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Absorption of ultrashort laser pulses in a metallic grating deposited on a transparent sample launches in the
material both compression/dilatation (longitudinal) and shear coherent acoustic pulses in directions of different
orders of acoustic diffraction. The propagation of the emitted acoustic pulses can be monitored by measuring
the variation of the optical reflectivity of the time-delayed ultrashort probe laser pulses. The direction of probe
light incidence and its polarization relative to the sample surface as well as the orientation of the metallic grating
should be specifically chosen for efficient Brillouin scattering of the probe light from shear phonons propagating
in the elastically isotropic materials. As theoretically predicted, the obtained experimental data contain multiple
frequency components which are due to a variety of possible Brillouin scattering angles for both shear and
compression/dilatation coherent acoustic waves. All these different frequency components are explained through
multiplexing the propagation directions of probe light and coherent sound by the metallic diffraction grating. Our
experimental scheme of time-domain Brillouin scattering with metallic gratings operating in reflection mode
provides access to monitoring the shear acoustic waves launched in the direction of the first diffraction order
by backward Brillouin scattering process. Applications include simultaneous determination of several different
acoustic mode velocities and optical refractive index and, potentially, measurements of the acoustic dispersion
of samples with a single direction of possible optical access.
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I. INTRODUCTION

Absorption of ultrashort light pulses with picosecond tem-
poral width in a medium may generate therein coherent
acoustic waves in the gigahertz (GHz) frequency range. The
propagation of the acoustic waves is accompanied by the mod-
ulation of optical reflectivity via the photoelastic effect and
thus can be monitored by the time-delayed light pulses [1].
The technique is often called picosecond laser ultrasonics and
is utilized to investigate the elastic properties of the medium;
the structure parameters such as the thickness of thin films,
the elasto-optic properties, etc. [1–7]; and imaging inside
transparent inhomogeneous media with suboptical and even
nanometric depth spatial resolution [8]. In most cases, only
the longitudinal acoustic waves have been used for these
measurements because of the symmetry of the samples and
measurements. It is, however, highly desirable to generate
and detect shear acoustic waves in addition to longitudinal
acoustic waves in order to get the full mechanical information
of the elasticity of the medium. Such attempts require lower
symmetry in the medium and/or excitation configurations:
for example, the use of an anisotropic medium [9–19] or
the use of acoustic waves propagating along the direction
non-normal to the surface [20,21]. It has also been suggested

*omatsuda@eng.hokudai.ac.jp
†vitali.goussev@univ-lemans.fr

that optically induced gratings formed by the illumination
of the sample surface with two nonparallel light beams may
generate shear acoustic waves [22,23]. In conjunction with
this generic concept, we previously conducted time-domain
Brillouin measurements in fused silica samples with metallic
grating photoacoustic transducers and showed that the longi-
tudinal acoustic waves propagating along multiple directions
are observed simultaneously, giving rise to several distinct
Brillouin frequencies [24]. Even though shear acoustic waves
are expected to be excited in these grating structures, we did
not succeeded in revealing them [24].

In this paper, we clarify the necessary condition for the
optical detection of shear acoustic waves in time-resolved
Brillouin measurements for transparent samples with metallic
grating photoacoustic transducers. Our experiments reveal the
unambiguous detection of shear acoustic waves in addition to
longitudinal acoustic waves. We then evaluate the shear and
longitudinal sound velocities, as well as the refractive index
of fused silica, as a demonstration of the capability of this
method.

II. THEORY

The generation and detection of longitudinal acoustic
waves in a transparent isotropic medium using metallic grat-
ings were described in detail elsewhere [24,25]. Absorption
of ultrashort light pulses at the metallic grating may generate
longitudinal acoustic waves propagating not only normally
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FIG. 1. Schematic diagram of the generation of shear acoustic
waves by the optical excitation of metallic gratings. The upper
half-space is an isotropic medium. The metallic grating rods are
formed on its surface: their cross sections are shown as the yellow
rectangles, and their expansion along the y direction is indicated by
red arrows. The blue waves schematically show the displacement of
the generated shear acoustic waves propagating along the first-order
diffraction (white arrow).

to the plane of the gratings but also in all directions corre-
sponding to the possible nonzeroth diffraction orders of the
acoustic waves induced by this grating, thus multiplexing
the propagation directions of the generated acoustic waves in
the sample. The propagation of the generated acoustic waves
is optically detected by the time-delayed light pulses that
measure the transient reflectivity change of the sample, show-
ing the so-called Brillouin oscillations. In the measurement
process, the probe light scattered by the acoustic field and
the probe light reflected or diffracted by the grating structure
interfere on the photodetector. The grating can diffract the
probe light before and/or after its scattering by the acoustic
field in both transmission and reflection configurations, thus
multiplexing the propagation directions of the probe laser
pulses inside the sample. These multiple combinations of
sound and light propagation directions yield the observation
of several different oscillation frequencies in both backward
and forward Brillouin scattering simultaneously [24].

In the present paper, we focus on the generation and
detection by metallic gratings of shear acoustic waves. Let us
suppose that an ultrashort light pulse is absorbed by a metallic
grating formed on a transparent isotropic medium. Figure 1
shows the cross section of the sample. The x axis is taken
along the grating rods, the y axis along the grating repetition,
and the z axis is perpendicular to the surface on which the
grating structure is formed. The absorption of the light pulse
in the metallic rods sets up an instantaneous temperature rise
and thus the thermal stress distribution. Then the rods tend
to expand laterally, i.e., in the y direction, in addition to the
z direction: thus, the stress component σyz is nonzero at the
interface between the rod and the substrate, especially near
the edge of the rods.

This mechanism of shear acoustic wave generation can
be described in detail as follows. The heating of the metal-
lic rods by laser radiation and heat transfer from the rods
to the transparent substrate induce a temperature rise that
gives rise to isotropic thermoelastic stresses in both of these
media exhibiting isotropic thermal expansion. The isotropic
thermoelastic stresses generate only compression/dilatation
(longitudinal) acoustic waves [12,13,21]. However, both in
the elastically isotropic substrate (SiO2 in our case) and

in the metallic grating (polycrystalline Al in our case), the
compression/dilatation waves obliquely incident on the sur-
faces and interfaces get partially mode converted into shear
acoustic waves. Thus, in our experiments, the shear acoustic
waves are emitted into the substrate, in general, through three
different channels: the mode conversion in transmission of
the compression/dilatation waves incident on the SiO2/Al
interface from the Al side, the mode conversion in the re-
flection of the compression/dilatation waves incident on the
SiO2/Al interface from the SiO2 side [26], and the trans-
mission through the SiO2/Al interface of the shear acoustic
waves incident from the Al side. In the third channel, the
shear acoustic waves are most efficiently excited in the Al
rods by the mode conversion of the compression/dilatation
waves photogenerated in Al rods when they are incident
on the mechanically free surfaces of the Al rods. Since the
polarity of σyz alternates between the right and left edges in
each individual rod, σyz does not generate plane homogeneous
shear acoustic waves, which could propagate perpendicularly
to the grating surface. In other words, the considered grating
does not break in average left-right symmetry of the surface.
Thus, the generation of the plane shear acoustic waves prop-
agating normally to the surface is forbidden by symmetry. It
is, however, not excluded to generate plane inhomogeneous
shear acoustic waves (acoustic gratings) [27]. Each of the
plane inhomogeneous shear waves is a superposition of two
plane shear acoustic waves emitted by the grating in the direc-
tions of two opposite diffraction orders. Thus, the amplitude
modulation in the plane inhomogeneous shear waves results
from the propagation of two plane homogeneous waves at an
angle from each other. Because of the symmetry of the system,
the displacement polarization of the generated shear acoustic
waves is in the yz plane.

As for the detection, we first concentrate on an elementary
process of the light scattering by the shear acoustic waves
with arbitrary polarization, excluding the light reflection or
diffraction by the metallic grating before and/or after the scat-
tering by the coherent shear acoustic wave. The momentum
conservation in the scattering process is described as

ks = ki ± kB, (1)

where ki is the wave vector of the incident light (incident state
of a photon), ks is the wave vector of the light scattered by
the acoustic waves (scattered state of a photon), and kB is the
wave vector of the acoustic phonon involved in the scattering
process. The plus sign corresponds to phonon annihilation,
whereas the minus sign corresponds to phonon creation. For
the analysis of Eq. (1), we take the x3 axis along kB and the x1

axis in the plane defined by ks and ki (plane of incidence),
as shown in Fig. 2. The light may take the p polarization
in which the electric field is in the x1-x3 plane or the s
polarization in which the electric field is along the x2 axis
(perpendicular to the x1-x3 plane). The shear acoustic wave
may have its displacement polarization along the x1 or x2

axis corresponding to nonzero strain component η13 or η23,
respectively.

The light scattering by the acoustic wave is, in fact, the
light emission of the electric polarization induced by the
incident light and the acoustic wave. Considering the photoe-
lastic effect in the isotropic medium, the electric polarization
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FIG. 2. Momentum conservation and induced electric polariza-
tion ΔP in the scattering process of the incident light (ki) into the
scattered light (ks) by the acoustic waves (kB). (a) The p incident
light and the x2-polarized shear waves. (b) The s incident light
and the x2-polarized shear waves. (c) The p incident light and the
x1-polarized shear waves. (d) The s incident light and the x1-polarized
shear waves.

ΔP induced by the shear strain and the incident light is given
as

ΔP ∝

⎛
⎜⎝

0 0 P44η13

0 0 P44η23

P44η13 P44η23 0

⎞
⎟⎠

⎛
⎜⎝

Ei1

Ei2

Ei3

⎞
⎟⎠, (2)

where P44 is a component of the photoelastic tensor of the
isotropic medium. Ei j is the jth component of the electric
field Ei of the incident light. For the p-polarized light, Ei is
directed as

E(p)
i ‖ 1

|ki|

⎛
⎜⎝

−ki3

0

ki1

⎞
⎟⎠, (3)

where ki j is the jth component of the wave vector ki of the
incident light. For the s-polarized light, it is directed as

E(s)
i ‖

⎛
⎜⎝

0

1

0

⎞
⎟⎠. (4)

As depicted in Fig. 2, there are four possible combinations
of the shear displacement polarization and the incident light
polarization. The light is emitted from the induced electric po-
larization projected to the plane perpendicular to the scattered
light wave vector ks. In the case of p-polarized incident light
and x2-polarized shear acoustic waves [Fig. 2(a)], the induced
electric polarization is along the x2 axis which is perpendicu-
lar to the scattered light propagation direction. This is the most
suitable configuration for the shear acoustic wave detection.
In case of s-polarized incident light and x2-polarized shear
acoustic waves [Fig. 2(b)], the induced electric polarization is

along the x3 axis. The projection of this electric polarization
to the plane perpendicular to the scattered light propagation
direction is nonzero unless ks ‖ x3, and thus, shear acoustic
wave detection may be possible in this configuration. In
the case of p-polarized incident light and x1-polarized shear
acoustic waves [Fig. 2(c)], the induced electric polarization
is parallel to the scattered light propagation direction, and
thus, it is not possible to detect the shear acoustic waves.
In the case of s-polarized incident light and x1-polarized
shear acoustic waves [Fig. 2(d)], there is no induced electric
polarization, and thus, it is not possible to detect the shear
acoustic waves. As a summary of these four configurations,
the shear acoustic waves can be detected only if the plane of
probe light incidence (the x1-x3 plane) is not parallel to the
polarization (mechanical displacement) of the shear acoustic
wave.

As seen in the generation process, the shear displacement
lies in the plane perpendicular to the grating rods. Thus,
the above discussion tells us that, for shear acoustic wave
detection, the propagating direction of the incident light to the
sample should not be chosen in the plane perpendicular to the
grating rods.

III. EXPERIMENT

The sample is made of a fused silica substrate with a
thickness of 1 mm. By the electron beam lithography and the
lift-off technique, the aluminum grating structure is formed on
the surface of the substrate. The grating period p is 380 nm.
The width of the aluminum rod is 190 nm, and the thickness
is 40 nm. The total grating area is of 100 × 100 μm2.

A standard optical pump-probe setup is used for the mea-
surement [24]. A Ti:sapphire mode-locked laser is used as
the light source. It generates the light pulses at the central
wavelength of 830 nm, temporal width of 100 fs, and rep-
etition frequency of 80 MHz. The 830-nm wavelength light
pulses (pump light pulses) with an energy of 0.03 nJ/pulse are
focused to the grating region of the sample from the backside,
i.e., from the side without the grating, to generate the acoustic
waves. The diameter of the pump focus spot is about 50 μm.
Part of the 830-nm wavelength light pulses is fed to a second-
harmonic-generation crystal (β-BaB2O4) for conversion into
415-nm-wavelength light pulses (probe light pulses) with an
energy of 0.04 nJ/pulse, which are time delayed and focused
on the grating region also from the backside to detect the
acoustic waves. The diameter of the probe focus spot is about
20 μm. The transient optical reflectivity change is recorded
by varying the delay time between the pump and probe light
pulse arrivals to the sample.

As discussed in the previous section, in order to detect the
shear acoustic waves, it is required that the plane of incidence
of the probe light is not parallel to the plane perpendicular to
the grating rods. To fulfill this condition, the sample is placed
on a two-axis rotation stage and is rotated as described in the
following.

Let us define the laboratory coordinate system XY Z and
the sample coordinate system xyz. The Y axis is along the
vertical direction of the laboratory, and the X -Z plane is
parallel to the horizontal plane of the laboratory. The laser
beam incident on the sample is along the horizontal Z axis.
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FIG. 3. Rotation of the sample. (a) Initial orientation. (b) Rota-
tion with respect to y (or Y ) by an angle α. (c) Rotation with respect
to x′ by an angle β (side and top views). In the top view, y′′ and z′′

appear to be overlapped, but in fact, the former is directed upwards
from the X -Z plane, whereas the latter is directed downwards.

The z axis is taken perpendicular to the sample surface facing
upwards from the grating surface. The x axis is along the
grating rods, and the y axis is along the grating periodicity,
i.e., perpendicular to the rods.

First, we place the sample so that the xyz and XY Z coordi-
nate systems coincide, as shown in Fig. 3(a). The probe laser
beam is incident from the back surface of the sample (without
grating) along +Z (or +z). Then the sample is rotated with
respect to the Y (or y) axis by an angle α, as shown in Fig. 3(b).
The second and final rotation is done with respect to the x′ axis
by an angle β, as shown in Fig. 3(c). This side view is seen
in the direction opposite that of the x′ axis. For 0 < β < π/2,
the grating surface faces downwards. For simplicity, hereafter
we will refer to the rotated coordinates system x′y′′z′′ as xyz.

The probe laser beam directed to the sample has the wave
vector (0, 0, k) in the XY Z coordinates, where k is the wave
number of the probe light in the air. In the xyz coordinates, it
is expressed as

kin ≡ (kx, ky, kz ) = k(− sin α, cos α sin β, cos α cos β ). (5)

The laser beam reflected by or diffracted from the sample is
fed to the photodetector to observe the transient reflectivity
change. The wave vector of this light in the xyz coordinate
system is expressed as

kout = (kx, ky + mq, k′
z ),

k′
z = −

√
k2 − k2

x − (ky + mq)2, (6)

where q = 2π/p is the grating wave number and m is an
integer determined by the choice of the light beam used for the
detection: m = 0 for the reflected light, whereas m �= 0 for the
light directed into the mth diffraction order. For the detection
in the far field, the possible m should ensure the square root in
Eq. (6) is real. We ignore the frequency shift of the scattered
light, i.e., assume |kin| = |kout| throughout this paper.
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FIG. 4. Transient reflectivity changes for the sample rotations
indicated on the plots.

Note that kin and kout are different from ki and ks in Eq. (1).
The former describe the light state outside of the sample,
whereas the latter describe the light state inside of the sample.

For the 415-nm wavelength probe light at normal incidence
to the sample (α = β = 0◦), the chosen grating period of
380 nm inhibits the diffraction outside of the sample, but it
still permits its diffraction inside the sample. And it is also
possible to have the diffraction outside of the sample for an
obliquely incident probe at a certain range of the incident
angle, as will be seen in the next section.

IV. RESULTS

The transient reflectivity changes are measured for
three different sample orientations: [α, β] = [0.0◦, 33.1◦],
[36.4◦, 40.0◦], and [26.0◦, 40.0◦]. The orientation
[0.0◦, 33.1◦] is chosen so that the direction of the scattered
light outside of the sample in one of the first diffraction orders
(m=−1) is opposite the direction of the incident probe beam.
This peculiarity happens when kout y = ky + mq = −ky,
i.e., when 2ky = 2k sin β = −mq, for β � 33.1◦ in our
experiment. The orientation [36.4◦, 40.0◦] is chosen so that
the direction of the m=−1 probe light outside of the sample
lies in the X -Z plane. The orientation [26.0◦, 40.0◦] is chosen
to see the effect on the time-domain Brillouin scattering
signals of the variation of α from its previous value.

For all orientations, the light incident on the sample is
linearly polarized along Y . The light diffracted in the first
diffraction order (m = −1) is detected with a photodetector
for all three orientations. The polarization component along
Y (more precisely, the polarization component in the plane
defined by the detected light beam and Y axis) is chosen for
the detection.

Figure 4 shows the typical transient reflectivity changes
measured at three orientations. Figure 5 shows the norm of the
Fourier amplitude of the transient reflectivity changes shown
in Fig. 4. As explained in Sec. II, only the longitudinal peaks
are expected, and the shear wave peaks are not expected in
the orientation [0.0◦, 33.1◦], where the propagation direction
of the probe light lies in the plane perpendicular to the grating
rods. In contrast, the other two orientations are expected to
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FIG. 5. Norm of Fourier amplitude of the transient reflectivity
changes obtained for the sample orientations indicated on the plots.
The + and × symbols indicate the calculated Brillouin frequencies
for the longitudinal and shear waves, respectively. For convenience
of presentation, the amplitudes in the low-lying part of the spectra
(<11 GHz) are diminished five times.

show the shear wave Brillouin frequency peaks as well as the
longitudinal peaks.

The Brillouin frequency fB is calculated using Eq. (1),
taking into account the probe light reflection or diffraction at
the metal grating preceding and/or succeeding the elementary
light scattering process by the acoustic waves as

fB = v

2π

{
[(ms − mi )q]2 + [

ds

√
n2k2 − k2

x − (ky + msq)2

− di

√
n2k2 − k2

x − (ky + miq)2
]2}1/2

, (7)

where v is the velocity of a particular acoustic mode, i.e.,
the velocity of the compression/dilatation, shear, or surface
acoustic mode, and mi and ms are the diffraction orders for the
incident and scattered light. The positive m value corresponds
to the diffraction towards the +y direction. di and ds take
the values ±1 depending on the sign of the z components of
the wave vectors of the incident and scattered light: di,s = 1
for the light propagating towards +z. The kx and ky are the
ones that appeared in Eqs. (5) and (6) and are determined by
the sample rotation. Because of the symmetry of the system,
kx and ky are conserved also in the sample when the light
traverses the back surface (without grating) of the sample.
Equation (7) differs from Eq. (2) in Ref. [24] only by the
additional contributions from the kx = −k sin α components
of the light wave vectors which become nonzero when the
sample is rotated by an angle α �= 0 to allow the detection
of the shear acoustic waves.

The calculated Brillouin frequencies are marked in Fig. 5.
The + and × symbols indicate the Brillouin frequencies for
the longitudinal and shear waves, respectively. For this cal-
culation, we used the longitudinal and shear sound velocities
vl = 5922 m/s and vt = 3772 m/s, and the refractive index
at λ = 415 nm is n = 1.484, which are all determined from
the experimental data obtained here using the least-squares
residual fitting. The longitudinal peaks agree very well with
the experimental peaks [24]. The Brillouin frequency peaks
of the shear acoustic waves are theoretically expected around

25 GHz. In agreement with the theoretical predictions they
are experimentally observed in Fig. 5 only for α �= 0. The
experimental peak frequencies for α �= 0 agree well with the
calculations. There are some calculated peaks which are not
observed in the experiments. This will be discussed later.
Note that the fitted values for vl , vt , and n agree well with
the literature values vl = 5968 m/s, vt = 3764 m/s, and n =
1.470 at a wavelength of 415 nm for fused silica at room
temperature [28].

It has been reported that GHz acoustic waves are highly
sensitive to the adhesion between the film and the sub-
strate [29–31]. The low quality of adhesion may increase the
acoustic reflection at the interface and thus may increase the
quality of the resonance vibrations of the rods on the substrate.
On the other hand, the good adhesion quality may cause strong
leakage of the resonant vibrations in the substrate and over-
damped resonances if the acoustic impedance matches at the
interface. In our case, the nondetectability of the resonances,
which could be expected at frequencies exceeding 10 GHz, is
a sign of reasonably good adhesion because the impedance
matching of Al to glass is very good. The observations of
the resonant oscillations of the gold rods forming the grat-
ing on the glass surface were reported earlier [24,25]. This
was possible because the differences in impedances of gold
and glass are significant, leading to reflection coefficients of
the longitudinal and shear waves incident from the rod on
the substrate exceeding 66% and 48%, respectively, and the
resonances are of a rather high quality. In the case of Al
rods, these reflections coefficients are below 12% and 1.3%,
respectively, suggesting that the resonances of Al rods on the
glass substrate are strongly damped (leaky). It should also be
noted that the quality of the adhesion may affect the intensity
of the Brillouin oscillations observed in the substrate but not
their frequencies, which depend solely on the sound velocity,
the refractive index of the substrate medium, and the period of
grating.

V. DISCUSSION

The calculated Brillouin frequencies and the observed
peak frequencies, as well as the indices (mi, di ) and
(ms, ds), which identify the scattering process for a given
compression/dilatation or shear acoustic mode, are summa-
rized in Table I. The agreement between the calculated fre-
quencies and the experimental results is reasonably good for
the longitudinal (compression/dilatation) acoustic waves as
reported before.

Figure 6 shows the photon and phonon wave vector di-
agrams described by Eq. (1) for the light scattering iden-
tified by (mi, di ) → (ms, ds) in the configuration [α, β] =
[0.0◦, 33.1◦]. The blue arrows indicate the wave vector of
incident light, the green arrows indicate that of scattered light,
and the red arrows indicate that of absorbed acoustic waves.
The top left one is the backward scattering by the acoustic
waves without the reflection or diffraction by the metallic
grating. The probe light incident on the sample corresponds
to (mi, di ) = (0, 1), and the probe light diffracted from the
sample corresponds to (ms, ds) = (−1,−1). The second di-
agram in the upper row does not involve acoustic phonons,
while the third one corresponds to the forward scattering by
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TABLE I. Calculated (Calc.) and experimental (Expt.) frequen-
cies of acoustic waves involved in each Brillouin scattering config-
uration, in which m and d in the notation (m, d ) give the diffraction
order and the sign of the z component of the light wave vector,
respectively. Frequency values in parentheses indicate that the corre-
sponding peaks are not distinguishable. A dash (—) indicates that the
corresponding peak is not observed. The rows with no values indicate
that the mentioned configuration is degenerate to the one with values
below. The top part shows the longitudinal acoustic waves, and the
bottom part shows the shear acoustic waves. Frequency is in GHz.

α = 0.0◦, α = 36.4◦, α = 26.0◦,
β = 33.1◦ β = 40.0◦ β = 40.0◦

Configuration Calc. Expt. Calc. Expt. Calc. Expt.

Longitudinal
(0, −1) → (−1, −1)
(0, 1) → (−1, 1) 15.58 15.5 15.59 15.7 15.59 15.7

(−1, −1) → (−1, 1) 39.38 39.3 35.18 (35.4) 37.71 (36.9)

(0, −1) → (0, 1) 39.38 39.3 35.90 (35.4) 36.95 (36.9)
(0, 1) → (−1, −1)
(0, −1) → (−1, 1)
(−1, −1) → (0, 1) 42.35 42.1 38.81 38.9 40.45 40.6

Shear
(0, −1) → (−1, −1)
(0, 1) → (−1, 1) 9.93 — 9.93 — 9.93 —

(−1, −1) → (−1, 1) 25.08 — 22.41 — 24.01 —

(0, −1) → (0, 1) 25.08 — 22.87 — 23.54 —

(0, 1) → (−1, −1)
(0, −1) → (−1, 1)
(−1, −1) → (0, 1) 26.98 — 24.72 24.6 25.77 25.8

the acoustic wave with the succeeding reflection (−1, 1) →
(−1,−1) by the metallic grating. The second diagram in
the left column corresponds to the forward scattering by the
acoustic wave with the preceding reflection (0, 1) → (0,−1)
by the metallic grating, while the third one does not involve
phonons. The bottom right four configurations correspond to
the backward scattering of light by the acoustic wave with
both preceding and succeeding reflection and/or diffraction
by the metallic grating. Because of the chosen setup, no light
comes in from (mi, di ) = (−1, 1), and no light is detected
at (ms, ds) = (0,−1); thus, these states are not included in
Fig. 6. The degeneracy of the scattering processes (0,−1) →
(0, 1) and (−1,−1) → (−1, 1) is clearly shown, although
this degeneracy is a consequence of the choice of the equality
kx = q/2. This degeneracy is resolved in other configurations,
[α, β] = [36.4◦, 40.0◦] and [26.0◦, 40.0◦], where kx �= q/2.

For the shear acoustic waves, the experimental peaks
around 25 GHz observed only in two measurements at
nonzero α angles agree well with the calculated frequencies
for (0, 1) → (−1,−1), (0,−1) → (−1, 1), and (−1,−1) →
(0, 1). The listed processes are all related to the backward
scattering Brillouin processes (as the symbol d changes sign
in the process) by the shear phonons propagating along one
of the directions of the first-order diffraction (as |mi − ms| =
1). For di = 1 the incident light is directly scattered by the
acoustic grating, whereas for di = −1 the incident light is first
reflected or diffracted by the metallic grating, then scattered

(0, 1)

(0,−1)

yz

(−1,−1) (−1, 1)(0, 1)

(−1,−1)

i
s

FIG. 6. The possible Brillouin scattering configurations for the
sample rotated to the orientation [α, β] = [0.0◦, 33.1◦]. The wave
vectors of photons before the scattering ki are shown by blue arrows.
The wave vectors of the photons after the scattering ks are shown
by green arrows. The wave vectors of the absorbed phonons kB are
shown by red arrows. The y and z axes are shown at the bottom.
In the left column the state of the photon incident on the acoustic
grating is identified by the diffraction order mi and the direction
of its propagation along the z axis, di = ±1, in the form (mi, di ).
In the top row the state of the photon scattered by the acoustic
grating is identified by the diffraction order ms and the direction
of its propagation along the z axis, ds = ±1, in the form (ms, ds ).
The distance between the dash-dotted vertical lines is equal to the
wave number of the gratings q. The vertical and horizontal solid
lines indicate the distinction of forward and backward scattering
processes: The top left and bottom right processes involve the
backward scattering, whereas the top right and bottom left processes
involve the forward scattering. The configurations (0, 1) → (0, 1)
and (−1,−1) → (−1,−1) are, in fact, not the scattering, but just
the light passing through the sample.

by the acoustic grating, and finally reflected or diffracted by
the metallic grating again. The acoustic wave involved in this
peak has |kBy| = q and thus can be generated as described in
Sec. II.

The shear Brillouin peaks expected around 9.93 GHz
[(0,−1) → (−1,−1) and (0, 1) → (−1, 1)] are not ob-
served. These acoustic waves are supposed to be detected
in the forward Brillouin scattering (as the index d does not
change sign in the process); thus the expected propagating
direction for these waves is almost parallel to the surface. We
have estimated that the shear acoustic phonons contributing to
the Brillouin scattering processes for [α, β] = [36.4◦, 40.0◦]
and [26.0◦, 40.0◦] propagate at about 1◦ and 1.5◦ inclination
angles relative to the interface, respectively. Thus, these waves
at around 9.93-GHz frequency are almost surface-skimming
shear acoustic waves. The shear stresses at the interface of
Al rods and glass substrate resulting from the pump laser
excitation exhibit the forces along their interface. This means
that the driving force is almost parallel to the propagation
direction of the shear acoustic phonons that could be probed
in the considered processes, and so it is almost normal to
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the required direction of the mechanical displacement in
these modes. Therefore, the generation efficiency of the shear
acoustic waves around 9.93 GHz should be low. It could
be, thus, expected that the amplitude of the discussed peak
is importantly lower than that of the peaks experimentally
observed around 25 GHz. Taking into account that in Fig. 5
the parts below 11 GHz are diminished 5 times in amplitude
for convenience, it becomes clear why the peaks predicted for
surface-skimming shear acoustic waves are not distinguish-
able in the vicinity of the Rayleigh wave peak (which will be
discussed later).

The low efficiency in the emission of the shear acous-
tic waves at large angles to the interface normal could be
at least partially attributed to the fact that nearly skim-
ming shear acoustic waves could be mode converted only
from the evanescent modes and not from the propagating
compression/dilatation modes incident on the Al/SiO2 inter-
face [26]. In other words, the shear waves propagating at small
angles to the interface, i.e., nearly skimming shear acoustic
waves, cannot be excited synchronously because the real-
valued projections of their wave vectors on the interface are
always larger than the maximal projections of the propagating
longitudinal waves. Note that the shear wave in SiO2 is slower
than the compression/dilatation waves both in SiO2 and in
Al. This could importantly diminish the contribution to the
launched shear waves of the first two from the three channels
for the shear acoustic wave emission in the substrate, which
were listed in Sec. II. These channels involve longitudinal
to shear acoustic wave mode conversion either in transmis-
sion through or in reflection from the Al/SiO2 interface.
The third channel of the shear acoustic wave emission into
the substrate is also importantly suppressed for the nearly
surface skimming shear waves. This takes place because the
synchronous transmission of the incident shear wave into the
surface-skimming one without mode conversion requires the
incidence on the Al/SiO2 from the Al side of the shear acous-
tic waves at such angles of incidence that these incident shear
waves themselves could be excited only by the mode conver-
sion from the evanescent compression/dilatation waves, i.e.,
inefficiently. To summarize, the inefficient excitation of the
surface-skimming shear waves can also be explained from the
view point of the acoustic wave transmission or reflection at
the interfaces.

The theoretically expected peaks for the shear waves in the
region from 22 to 24 GHz [(1,−1) → (1, 1) and (0,−1) →
(0, 1)] are experimentally undetected as well. The shear
acoustic waves that could contribute to these processes should
not diffract the incident probe light (as ms is equal to mi).
This means that the expected acoustic waves should propagate
perpendicularly to the surface. As explained in Sec. II, how-
ever, the generation of the shear acoustic waves propagating
perpendicularly to the surface is inhibited by the symmetry
of the grating structure, and thus, the suggested processes are
theoretically impossible and experimentally undetectable.

The experimentally obtained peak around 9.0 GHz appears
below the lowest calculated Brillouin frequency of 9.93 GHz
marked in Fig. 5 for the surface-skimming shear acoustic
waves. Moreover, this peak also appears for α = 0 when
the detection of the shear waves is theoretically impossible.
These observations indicate that the acoustic mode produc-

ing this frequency peak under consideration should contain
compression/dilatation acoustic field components that are
detectable in the α = 0 experimental configuration. The mode
exhibiting this property and propagating at a velocity lower
than and close to the velocity of shear waves is known to
be the surface Rayleigh acoustic wave on a mechanically
free surface of an elastically isotropic half-space [32–34].
In our sample the analog of this mode is a generalized
surface Rayleigh mode that accounts for the surface loading
by the metallic grating. It still contains the components of
the compression/dilatation acoustic field and propagates at a
velocity a bit lower than the shear acoustic velocity. So we
attribute the experimentally detected frequency peak around
9.0 GHz to the forward Brillouin scattering of probe light by
the generalized Rayleigh wave.

Our hypothesis is supported by an approximate evaluation
of the Rayleigh wave velocity in SiO2 using the veloci-
ties of the compression/dilatation and shear acoustic modes
determined in our experiment. For this purpose, we first
evaluate the Poisson ratio [ν = (1/2)(v2

l − 2v2
t )/(v2

l − v2
t ) =

0.17] and then use the approximate solution for the Rayleigh
velocity under the assumption of its small deviation from the
velocity of shear waves [vR = (0.875 + 1.125ν)vt/(1 + ν) =
0.91vt ]. This estimate predicts a peak due to probe light
scattering by a surface acoustic wave with a wavelength of
380 nm at 9.0 GHz, which is in excellent agreement with
the frequency of the experimentally observed peak. Note
that the velocity of the generalized Rayleigh wave in our
sample appears to be negligibly different from the velocity
of the Rayleigh wave because of close values of the acoustic
impedances of the SiO2 substrate and those of the Al rods
for both the compression/dilatation and shear waves, leading
to weak reflections of the acoustic waves at the Al/SiO2

interface, and of small thickness of the Al rods in comparison
with the surface acoustic wavelength, i.e., in comparison with
the grating period. In our structure the thickness of the rods is
nearly an order of magnitude smaller than the grating period.

Our experimental results confirm our expectations that
manipulating shear acoustic waves with the assistance of
metallic gratings is more complicated than manipulating
compression/dilatation acoustic waves. First, the number of
detectable expected Brillouin frequencies due to the shear
acoustic waves is smaller than that due to the longitudinal
acoustic waves because our designed metallic grating cannot
launch coherent plane homogeneous shear acoustic waves in
the substrate, whereas the plane homogeneous longitudinal
wave is launched. This prevents monitoring with the shear
waves a number of Brillouin scattering configurations, eval-
uated earlier with the assistance of grating by longitudinal
waves in Refs. [24,25], where the acoustic wave is only
reflecting and not diffracting the probe light. In the future, this
discrepancy between the excitation of longitudinal and shear
waves with the use of metallic gratings could be eliminated
when using gratings with broken symmetry. For example, the
required asymmetry could be introduced by replacing rods
with a rectangular cross section by those with a trapezoidal
or triangular cross section with the inclined, relative to the
Al/SiO2 interface, mechanically free surface.

The requirement of a nonzero α angle for the shear acous-
tic wave detection (see Sec. II) decreases the number of
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diffraction orders where the probe light could propagate in
the sample. For the propagation of both incident and scattered
light, i.e., to avoid the evanescent light fields, the following
inequality should be fulfilled [see Eq. (7)]:

−
√

n2k2 − k2
x − ky < mi,sq <

√
n2k2 − k2

x − ky. (8)

Thus, the requirement of nonzero kx for the detection of the
coherent shear acoustic waves by the time-domain Brillouin
scattering could lead to narrowing of the interval for the
allowed values of mi and ms. If required for the observation
of the higher-order diffraction processes [24], this narrowing
due to nonzero α could be compensated by increasing the
grating period, i.e., by diminishing q. However, it should
not be forgotten that, theoretically, in the grating with the
ratio of the rod width to the grating period precisely equal
to 50% diffraction in the even orders is prohibited. So for
efficiently multiplexing the acoustic and optical beams via
higher diffraction orders (for example, by the second one) the
ratio of the rod width to the grating period should be adjusted.

Another interesting extension of this work would be the use
of two-dimensional periodic metallic structures. In this case,
the probe light is diffracted not only within a single plane
but also in the directions specified by the two-dimensional
reciprocal lattice vector of the periodic structure. This could
allow us to fulfill the requirements for the shear acoustic wave
detection even with the probe light in simpler optical configu-
rations, such as normal incidence and normal reflection from
the sample.

It has been pointed out that the grating technique for
the compression/dilatation acoustic waves could be used
to explore the dispersion of the acoustic waves [24]. This
also would be possible for the shear acoustic waves. For
this purpose, we need to increase the number of accessible
Brillouin peaks (currently, we see only a single peak for

the shear waves) as discussed above, i.e., via use of the
higher-order acoustic diffraction, use of the broken-symmetry
grating structures, use of several different angles of probe light
incidence, etc.

VI. CONCLUSIONS

We have experimentally evidenced the generation and de-
tection of GHz shear acoustic waves by the time-resolved
Brillouin scattering measurements for a transparent sample
coated with a grating-type metallic optoacoustic transducer.
For detection, it is required to have the probe light wave vector
nonparallel to the plane perpendicular to the grating rods.
The peak frequencies (Brillouin frequencies) in the spectrum
of the transient reflectivity agree well with the theoretically
predicted values. The absence of several calculated peaks for
shear acoustic waves in the experimentally obtained spectra
is also theoretically explained. The obtained results open up
a way to utilize the time-domain Brillouin scattering to moni-
tor simultaneously compression/dilatation and shear acoustic
waves at several frequencies in order to obtain complete
information on the acoustical and optical parameters of the
materials. New perspectives for time-domain Brillouin scat-
tering imaging of inhomogeneous materials with shear and
compression/dilatation acoustic waves could be envisioned as
well.
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