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‘We use a picosecond ultrasonic technique to evaluate the photoelastic parameters at the wavelength of 1028 nm
in epitaxial vanadium dioxide (VO,) nanolayers grown on c-cut sapphire substrates. In the experiments, we
monitor the picosecond evolution of the reflectivity of VO, in insulating and metallic phases under the impact
of a picosecond longitudinal strain pulse injected into the nanolayer from the side of the substrate. We show
that in a 145-nm-thick granular nanolayer, the temporal features of the reflectivity are clearly dependent on
the phase state of VO,, showing the change of the photoelastic parameters upon the insulator-metal transition.
Analytical consideration and numerical simulations of the optical response to the picosecond strain pulse show
that the temporal evolution of the reflectivity strongly depends on the complex photoelastic parameter. The
analysis enables us to obtain the values of the photoelastic parameters in the studied nanolayer in both insulating
and metallic phases. We find that for a 145-nm film of VO, in an insulating state the imaginary part of the
photoelastic constant is negligible. This means that in the insulating phase the strain does not affect the optical
absorption of VO,. In the metallic phase, the photoelastic parameter of VO, is found to be similar to that typical
for metals with positive real and negative imaginary parts. We further show that the optical response to the strain
pulse in the layer consisting of disconnected VO, nanohillocks with an average height of 70 nm is governed by

their morphology and is different from what is predicted in the plane VO, films.

DOI: 10.1103/PhysRevMaterials.4.125201

I. INTRODUCTION

Vanadium dioxide is a strongly correlated material well
known for its first-order insulator-to-metal phase transition
(IMT), discovered by Morin in 1959 [1]. In its low-
temperature phase, VO, is a monoclinic correlated insulator
with a band gap of 0.6 eV [2,3]. When heated above 340 K, the
gap collapses resulting in up to 5 orders of magnitude increase
in conductivity [4] as well as drastic changes of optical spectra
in the infrared region [5]. The IMT is accompanied by a
structural phase transition (SPT), changing VO, from mon-
oclinic M1 phase to tetragonal R phase [6,7]. Phase transition
in VO, can also be triggered on a femtosecond timescale by
light pulses with photon energy above the material’s band gap
when optical fluence exceeds a threshold of a few mJ/cm?
[8], and is usually realized in thin films and other nanos-
tructures since bulk VO, samples cannot withstand repetitive
IMT without fracturing [9]. Ability of VO, to switch between
different electronic and structural phases under various stimuli
enables prospective applications of VO, films and nanostruc-
tures, including optical switches [10], optical memories [11],
memristive devices [12,13], photoinduced actuators [14-16],
smart windows [17], THz modulators [18-20], optoacoustic
transducers [21], and others [22,23].
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The coexistence of electronic and lattice changes during
the phase transition indicates the importance of electron-
phonon coupling in VO,. As a result, the complex mecha-
nisms behind the IMT in this material are still controversial.
In order to achieve complete understanding and to take full
advantage of the phase transition in VO, for its multiple
prospective applications, a thorough description of its prop-
erties in both phases is required. Although the optical and
electronic properties of VO, have been studied in detail (for
a review see, e.g., Ref. [2]), there are only few works where
an effort has been made to evaluate its elastic and photoelastic
[24-28] properties. Photoelastic properties of the material are
characterized by the fourth order photoelastic tensor which
connects its permittivity and strain tensors. The reduced com-
plex photoelastic constant P for isotropic media is often used
[29-31]:
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where N = n + ix is the complex refractive index and ¢ is
the strain. The value of P depends on the optical wavelength
and may increase dramatically for photon energies near the
band gap E, and other singularities in the electron spectrum
[32]. In this simple case, p and g reflect the dependencies of
n and k, respectively, on photon energy, and the knowledge
of P provides information about the electronic band structure
of the material. However, the deformation potential is not the
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only mechanism which defines the value of P and often more
sophisticated models are required to explain photoelasticity in
solids [33].

The photoelastic effect may be studied by applying uni-
axial static stress to the material in various crystallographic
directions and monitoring the changes of the refractive index
[32]. This direct method provides comprehensive information
about all elements of the photoelastic tensor, but is limited
to bulk single-crystal specimens. Unfortunately, bulk VO,
crystals often fracture under stresses generated during the
IMT. Moreover, since most of the innovative VO, applica-
tions require nanofabricated devices, and operate on ultrafast
timescale, a technique is necessary which may access pho-
toelastic properties on such spatial and temporal scales. An
approach to study the photoelastic effect in thin films and
nanostructures is provided by picosecond ultrasonics (PU),
which applies dynamical strain, e.g. a picosecond strain pulse,
and monitors the temporal evolution of the strain-induced
changes in the reflection or transmission of the probe light
[34,35]. In addition to enabling studies of photoelastic proper-
ties of thin films and nanostructures, this technique is efficient
even when the strain-induced changes of optical properties are
very small, which is the case for photon energies far from the
band gap and other electronic band structure singularities.

The present paper aims to determine experimentally the
photoelastic properties of nanosized VO, and their change
upon IMT. We report on PU measurements in two VO, epi-
taxial nanolayers on c-cut sapphire substrates, performed both
above and below the IMT temperature. Picosecond strain
pulses are generated in an Al transducer and, after propagation
through the sapphire, are injected into the VO, nanolayer.
The photoelastic effect in VO, is monitored by measur-
ing with picosecond temporal resolution the strain-induced
changes in the intensity of a probe laser pulse reflected from
the nanolayer. We observe well-pronounced changes of the
detected signal when the VO, nanolayer experiences IMT,
showing that the photoelastic effect changes upon the tran-
sition. We perform simulations of the photoelastic response
of VO, which show that for relatively thick (>100 nm) VO,
nanolayers the temporal shape of the detected signal strongly
depends on the value of P. Such dependence allows us to
estimate the absolute values of P in VO, in insulating and
metallic phases.

The paper is organized as follows. In Sec. II, we charac-
terize the VO, samples used in the study and describe the
PU experimental setup. Section III presents the experimental
results. Section IV gives the theoretical background for the
analysis of photoelastic effect and presents the results of nu-
merical calculations for the VO, nanolayer in insulating and
metallic phases. In Sec. V, we compare experimental results
with calculations, estimate photoelastic parameters of VO,
in insulating and metallic phases and discuss the origin of
photoelasticity in VO,. Section VI summarizes our work and
discusses the implementations of the obtained results.

II. EXPERIMENT
A. Samples

The samples studied are two VO, epitaxial nanolayers
grown on 350-um-thick c-cut Al,Os substrates by pulsed

laser deposition technique [36]. The nanolayers were fab-
ricated in an oxygen and argon atmosphere under a total
pressure of 50 mTorr, measured with a diaphragm capacitance
sensor, and with Ar and O, gas flows independently adjusted
to 10 and 15 SCCM respectively, with mass flow controllers.
Background pressure in the chamber was of order 10~® Torr.
A rotating metallic vanadium target was ablated by a pulsed
KrF excimer laser Lambda Physik Compex 110, wavelength
248 nm, 20 ns pulse duration, 10 pulses/s, and 4 J/cm?
fluence. During deposition, substrate temperature was kept
at 550°C by a resistive heater with proportional-integral-
differential (PID) feedback controller. The VO, layers grown
on c-cut Al,O3 are known to have the monoclinic M1 structure
at room temperature, with [020]y; crystallographic axis of
VO, perpendicular to the (001) Al,O3 plane [36]. Azimuthal
XRD scans reveal threefold in-plane twinning characteristic
for epitaxial VO, nanolayers on c-cut sapphire substrates
[4,36].

Atomic force microscopy (AFM) images of the stud-
ied VO, nanolayers shown in Figs. 1(a) and 1(b) reveal
the granulated structure of the VO, films. The granulated
structure is common for VO, epitaxial nanolayers grown
on c-cut Al,O3 and is due to a large in-plane lattice mis-
match with the substrate [7,37]. The formation of grains,
twinning, and domain-matched growth result in the relax-
ation of the built-in strain [37]. There are no significant
gaps between the grains in the nanolayer for which the
AFM image is shown in Fig. 1(a). The average thickness
of the nanolayer is [ = 145 nm with <10% uncertainty, as
obtained from ellipsometry measurements. The height de-
viation histogram obtained from the AFM image [see the
inset in Fig. 1(a)] is symmetrical with 40 nm root mean
square roughness. The mean lateral size of the granules is of
~250 nm. The AFM image of the second sample [Fig. 1(b)]
shows that the grains are clearly separated from each other,
and this VO, nanolayer may be considered as a set of isolated
nanohillocks with height of 50-90 nm and diameter of 150—
350 nm. Below we refer to these two samples as a 145-nm
film and nanohillocks, respectively.

The IMT temperature 7, in the studied VO, nanolayers
was determined from the temperature hysteresis of the optical
reflectivity Ry at wavelength A = 1028 nm [see Fig. 1(c)]. The
transition temperatures for the 145-nm film and nanohillocks
are T, = 343 and 340 K, respectively, and agree with the value
of 340 K in the bulk VO, [1], which is a manifestation of low
built-in strain in the studied samples [38].

B. Picosecond ultrasonics setup and strain pulse characteristics

The PU experimental schematics is shown in Fig. 1(d). A
polycrystalline aluminum film, which serves as optoacoustic
transducer [34], is deposited on the back side of the sap-
phire substrate by magnetron sputtering. The Al film thickness
h ~ 140 nm was measured in acoustic echo experiments, as
described elsewhere [30,31,34]. The Al film is excited by the
pump laser pulses from a Yb-doped KGd(WOy), regenerative
amplifier laser source emitting 170 fs pulses with a central
wavelength 1028 nm and a repetition rate of 100 kHz. The
pump beam is focused on the spot with diameter ~60 um
with maximum fluence W ~ 20 mJ/cm?. As a result of pump
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FIG. 1. The AFM images of the studied VO, nanolayers:
(a) a 145-nm granulated film, inset shows the height distribution
histogram based on the image; (b) an ensemble of nanohillocks.
(c) Temperature dependence of the reflectivity Ry on A = 1028 nm
across the insulator/metal phase transition for 145-nm film (upper)
and nanohillocks (lower). T.. for the samples are shown with verti-
cal lines. (d) Schematic of the picosecond ultrasonics experimental
setup. (e) The strain pulse as emitted from the Al film into sapphire
substrate and (f) upon approaching the VO, layer. (g) FFT amplitude
of the strain pulse shown in (f).

excitation and thermoelastic effect in Al film a bipolar lon-
gitudinal picosecond strain pulse with duration ~20 ps and
amplitude up to ~1073 is generated [39—41]. The strain pulse
undergoing multiple reflections at Al/Al,O3 and Al/air inter-
faces is injected into the sapphire substrate. Penetration depth
in aluminum for A = 1028 nm is of ~9 nm, and pump pulses
do not reach the substrate and the VO, film.

The amplitude of the strain pulse injected into the sapphire
substrate is reduced due to acoustic mismatch between Al and
Al,O3. For the used fluences W, no acoustic nonlinearities
were observed, so we estimate the maximum amplitude of the
strain pulse in sapphire to be ~10~* and the corresponding
calculated temporal profile is shown in Fig. 1(e). The injected
strain pulse travels through the 350-um-thick sapphire sub-
strate with longitudinal sound velocity 11230 m/s and reaches
the VO, nanolayer in #y = 32 ns. During the propagation in
the sapphire substrate, the strain pulse evolves due to damping
and phonon dispersion [42]. The temporal profile g¢(¢) of
the strain pulse which reaches VO, nanolayer is shown in

Fig. 1(f). For the used substrate temperatures, the temporal
profile go(z) only slightly depends on the fluence W. The
fast Fourier transform (FFT) of the strain pulse entering VO,
is shown in Fig. 1(g). It consists of a broad peak centered
at fo ~ 10 GHz and a weak satellite at f; ~ 30 GHz. The
values of fj and f; are consistent with the first two vibrational
resonances of the Al transducer with a thickness 7 = 140 nm
[43]:
(2j + Dsai

fi= 4h ' @
where s5; = 6400 m/s is the velocity of longitudinal sound
in Al

The strain pulse injected into the VO, nanolayer modulates
the permittivity of the VO, and changes the reflectivity R(t)
of the probe pulse. The probe is incident at the VO, nanolayer
at an angle 6 = 30° and is focused to a spot with diameter
25 pum exactly opposite to the pump spot at the surface with
the Al film. The probe pulse originating from the same laser
source is delayed by ¢ with respect to the pump pulse arriving
at o by means of a motorized optomechanical delay line. The
fluence of the probe beam is less than 0.1 mJ/cm? which is
well below the threshold for photoinduced phase transition
in VO, [2,8,21,28]. The intensity R(t) of the reflected probe
beam is measured as a function of the time delay ¢ using the
balanced photodetection scheme with a reference beam split
from an incident probe beam to reduce laser source noises. We
use an optomechanical chopper to modulate the pump beam
and a lock-in amplifier to extract the temporal evolution of the
strain-induced change AR(t) in the reflectivity signal.

The sample is attached to a copper plate with an electric
heater [Fig. 1(d)]. The thermal contact is provided by silver
paste and the sample temperature is monitored by a ther-
mocouple. The heater allows measurements in a temperature
range T = 295-400 K which covers the IMT temperature for
both VO, samples.

III. EXPERIMENTAL RESULTS

Figure 2 shows the normalized experimental temporal evo-
lutions AR(t)/Ry of the strain-induced relative reflectivity
changes and their FFTs at two temperatures, 7 = 295 and
355 K, which are below and above the IMT transition, re-
spectively. Colored lines correspond to results obtained for
various fluence values W in the case of the 145-nm VO, film.
Note the independence of AR(t)/Ry shape on W, confirming
linear acoustic regime. The black lines show examples for the
signal in the VO, nanohillocks sample. All signals AR(t)/Ro
have oscillatory behavior dominated by an oscillation with
~100 ps period superimposed on lower-amplitude higher fre-
quency components [see Figs. 2(a) and 2(b)]. The FFT spectra
shown in Figs. 2(c) and 2(d) consist of two spectral peaks
located in the same frequency ranges as those in the FFT
spectrum of the simulated incident strain pulse [Fig. 1(g)].
Namely, the strong peak is centered close to fy ~ 10 GHz and
the weaker one to f; ~ 30 GHz.

As can be seen from the comparison of the traces in
Figs. 2(a) and 2(b), the temporal shape of AR(¢)/Ry in the
145-nm VO, film depends on whether the sample is in the
insulating or metallic phase. The most striking difference is
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FIG. 2. Normalized temporal profiles of the reflectivity signals
AR(t)/Ry [(a) and (b)] and their FFTs [(c) and (d)] measured for
two temperatures, 7 = 295 [(a) and (c)] and 355 K [(b) and (d)],
and various pump excitation fluences W. Upper panels correspond to
the VO, nanohillocks and lower ones to the 145-nm VO, film. The
dashed rectangles in (a) and (b) mark the time interval where the tem-
poral shape strongly depends on the phase, insulating or metallic, of
145-nm VO, film. Inset in (a) and (b) shows the zoomed fragments of
the signals in insulating (solid line) and metallic (dashed line) phases
in 145-nm layer at W = 7 mJ /cm?.

observed at early time interval 0-30 ps marked in Figs. 2(a)
and 2(b) by dashed rectangles and enlarged in the inset of
Fig. 2 for one of the cases. When VO, is in its insulating
fluences, AR(t)/R, changes its sign in this time interval show-
ing an oscillation with a period ~30 ps. After that AR(t)/Ry
increases towards the maximum observed at t = 34 ps. In the
metallic phase, AR(#)/Ry shows only a small dip in the time
interval 0-30 ps preceding the positive peak. In contrast to the
145-nm film, for the VO, nanohillocks sample, we do not ob-
serve a significant difference in temporal shapes for AR(¢)/Ry
measured in insulating and metallic phases [compare black
curves in Figs. 2(a) and 2(b)].

The difference in AR(#)/Ry response in insulating and
metallic phases for the 145-nm VO, film is the main exper-
imental result we emphasize here. In particular, the difference
of AR(t)/Ry in insulating and metallic phases seen at early
times of 0-30 ps is observed for all fluences W used in
these experiments. Importantly, this difference is found to
be independent of position of the pump-probe spot on the
sample. This indicates that the observed difference is not
related to any inhomogeneities in the VO, nanolayer or Al
transducer. Therefore, from these results, we conclude that
the difference in AR(f)/Ry in the insulating and metallic
phases is another manifestation of the IMT in VO,, which,
to the best of our knowledge, was not recognized in numerous
previous studies of the optical properties of VO,. To unveil
the physical processes and material parameters responsible for
the difference in the temporal evolutions of AR(t)/Ry in insu-
lating and metallic phases, we simulated AR(t)/Ry for VO,
films and analyzed how it depends on the optical, acoustical
and photoelastic parameters of the film. This analysis and
comparison with the experimental data are given in the next
Secs. IV and V.

IV. ANALYSIS

In this section, we describe the general properties of the
PU signals AR(t)/Ry and their spectrum in absorbing films.
Two approaches are commonly employed for simulations of
AR(t)/Ry: analytical and numerical. For the case of the films
with complex refractive index and complicated multilayer
structures the numerical methods, based on transfer matrix
formalism, are more productive, while the analytical approach
remains useful if one needs to single out different contribu-
tions which govern the PU signal. In this section, we consider
an idealized case of a homogeneous smooth film. Application
of the results of such an analysis to the realistic VO, layers is
discussed in Sec. V.

A. Picosecond ultrasonic signal. Analytical approach

We consider the PU signal detected in the scheme shown in
Fig. 1(d) when the probe light with wavelength A is incident
on a film with a thickness /, complex refractive index N =
n + ix, and photoelastic constant P = p + iq given by Eq. (1).
The film is deposited on a transparent substrate with a real
refractive index ng. The equation for the relative changes in
the reflectivity AR(t)/Ry induced by the longitudinal strain
pulse (z = 0 at the interface with air) is given in Ref. [44] and
may be written in a form (see Appendix):

AR(t)

0

I
= 4Im{AN [(N + P)f e(t,z)dz
0

l
+1P/ 8(1’ Z)(rIZezikl(l_Z) + Le—zikl(l—z)>dz} }’
2 0 ri2

where ry; is the Fresnel reflection coefficient for the electric
field amplitudes at the film/substrate interface, k; = 2w N/ is
the wave vector of light inside the film, and Ay is a complex
coefficient dependent on k; and [, but independent of strain
(see Appendix).
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TABLE 1. Elastic and optical parameters of VO, and the sub-
strate at A=1028 nm used in the calculations

Vanadium dioxide [020]4

Density (kg/m?) 4570

LA Sound velocity, syo, (m/s)* 7850 £ 800

Refractive index (insulating), Nips (1.91 £0.06)
+i(0.8 £ 0.01)

Refractive index (metallic®), Npe (1.50 £0.05)

+i(1.59 £0.02)
Sapphire substrate [001]

Density (kg/m?) 3950
LA sound velocity (m/s) 11230
Refractive index, ng 1.8

“Calculated from experimentally measured VO, phonon dispersion
curves [26].

PEstimated by scaling the results in Ref. [45] to the measured value
Of Nips.

Equation (3) includes two terms with integrals. The first
term originates from the modulation of the interface displace-
ments and, respectively, the film thickness. The integral in this
term is a real function of 7. As a result, optical parameters N
and P affect the sign and the amplitude, but do not affect the
temporal shape of this contribution. The second term in Eq. (3)
originates from the photoelastic effect. For this contribution,
optical parameters N and P can affect the temporal shape of
AR(t)/Ry if their imaginary parts are nonzero. These qual-
itative conclusions are verified for a case of VO, using the
numerical calculations and are helpful in finding the values of
P from the measured signals.

B. Numerical calculation

We performed numerical calculations of AR(t)/Ry, taking
into account both contributions described above in Sec. IV A,
using codes based on MATLAB software. First, we calculate
the strain pulse profile after its passage through the substrate.
Temporal profile of the strain pulse at the transducer/sapphire
interface is shown in Fig. 1(e). Evolution of the strain pulse
upon propagation in sapphire is obtained by solving the
Korteweg-de-Vries-Burgers equation [42] in the spectral do-
main. The resulting temporal profile gy(¢) at the sapphire/film
interface is shown in Fig. 1(f). As a second step, the temporal
and spatial distributions of strain and atomic displacement
in the film are calculated following the strain pulse &o(t)
entering the film. The reflections of the acoustic wavepacket
at the film/substrate and film/air interfaces are taken into ac-
count based on the acoustic mismatch parameters of sapphire
and VO,. Finally, the optical reflectivity change AR(t)/Ro
is calculated using the transfer matrix formalism in a film
with known distributions of strain (¢, z) and atomic displace-
ment u(t, z), complex refractive index N and photoelastic
parameter P.

The parameters used in the calculations are given in
Table 1. Two values of N corresponding to the insulating
and metallic phases of VO, were used. The value of N in
the insulating phase was measured by ellipsometry at room
temperature, and further scaling to N in metallic phase was

made using previous works [45]. The complex photoelastic
parameter P = p 4 ig = pp exp(ip) was varied in a range of
pp=1[0...9], ¢ =[0...27]. It was found that the temporal
shape of AR(t)/Ry depends on P. To illustrate this depen-
dence and to enable the comparison with experimental results
it is convenient to analyze the FFT amplitude spectral densi-
ties S in two frequency ranges 1-24 and 25-51 GHz presented
as color plots versus P in Figs. 3(a)-3(d).

The dependencies of S possess minima shown as blue
stripelike regions in Figs. 3(a)-3(d). The position and ori-
entation of the blue stripe depends on the phase of VO,
(insulating or metallic) and the spectral range, which is a result
of the P-dependent temporal profile of the reflectivity change.
Such dependence of AR(t)/Ry and its spectra on P stems
from photoelastic effect, which follows from the discussion
of Eq. (3) in Sec. IV A. From the data shown in Fig. 3 one
can see that varying P in a particular phase of VO,, i.e.,
when N is fixed, results in noticeable change of the relative
contributions from the low- and high-frequency spectral com-
ponents of AR(t)/Ry. This is clearly seen from the examples
of calculated temporal traces illustrated on Figs. 3(e)-3(j) for
various values of P and N. For instance, panels (e), (h), and
(i) demonstrate examples where high frequency oscillations
are well pronounced. On the contrary, panels (f), (g), and (j)
are examples when low frequency oscillations are dominant.
The relative high- and low-frequency contributions change for
the same P but different N values [compare the panels (g), (h)
and (i), ()].

Therefore, analyzing the temporal signals AR(¢)/Ry and
their FFTs, one should be able to determine the range of
values of P allowing description of the main features of the
experimental data in the insulating and metallic phases of the
studied films. The details of the procedure used in this work
to find the values of P for the studied samples are given next,
in Sec. V.

Finally, we note that the dependence of S on P becomes
less pronounced with decreasing film thickness. For thin films
with [ < X and [ < svo, (ds/d[)’l, the temporal shape of
AR(t)/Ro remains the same for all values of P and matches
the derivative of the strain pulse ¢(¢) entering the film. How-
ever, the sign (i.e., the phase of the oscillations) of AR(¢)/Ry
for such thin films is still sensitive to P since it is governed
exclusively by the complex values of N and P, as can be seen
from Eq. (3).

V. DISCUSSION

The analysis presented in Sec. IV paves a way to obtain
the values of P in the insulating and metallic phases from the
experimentally measured AR(7)/Ry. Before performing the
comparison between the measured and simulated signals we
have to note the difference between VO, nanolayers studied
experimentally and the idealized case used in the model simu-
lations. The primary difference is that the real VO, nanolayers
are granulated and cannot be considered as ideal plane films.
The 145-nm film consists of granules with height variations
of Al = +40 nm and mean lateral size of ~250 nm [see
Fig. 1(a)], which is the order of the wavelength, ~300 nm, for
30 GHz phonons and optical wavelength A/n. Thus, phonon
scattering and diffraction at the free surface of VO, partially
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FIG. 3. Simulation results for a range of photoelastic constant P = ppe’®, 0 <pp <9, 0 <¢ < 360°, in insulating (left part) and metallic
(right part) phases of VO,. (a)—(d) Spectral densities S of simulated temporal profiles AR(t)/Ry for two spectral ranges: f=1-24 [(a) and (b)]
and 25-51 GHz [(c) and (d)]. White regions mark the range of P showing the best agreement with the experiments including uncertainties of
calculation parameters. Black crosses indicate a set of selected P values for which simulated AR(?)/R, are shown.

destroys the coherence of the reflected phonons in the wave
packet of the strain pulse. Such behavior results in damping of
high-frequency spectral components in the detected PU sig-
nal [46]. Importantly, the phonons scattering and diffraction
start to affect the PU signal at delays ¢ > 1y, where 7y is the
phonon propagation time from the film/substrate interface to
the free surface. For the 145-nm film, 79 ~ [/svo, = 17 ps
where syo, = 7850 m/s is VO, longitudinal sound velocity in
corresponding direction (see Table I). However, the damping
becomes evident at longer times, depending on the rise time
of the leading edge of the input strain pulse &y(¢), which
is ~30 ps in our experiments. This qualitative consideration
leads us to the conclusion that the comparison of the measured
and simulated AR(t)/Ry for 145-nm film is valid for ¢ not
exceeding a few tens of picoseconds.

Figure 4 shows the normalized measured and simulated
signals AR(t)/Ry and their FFTs. The solid blue lines cor-
respond to the simulations performed for the film with
I =145 nm. The dotted rectangles in Fig. 4(a) mark the
characteristic temporal feature at early times ¢t < 30 ps in the
signals in the insulating phase. This feature is clearly repro-
duced in the simulated signal. Good agreement is observed for
P.,s = 2, for which both general shape and relative amplitudes
of the temporal peaks of the normalized signal match the
experimental result. The high-frequency temporal feature is
quite sensitive to the photoelastic constant, as indicated by
a very narrow P-range [see white region in Figs. 3(a) and

3(c)] for which the relative amplitudes for this time interval
remain within 30% from experimentally obtained values tak-
ing into account uncertainties of the calculation parameters
(Table I). Similar criteria used for comparison between exper-
imental and simulated AR(¢)/Ry in the metallic phase leads
to a significantly larger range of appropriate P values [see
white region in Figs. 3(b) and 3(d)]. The calculated AR(¢)/Ry
corresponding to the best agreement with the experiment is
shown as a solid blue curve on Fig. 4(b), for Pye=3—0.5i.
Note the excellent agreement with experiment (black curve)
in reproducing a small dip at # ~ 20 ps.

For longer times ¢ > 45 ps, the amplitude of high-
frequency oscillations in the measured AR(t)/Ry is damped
compared to the simulated signals in both insulating and
metallic phases. To show the effect of inhomogeneities at that
time interval we have performed the averaging of AR(¢)/Ry
over a range of thicknesses around / = 145 nm. The weight
of AR(t)/Ry for each thickness in the sum was included in
accordance with the height deviation histogram [see inset in
Fig. 1(a)]. Such modeling assumes that the lateral size of the
granules and other inhomogeneities is much larger than the
phonon and photon wavelengths. Although this condition is
not satisfied in the studied 145-nm film, even such a sim-
ple model shows qualitatively how the films inhomogeneities
modify AR(¢)/Ry. The simulated averaged AR(t)/R, for both
phases of VO, and corresponding FFTs are shown by dashed
blue lines in Fig. 4. For the insulating phase, the characteristic
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FIG. 4. The measured (black lines) and simulated (blue lines) PU
temporal signals AR(t)/Ry [(a) and (b)] and their FFTs [(c) and (d)]
for 145-nm VO, film in insulating [(a) and (c)] and metallic [(b) and
(d)] phases. The blue solid lines correspond to the simulations for the

smooth film with 145-nm thickness. Blue dashed lines are the result
of averaging over the layers with various thicknesses 40-240 nm.

high-frequency feature at early times r < 30 ps disappears,
but AR(#)/Ry at longer times ¢ > 45 ps, as well as the FFTs,
show a good agreement with the experimental signal. For the
metallic phase, the agreement between the averaged simulated
and experimental temporal signals AR(t)/Ry and their FFTs
is reasonable in the whole temporal range.

Based on the comparison between the experimental and
simulated data, we are able to draw the following conclusions
about the values for the reduced photoelastic constants P.

(i) Their values are different in insulating and metallic
phases;

(ii) Pps in the insulating phase has a negligible negative
imaginary part |gins| <0.05 which is much less than a real part
Pins = 2;

(iii) In the metallic phase, there is an ambiguity in defining
Pmet and gner. The experimental data can be described by
any set of pmer and gmer along the ray [Fig. 3(a)], which is
described by an equation ¢ = —0.8p 4 1.9, starts with the
point Py = 3 — 0.57 and expands to larger magnitudes of p
and g;

(iv) The absolute values of p and ¢ in the metallic phase
are of the same order of magnitude;

(v) In the metallic phase, the sign of p is positive while the
sign of g remains negative.

The small value of the imaginary part |g| <|p| in the insu-
lating phase means that compressing a VO, nanolayer in the
out-of-plane direction does not have a strong effect on the op-
tical absorption. This result cannot be explained in the frame
of deformation potential mechanism for the photoelastic effect
[40], for which P = EdN/JE, where E is deformation poten-
tial and E is photon energy. Ellipsometry measurements of the
studied 145-nm layer show that in the proximity of excitation
wavelength A = 1028 nm |dn/dE| ~|dk /JE| in insulating
phase, and assuming deformation potential mechanism we get
|p| ~|q| which does not agree with the experimental results.
Apparently, a more sophisticated analysis, like presented in
Ref. [47], would have to be used in order to explain the mea-
sured values for P in the insulating phase. The values for P in
the metallic phase are included in white regions in Figs. 3(b)
and 3(d) stretching out to infinite magnitudes of P. It is safe to
assume that the physically realized values are closer to the tip
of the white region, meaning that the magnitude of P must be
limited. With such a constriction, the values for Py, are quite
common and similar to the values measured in other metals
[30,31].

Finally, we discuss the results for VO, nanohillocks. The
simulations show that for film thickness / = 70 nm, which
is equal to the average height of nanohillocks, the situation
is very close to the thin film limit, and the temporal shape
of AR(t)/Ro does not depend on P except for the phase, 0
or m, of the oscillations. The results for the simulations in
insulating and metallic phases are shown by the solid blue
lines in Fig. 5 together with the experimental black curves.
The values of P used in the simulations are the same as
obtained from the comparison of calculated and experimental
signals for the 145-nm film, namely P;,s and Pp;. One can see
that the simulated signals show the oscillations in antiphase
to the measured AR(t)/Ry. Nevertheless, the temporal shapes
of the simulated and measured signals agree well, as may be
seen comparing the black solid and dashed red lines in Fig. 5.
The agreement of the experimental and calculated shapes in
Fig. 5 also means that the modelled strain pulse shape agrees
well with the real one since for such a thin layer the shape
of AR(t)/Ry is proportional to a derivative of the strain pulse
eo(?) (see Sec. IV B). However, the difference in sign means
that the values of P obtained from simulations are different in
the two samples. The independence of the temporal shape of
P for [ = 70 nm does not allow us to obtain the value of P as
accurately as for the 145-nm film. We may only conclude that
in the notation of polar coordinates presented in Sec. IV B,
pp > 2, 150° < ¢ < 285° and pp > 4, 180° < ¢ < 300° in
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FIG. 5. The PU temporal signals AR(t)/R, for VO, nanohillocks
in insulating (a) and metallic (b) phases. The black lines correspond
to the measured AR(t)/R, while the blue lines correspond the simu-
lation results for 70-nm VO, film with the same values of P for both
phases of VO,, as in Fig. 4. The dash-dotted red lines are the inverted
simulated curves.

insulating and metallic phases, respectively. The difference
for the values of the reduced photoelastic parameters P in
the two studied samples points at different phonon dynam-
ics in these samples. Indeed, the nanohillocks are isolated
on the substrate, and the compression in z direction leads
to tension in x and y directions. Thus the analysis of pho-
toelasticity for nanohillocks requires taking into account the
full photoelastic tensor instead of reduced isotropic photoe-
lastic constant P. Such analysis requires more sophisticated
approaches [48] and controlled shape of VO, nanohillocks,
which is the prospective task for further investigations.

VI. CONCLUSIONS

To conclude, we have used the picosecond ultrasonic tech-
nique to study, experimentally, the photoelastic properties of
VO, nanolayers with different morphologies, in the insulating
and metallic phases. Theoretically we showed that in VO,
films with thickness more than ~100 nm, the temporal shape
of the detected photoelastic signal depends on the value of
the reduced complex photoelastic constant. This allowed us
to obtain its value from the comparison of theoretical and
experimental results. In the insulating phase, the imaginary
part of the photoelastic constant is negligible and does not
agree with the deformation potential model for photoelastic
effect in VO,. The granulated structure of VO, nanolayers
in the samples results in the effects of inhomogeneities and

J

Ar(r)  4miu(r)

damping of high-frequency features in the measured photoe-
lastic signals. There is a dependence of photoelasticity on
whether the granules are closely packed in a film or isolated
as nanosized grains on the substrate surface. Our experiments
show that for closely packed granules, it is possible to make
a direct comparison between the photoelastic signals obtained
experimentally and simulated for a plane film with thickness
corresponding to the average thickness of the studied VO,
nanolayer.

Our first study of photoelasticity in VO, nanolayers paves
a way for further investigations of VO, nanostructures using
picosecond ultrasonics. The knowledge of all elements of the
photoelastic tensor would help to understand the electronic
properties of this unique material and the changes upon IMT,
thus contributing to the debate about the nature of the various
phases of VO,. To obtain complete information about the
photoelastic tensor, it is necessary to study monocrystalline
VO, applying compressive and shear elastic perturbations
in various crystallographic directions which is a prospec-
tive for further study. For nanostructured VO,-based devices,
however, knowledge of the reduced photoelastic constant in
the out-of-plane direction may be already useful for careful
consideration of photoelastic effect as well as for effective
control of light-strain interaction. For VO, nanostructures, the
photoelastic effect becomes apparent in recent experiments
with ultrafast photoinduced phase transitions [28]. In practice,
the photoelastic effect in VO, can be exploited via picosec-
ond ultrasonics for ultrafast manipulation of light. Ultrafast
optical experiments with VO, embedded in photonic crystals
[49] show the prospect of high efficiency of such modulation
technique.
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APPENDIX

The equation for relative changes in the electric field re-
flectivity in the presence of the dynamical strain in the film
may be written in the form [44]

1 1 ) ) 1 )
+2ii Ay (N—i—P)/ 8(t,z)dz+—P/ e(z,z)<r12ezl"1”—z>+—e—zlkl(l—z>)dz : (A1)
ro A 0 2 Jo 2
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where u(t) is the displacement at the free surface of the film
and coefficient Ay is given by

r12(1 - ”31)

Ay =2i . . - ——.
(rOle—tk]l + rlge‘kll)(e_’kll + rlze’kll)

(A2)

Optical reflectivity of intensity R = rr*, and taking into ac-
count that AR < R, one can get

AR A
® _ 2Re< r(z)).
Ry Fo

Substituting Eq. (A1) to Eq. (A3) we get Eq. (3).
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