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Brillouin oscillations associated with the reflection of light from a traveling acoustic wave in glass have been
analyzed theoretically and experimentally. An ultrahigh-frequency acoustic wave is generated by irradiating a
metasurface with a femtosecond laser pulse, which is a nanostructured optically thick (6—7 skin layers) nickel
film on a glass substrate. The metasurface is a disordered ensemble of subwavelength spherical nanoantennas
embedded in a film with a hollow gap. By significantly increasing the transmittance of the metafilm, nano-
antennas make it possible to observe Brillouin oscillations through it. For the first time to the best of our
knowledge, the phase of Brillouin oscillations generated by the metamaterial has been correctly determined
by hybrid hydrodynamic and electrodynamic numerical simulation, and the relationship between the phase
of Brillouin oscillations and the morphology of the metafilm has been established. This work is at the inter-
section of nanophotonics, plasmonics, and optoacoustics and is of interest to a wide range of specialists due
to the prospects for using the described effects in active metadevices and highly sensitive sensors.
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1. INTRODUCTION,
GENERAL PICTURE

Metasurfaces are artificially created materials with
pre-programmed desired optical properties [1-—5].
They use ensembles of individual subwavelength
nanostructured elements (meta-atoms/nanoanten-
nas) [3]. By changing the ensemble and/or its meta-
atoms, one can control the amplitude, polarization,
and phase of the spectra of reflected and transmitted
light (spectral deformations) [1—3]. These are the
technologies of nanophotonics [2, 3, 5] and sensorics
[3, 4, 6]. The enhancement of Raman scattering and
luminescence in the near electromagnetic field is used
in sensors.

In our case, meta-atoms are randomly distributed
spherical inclusions, deeply embedded in the film and
surrounded by thin gaps [7]. This is the difference
from a large group of previous works, where the
ordered arrays of nanoparticles, located either above
or on the surface, were used. Note that disordered sub-
wavelength metamaterials also form a large group, see
the extensive detailed review [8]. They include natural
objects (for example, structures on a butterfly’s wing
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[8]), as well as artificially created structures with vari-
ous degrees of order, see [8].

Artificial random micro- and nanostructures are
known to occur after the ultrashort laser irradiation
due to melting, foaming, and crystallization of the
membranes of destroyed foams [9, 10]. They can also
be attributed to artificial disordered metamaterials,
since they are associated with strong spectral deforma-
tions, for example, blackening [11—13], i.e., a sharp
change in the reflection spectrum. Meanwhile, these
works went unnoticed by the authors of the review [8].

The spatial structure of our metamaterial was ana-
lyzed in [7]. The inclusions work as dipole nanoanten-
nas. The concentration of the electromagnetic energy
in gaps and its increase have been studied using
numerical simulation of the electrodynamic problem
in recent works [7, 14]. The gaps act as conductors of
the electromagnetic field through the film into the
glass substrate. Meanwhile, the reflection and trans-
mission spectra from our metafilm are deformed.

Another extremely popular field of research and
application is optoacoustics, where it is used to diag-
nose the internal state of a sample at depths of up to a
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few microns [15, 16], similar to medical ultrasound
practice. In this sense, optoacoustics supplements
scanning electron and atomic force microscopy study
of the surface with the analysis of subsurface layers.

Internal optical, elastic [15, 16], and even diffusion
(in relation to the transport of heat and atoms) [17]
characteristics are determined. To generate an acous-
tic wave, an optoacoustic transducer in the form of an
ultrathin metal film is used [15, 16, 18]. The film is
irradiated with a femtosecond laser pulse [7]. Due to
thermal expansion caused by the absorption of the
laser energy, the acoustic wave is generated in the film.
This wave is emitted from the nickel film into the
underlying substrate [7, 15, 16, 18], see the text below
and Figs. 1 and 2.

The device discussed here combines nanophoton-
ics (ensemble of nanoantennas) and optoacoustics
into an interconnected optoacoustic metamaterial.
This combination of areas of research is described in
[7], where optical characteristics indicating spectral
deformations, which proved the fabrication of a meta-
material. In particular, the transmittance is high
(transparency). Due to the transparency of the meta-
film, resonances, which we call Brillouin oscillations
(BOs), are optically detected through it. In [7], these
resonances were detected experimentally.

Let us explain the meaning of this work in compar-
ison with [7]. In Section 6 of this work, BOs (see
Fig. 1) are quantitatively attributed for the first time to
the reflection of probe light from the acoustic wave
traveling in glass by means of the numerical simula-
tion. It is shown that calculated BOs of the reflection
coefficient are in agreement with experimental data.
The simulation reported in this work is based on a
novel approach combining hydrodynamics and elec-
trodynamics.

This is the fundamental difference of this work
from the recent previous work [7]. In [7], electrody-
namics was in no way related to hydrodynamics, which
was responsible for the absorption of light, heating,
and forming and emitting sound, and was used only to
calculate spectral deformations (extraordinary trans-
mittance). Thus, using electrodynamics, it was proved
in [7] that our film can be classified as a metamaterial.
The detailed electrodynamic calculation in [7] was
based on the specific morphology of dipole nanoan-
tennas (gaped balls) revealed in [7] using a focused ion
beam and a scanning electron microscope.

2. ACOUSTIC PART

Figure 1 shows laser-induced changes in the rela-
tive reflectance AR(7)/R, at a wavelength of 793 nm.
Measurements were made in a pump—probe optical
scheme using an extremely sensitive lock-in detection
of the reflected signal. We studied a nickel metafilm
sample on a glass substrate. The absorbed energy den-
sity of a pump pulse was 10.9 mJ/cm?. The pump and

JETP LETTERS Vol. 123

No.3 2026

cb) fr

T
—
1

—0.001

AR/ R,

~0.002}

L ] ' I L I 1 I L
0 100 200 300

Time (ps)

Fig. 1. (Color online) Time dependence of the correction
AR(?)/ R, to the unperturbed reflection coefficient (i.e.,

before the arrival of the pump pulse) referring to the
zero level shown by the green dashed horizontal straight
line. In the first time interval (2T), the reflection is deter-

mined by the two-temperature (2T) state with 7, > T; of
the nickel skin layer. The 2T relaxation in nickel is com-
pleted in about 1 ps [7, 19]. The transition to the 2T stage
is usually accompanied by an increase in the reflection
coefficient in poorly reflecting metals and by a decrease in
it in well-reflecting metals (Au, Ag). In the second time
interval (E), echo from acoustic waves in nickel reflected
from the interface with the glass prevails. The third time

interval (BO) is the region of Brillouin oscillations.

probe femtosecond laser pulses were incident on the
sample from the side of the optoacoustic transducer,
i.e., through the front edge fr of the film in the inset of
Fig. 1.

As shown in the inset of Fig. 1, the pump laser pulse
isincident on the right and is absorbed in the skin layer
near the front edge fr of the film. The film with the
thickness d; = 70 nm is located between the planes fr
and cb (see Fig. 1, inset), where cb is the contact
boundary between the nickel and the glass substrate,
which is located to the left of the plane cb. The x axis
is perpendicular to the film plane and is direct against
the laser beam.

As a result of the absorption of the energy of the
pump laser pulse, the acoustic wave is formed in the
nickel film. In the inset of Fig. 1, the density profile in
this wave is shown as an upper zigzag with a red circle
on the top. The width of each of the two zigzag trian-
gles is determined by the heating depth d, = 25 nm in
the nickel. The heating layer in nickel is thicker than
the skin layer; i.e., dy > dy = 11—12 nm. After expo-
sure, the wave propagates from right to left in the
direction of the cb contact, see the left arrow in the
inset of Fig. 1.

In a narrow (compared to the duration of the zig-
zag) time interval with a width of 1.7 ps, the region of
the abrupt change of the pressure sign passes through
the contact cb into the glass. In the inset of Fig. 1, the
time interval of the change of the sign is located
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between the red circle and the blue diamond on the
zigzags. This interval is marked in Fig. 1 with the green
dotted vertical straight line at the time =13 ps. For-
mally, it begins the region of BOs indicated as BO and
marked by a green double-sided arrow in Fig. 1.
The right end of the arrow at ¢ = 300 ps is determined
by the duration of the probe data collection in our
experiment.

In the linear acoustic approximation, the upper
zigzag running to the left in the inset of Fig. 1 passes
into the glass with the unchanged shape and the
amplitude of about one third of the amplitude of the
incident wave (red circle on the upper zigzag); i.e.,
T.. =2z/(z,+ z) = 1/3, where z, and z;are the acoustic
impedances of the glass substrate and nickel film,
respectively. The wave reflected from the contact cb is
shown by the lower zigzag running to the right (in the
direction indicated by the arrow) in the inset of Fig. 1.
The reflection is accompanied by a decrease in the
amplitude and the reversal of the wave propagation
direction; the reflection coefficient from the contact
cb is Rac = (zs - Zf)/(zs + Zf) ~0.7.

If the reflection coefficient of the wave in nickel
from the front edge fr contacting with air is equal to
unity, the coefficient R, is the common ratio of the
geometric sequence in the sequence of bursts, which is
represented by the acoustic wave in the glass. The
acoustic pattern is considered in [7, 19], where echo in
the film was analyzed (stage E in Fig. 1). This work is
aimed at the theoretical analysis of the BO stage (the
section BO in Fig. 1). Such an analysis is added to the
scientific discourse for the first time. The successive
bursts of the wave in the glass are separated by a time
interval of about 26—27 ps, which is necessary for the
passage of the zigzag from the time of reflection from
the boundary cb, reflection from the edge fr, and
return to the contact cb (one round pass in the film).

The acoustic echo region in the film (E in Fig. 1)
begins with an increase in the density in the skin layer
due to the arrival of a compression wave in the skin
layer (the blue diamond on the lower zigzag in the
inset of Fig. 1). As a result, the plasma frequency of
nickel, as well as the reflection coefficient, increases:
the left end of the blue arrow E indicates the maximum
of the coefficient AR(f)/R, due to the increase in the
nickel density in the skin layer. This is the first of three
distinct maxima in the time interval E. The fourth
echo maximum is poorly visible due to the addition
with undamped oscillations in the time interval BO.
The amplitudes of the bursts associated with the echo
decrease in the geometric sequence with the common
ratio R,.. This is associated with the end of the blue
double-sided arrow E in Fig. 1.
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3. ACOUSTIC DETAILS AND
THE IMPOSSIBILITY OF EXPERIMENTAL
OBSERVATION OF BRILLOUIN
OSCILLATIONS THROUGH THE FILM
IN THE CASE OF UNIFORM THICK FILMS

Our description of acoustics by means of numerical
simulation is based on a two-temperature hydrody-
namic code [7, 19]. The code accurately includes two-
temperature and nonlinear effects; i.e., it is free from
the limitations of linear acoustics. Thus, the hydrody-
namic code describes the acoustic pattern of genera-
tion, propagation, reflection and passage of the wave
in the film—substrate system. In this respect, the situ-
ation is equivalent to optoacoustic approaches [15, 16,
18]; except for the freedom to choose the film thick-
ness (see below) and often disregarded details related
to two-temperature effects and nonlinearity.

In our device, the nickel film is geometrically and
optically (formally, in terms of the thickness of the skin
layer) thick: d; = 70 nm and dy = 11.5 nm. The trans-
mittance of a homogeneous film in one direction is
equal to 7; = exp(—dy/dy) = 1/440 [7]. The double
passage of the film reduces the reflection coefficient
from the acoustic wave by a factor of 440% = 2 x 10°.
Corrections An to the refractive index of glass, due to
compression and rarefaction in the acoustic wave, are
no more than 0.8% at the maximum permissible flu-
ence Fryans = 10.9 mJ/cm? At F> F ., the film is
destroyed due to multiple repetitions required in the
lock-in detection scheme. Corrections An are propor-
tional to the amplitude of the acoustic wave. The cal-
culations in [7] for glass give An/ny, = 0.3Ap/p,. The
smallness of An means that the reflection from the
acoustic wave is quite weak.

Even the most sensitive system for measuring the
reflection coefficient R(f) cannot currently detect
such negligible variations of R. Therefore, to increase
the film transmittance 7} in conventional optoacous-
tics [15, 16, 18], extremely thin films with the thick-
ness d; ~ dy are used (in metals, dy ~ 10 nm), e.g., Al
films with a thickness of d; = 10—20 nm [15, 18]; Cr
films with dy = 10—14 nm [17, 20]; Pt film with d; =
5 nm [21]; Ti films with d; = 12—25 nm [22]; Au films
with dy = 10—20 nm [23]; and Ru films with d4; =
1.2—20 nm [24]. Alternatively, in the case of thick
films, BOs are observed from the side of the transpar-
ent substrate. Sometimes, only the processes in the
film are analyzed (echo analysis, time interval E in
Fig. 1) [7, 19, 25, 26]. In contrast to the above-men-
tioned “ordinary” films, our meta-nanofilms transmit
light, although geometrically they are thick in terms of
the skin layer, see below discussion of extraordinary
transmittance and spacing between bursts in an acous-
tic wave.

As mentioned above, the thickness of the zigzag
“triangles” in the inset of Fig. 1 is determined by the
heating layer with the thickness d;> d,. Therefore, the
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films in the above-mentioned “ultrathin” modes with
d; ~ dg are heated by a femtosecond pulse in a super-
sonic manner approximately uniformly and then
oscillate as a whole [27]. In our case, the thickness
dr= 25 nm is several times less than the thickness of
the film d; = 70 nm. Correspondingly, the acoustic
wave in our case runs between the edges fr and cb of
the film and, importantly, unlike the case d; ~ d, has
a spatially narrow region of abrupt change of sign
between the red circle and the blue diamond in the
inset of Fig. 1. This is the key difference of our opto-
acoustic case with d;> d, from the usual optoacoustic
case with d; ~ dy.

For estimates, let us assume that the speeds of
sound in the film, ¢y, and the substrate, cg,, are
approximately the same. In this case, the thickness of
the zigzag triangles in the substrate is the same as in
the film d;= 25 nm. In this case, the distance between
the bursts (narrow regions of sign change) in the wave
in the substrate is specified by the expression

d, = (2a’f/cs|f)cs‘gl = 2d, Q8

which gives the value d,. = 140 nm. Thus, by increasing
the value d; in Eq. (1), we extend the bursts by an
increased distance d,.. As seen, the acoustic wave is
characterized by two independent scales dand d,..

Brillouin oscillations have the resonant length

dres = M (2my), (2)

where A is the wavelength of the probe pulse and n, is
the unperturbed refractive index of the glass. Under
our conditions, d,,, = 270 nm. The period of BOs is
related to the resonant length as

TBO = dres/cslgl' (3)

Under our conditions, 73, = 50 ps. This is the period
of BOs in the time interval BO in Fig. 1. The resonant
length (2) and the period (3) are due to interference
associated with “mirrors” of the film and the acoustic
wave in the glass.

An interesting question is what will change if the
selection of the thickness of the metafilm d; ensures
the Bragg-type condition (at long times, the bursts
form a long chain)

dac = drcs' (4)

Here, the left and right sides are given by Egs. (1) and
(2), respectively. The bursts are due to successive
arrivals of the steep section between the red circle
and the blue diamond in the inset of Fig. 1 at the con-
tact cb. The form of the chain is shown in Fig. 2 and in
other figures. Thus, the Bragg resonance is achieved
when the distance between the acoustic bursts given by
Eq. (1) is equal to the period specified by Eq. (2). The
change in the amplitude and phase of the BOs near the
critical condition (4) will be considered in the future.
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Fig. 2. (Color online) Schematic representation of the
studied geometry simulated by the 7-matrix method. The
red lines with arrows schematically show the radial trajec-
tories of the interfering beams that generate Brillouin

oscillations.

Here, we only analyze the phase of BOs beyond the
condition (4).

4. PHASE OF ACOUSTIC OSCILLATIONS
IN THE EXPERIMENT

In classical nanophotonics [1—5], metasurfaces
remaining stationary transform photon fluxes. Corre-
spondingly, the period of BOs Ty, given by Eq. (3) and
acoustic phases are meaningless, because deforma-
tions variable in time, as well as BOs, are absent. In
conventional optoacoustics, ultrathin metal films with
the width d; ~ dy, ~ 10 nm < A on dielectric or semi-
conductor substrates are used. To the best of our
knowledge, the phase shift of BOs has not yet been
analyzed in such optoacoustic experiments with probe
pulses incident on the front side (i.e., through the
film).

The time dependence of the correction AR(#)/R, to
the reflection coefficient is approximately periodic
(see the interval BO in Fig. 1). Let us approximate this
dependence by a single cosine:

fiy=4A cos(;—“ (t- w)j + AF(). (5)

BO

Time is measured from the maximum intensity of the
pump pulse, which is a laser pulse with a duration of
150 fs [19]. This duration is extremely short compared
to optoacoustic time scales. Therefore, we will assume
that the system is instantaneously initiated at the time
t= 0. Time on the abscissa axis in Fig. 1 and in Eq. (5)
is measured from this point. The speed of light is five
orders of magnitude higher than the speed of an
acoustic wave. Accordingly, during the diagnosis of
the probe pulse, the Doppler effect can be neglected
and the refractive index disturbance in the acoustic
wave can be considered stationary.
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An important component in Eq. (5) is a smooth
addition Af(r). This is an addition to the dependence
AR(f)/R, after subtracting the oscillating contribution.
The function AR(¢)/ R, approaches zero (i.e., the green
dashed horizontal straight line in Fig. 1) due to the
cooling of the nickel film. This is the basis for the latest
measurements of the thermal conductivity [17, 28, 29]
and even diffusion at the nanoscale. In this case, thick
films can be used, because the measurement of the
oscillating component is not necessary. Optoacoustic
measurements of the diffusion of drugs in living tissues
are of exceptional importance for biomedicine [30,
31]. The analysis of the smooth function Af{(¢) in our
experiment requires a separate investigation.

In this work, we approximate the oscillating com-
ponent in the time dependence AR(f)/R, in the third
time interval BO in Fig. 1. The phase y, as well as the
time 7, in Eq. (5) is measured in picoseconds. This
phase in radians is given by the formula

_2x

rad - Y-

v Too v
The dependence of the variable thermoreflectance
AR(?)/R,in the time interval BO is shown in Fig. 1. To
determine the period and phase of BOs, this depen-
dence was approximated in two ways. In the first
method, we neglected the smooth component Af{(¢)
in Eq. (5). In the second method, the component Af{(7)
in the time interval of experimental measurements up

to 300 ps was approximated by the linear function

Af (1) =y, + Bt with y, =—0.00203
and B=1.81x10"°,

where ¢ is the time in picosecond, so that Af(r =
300 ps) — y, = 0.000543; i.e., Af(r = 300 ps) =
—0.00149.

The period Ty in the first and second approxima-
tions is 47.5 and 46.8 ps, respectively. The phase y in
the first and second approximations turned out to be
6.1 ps (W/Tgo = 0.13) and —2.75 ps (y/Tpo = —0.06),
respectively.

Thus, the phase y in our experiment is approxi-
mately zero within the accuracy of the approxima-
tions.

5. SIMULATION OF BRILLOUIN
OSCILLATIONS BY THE TRANSFER
MATRIX METHOD

We consider a model system consisting of the
nickel film, glass substrate, and an acoustic wave in the
glass substrate, illuminated by a probe electromagnetic
plane wave normally incident from the film side (see
Fig. 2). The transfer matrix (7-matrix) method, which
is used in this preliminary stage of simulation, is
designed for layered media and requires spatial invari-
ance of the simulated structure in the transverse direc-

tions. For this reason, we approximate the real nano-
structured film with a homogeneous nickel film with a
thickness of d; = 24 nm, at which its transmittance
corresponds to the experimentally measured transmit-
tance of the nanostructured film (7% at A = 793 nm).

The acoustic wave generated by the nickel film
induces a variation An = n — n, of the refractive index
in it in the form of a chain of bursts and triangles in
Fig. 2. The origin of the bursts was explained in Sec-
tions 2 and 3, see the inset of Fig. 1 and the discussion
of the independence of the sizes of the triangles dand
the intervals between bursts d,. (1). The acoustic wave
travels through the glass at the speed of sound in the
glass (cgg = 5.57 nm/ps).

In the 7T-matrix calculation, the variation of the
refractive index # is approximated by a histogram cor-
responding to set of layers with a constant » value
within each layer. The discretization step # = 1 nm was
chosen such that it does not affect the simulation
results.

The simulation of the reflection of the probe elec-
tromagnetic wave from the moving acoustic wave was
carried out in two stages. In the first stage, a transient
process is simulated, during which the acoustic wave is
gradually formed by an echo acting inside the nickel
film. In this case, the acoustic wave gradually “exits”
from the nickel film (see inset (1) of Fig. 3). The tran-
sient process ends when the entire wave leaves the
nickel film. As mentioned in Sections 2 and 3, the
amplitudes of bursts decrease according to a geometric
sequence. Therefore, we break the chain of acoustic
bursts with a length of =500 nm, which is formed in
the time ~500 nm/cgy = 90 ps.

In the second step, further propagation of the
acoustic wave in the glass is simulated by moving the
fixed distribution of the refractive index n(xy — cygf) in
the glass by adding an additional layer with an unper-
turbed refractive index n, = 1.5 between the nickel film
and the chain of bursts. The right edge of this layer of
bursts (back edge of the chain of bursts) at a time of
250 ps is marked by the vertical dashed straight line in
inset (2) of Fig. 3.

For each value of the layer thickness between the
film and the trailing boundary of the chain (the gap
between the mirrors), the reflection coefficient from
the entire model structure is calculated. The wave-
length of the probe pulse is 793 nm. According to the
CRC reference data, the complex refractive index
of nickel at this wavelength at room temperature is
2.47 + 4.37i.

According to Fig. 3, the time dependence of BOs
obtained in the 7T-matrix calculation (red line) is
inconsistent (in the opposite phase) with the experi-
ment (black line). However, as we can see, the calcu-
lated and experimental results for the period and
amplitude of BOs are in good agreement. It was
required to correct the zero average level of the red
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Fig. 3. (Color online) Results of simulation of Brillouin
oscillations using the 7-matrix. The red and black lines
show the time dependences of the calculated and experi-
mental thermoreflectance AR(?)/R,, respectively. To

superimpose the calculated and experimental depen-
dences, the calculated line is shifted down by 0.0017.
Insets (1) and (2) show the instantaneous distributions of
the refractive index of glass at times of 45 and 250 ps
(marked by red circles on the time axis).

curve by —0.0017, because the temperature change in
the complex refractive index of nickel heated above
300 K in our experiments was disregarded in the calcu-
lations performed with the refractive index at room
temperature taken from CRC.

A phase shift of =180° is due to the limitations of
the 7-matrix computational model. Since the real
thick nanostructured nickel film was approximated by
the thin continuous homogeneous film with the same
energy transmittance, we lose information on the
actual phases of the interfering waves. The correct
inclusion of these phases requires a more realistic
model completely taking into account the nanostruc-
ture of the nickel film. this model is considered below.

6. FINITE-DIFFERENCE TIME-DOMAIN
SIMULATION OF BRILLOUIN OSCILLATIONS

A real nanostructured nickel film with nanoanten-
nas in the form of subwavelength spherical inclusions
embedded in a film with a hollow gap is schematically
represented in Fig. 4. As in the previous case, the film
is illuminated with a normally incident plane wave and
the time dependence of its reflection coefficient at a
fixed wavelength of 793 nm was recorded as the acous-
tically induced wave propagated deep into the glass
substrate.

As can be seen, the real nickel film is not spatially
invariant in the transverse directions and cannot be
simulated by the T-matrix method. Therefore, we per-
formed finite-difference time-domain (FDTD)
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Fig. 4. (Color online) Schematic representation and
parameters of the studied geometry simulated by the
finite-difference time-domain method. The red lines with
arrows schematically show the radial trajectories of the
interfering beams that generate Brillouin oscillations. Tra-
jectories have a conditional meaning, because reflection
increases gradually on a distributed profile of a changing

refractive index; i.e., there is no fixed turning point.

numerical simulation. The main difficulty in applying
this method to simulation of the real film is that the
spherical inclusions in it are distributed chaotically
and do not form a regular array. However, we used a
simplified approach and model a single unit cell of the
array with periodic boundary conditions. Thus, the
real irregular array of nanoantennas was approximated
by the ideal regular array.

Such an approximation is justified for three rea-
sons. First, nanoantennas are located in the same
plane, perpendicular to the incident wave, so their
random distribution in this plane does not destroy the
in-phase character of the elementary waves scattered
by each of them forward and backward. Chaotic back-
ground scattering at large angles to the wave vector of
the incident wave, which occurs due to the disordered
arrangement of inclusions on the film, is considered
weak and is neglected. Second, at such periods of the
array that correspond to the typical distances between
inclusions in the real film (120—200 nm), there are no
collective resonances in the ordered array (in the near-
infrared range) due to its strict periodicity. On the
other hand, nanoantennas are not very close to each
other, and the radiative coupling between them, which
could modify the optical response of an ordered array
compared to a disordered one, can be neglected.
Third, the results of the FDTD simulation even in the
approximation of the ordered array already agree quite
well with the experiment, as will be shown below.

In the longitudinal directions, the array unit cell
was bounded by perfectly matched layers (PMLs) to
absorb the transmitted and reflected waves. For an
FDTD grid with rectangular cells to adequately
resolve the spherical surface of the nanoantennas and
the adjacent hollow gap, the mesh near a nanoantenna
was locally divided. The results of FDTD simulation
are presented in Fig. 5.
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Fig. 5. (Color online) Results of finite-difference time-
domain simulation of Brillouin oscillations generated by
the incident electromagnetic wave with an amplitude of
1 V/m with the parameters 7 = 130 nm, » = 50 nm, & =
54 nm, dy = 60 nm, and d, = 5 nm (see Fig. 4). The red

and black lines show the time dependences of the calcu-
lated and experimental thermoreflectance AR(7)/R,,

respectively. Inset (1) shows the distribution of the ampli-
tude of the electric field near the spherical inclusion. The
near field is significantly amplified in the gap, as discussed
in [7, 14]. The dashed vertical lines indicate the effective

phase thickness of the structured nickel film (90 nm).

As can be seen in Fig. 5, the FDTD model, as well
as the 7-matrix model, correctly describes only the
steady BOs that are observed after the completion of
the transient process (# > 90 ps). In this case, the the-
oretical and experimental results for the period,
amplitude, and, most importantly, the phase of oscil-
lations are in good agreement with each other. As in
the 7-matrix model, the average level of the calculated
relationship is shifted by —0.0017.

The comparison of the results of simulation of the
smooth (see Fig. 3) and structured (see Fig. 5) films
with the same transmittance indicates that the struc-
ture of the film strongly affects the phase of BOs. This
is the main result of this work. In other words, the
phase of BOs carries certain information on the struc-
ture of the film, because BOs in reflected light repre-
sent a signal of two-beam interference. Its result
depends, first, on the phase of the wave reflected from
the structured film, and, second, on the additional
phase of the second wave, which passes through the
film twice—before and after the reflection from the
acoustic wave (see Fig. 4).

To extract useful information from the BO phase,
we mentally replace the structured film with a smooth
homogeneous nickel film and select its thickness in
such a way that BOs from it would coincide in phase
with BOs from the structured film. The effective phase

DYSHLYUK et al.

thickness of the structured film obtained in this way is
the information that is carried in the phase of BOs.

However, the changes in the distribution of the
perturbed refractive index in the acoustic wave, which
inevitably occur when the thickness of the film
changes, are disregarded in this approach. Therefore,
the effective film thickness obtained using this
approach is, strictly speaking, an approximate esti-
mate. However, the results of the calculations (which
cannot be given here due to the limitations on the vol-
ume of this work) show that the influence of a partic-
ular profile n(z) in the acoustically induced grating of
the refractive index (in particular, its period) on the
phase of the wave reflected from it and on the phase of
the resulting BOs is very weak in our case. Therefore,
the estimate obtained in this way has a fairly high
accuracy.

Let us explain the proposed approach using the
examples considered above. Fitting the calculated
dependences in Figs. 3 and 5 by sinusoids, we deter-
mine the exact difference between their initial phases,
which turns out to be equal to 2.598 rad.

Further, it should be noted that with an increase in
the thickness of the continuous nickel film from d; to

d}, the phase difference between the interfering beams,
which determines the phase of the signal of BOs will
change only due to the double phase increase in the
electromagnetic wave in nickel on the difference in

distances df' — d;, namely, by

(2x 275/7»)((!} — dp)Re(ny;).

Equating this expression to 2.598, we find d; = 90 nm,
which is indicated by the vertical dashed straight lines
in the inset of Fig. 5. A smooth nickel film of this
thickness would give a signal of BOs that coincides in
phase with the signal of BOs from the real nanostruc-
tured film.

Once again, we emphasize that the above consider-
ations do not accurately describe the real physical sit-
uation with the thick continuous nickel film. In real-
ity, the use of such a thick film, first, would change the
form of the acoustic wave in the glass substrate, which
could affect the phase of one of the interfering waves
and, accordingly, the phase of BOs. Second, the
energy transmittance of such a thick continuous nickel
film is so small that it is impossible to observe BOs
through it in practice.

7. CONCLUSIONS

Brillouin scattering in a glass substrate with a metal
metamaterial film with an irregular arrangement of
structures, which is used as an optoacoustic trans-
ducer, has been comprehensively analyzed.

Numerical simulation with a hybrid approach that
combines hydrodynamic analysis with electrodynamic
T-matrix and finite-difference time-domain simula-
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tions has been performed for the first time. It has been
shown for the first time that the phase of Brillouin
oscillations is associated with the morphology of our
nanometafilm, i.e., with spatial heterogeneity created
by chaotically located elements (meta-atoms, nano-
antennas).

This allows one to extract information on the mor-
phology of the metafilm from the measurements of the
metafilm transmittance and the phase of Brillouin
oscillations in the substrate, namely, to approximately
determine its effective phase thickness. This greatly
simplifies the diagnosis of nanomaterials, compared
to complex and expensive methods (focused ion beam,
scanning electron microscopy, transmission electron
microscopy).
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