. To the best of our

knowledge, this is the first report of the modulation of the optical transmission of V2O3

with a THz pump within the acoustic timescale.
1. Introduction

The study of Photo-Induced Phase Transitions (PIPT) is in constant development,
owing to new experimental techniques and progress in the physical and
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theoretical interpretation.1 Moreover, the recent possibility to generate almost
single cycle terahertz pulses of high intensity offers appealing perspectives for the
excitation and investigation of coherent lattice vibrations.2–6

It was soon recognized that, in addition to the microscopic excitation mech-
anisms, the macroscopic excitation prole is also strikingly important both for
the generation of new phases, their propagation in space and time, and for the
interpretation of collected data. The nite penetration depth and hence excitation
prole of the pump will induce an inhomogeneous distribution of phase nuclei
from the surface,7 which may propagate in the depth of the sample (for instance,
photoinduced metallic domains in an insulating phase8). The initial spatial
pattern is determined by the excitation prole and mechanism, and subsequent
evolutions (nucleation, phase front propagation) are driven by corresponding
spatial gradients. This spatial and dynamical mixture of sample properties
modulates the sample dielectric function, whose effects are probed through time-
resolved optical reectivity or transmission measurements. A model of the full
optical detection process was developed in the seminal work by Thomsen et al.,9

pointing out the role and interplay between the pump and probe in the inter-
pretation of the transient signal.

It is admitted that optical pump microscopic excitation processes are mainly
mediated by electrons, while terahertz pulses can also interact directly with the lattice
through infrared active phonon modes. Among possible transformations that are
triggered by such ultrafast strong pulses are coherent phonons or strain-waves.10,11 In
Fig. 1 (a) Phase diagram of V2O3 (PM: Paramagnetic Metal; PI: Paramagnetic Insulator;
AFI: Antiferromagnetic Insulator) and structure in the PM phase. (b) Scanning Electron
Microscope (SEM) image. The film thickness was measured as 210 � 10 nm. (c) Experi-
mental setups for the terahertz pump or optical pump/optical probe.
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addition to possible applications to probematerial properties, such strain waves were
shown to be able to drive a semi-conductor to metal phase transition.12

For these reasons, the comparison of ultrafast pump properties is of primary
importance in the understanding of PIPT phenomena, in particular in metal–
insulator phase transitions of strongly correlated metals.

Vanadium sesquioxide V2O3 is a work horse in the study ofMott–Hubbard phase
transitions.13,14 At ambient pressure, it presents a rst order symmetry-breaking
Paramagnetic Metal (PM) to Antiferromagnetic Insulator (AFI) phase transition
near 160 K, while a third phase (Paramagnetic Insulator, PI) can be obtained by
changing pressure or chemical doping (Fig. 1a). At room temperature and pressure,
V2O3 is in a paramagnetic correlated metallic phase, with a corundum structure
with two V2O3 formula units in the rhombohedral R�3c unit cell (Fig. 1a).

The ultrafast responses of such materials in pump–probe experiments are very
important both for the understanding of the underlying physics and for potential
applications. For instance, optical pump experiments have shown the possibility
of inducing metallic nucleation-growth from the low-temperature insulating
phase,15 while very high terahertz-pump elds (>1 MV cm�1) at 4 K achieved
insulating to metal transition through electronic tunneling.16

In the following, we compare the optical relative transmission transients
induced by a terahertz or an optical pump on a V2O3 thin lm, using the same
optical probe, to get information on photoinduced static and dynamical strains
within the acoustic timescale.
2. Materials and methods
2.1 Sample preparation

A thin lm of V2O3 was deposited on a c-cut (0001) sapphire substrate by sput-
tering of a vanadium target in Ar discharge. Post-deposition annealing at 530 �C
in a reducing atmosphere yields a 210 � 10 nm thick crystallized and single-
phased V2O3 layer.

The sample thickness of 210 nm was chosen on the one hand because it is
higher than the penetration depth of the optical pump (80 nm), and lower than that
of THz pump (1300 nm) used in pump–probe experiments presented in this work.
On the other hand, a thickness of 210 nm results in an optical density OD z 1
(probe penetration depth is 95 nm), which usually provides a good contrast in
ultrafast transmission measurements.
2.2 Experimental set-up and simulations

Schematics of the experimental setups are given in Fig. 1c where THz
pump/optical probe and optical pump/optical probe techniques are used. The
output of a femtosecond regenerative amplier (Coherent) that delivers 100 fs
pulses at 1 kHz repetition rate is split and used for both pump and probe beams.
For the THz experiments, the main part (3 mJ) of the amplier output is used to
generate intense THz elds by optical rectication using the tilted-pulse-front
technique2,17 in LiNbO3. We obtain a uence of 1 mJ mm�2 and an electric eld
reaching 250 kV cm�1 (measured by Electro-Optical Sampling, EOS). The
remaining output of the amplier seeds an Optical Parametric Amplier, OPA
(TOPAS Light Conversion) in order to obtain the 740 nm pulse used as probe. The
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 237, 389–405 | 391
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photo-induced signal is recorded with a lock-in detection. For the optical pump
experiment, we use the output of an OPA as pump. The wavelength is set to
540 nm and its uence xed to 35 mJ mm�2. Due to experimental constraints, in
this setup, a 700 nm probe wavelength is preferred. Both experiments are per-
formed in transmission conguration at nearly normal incidence.

In this way, we measured the temporal relative variation of the optical trans-

mission Tr,
DTr

Tr
¼ ½TrðonÞ � TrðoffÞ�=TrðoffÞ, where “on” and “off” mean respec-

tively with and without pump. Eventually, a time-independent constant
corresponding to the mean signal at negative times was subtracted. No other data
treatments have been performed, nor any part of the signal removed.

Data reduction and all simulations were performed with home-made Python
codes that use Numpy18 and Scipy19 libraries. Figures were drawn with
Matplotlib.20
2.3 THz-time domain spectroscopy (TDS)

The V2O3 sample was characterized by terahertz time domain spectroscopy. The
time traces of the THz electric eld, measured by electro-optical sampling with
a 1mm thick ZnTe crystal, are shown in Fig. 2a. From their Fourier transforms, we
extracted the complex dielectric function of the lm using the Tinkham
formula.21–23 The mean absolute value of the transmission is T z 0.375, from
which a static conductivity of so z 1000 S cm�1 was calculated from the Tinkham
formula.21 This estimation is close to those obtained with the same types of
samples by THz-TDS.15,24–26 The frequency dependence of the real and imaginary
parts of the dielectric function are shown in Fig. 2b, with the best t using Drude’s
model for the conductivity, eqn 1

3u ¼ 31 þ i32 ¼ 3N þ i
su

u3o
where su ¼ so

1þ ius
(1)

whereu is the angular frequency (rad s�1), 3o is the vacuumdielectric permittivity and
3N the dielectric function at innite frequency. We obtained an electronic scattering
Fig. 2 Terahertz time domain spectroscopy of V2O3 at room temperature. (a) Electric field
waveform as a function of time: bare substrate (reference scan) and substratewith thin film
sample (sample scan). (b) Experimental real 31 and imaginary 32 parts of the dielectric
function as a function of frequency. The continuous lines are the best fits using a Drude
model.

392 | Faraday Discuss., 2022, 237, 389–405 This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2fd00013j


Paper Faraday Discussions
Pu

bl
is

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

by
 Y

un
na

n 
U

ni
ve

rs
ity

 o
n 

8/
18

/2
02

5 
9:

44
:4

4 
PM

. 
View Article Online
rate G ¼ 1/s z 14.3 � 0.2 THz, and a static conductivity of so z 1000 S cm�1.
These values are consistent with those obtained in ref. 26 and 27. These parameters
will be used in the following to calculate the sample refractive index at terahertz
frequencies.
3. Results and analysis
3.1 Modulation of optical transmission by terahertz or optical pump

In the following we report the comparison of temporal relative transmission
variation using either a THz pump or an optical pump. The THz pump EOS
temporal trace, shown in Fig. 3c, has amaximum electric eldz 250 kV cm�1 and
typical full duration z 4 ps. The energy power spectrum has its maximum near
0.5 THz (Fig. 3d) with a full width at half maximum FWHMz 0.5 THz. The optical
pump at 540 nm has a duration of 100 fs. For experimental reasons, we could not
use exactly the same probe wavelengths, 740 and 700 nm respectively for THz and
optical pumps. However, it can be shown that the sensitivity function (see below
Fig. 4) that determines how the probe interacts with the permittivity modulation
induced by the pump are almost equal over the full lm thickness, since the ratio
Fig. 3 (a and b) Relative optical transmission as a function of time
DTrðtÞ
Tr

. Raw data are

presented. (a) THz pump. (b) Optical pump (540 nm). For t# 1.5 ps the time-step is 0.01 ps,

while for t$ 2 ps, the time-step is 0.5 ps. (c and d) Terahertz pump electric field waveform

as a function of time, and corresponding squared modulus of the Fourier transform jEuj2.
(e–g) Short-time analysis of the optical pump transmission acquisition shown in (b); (e) raw

data (points) and best fit (continuous line); (f and g) evidence of coherent phonon exci-

tation: (f) resulting transmission after subtraction of the peak and background as a function

of time, and (g) the corresponding modulus of the Fourier transform.

This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 237, 389–405 | 393
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Fig. 4 Left: THz pump and right: optical pump. First line: excitation profiles and modulus
of the sensitivity function in the thin film. Parameters correspond to the real parameters of
the experiment. All functions were normalized to one at x ¼ 0 for clarity. Second line:
sketch of the thin-film and substrate interfaces and strain waves.
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of the complex index to wavelength ñ/l are very close (difference of less than 6%
for the real part, and 1% for the imaginary part).

The temporal evolution of the raw relative transmission variation
DTrðtÞ
Tr

is

presented on Fig. 3 for both pumps, with probes at almost the same wavelength.
Two features are immediately apparent. First, both signals increase within

about 30 ps, reaching a maximum before decaying to an almost constant plateau
value for delay times larger than 90 ps. In fact, for larger times, small oscillations
modulate the plateau. For instance a bump appears near 150 ps in the terahertz
pump prole. It is less clear for the optical pump prole. Second, the magnitude
of the relative transmission variation with the optical pump is larger than the
value with the terahertz pump, as expected from the largest available energy and
uence of the optical pulse.

Most signicant is the difference in the proles within the 35–90 ps time
range. While the decay is rather uniform for the terahertz prole, a dip near 44 ps,
and second maximum at 56 ps are clearly seen for the prole with the optical
pump, making this prole strikingly different from the terahertz prole. More-
over, an additional strong sharp peak signal appears at very short time delays.

By noting that an acoustic timescale is the travel time of a wave from the top
surface to the interface of the lm with the substrate, that is in our case sa¼ d/vz
29 ps, and an electronic time-scale is typically a few 0.1 ps, we can split our
analysis into two parts.

First, we analyse in more detail the optical short-time trace, which was studied
with a shorter time-step of 0.01 ps, as presented in Fig. 3e. This photo-induced
signal can be divided into three contributions. A rst ultrafast response is
located just aer the pump arrival and lasts for less than 0.5 ps (see Fig. 3e). This
394 | Faraday Discuss., 2022, 237, 389–405 This journal is © The Royal Society of Chemistry 2022
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feature is related to the photon–electron interaction. At larger time delays,
oscillations on a slowly growing background are perceptible. The extraction of the
oscillating component is done by removing the two other contributions. The peak
is tted by the convolution of a Gaussian of full width at half height 120 fs, with an
exponential decay of 80 fs time constant, while the increasing background is
reproduced thanks to a rst order polynomial. The Fourier transform of the
remaining oscillating component unveils a 7.2 THz mode (see Fig. 3g), in accor-
dance with the frequency of the A1g optical phonon mode previously measured
through Raman28,29 and pump–probe experiments.29–31 Concerning the THz pump
experiment, neither the peak nor any oscillation were detected. The lack of
oscillating component is due to the long THz excitation (�1 ps) compared to the
period of the phonon mode (�0.14 ps), which washes out the oscillations due to
the dephasing.

Second, as discussed before, for times larger than 1 ps, the features of the data
fall in the acoustic timescale, the positions of peaks and dips corresponding more
or less to multiples of the acoustic travel time n � sa with n an integer. More
precisely, we will show that the measured relative transmission variations as
a function of time come from the modulation of the complex dielectric function
by photo-induced elastic strain-waves. For metals, the strain waves are usually
generated by a thermoelastic mechanism.9–11,32 In this process, part of the pump
pulse energy is absorbed by the electrons, which thermalize in a few hundreds of
femtoseconds. During and aer the pump pulse, the electronic and lattice
degrees of freedom exchange energy through electron–phonon coupling and
equilibrate to a common temperature, typically within less than a few picosec-
onds, a process that is usually described with a two-temperature model.33 This
almost instantaneous heating of the lattice, at the elastic timescale, induces an
inhomogeneous thermal stress related to the pump energy deposition prole. The
related strain modulates the dielectric function as a function of depth and time,
giving rise to a time-dependent optical transmission variation.

In the following, we use the simplest one-dimensional model to interpret our
data with the minimum number of tting parameters.

3.2 Thermoelastic model

The relative transmission variation
DTrðtÞ
Tr

depends both on the pump excitation

prole that determines the strain pulse shape h(x, t), and on the probe pulse
transmission through the perturbed sample. The pioneering work of Thomsen
et al.9 with a semi-innite sample was generalized to a multilayer system by
Matsuda et al.34

In the following, we consider a layer of thickness d on top of a semi-innite
substrate (Fig. 4). Note however that a more complete model, with a nite-
width substrate, gives identical results.

Assuming that the permittivity, or refractive index, is modulated by the strain,

and using the approximation D~nðx; tÞ ¼ v~n
vh

hðx; tÞ, the relative change of trans-

mission can be written as:

DTrðtÞ
Tr

¼ Re

�
v~n

vh

ðd
0

hðx; tÞ ~f �x; lpr; ~n; ~ns; d�dx
�

(2)
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 237, 389–405 | 395
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Table 1 Parameters used in the simulations. i2 ¼ �1

Parameter Value References

Al2O3 (sapphire)
r 3.98 g cm�3

v001 (sound velocity) 11.23 � 105 cm s�1 Winey et al.35

Zs (acoustic impedance) 44.7 � 105 g cm�2 s�1

n (visible) 1.76 Tropf et al.36

n (THz) 3.07 Grischkowsky et al.37

V2O3 (PM)
r 4.87 g cm�3

v100 (sound velocity) 7.37 � 105 cm s�1 Yelon and Keem38

Z (acoustic impedance) 35.9 � 105 g cm�2 s�1

ñ @ 540 nm 1.73 + 0.54 i Qazilbash et al.39

ñ @ 700 nm 1.74 + 0.58 i Qazilbash et al.39

ñ @ 740 nm 1.72 + 0.61 i Qazilbash et al.39

xTHz 1300 nm From THz-TDS
np (Poisson coefficient) 0.33
Cp (heat capacity) 3.25 J K�1 cm�3 Keer et al.40
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where Re stands for the real part of a complex number, and ~f (x, lpr, ñ, ñs, d) is
a complex-valued “sensitivity function”.9 This sensitivity function describes the
interaction of the probe with the permittivity modulation, and accounts for both
absorption and interference effects. The parameters are the probe wavelength lpr,
the lm and substrate complex refractive indexes ñ and ñs, and the lm thickness
d. All these values are known either from the literature or direct measurement (see
Table 1).

In this equation, we made the assumption that the derivative of the lm

photoelastic complex constant
v~n
vh

is not a function of depth. It is an unknown that

can only be estimated by tting the data.

The strain prole hðx; tÞ ¼ vuðx; tÞ
vx

, where u(x, t) is the displacement, can be

obtained by solving the two coupled elastic-wave equations:

v2u

vt2
¼ v2

v2u

vx2
� v2

vhth

vx
for 0# x# d (3)

v2us

vt2
¼ vs

2 v
2us

vx2
for x. d (4)

The subscript s indicates the substrate. The last term in right side of the rst
equation is the thermal strain, dened as:

hthðx; tÞ ¼ ho exp
��x

�
xpump

�
QðtÞ; ho ¼ bTDTo

1þ vp

1� vp
(5)

Q(t) is the Heaviside function, xpump the pump penetration depth, bT the linear
expansion coefficient, DTo the initial lattice maximum temperature rise at the
surface, and np the lm Poisson ratio. The validity domain of such a system of
equations is discussed for instance in ref. 9 and 10. The initial temperature jump is
396 | Faraday Discuss., 2022, 237, 389–405 This journal is © The Royal Society of Chemistry 2022
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related to pump uence Fp, intensity reection coefficient Rp and sample heat

capacity per unit volume C, by the formula DTo ¼ ð1� RpÞFp
Cxpump

. It is worth

mentioning however that the details of the energy exchange mechanisms that

produce the initial stress on the lattice, are not important in this model, as long as

the initial photoinduced lattice perturbation is very fast compared to the acoustic

timescale, leading to an approximate stepwise temporal rise.

Thus, four dimensionless parameters determine the solutions. First, the strain
wave reection coefficient R dened as

R ¼ Zs � Z

Zs þ Z
(6)

where Zs and Z are respectively the substrate and thin lm acoustic impedances

(Z¼ rv with r the density and v the sound velocity). Second the ratio K ¼ d
xpump

of

the lm thickness d and the pump penetration depth xpump. If K � 1, the exci-
tation prole is almost constant within the lm, whereas the exponential decay is

strongly marked when K [ 1. Third, V ¼ v
vs

the ratio of sound velocities in the

layer and the substrate. And nally the strain at the top-layer surface ho.
Using Laplace transforms methods, the solutions of eqn (4), u(x, t) and h(x, t)

in the lm and the substrate, were calculated analytically, with the initial
conditions of no displacement and strain, as well as zero velocity at t ¼ 0,
boundary conditions of continuous displacement and stress at the lm–substrate
interface, and free surface at the air-layer interface (zero-stress condition).

Thus, by combining the solutions of eqn (4), and the formula eqn (2), it is
possible to simulate and t the data, as explained below.

We show in Fig. 4 the normalized excitation proles for the two pumps and
sensitivity functions at the two probe wavelengths, using values from Table 1. As
expected, the terahertz excitation is almost constant over the whole lm thickness
(xTHz¼ 1300 nm), in contrast to the optical excitation that has a penetration depth
of x540nm¼ 80 nm. As already said above, the probe sensitivity functions ~f (x, lpr, ñ,
ñs, d) are very close to each other, and the difference has a negligible effect on the
transmission. Thus, we can conclude that if a change of transmission is observed,
it is a consequence of the different pump excitations. Interestingly, we also note
that the probe sensitivity function is almost constant, despite the xprobe ¼ 95 nm
penetration depth of the 700 nm or 740 nm probes. This is a consequence of nite
size thickness that leads to constructive interferences within the lm.

To get further insight into the interpretation of the data
DTrðtÞ
Tr

, we rst discuss

a rough approximation of eqn (2). Assuming a constant complex-valued sensitivity

function ~f (x,.) ¼ ~f (.), eqn (2) can be easily simplied to:

DTrðtÞ
Tr

zRe

�
v~n

vh
~f ð.Þ

ðd
0

hðx; tÞdx
�

¼ Re

�
v~n

vh
~f ð.Þ

�ðd
0

vuðx; tÞ
vx

dx

Thus
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 237, 389–405 | 397
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DTrðtÞ
Tr

zRe

�
v~n

vh
~f ð.Þ

�
½uðd; tÞ � uð0; tÞ� ¼ JDuðtÞ (7)

where Du(t)¼ u(d, t)� u(0, t) and J ¼ Re

�
v~n
vh

~f ð.Þ
�
. Within this approximation,

the relative transmission variation is simply proportional to the variation of the
lm thickness Du(t).

The behaviour ofDu(t) for both terahertz and optical pumps, as well as snapshots
of the strain prole h(x, t) at typical times, is illustrated in Fig. 5, using values from
Table 1, and three values of the strain reection coefficient R ¼ 0 (matched layer),
R ¼ �0.2. The behaviour of the strain spatial prole is interesting (Fig. 5c and d),
Fig. 5 Temporal evolution ofDu(t) (a and b) and snapshots of the strain profile h(x, t) (c and
d) within the film and the substrate as a function of position at some selected times. Left
column (a and c) and right columns (b and d) correspond respectively to THz and optical
pump. Panels a and b represent Du(t) with matched layer R ¼ 0 (black dotted line) or
unmatched R ¼ �0.2 (R ¼ �0.2 orange dashed line and R ¼ +0.2 green continuous line).
Markers are placed at times at which corresponding strain wave snapshots are plotted as
a function of position. Panels c and d: strain wave profiles h(x, t) in the thin film (left of the
vertical black line) or in the substrate (right of the vertical black line) at a given time, as
a function of position. Horizontal dotted gray lines represent zero strain h¼ 0 line for each
time. For the simulation, the sound velocity in the substrate was set to 1.5n.
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and can be understood using three contributions. A time-independent contribution
corresponding to the initial temperature prole, and propagating and counter-
propagating strain waves launched at the free surface and lm–substrate surface
by the initial stress impulse. The resulting strain is the sum of these three contri-
butions, and evolves depending on the reections at the free surface or lm–

substrate interface. At each reection on the lm–substrate interface, the amplitude
of the strain-wave is multiplied by R, resulting in a magnitude aer n round trips of
duration 2sa¼ 2d/v reduced by a factor Rn. For times[ 2nsa long enough such that
Rn� 1, only the time-independent strain (static strain) survives. Thus, we expect the
time-independent strain to determine the magnitude of the plateau. Of course,
other phenomena are susceptible to modulate the shape of the transmission signal.
For instance, the static strain being related to a temperature prole, and thus to
a temperature gradient, heat diffusion, loss and transfer, will smooth and wash
away the temperature gradient, and strain, until thermodynamical equilibrium is
reached. Such phenomena are negligible on the studied timescale, and are not
taken into account in this model.

As remarked by Schick et al.41who treated the case of amatched layer R¼ 0, the
full strain presents positive and negative contributions in the limit d[ xpump. In
the opposite limit d� xpump, the strain has almost the same sign over all the lm
thickness. It was explained by the fact that the static strain always compensates
the strain wave. This conclusion remains valid in our model, at least for the small
considered reection coefficient magnitude jRj < 0.2.

Clearly, a comparison of the simulations shown in Fig. 5a and b with the raw
data of Fig. 3 shows that the studied V2O3 lm is not matched to the sapphire
substrate. If the layer were matched, Du(t) would reach a plateau aer the strain
wave launched at the lm–substrate interface has travelled back and forth in the
lm, that is 2sa ¼ 2d/v z 58 ps (black dotted lines of Fig. 5a and b). But experi-
mental data show a variation over more than 90 ps. Considering now the
unmatched case, we can determine the sign of the reection coefficient. For R < 0,
a dip below the plateau value appears near time 2sa, which is inconsistent with
Fig. 3. Thus we conclude that R is positive, R > 0, meaning that the sapphire
acoustic impedance is larger than the one of the V2O3 lm, Zs > Z.

3.3 Analysis

To go further in the analysis of the data, we tted data obtained from the terahertz
and optical pumps with this simplest possible model using the full eqn (2), and
the analytical solution of eqn (4).

First, the terahertz penetration depth deserves particular attention, because of
the frequency distribution of energy jEuj2 of the terahertz excitation pump pulse,
shown in Fig. 6.

From the optical conductivity measured by TDS, and Drude’s formula eqn (1),
we calculated the complex refractive index (real and imaginary parts in Fig. 6a),
and penetration depth 1/au (Fig. 6b). As shown by the gures, these parameters
strongly depend on frequency, giving rise to the question of choosing an effective
penetration depth in the formula. We model the intensity absorption prole by
a weighted average of the absorption prole at each frequency

IðxÞ �
ð
duPuaue

�aux � 1

xTHz

e�x=xTHz (8)
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 237, 389–405 | 399
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Fig. 6 (a) Real and imaginary parts of the thin film complex index at THz frequencies, as
given by the TDS experiment. (b) Corresponding THz penetration depth as a function of
frequency. The dashed line represents the terahertz pump pulse spectral density jEuj2 with
arbitrary unit.
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with probability Pu of absorbing energy within u and u + du dened as

Pu ¼ jEuj2Ð
dujEuj2

From the numerical integration of eqn (8), we obtained the effective penetration
depth for the terahertz pump xTHz z 1300 nm. In fact, the mean absorption
prole is almost indistinguishable to the one at single frequency 0.5 THz over all
lm thickness.

Second, among the tting parameters, the photoelastic constants
vn
vh

and
vk

vh
,

where n and k are respectively the real and imaginary parts of the complex
refractive index ñ, are usually difficult to estimate. We tried to t these parameters
to our data, without success. But as already mentioned before, the fact that the
sensitivity-function is almost depth independent combines the photoelastic
constants with the scaling factor, making it difficult or impossible to distinguish
both parameters that are strongly correlated. We also veried that a change of the
photoelastic constants values could be almost compensated by a change of the
scaling factor. Thus, we choose to separate the magnitude from the phase as
v~n
vh

¼
����v~nvh

����e�ifn . The photoelastic magnitude
����v~nvh

���� is incorporated to the overall

scaling factor, while the phase fn was calculated from the relationship
vn
vh

¼ �1:63 vk
vh

that was used in ref. 24 and 25.

Therefore, we ended with only three tting parameters: the acoustic reection
coefficient R, and two scaling factors to adjust the amplitudes to the terahertz or
optical-pump results. All the other parameters were obtained from the literature
or measured in the laboratory, and xed to the corresponding values (Table 1).

The best t is presented in Fig. 7, and shows an overall very good agreement
with the data for a three-parameter t. We would like to stress again that the
model ts the overall relative optical transmission variation data without any
other corrections, including the rising, decreasing and pseudo-plateau parts. In
particular, the result of the exponential excitation prole of the optical pump is
well reproduced, as well as the small oscillation coming from the reection of the
400 | Faraday Discuss., 2022, 237, 389–405 This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Relative optical transmission as a function of time
DTrðtÞ
Tr

, and best fit results with

only three parameters. Experimental raw data are presented. (a) THz pump. (b) Optical

pump. Only points every 0.5 ps are shown.
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strain pulse at the lm–substrate interface. Interestingly, for the optical pump, it
shows that the round shape of the rising part when time < 25 ps is also given by
the exponential excitation prole, in addition to other possible mechanisms such
as non-instantaneous heating, heat diffusion or loss, that are not taken into
account in the model.

The value of the tted acoustic reection coefficient R z 0.18 � 0.02 is larger
than the expected value R z 0.11 calculated from densities and sound velocities
extracted from the literature (Table 1). From R, we obtain the ratio of substrate to
lm acoustic impedance Zs/Z z 1.44. It gives an effective acoustic impedance of
V2O3 of Z z 31.0 � 105 g cm�2 s�1 instead of Z z 35.9 � 105 g cm�2 s�1 using
density and sound velocity along (110) from the literature, since our sample has
a preferential orientation along (110). This small discrepancy of �14% may have
different origins.

First, a density change due to internal stress/strain created during the
synthesis process might be invoked. However, such effects are usually smaller
than 1% in V2O3 lms (see e.g. ref. 42) and cannot account for the observed 14%
differences in R values.

Second, values from the literature come usually from single crystal samples
that cannot be directly compared to thin lms. As a matter of fact, the thin lm
sample has a heterogeneous structure, with typical grain sizes estimated to be
around 25–30 nm, as revealed by the SEM image of Fig. 1b. This dense mixture of
nanocrystals introduces orientational disorder, and changes the effective density
because of the presence of holes or porosity. Different orientations correspond to
different elastic constants and sound velocities. As a result, the measurement over
the beamsize would give an effective acoustic impedance by spatial averaging. For
instance, in disordered inhomogeneous systems,43 an effective density and elastic
stiffness are obtained by averaging the density, and the inverse of the elastic
stiffness. It results in an effective sound velocity that can be smaller than the
components’ velocities. In our case, the presence of holes or less dense compo-
nents decreases the effective density, and thus the acoustic impedance.
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 237, 389–405 | 401
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4. Discussion and conclusion

In this article, the role of the pump prole on the temporal evolution of the
ultrafast optical time-resolved transmission response of a thin lm of vanadium
sesquioxide in the metallic phase was studied for two types of pumps: a terahertz
pump and an optical pump. Using raw relative transmission data and only three
tting parameters, the temporal prole of the relative optical transmission for
both pumps was analysed within the thermoelastic framework over a 250 ps time
range, corresponding to the acoustic timescale of this V2O3 lm.

From the material point of view, we also measured the acoustic impedance
mismatch between the V2O3 lm and sapphire substrate (R z 0.2). Such
a mismatch was unexpected, and gives another important control parameter in
addition to usual ones (X-rays diffraction, four-points resistivity measurements,
SEM.), to improve the synthesis methodology and better control the quality of
the lms in the design of new electronic or opto-electronic devices.

We evidenced that the terahertz absorption prole is almost homogeneous
over the lm thickness (large penetration depth compared to lm thickness).
Conversely, the optical pump presents a marked exponential decay within the
sample whose shape governs the transmission temporal prole at all times. These
differences in excitation proles are directly observed on the shape of the trans-
mission transients. We showed that the superposition of strain waves to the static
strain plays a central role in the interpretation of the data, the former having
a contribution that decreases as time increases, the latter determining the plateau
value within the acoustic timescale, and for time much smaller than heat transfer
timescales. The crucial step in the data interpretation was to use full raw relative
optical transmission data with no time-varying “background” removal. Note also
that the transmission sensitivity function being almost at, it can catch the effect
of static strain and dynamical contribution with a small distortion, in contrast to
reectivity sensitivity functions.

Among the few studies of the transmission of V2O3 in the PM phase near room
temperature, we only found one dealing with a terahertz pump and an optical
probe, Giorgianni et al.16 However, the transmission data were acquired over
a very short time <6 ps, at 175 K, and with a very high eld (>1 MV cm�1), making
comparison with our data impossible.

Liu et al.24 studied a 400 nm thick V2O3 lm at 220 K, with an optical pump and
terahertz probe within 250 ps, and interpreted the data with a constant sensitivity
function. The results are shown in the supplementary material of their article,
where two acoustic echoes were evidenced. Similar results, but with a reectivity
setup DR/R and optical pumps, were also presented by Abreu et al.25 and Mansart
et al.30 Note that all these authors only presented the oscillatory part of the signal
aer removal of some time varying background. We would like to point out that
the extraction of the “oscillating” contributions may obscure the presence or
absence of the contribution of a static strain. Our analysis demonstrated the
importance of this static strain in the interpretation of the plateau observed for
both excitation processes.

Recently, a comparison of coherent acoustic phonon generation by terahertz
and near infrared ultrashort pump pulses (1.55 eV) on chromium metallic thin
lm (z14 nm) with the same probe wavelength (400 nm) was carried out.32 It is
402 | Faraday Discuss., 2022, 237, 389–405 This journal is © The Royal Society of Chemistry 2022
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demonstrated that terahertz pulse pumping in metals generates coherent
phonons by a thermoelastic process, through an ultrafast Joule effect. For the
optical pump, this process arises by an intraband hot electron relaxation by heat
transfer to the lattice degrees of freedom. Although the mechanisms differ, the
oscillatory parts of the transient optical transmissions overlap almost perfectly,
within the experimental time range <30 ps, suggesting similar response of the
thin metallic lm to both excitation processes. In contrast, our observations with
a much thicker thin lm of V2O3, and on much longer times, were clearly able to
distinguish between the response to the terahertz and optical pump excitations.

For controlling materials at the macroscopic scale with strong ultrafast pulses,
the strain–stress prole is a key feature, and we have shown that terahertz or
optical pumps generate different proles. With this respect, terahertz excitation
allows for inducing a more spatially homogeneous excitation over the lm depth
than optical pump. Thus, we expect thermalization effects that depend on

temperature gradients
vT
vx

to be minimized. Moreover, in agreement with the

matched layer model,41 our unmatched layer model also predicts that the strain
does not change sign when the excitation is almost uniform over the full lm
thickness, at least in the range jRj < 0.2 of our simulations, whereas tensile and
compressive strain develop inhomogeneously in the lm thickness when the
intensity decreases exponentially. This change of sign of the strain, or not, within
the sample may be of importance in the study of PIPT where the strain or stress-
waves are at the origin of the driving mechanisms that trigger the phase trans-
formation. The comprehension of such phenomena may help in tailoring strain
proles to study ultrafast phase transformations of volume changing materials
such as V2O3.
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R. Bertoni, X. Dong, B. Lépine, et al., Nat. Commun., 2021, 12, 1239.
13 N. F. Mott and R. Peierls, Proc. Phys. Soc., 1937, 49, 72–73.
14 P. Hansmann, A. Toschi, G. Sangiovanni, T. Saha-Dasgupta, S. Lupi, M. Marsi

and K. Held, Phys. Status Solidi B, 2013, 250, 1251–1264.
15 E. Abreu, S. Wang, J. G. Ramı́rez, M. Liu, J. Zhang, K. Geng, I. K. Schuller and

R. D. Averitt, Phys. Rev. B, 2015, 92, 085130.
16 F. Giorgianni, J. Sakai and S. Lupi, Nat. Commun., 2019, 10, 1159.
17 K.-L. Yeh, M. Hoffmann, J. Hebling and K. A. Nelson, Appl. Phys. Lett., 2007, 90,

171121.
18 C. R. Harris, K. J. Millman, S. J. van der Walt, R. Gommers, P. Virtanen,

D. Cournapeau, E. Wieser, J. Taylor, S. Berg, N. J. Smith, R. Kern, M. Picus,
S. Hoyer, M. H. van Kerkwijk, M. Brett, A. Haldane, J. F. del Ŕıo, M. Wiebe,
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