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Absorption of ultrashort laser pulses in a metallic grating deposited on a transparent sample launches coherent
compression/dilatation acoustic pulses in directions of different orders of acoustic diffraction. Their propagation
is detected by delayed laser pulses, which are also diffracted by the metallic grating, through the measurement
of the transient intensity change of the first-order diffracted light. The obtained data contain multiple frequency
components, which are interpreted by considering all possible angles for the Brillouin scattering of light achieved
through multiplexing of the propagation directions of light and coherent sound by the metallic grating. The emitted
acoustic field can be equivalently presented as a superposition of plane inhomogeneous acoustic waves, which
constitute an acoustic diffraction grating for the probe light. Thus the obtained results can also be interpreted as a
consequence of probe light diffraction by both metallic and acoustic gratings. The realized scheme of time-domain
Brillouin scattering with metallic gratings operating in reflection mode provides access to wide range of acoustic
frequencies from minimal to maximal possible values in a single experimental optical configuration for the
directions of probe light incidence and scattered light detection. This is achieved by monitoring the backward and
forward Brillouin scattering processes in parallel. Potential applications include measurements of the acoustic
dispersion, simultaneous determination of sound velocity and optical refractive index, and evaluation of samples
with a single direction of possible optical access.

DOI: 10.1103/PhysRevB.97.064301

I. INTRODUCTION

Picosecond acoustic interferometry (PAI) is a powerful
opto-acousto-optic technique for nondestructive and noncon-
tact testing of transparent materials at the nanoscale [1–13].
First, using an ultrashort pump laser pulse, a propagating
picosecond coherent acoustic pulse (CAP) is launched into
the material. Second, partial scattering of a continuously time-
delayed ultrashort probe laser pulse by the launched CAP
is used to monitor the propagation of this nanometers scale
acoustic perturbation through the material. The weak light
pulses scattered by the CAP interfere at the photodetector
with the probe light pulses of significantly higher ampli-
tude reflected from various interfaces of the sample, such
as the interfaces of the tested material with air and with
the optoacoustic transducer, for example. The signal of the
transient optical reflectivity is proportional, in leading order,
to the product of the amplitudes of these two scattered light
fields. Thus, heterodyning of a weak field against a strong
one is achieved. The detected signal of time-resolved optical
reflectivity in this so-called pump-probe scheme contains a
sinusoidal oscillating component whose physical origin is the
Brillouin scattering (BS) of the probe light by the CAP. The
frequency of this oscillation depends on the angle between
the propagation directions of the probe light and that of the
coherent acoustic waves. It is precisely equal to the shift
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in frequency of the scattered light that would be caused by
thermal phonons propagating in the same direction as the CAP
and could be resolved using optical spectrometers in classic
frequency-domain BS (FDBS) experiments [14–17]. That is
why PAI is also often called time-domain Brillouin scattering
(TDBS).

An important limitation of TDBS in comparison with
FDBS is that a significantly narrower part of the acoustic
spectra is accessible by TDBS. In FDBS, by varying the angle
between the directions in which the probe light is incident
and in which the scattered light is detected, the direction of
the thermal phonons for testing can be selected [14,15,17].
Because thermal phonons are available in all directions, this
approach is very flexible in providing the opportunity to
significantly vary the angle between the directions of the
probe light and that of the phonon wave vectors. Thermal
phonons of highest frequency are accessible in the so-called
backscattering configuration [14,17], when the probe light
is scattered by the counter-propagating or co-propagating
phonons (annihilation or creation of phonons, respectively).
Thermal phonons of the lowest frequency are detectable in the
forward scattering configuration when the probe light and the
phonons are propagating along nearly orthogonal directions,
as in the so-called platelet configuration [17]. In TDBS, the
situation is very different. In common TDBS experiments,
the lateral dimensions of the optoacoustic generators are
controlled by the size of the laser pump focus and typically
significantly exceed the spatial lengths of the CAP emitted by
them in the materials. Thus the diffraction length of the emitted
CAP in typical TDBS experiments significantly exceeds its
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attenuation length, while the direction of the CAP is mostly
fixed to quasiperpendicular to the sample surface illuminated
by the pump laser pulse. Then the only possibility to vary the
frequency of the tested phonon is to change the direction of
the probe light propagation relative to the fixed direction of the
CAP propagation. However, most of the TDBS applications are
intended for the diagnostics of either thin coatings/multilayers
deposited on bulk samples or thin plates/membranes with an
optical access to the launched CAP only through the surfaces
normal to CAP propagation direction. For simplicity, we will
think about an isotropic medium throughout the paper, unless
otherwise stated. The maximum angle of the probe light trans-
mitted through the air/material surface relative to the direction
of CAP propagation is theoretically θmax

i = arcsin(1/n), where
n is the refractive index of the material at the probe wavelength
λ, when in air the light is skimming along the surface. Thus,
for n >

√
2, the angle is smaller than 45◦. In the resulting

backscattering-type configuration, the frequency of the phonon
detected by TDBS is [18–20]

fB = 2vn

λ

√
1 − sin2(θi) = 2vn

λ

√
1 − sin2(θ )/n2, (1)

where v is the longitudinal sound velocity of the material and
θ is the angle of incidence in air. Thus, for n >

√
2, even

the lowest frequency theoretically accessible by TDBS, f min
B ,

is close to the maximum one, f min
B > f max

B /
√

2 � 0.71f max
B .

For more convenient but still large angle of incidence, θ =
60◦, the estimate is f min

B >
√

5/8f max
B � 0.79f max

B . Thus, the
tunability of the Brillouin frequency expressed in Eq. (1) is
limited by refraction at the air/sample interface. This indicates
the limitations in application of TDBS for revealing and
identifying the frequency dispersion of material properties
such as, for example, sound velocity and attenuation. Another
limitation of typical TDBS scheme is that, in accordance with
Eq. (1), when fixing the external angle of probe incidence
and measuring the Brillouin frequency (BF), fB , we get
information on the combination of two material parameters
(v and n). Then, to determine them independently, TDBS mea-
surements should be conducted at least at two different angles
θ [19–21], while in FDBS there exists an experimental forward
scattering configuration, which is called platelet configuration
[17], providing the opportunity to measure sound velocity by a
single measurement without determining the optical refractive
index.

Below we propose a TDBS experiment, using gratings con-
sisting of periodically arranged pump light absorbing parallel
rods, that gives access to larger angles BS, including those
of forward-type scattering, and, as a consequence, broadens
the spectrum of the detectable/accessible phonons and also
provides opportunity to measure sound velocity within a single
mutual orientation of the optical excitation and detection. The
rods could be metallic, for example, as in our experiments
(Fig. 1). When a grating with a period p is used for the
generation of the CAPs instead of a metallic thin film, which
is typically used for this purpose, the coherent acoustic waves
will be emitted not only normally to the plane of the gratings
but also in all directions corresponding to the possible nonze-
roth diffraction orders of the acoustic waves by this grating,
thus, multiplexing the propagation directions of CAPs in the
sample. Additionally, the grating can diffract both transmitted

x
z
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back side

front side sample

to
photo-
detetor

p

· · ·· · ·

acoustic grating

FIG. 1. The optical setup for the measurement. Both pump and
probe beams are incident from the backside (without grating) of the
sample. Signal is detected in the direction of the first order optical
diffraction from the backside of the sample. Insert: Schematic diagram
of the periodic gold rods formed on a fused silica substrate. The
nominal period p is 587.0 or 479.2 nm, corresponding to first-order
optical diffraction of the probe light in air at around 45◦ and 60◦,
respectively. The grating spacing is significantly exaggerated: in
reality several gold rods are accommodated within the laser spot so
that the light is well diffracted.

and reflected probe light, thus, multiplexing the propagation
directions of the probe laser pulses inside the sample. Both
of these factors should potentially lead to an increase of the
maximum angles between the propagation directions of the
coherent sound and of the probe light, and give access for
TDBS to forward-type photon scattering processes. Moreover,
application of the grating should provide an opportunity to
monitor simultaneously the same acoustic mode, for example,
longitudinal, at different frequencies.

One may notice the similarity between the proposed method
and the transient grating (TG) method [22–25] in which
gratinglike acoustic waves are generated by two crossing light
beams. Both methods are employing possible emission of co-
herent acoustic phonons along multiple different propagation
directions. The most important difference of the proposed
method with the TG method is similar to that with FDBS.
For the same fixed directions of the probe light incidence and
the scattered light detection, i.e., without modifying the optical
scheme, our method provides opportunity to monitor acoustic
waves propagating in larger number of different directions.
This is achieved by using the metallic grating for multiplexing
the directions of the probe light propagation before its Brillouin
scattering and also after its Brillouin scattering. Multiple
spectral peaks are observed by the proposed method even if
a single acoustic mode (longitudinal in our experiments) is
efficiently generated and detected. Both forward and backward
Brillouin scattering processes are monitored in a single optical
configuration.

It is also worth noting earlier reports on the deposition
of the structured optoacoustic transducers on the sample
surface for the emission of the diffracting picosecond acoustic
fields [26,27]. The experiments were conducted not only with
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laterally periodic metallic structures [26] but, recently, even
with a single metallic nanowire dropped on the sample surface
[27]. However, the detection of the diffracted acoustic field
was achieved only on its arrival at the opposite surface of the
sample by a probe light incident normally on the surface. Our
proposed scheme with multiplexing of probe light directions by
metallic grating provides opportunity to probe inside optically
transparent samples at multiple directions of light incidence the
evolution of the picosecond acoustic field inside the material
caused by its diffraction and attenuation. In comparison with
probing diffracting acoustic beam by a collinearly propagating
diffracting optical probe beam, achieved in Ref. [13], the
proposed scheme provides information simultaneously on
multiple frequencies of the picosecond acoustic field.

II. EARLIER EXPERIMENTS WITH METALLIC GRATING
DIFFRACTING PROBE LIGHT IN TRANSMISSION MODE

After realizing these theoretical predictions experimentally
in the schema presented in Fig. 1, we have found that a part
of them could have been confirmed just through the dedicated
analysis of the experimental results published much earlier in
Ref. [18]. In this publication, the pump-probe optical schema
was for the first time successfully applied to reveal the elastic
motions of the metallic grating deposited on the sample surface
(gold rods on fused silica, the same combination of materials
as in our experiments). The principle difference in comparison
with our optical experiments is in conducting pumping and
probing of the samples from the grating side of the sample. The
experimental setup was similar to Fig. 1 but the sample was
placed upside down: both pump and probe light comes from
the front side (with grating) of the sample. The title of this
publication, “Study of vibrational modes of gold nanostruc-
tures by picosecond ultrasonics,” and its abstract, both empha-
size the successful identification of the low-lying frequencies
in the transient reflectivity spectrum with the normal modes of
the nanorods coupled to the substrate. Because of this fact and
the years passed we forgot that in Ref. [18], three additional
high-lying frequencies (modes I–III in Fig. 10 of Ref. [18])
have been detected and reproduced by the solutions of the
theoretically formulated problem, although the origin of not
all of them had been understood even qualitatively. The origin
of mode I was identified with the backscattering-type process
described in Eq. (1) without any influence of the grating on it
as illustrated in Fig. 2(a). We presented the revealed ray path
for the probe light monitoring mode II in Fig. 2(b). The origin
of the mode II was related with the influence of the grating
on the probe light field only, i.e., without accounting for the
difference in the directivity patterns of the CAPs emitted by
the metallic grating and a metallic thin film. Finally the origin
of mode III was not understood. Based on our proposal that
grating directs both the probe light and the generated acoustic
waves in different orders of the diffraction, the interpretation
of the physical origin of the modes II and III is straightforward.
With the coordinate system presented in Fig. 1, the wave vector
of the in-coming probe photon from air toward the sample
is given by k = (kx,0,kz) = (kx,0,

√
k2 − k2

x), where k = |k|.
Then in transmission from air into the sample, the probe field is
diffracted by the metallic grating in multiple directions defined

FIG. 2. Diagrams of the probe light ray paths corresponding
to the detection of three modes of the Brillouin oscillations in
the experimental scheme used in Ref. [18]. The metallic grating,
presented by yellow bars, is on the surface of the transparent sample.
The metallic grating operates in transmission mode. It launches a
coherent acoustic field propagating downward, which is presented
symbolically by blue grating. The dashed ray indicates the path of
the strong scattered probe light beam, which is noninteracting with
the acoustic waves and is used on photodetector for heterodyning
of weak probe light beams scattered by the coherent acoustic waves.
(a) Mode I of the oscillations is detected without probe light diffraction
by the metallic grating and by the acoustic grating. The probe light
exhibits refractions at the plane surface of the sample and reflection
by the plane homogeneous in amplitude front of the CAP. (b) The
detection of mode II of the oscillations is assisted by two first-order
diffractions of the probe light by the metallic grating, one before
and another after probe light reflection by the plane homogeneous in
amplitude front of the CAP. (c) Mode III of the oscillations is detected
as a result of two different probe light ray paths both containing
one first order diffraction by metallic grating and one first order
diffraction by the acoustic grating, although in different sequence.
These illustrative drawings correspond to the experiments[18] with
600-nm period grating.

by the wave vectors,

ki = (
kx + miq,0,

√
k2
i − (kx + miq)2

)
.

Here, q = 2π/p is the grating wave number, ki = nk is the
wave number of the probe photon in the sample, while mi =
0, ± 1, ± 2, . . . indicates the order of the diffraction peak. The
probe light field backscattered by the phonons should have the
propagation directions described by

ks = (
kx + msq,0, −

√
k2
s − (kx + msq)2

)
,

where ms = 0, ± 1, ± 2, . . . . Only the light propagating along
these directions, when transmitted from the sample into the air,
could be diffracted by the grating in the detection direction,
given in Ref. [18] by kd = (kx,0, − √

k2 − k2
x). Note that the

indexes i and s are introduced for the photon incident on
the phonon and scattered by the phonon, respectively. These
photons are propagative in the limited number of the diffraction
orders defined by ki,s > |kx + mi,sq| and evanescent in the
rest. The wave vector of the acoustic phonon participating in
the BS is given by the law of the momentum conservation
[14–17], kB = ±(ks − ki) where the plus sign corresponds to
absorption of the acoustic phonon (anti-Stokes) and the minus
sign to its emission (Stokes). Then the modulus of the wave
vector of the coherent acoustic phonon which has participated
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in the BS is

kB = 2πfB

v
= {

[(ms − mi)q]2 + [
ds

√
k2
i − (kx + msq)2

− di

√
k2
i − (kx + miq)2

]2}1/2
. (2)

Here the difference in the frequencies of the incident and
scattered photons is neglected, ks = ki , as usual, while the
parameters ds,i = ±1 are introduced by us to account for the
variety of possible directions of incident and scattered light, in
the general case. They take the value +1 or −1 according to the
positive and negative values of the z component, respectively,
of ki and ks . In the experiments in Ref. [18], di = −ds = 1
corresponds to monitoring of the backscattered light only,
because the forward scattered light does not return to the
detection region. The proposed Eq. (2) provides the frequency
of the mode I as in Eq. (1) when ms = mi = 0 [see Fig. 2(a)].
The proposed Eq. (2) reproduces Eq. (14) from Ref. [18]
when ms = mi = m and, thus, reveals the physical sense of
the parameter m in Ref. [18]. The derived condition also
confirms the suggestion in Ref. [18] that in the mode II the
light is scattered by the plane acoustic front propagating in
the direction normal to the surface. In fact, the projection
of the phonon wave vector along the surface (along the x

axis) is equal to the difference between the projections of
the photons wave vectors, (ms − mi)q, and, thus, for the
revealed ms = mi = m it is equal to zero. The phonons, which
scatter light in mode II, propagate normally to the surface.
Moreover the experimentally observed mode II corresponds
to |m| = 1, sign(m) = − sign(kx). We presented the revealed
ray path for the probe light monitoring mode II in Fig. 2(b).
So the origin of the mode II is the scattering by the CAP of
the light directed by the metallic grating in such diffraction
order whose direction is the closest to the CAP propagation
direction. Finally, Eq. (2) attributes the origin of the mode
III to the following two degenerate in frequency processes.
In the first one the metallic grating directs the incident light
like in mode II, i.e., in the diffraction order closest to the
surface normal, but then the coherent acoustic wave scatters
light in such direction towards the front surface of the sample,
from which it can be detected without additional diffraction
(|mi | = 1, sign(mi) = − sign(kx),ms = 0). In the second one,
the acoustic wave backscatters nondiffracted (zeroth order)
probe light in the diffraction order of light closest to the surface
normal, from which it is diffracted to the detection direction
by the optical grating in transmission from the sample into the
air [mi = 0,|ms | = 1, sign(ms) = − sign(kx)]. We presented
the revealed rays paths for the probe light monitoring mode
III in Fig. 2(c). In both of these processes the acoustic waves
are not just reflecting the incident light like the mirrors but
are modifying the direction of the scattered light relative to
one predicted by the Snell’s law. One can say that the acoustic
waves are diffracting the incident light and are functioning as
diffraction gratings with the wave number q. It is natural in
the following to use for the acoustic field, generated in the
sample by pump laser pulses incident on the metallic grating,
the term acoustic grating because it is periodic along the x

axis. Note that this terminology was used already for example
for the description of the acoustic waves generated by laser
induced gratings, i.e., by the intensity interference patterns

that can be created by two light beams incident on the sample
surface at angles θ and −θ [28–31]. It was demonstrated that
the acoustic field emitted by the pulsed laser gratings can be
decomposed into the so-called plane inhomogeneous acoustic
modes [28–31], i.e., the acoustic waves with plane phase fronts
parallel to the sample surface but modulated in amplitude with
the pattern of the laser intensity grating. Thus these modes
can be naturally called acoustic gratings. In the experiments in
Ref. [18] and in our experiments presented below in Sec. III
(Fig. 1) the acoustic gratings are generated by the metallic
gratings. Their ability not just to reflect/transmit but to diffract
the incident light is due to their amplitude periodic modulation.
Using the suggested terminology, all the high-lying frequency
modes detected in Ref. [18] can be explained by processes
involving only two diffractions of probe light by the gratings,
i.e., either two diffractions by metallic grating (mode II) or
one diffraction by the metallic grating plus one diffraction
by the acoustic grating (mode III). Although in these exper-
iments only the backscattering-type processes were observed
and only those involving first diffraction orders, they are in
favor of our proposal formulated in Introduction that, in the
experiments with gratings, multiple frequencies corresponding
to BS processes with different angles between sound and light
propagation directions can be detected simultaneously.

III. EXPERIMENTS WITH METALLIC GRATING
DIFFRACTING PROBE LIGHT IN REFLECTION MODE

In our TDBS experiments conducted from the opposite side
of the sample (Fig. 1) than in Ref. [18], we have additionally de-
tected the BFs corresponding to forward scattering processes,
to the processes involving three consecutive diffractions of
probe light (two by metallic grating and one by acoustic
grating) and also to the processes involving light from the
higher diffraction orders than the first order. The gold gratings
are made by the electron beam lithography and liftoff technique
on a fused silica substrate of 1-mm thickness. The insert
in Fig. 1 shows a schematic structure of the sample. Two
samples with different nominal grating periods, p = 587.0
and 479.2 nm, are prepared. We refer the former sample as
45◦, whereas the latter as 60◦, because they are prepared to
have the first-order diffraction peaks near these directions for
the reflected probe light incident normally at the grating. The
designed width of gold rod/gap is 300 nm/287 nm for the 45◦
sample and 250 nm/229 nm for the 60◦ sample. The actual
width of the gold rod (gap) becomes somewhat larger (smaller)
than these designed values during the fabrication process. The
thickness of the gold rods is about 50 nm. A 2-nm-thick Cr
layer is formed between the SiO2 substrate and the Au film to
improve the film adhesion.

A standard laser picosecond setup is used. A mode-locked
Ti:sapphire laser with a regenerative amplifier is used as the
light source. The pulse width is ∼100 fs and the repetition
frequency is 260 kHz. Fundamental light pulses with a central
wavelength of 800 nm are focused to the grating structure from
the back side (the side without grating) of the sample (Fig. 1).
The pulse energy is 80 nJ/pulse and the diameter of the focused
region is 100 μm, covering nearly completely the rectangular
grating area, whose lateral dimensions are similar (100 μm by
100 μm). The absorption of pump laser pulses in the metallic
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FIG. 3. Transient intensity variation of the first-order diffracted
light as a function of the delay time between the pump and probe
light pulses arrival at the sample. (a) For 45◦ sample, and (b) for 60◦

sample. The polarization of the incident probe light is indicated on
the figure.

grating generates acoustic waves propagating in the sample
along different orders of acoustic diffraction, as it is described
in Introduction. Alternatively, the launched acoustic field could
be viewed as inhomogeneous plane waves or acoustic grating
propagating normally to the sample surface [28–31]. The
acoustic grating propagating normal to the metallic grating is
the result of the interference of the acoustic waves propagating
along positive and negative orders of the acoustic diffraction.

The frequency doubled light pulses with a central wave-
length of 400 nm are focused onto the grating structure from the
back side at normal incidence. The pulse energy is 4 nJ/pulse
and the diameter of the focused region is 10 μm. The probe
light scattered by the whole structure in the first order of
diffraction is fed to the photo detector to detect the light
intensity modulation caused by the acoustic waves (Fig. 1).
The polarization of the incident probe light is in parallel with
the grating period (x axis, E ‖ x) or in parallel with the gold
rods (y axis, E ‖ y). Figure 3 shows the raw data of the transient
intensity variation of the diffracted light for the 45◦ and 60◦
samples with two probe polarizations E ‖ x and E ‖ y. The
delay time is the time between the pump and probe light pulses
arrival at the sample.

Each transient curve consists of two major contributions:
a slow oscillating component with a period around 200 ps,
and a fast oscillating component with a period around 20 ps.
They resemble the curves presented in Fig. 2 of Ref. [18].
This indicates a possible splitting of the photo-induced motion
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FIG. 4. The norm of Fourier amplitude of the data shown in
Fig. 2. (a) For E ‖ x and (b) for E ‖ y. The “+” symbols denote the
theoretically calculated frequencies of all possible Brillouin scattering
configurations with the fitted values for n and v. For convenience
of presentation, the amplitudes in the low-lying part of the spectra
(<8 GHz) are five times diminished.

of the sample into low-lying frequency modes and high-lying
frequency modes as in Ref. [18]. To get further understanding
on the origin of these oscillations, the obtained temporal signal
is Fourier transformed with respect to the delay time. Figure 4
shows the norm of the Fourier amplitude as a function of
frequency.

In the low-lying part of the spectrum below 8 GHz, where
the amplitudes in Fig. 4 are intentionally diminished, we detect,
similar to Ref. [18], up to three different modes. Following
Ref. [18], we attribute them to the vibrations of the gold
rods on the sample surface. Although these oscillations are
beyond our interest here, it was straightforward to associate
the strongest of the low-lying modes (at 3.8 and 5.0 GHz in the
45◦ and 60◦ samples, respectively) with the L (longitudinal)
mode defined in Ref. [18]. This was achieved using the results
of numerical calculations of the resonance frequency of the
rods with different widths and thicknesses presented in Fig. 8
of Ref. [18] and accounting for the fact that the frequency of
the strongest mode in our experiments scales approximately
inversely proportional to its width.

High-lying parts of the observed spectra in our experiments
are always containing larger number of frequency peaks in
comparison with Ref. [18]. For example, in 45◦ sample in case
of E ‖ y probe polarization, the number of the frequencies that
can be identified straightforwardly is nine [see Fig. 4(b) and
Table I], i.e., at least three times more than that in Ref. [18].
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TABLE I. Calculated (calc.) and experimental (exp.) frequencies
of phonons involved in each Brillouin scattering configuration (con-
fig.) 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. The frequency value in the parentheses indicates that
the corresponding peak is substantially broadened. The dash symbol
(–) indicates that the corresponding peak is not observed. The asterisk
symbol (*) indicates that the expected peak is indistinguishable from
the neighboring peak. The value in the square brackets indicates the
corresponding peak just appears as a shoulder of the neighboring
peak. The lines with empty values indicate that the mentioned
configuration is degenerated to the one with values below. NA means
the corresponding scattering mode involves evanescent photons. The
thick horizontal line in the middle separates the upper part, where
the data can be explained by the scattering processes involving probe
light of the zeroth and the first orders of diffraction, from the lower
part, where all the processes involve additionally the photons from
the second diffraction order. Frequency unit: GHz.

45◦ 45◦ 45◦ 60◦ 60◦ 60◦

calc. exp. exp. calc. exp. exp.
config. (E ‖ y) (E ‖ x) (E ‖ y) (E ‖ x)

(0, − 1) → (1, − 1)
(0,1) → (±1,1) 10.46 10.6 10.6 13.03 13.1 13.1
(−1, − 1) → (1, − 1) 20.33 20.6 – 24.91 25.0 –
(±1, − 1) → (±1,1) 39.27 39.7 39.7 36.54 37.2 36.9
(0,1) → (1, − 1)
(0, − 1) → (±1,1)
(±1, − 1) → (0,1) 42.97 42.8 42.8 42.26 42.2 42.2
(±2, − 1) → (∓2,1)
(±1, − 1) → (∓1,1)

(0, − 1) → (0,1) 44.22 * * 44.22 [43.7] [43.7]

(2, − 1) → (1, − 1) 14.94 14.7 – NA NA NA
(0,1) → (±2,1) 24.37 24.1 – NA NA NA
(±2, − 1) → (±1,1)
(±1, − 1) → (±2,1) 30.09 30.0 – NA NA NA
(−2, − 1) → (1, − 1) 32.41 32.5 – NA NA NA
(0, − 1) → (±2,1)
(±2, − 1) → (0,1) 36.90 (36.5) (37.2) NA NA NA
(±2, − 1) → (±2,1) 17.37 – – NA NA NA
(±1, − 1) → (∓2,1)
(±2, − 1) → (∓1,1) 41.62 – – NA NA NA

All the experimentally observed modes in the high-lying part
of the spectrum can be attributed to particular BS processes
theoretically contributing to Eq. (2), when accounting for
the differences between our experimental configuration and
samples, and those in Ref. [18]. The first and the most important
advantage of optically probing the sample from the back
side (Fig. 1) consists in the additional opportunity to monitor
forward-type BS processes by TDBS. This opportunity is
related to the fact that in our experiments the metallic grating
acts on the probe light in the reflection mode while in the
optical schema of Ref. [18], i.e., when the sample in Fig. 1 is
placed upside down and probed from the front side, the metallic
grating acts on the probe light in the transmission mode only.
This can be qualitatively understood considering four types
of probe light scattering sequences which are contributing to
the reflection of light by the sample in the direction towards

FIG. 5. Diagrams of the probe light ray paths illustrating four
different sequences of light scattering in our experimental scheme
presented in Fig. 1. The metallic grating, depicted as yellow bars,
is on the lower surface of the transparent substrate. It operates in
reflection mode. It launches a coherent acoustic field propagating
upward, which is presented symbolically by a green grating. The
dashed rays indicate the path of the strong scattered probe light
beam, noninteracting with the acoustic waves, which is used on
the photodetector for heterodyning of the weak probe light beams
scattered by the coherent acoustic field. The red circles symbolically
indicate the points of probe light scattering by the acoustic field, i.e., of
the Brillouin scattering. (a) The probe light in the backward scattering
process is directed by the acoustic grating into the first diffraction
order towards the detector. (b) Backward scattering of the probe light
by the acoustic grating between its two diffractions by the metallic
grating. The second reflection/diffraction of the probe light by metallic
grating directs it towards the detector. (c) Forward scattering by the
acoustic grating of the probe light which subsequently is directed
towards the detector by the metallic grating. (d) The probe light is first
reflected/diffracted by the metallic grating and then followed in the
direction of the detector due to its forward scattering by the acoustic
grating. Note that in these illustrative drawings not all relevant ray
paths are presented. The distance of the acoustic grating from the
laser-irradiated top surface of the substrate is artificially reduced
not in scale with the other dimensions for the compactness of the
presentation. The illustrations correspond to our 45◦ sample.

the detector. Accounting for the fact that the scattering of
light by the acoustic grating is much weaker than that by the
metallic one, only the sequences with a single scattering by
the acoustic grating should be considered. The first and the
simplest sequence is the diffraction of the probe light normally
incident on the acoustic grating in reflection/backscattering
mode towards the detector. This process corresponds to kx = 0,
di = −ds = 1, mi = 0, and ms = 1 in Eq. (2), and is illus-
trated by the probe light ray diagram in Fig. 5(a). We remind
here that the parameters mi,s numerate the diffraction orders,
while di,s fix the direction of the probe light propagation
along the z axis. The detection direction in our experiments
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is always dd = −1, md = 1, which is not necessarily the same
as ds and ms as shown below. The second sequence including
backscattering of light by the acoustic grating contains [see
the ray paths diagrams in Fig. 5(b)] (a) the transmission of the
probe light through the acoustic grating without diffraction,
(b) reflection or diffraction of the light by the metallic
grating in the different orders of the diffraction, (c) reflec-
tion/backscattering of light by the acoustic grating in the
different orders of the diffraction [the process with kx =
0, di = −ds = −1, and arbitrary mi,s in Eq. (2)], and (d)
reflection or diffraction of the light by the metallic grating in
the direction of its detection dd = −1 and md = 1. Two other
sequences include forward scattering of light by the acoustic
grating (ds = di). The third sequence consists of [see Fig. 5(c)]
(a) forward scattering of the probe light normally incident on
the acoustic grating in the different orders of the diffraction
[the process with kx = 0, di = ds = 1, mi = 0, and arbitrary
ms in Eq. (2)] and (b) reflection or diffraction of the light by
the metallic grating in the first order, i.e., in the direction of
its detection. The fourth sequence includes [see Fig. 5(d)] (a)
transmission of the probe light through the acoustic grating
without scattering, (b) reflection or diffraction of the light by
metallic grating in the different orders of the diffraction, and
(c) forward scattering/transmission of the light by the acoustic
grating in the first order, i.e., in the direction of its detection [the
process with kx = 0, di = ds = −1, arbitrary mi and ms = 1
in Eq. (2)].

We have found that for the identification of all BFs detected
in all four conducted experiments it is sufficient to account
only for the propagating (i.e., nonevanescent) incident and
scattered light fields in the processes defined by Eq. (2),
although only the light directed towards the detector should be
obligatory propagating (because of the large distance between
the region of its diffractions/scatterings and the back surface
of the sample). Although in the second of the above described
sequences both incident and scattered light fields could be po-
tentially evanescent, while in the third and the forth sequences
the evanescent could be the scattered and the incident light,
respectively, it was sufficient for us to account (in addition to
the zeroth order of the diffraction) only for the first and the
second orders of the diffracted light in the 45◦ sample and for
the first order of the diffracted light in the 60◦ sample. With
the known refractive index of the fused silica in our sample
n = 1.47−1.48 (see below) the light in all other diffraction
orders is evanescent (ki,s < |kx + mi,sq|). Thus it is possible to
explain all the observed BFs only by the BS processes with the
momentum conservation diagrams presented in Fig. 6. In this
figure and later on, the state of the incident photon (left column)
is identified by (mi,di), while the state of the scattered photon
(upper row) by (ms,ds). Blue, green, and red arrows represent
the wave vectors of the incident photon, of the scattered photon,
and of the phonon, respectively.

The wave vector diagrams for the Brillouin scattering
processes, corresponding to the four probe light transmis-
sion/reflection sequences described above, are presented in
the upper left, lower right, upper-right, and lower-left parts of
Fig. 6, respectively. They are separated by continuous black
lines. Equation (2) (for kx = 0) provides an opportunity to
calculate the frequencies of all scattering processes depicted
in Fig. 6. The calculated BFs based on the fitting (details will

(0, 1)

(−2,−1)

(0,−1)

(1,−1)

xz

(1,−1) (0, 1)(−1, 1)(−2, 1) (2, 1)(1, 1)

(−1,−1)

(2,−1)

i
s

FIG. 6. The possible Brillouin scattering configurations for the
normal incident probe light with the wave vector (0,0,ki) and the de-
tection at the probe light along the first diffraction order with the wave
vector (q,0, − ((ki)2 − q2)1/2), both in the substrate. The wave vectors
of photons before the scattering, ki , are shown in blue arrows. The
wave vectors of the photons after the scattering, ks , are shown in
green arrows. The wave vectors of the phonons, kB , are shown in red
arrows. The x 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 upper 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-dot vertical lines is equal to the wave number of the gratings,
q. The vertical and horizontal continuous lines indicate the distinction
of forward and backward scattering processes: the upper-left and
lower-right processes involve the backward scattering, whereas the
upper-right and lower-left processes involve the forward scattering.

be explained later) are presented in Table I together with the
experimentally measured frequencies. For completeness, we
list in the left column of Table I all the cases of degeneracy, i.e.,
when different scattering configurations in space correspond to
the same phonon wave number. The notation “NA” in Table I
marks the processes involving the photons from the second
diffraction order in the 60◦ sample, which are evanescent. It
was not required to account for these evanescent processes to
explain all of our experimental observations.

The theoretical estimates indicated in Table I are done
with the following parameters of fused silica n = 1.482 and
v = 5.968 × 103 m/s, which are obtained by the least squares
fit of the calculated frequencies to the experimentally obtained
ones given in Table I except those in the square brackets.
Note that the fitted n and v parameters are reasonably close
to the literature values n = 1.471 and v = 5968 m/s [32]. The
calculated values are also marked with “+” symbol in Fig. 4.
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The correspondence between the theoretically predicted and
the measured Brillouin frequencies is fairly good.

IV. DISCUSSION

We have already noted above that the larger number of
Brillouin frequencies accessible in our experiments in com-
parison with those in Ref. [18] is due to the ability to monitor
forward scattering processes in the configuration presented
in Fig. 1. Another reason is in the larger number of the
diffraction orders of the propagating probe light in our 45◦
sample. From our calculation, the samples studied in Ref. [18]
with 400 and 600 nm periodicity of the metallic gratings may
involve the propagating photons in the zeroth and the first
diffraction orders. Importantly, in our 45◦ sample, the photons
are propagative additionally in the second diffraction order.
This increases the number of the efficient BS configurations as
it could be appreciated from the lower part of Table I, where
the theoretical interpretation of the detected BFs necessities
the participation in the BS of the photons from the second
diffraction order. The fact that the photons in the second
diffraction order are propagating in the 45◦ sample and are
evanescent in the 60◦ samples also explains our experimental
observations that a larger number of the BFs are detected in
the 45◦ sample than in the 60◦ sample (see Fig. 4 and Table I).

It was expected that the propagation of the probe light in the
higher diffraction orders would require the participation in the
BS processes of the phonons launched in the higher orders
of diffraction in comparison with the earlier experiments.
This is confirmed by our experimental results presented in
Table I and explained by the diagrams in Fig. 6. Only in
one of the processes, (−1, − 1) → (1, − 1), involving the first
diffraction orders of light (dominating in the upper part of
the Table I above the thick horizontal line in its center), the
participation of the phonons of the second diffraction order,
i.e., with the projection of the phonon wave vector on the
x axis equal to |ms − mi |q = 2q, is required to explain the
particular experimentally detected frequency. Note that two
other processes in the upper part of Table I, (±1, − 1) →
(∓1,1) and (±2, − 1) → (∓2,1), due to phonons emitted
by the optoacoustic generator in the second and the fourth
diffraction orders, respectively, are possible. However, these
processes are degenerate in BF with the process (0, − 1) →
(0,1) taking place without diffraction but just through the
reflection of light by the plane compression/dilatation acoustic
wave. The latter process takes place with the plane acoustic
waves propagating along the z direction, and is dominating
over two other processes contributing to the same BF. Con-
sequently, accounting for the processes (±1, − 1) → (∓1,1)
and (±2, − 1) → (∓2,1) is not necessary for the explanation
of our experimental observations. They are presented in Table I
only for the sake of completeness. Thus, the experimental BFs
from the upper part of Table I except (−1, − 1) → (1, − 1)
can be explained by the processes involving photons of the
zeroth and the first diffraction orders only. At the same time,
the participation of the phonons from the second and even from
the third diffraction orders [see, for example, (−2, − 1) →
(1, − 1)] is largely required in the processes with the photons
from the second diffraction order in the lower part of Table I.
It should be noted that the even order diffraction (second,

forth,...) of the probe light as well as the acoustic waves is
not prohibited because of the deviation of the ratio of the Au
rod width to the period from 50%.

To explain all the available experimental data, we do need
to account for the phonon which is neither propagating nor
decaying along the z axis. The experimental frequencies of
20.6 and 25.0 GHz, observed only in the experiment with
E ‖ y polarization of the probe light in the 45◦ and 60◦
samples, respectively, can be currently associated only with
the scattering of light by longitudinal phonons skimming along
the sample surface. The corresponding scattering process is
(−1, − 1) → (1, − 1).

The observation of the BFs only when using probe light
polarized along the metallic rods, i.e., E ‖ y, is rather common
to our experiments (see Fig. 4 and Table I). We attribute these
observations to higher reflection/diffraction efficiency of E ‖ y
polarized light in comparison with the light polarized along the
direction of grating periodicity, i.e., E ‖ x, both by metallic and
acoustic gratings. On the one hand, this hypothesis is consistent
with the known applications of metal gratings as birefringent
light polarizers [33,34]. On the other hand, the scattering of
E ‖ x polarized light may have lower efficiency than that of
E ‖ y when the propagation direction of the scattered light is
nearly perpendicular to the direction of the polarization, which
is induced by the incident light and the acoustic waves [31,35].
It should be noted that this may have similar origin to Wood’s
anomaly for the diffraction efficiency of ordinary gratings.

Our experimental results confirm that the application of the
diffraction grating in the TDBS experiments provides an op-
portunity to overcome some limitations of the TDBS technique
discussed in Introduction. First, the proposed experimental
scheme provides an opportunity to detect simultaneously
multiple Brillouin frequencies from the highest possible BF
in the backscattering configuration, f max

B = 44.22 GHz, to the
lowest possible BF in the forward scattering configuration,
f min

B = 10.46 GHz (see the first and the last lines in the upper
part of Table I). This significantly broadens the frequency
band of the TDBS from f min

B ≈ 0.7f max
B (see Introduction) to

f min
B ≈ 0.25f max

B . The highest BF detected in our experiments
does not depend on the grating, while the lowest detected
frequency is controlled by the grating period as it can be noticed
from the diagrams in Fig. 6 where the several degenerate pro-
cesses provide access to this frequency. It could be additionally
diminished by increasing the period p of the grating. The
comparison of the lowest BFs detected in our two samples (first
line in Table I) supports this expectation. Thus the frequency
range accessed by TDBS could be additionally broadened by
the dedicated preparation of the grating.

Our experiments and data analysis demonstrate that TDBS
measurement in a single experimental configuration with
diffraction grating, i.e., without any modification of the di-
rections for optical pumping and probing of the sample, is
sufficient to extract the refractive index n and the sound
velocity v of the material. In principle, for this purpose,
any two of the experimentally detected frequencies, which
in Eq. (2) depend both on n and v, could be used. It is
also possible to determine the refractive index and sound
speed by fitting simultaneously larger number the measured
frequencies in order to increase statistically the reliability in
their determination, if required [20]. This has been actually
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done for the calculation in Table I. Moreover, the detection
of the BF corresponding to the forward scattering process
of light by the skimming longitudinal wave, (−1, − 1) →
(1, − 1), provides opportunity to determine the sound velocity
without knowledge of the refractive index. In this process
kB = 2πfB/v = 2q (see Fig. 6) and the determination of the
sound velocity requires just the knowledge of the grating
period, v = pfB/2.

Finally, it is worth mentioning that in our experiments
the number of the detected forward scattering processes is
smaller than the backward scattering ones (see Fig. 6). This is
related to the fact that our scheme allows all possible backward
scattering processes to be accessed in the second sequence
of the probe light scattering from those described earlier. In
this sequence in the acousto-optic interaction, both the light
incident on the acoustic grating and the scattered probe light
can be of the arbitrary diffractions orders, while in the third
and the fourth scattering sequences for the detection of the
forward scattering processes, only one of these light fields
could be of an arbitrary diffraction order. This asymmetry
in the TDBS scheme could be potentially corrected in the
thinner experimental samples with two diffraction gratings
deposited on the opposite sides when multiple reflections of the
probe light between the surfaces of the sample are becoming
important while the second grating (deposited on the back
surface of the sample in Fig. 1) could, in particular, transmit
in the detection direction in air the probe light incident on it
from the sample side along an arbitrary order of diffraction.
With the diffraction gratings on both sides of the sample all
BS processes possible in the sample, both for forward and
backward scattering, could potentially involve incident and
scattered light in arbitrary diffraction orders.

V. CONCLUSIONS

We have performed picosecond acoustic interferome-
try [time-domain Brillouin scattering (TDBS)] measure-
ments in transparent samples with metallic gratings. The
pump light pulses absorbed in the metallic grating structure
generate acoustic gratings (inhomogeneous plane compres-
sion/dilatation acoustic waves) in the substrate. The propaga-
tion of the acoustic gratings is monitored by delayed probe light
pulses. By detecting the modulation of the probe light intensity
in the first-order diffracted beam, we have observed in the
time domain multiple Brillouin oscillations with rich frequency
spectra. The obtained results are explained by a theoretical
model which takes into account all possible configurations of
the probe light scattering/diffraction by these acoustic gratings,
including those where the light itself is diffracted by the metal-
lic grating either before its scattering by the phonons or after the
scattering, or both. The agreement between the experimental
Brillouin frequencies and the calculated frequencies is fairly
good.

Our theory revealed two reasons for the increased number
of the BS processes that could be monitored in the scheme of
TDBS proposed by us in comparison with the earlier reported
experiments with metallic gratings [18]. Our scheme provided
for the first time access by TDBS to both the forward and
backward scattering processes of light by the coherent sound.
In addition, one of our studied gratings provided propagating

probe light in higher diffraction orders than in Ref. [18]. Access
to both forward and backward scattering processes importantly
broadens the range of frequencies accessible by TDBS. This
fact in combination with the opportunities to monitor multiple
different BS processes/frequencies simultaneously would be
advantageous in studying the dispersion of the sound velocity
and attenuation in many materials. It is worth noting here that
the applications of usual TDBS schemes for studying acoustic
wave attenuation are documented for a variety of the media
[36–46]. The opportunity to monitor in a single measurement
the acoustic phonons propagating in different directions could
be attractive for revealing the elastic/inelastic anisotropy of
materials, including one which could be caused by nonisotropic
loading or by the residual stress. For the studies of the
anisotropy, it is also extremely advantageous that gratings, as
demonstrated by our experiments, can simultaneously launch
phonons, detectable by TDBS in several discrete directions
in the range from 0◦ to 90◦ relative to the sample surface.
TDBS assisted by diffraction gratings could be also advan-
tageous in several applications with limited optical access to
the samples [12,40,47]. It could provide the opportunity to
monitor multiple BS processes/frequencies even with incident
and the detected/scattered light propagating collinearly (for
example, in the case of the probe light incident normally on
the grating and the detection of either reflected or transmitted
light in the directions also normal to the grating surfaces).
Another example along this line would be TDBS measurement
of liquids contained in a transparent cell with appropriate
grating patterns formed on the cell surface facing to the
liquid.

However, we admit that our current experiments are not
optimized for the above listed potential applications, because
their goal was primarily just to confirm that multiple frequen-
cies corresponding to both backward and forward Brillouin
scattering processes can be detected simultaneously in a single
optical scheme. For the potential applications, the experiments
could be in the future accompanied by the application of
the dedicated signal processing methods, providing increased
visibility of the low amplitude Brillouin peaks. This could be
achieved, for example, by filtering out the high-amplitude fre-
quencies before the analysis of the low-amplitude peaks, when
they are sufficiently separated either in the frequency domain
or in the time domain. An improvement in the determination
of the peak positions could be also potentially achieved by
fitting all the peaks simultaneously in a multiparameter fit,
as it is known for FDBS and x-ray diffraction spectra. In
the experimental part, the quality of the experimental data
could be improved by diminishing the velocity of the optical
delay line and/or by using longer delay line in the current
experiment scheme, which will lead to probing the system
with better temporal/frequency resolution. Relative amplitudes
of the different Brillouin peaks depend on the design of the
metallic grating, in particular, on the metal filling factor of
the grating. For example, the dedicated design could increase
the amplitude of the peaks probed by the light scattered
in the second diffraction order relative to the peaks probed
by the light scattered in the first diffraction order, if necessary.
In general, the increase of the peak amplitudes would lead to
the opportunity to detect the corresponding frequencies above
the noise level for longer time, and, thus, to narrow the width of
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the Brillouin peaks and make more precise their positioning,
in the case, when noise and not the inherent attenuation of
the acoustic waves is the main factor of line broadening.
Potentially, the so-called death-star optical scheme for the
pump pulse shaping [41,48,49] could be also used for the
selective enhancement of the particular Brillouin frequency,
if necessary.

Finally, some of the functionalities of the proposed TDBS
scheme could be achieved by replacing the metallic gratings
by laser-induced gratings that could be generated by the
interference pattern of two light beams propagating at an
angle. Such gratings can launch acoustic gratings in the sample
[28–30] and also diffract probe light [31], although much less
efficiently than the metallic gratings. The advantage of laser
gratings is in the perspective of noncontact and noninvasive

diagnostics of the samples by TDBS. The drawback is in the
more technically elaborated optical scheme.
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