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In this article, recent progress on generation and detection of picosecond shear acoustic
waves in liquids will be described. Measurements of ultrafast shear acoustic waves in glycerol
and water at room temperature will be presented.
PACS numbers: 78.20.Hp, 43.35.+d, 78.40.Dw, 78.47.J

I. INTRODUCTION

Direct experimental access to ultrafast shear structural relaxation dynamics in liquids
remains challenging. On slow time scales, dynamic mechanical analysis and sonic or related
measurement methods can be used. Faster responses at MHz frequencies are accessible to
ultrasonics and impulsive stimulated thermal and Brillouin scattering, and the low GHz
range may be accessed through spontaneous Brillouin scattering. Recent work in x-ray
Brillouin scattering has accessed THz longitudinal acoustic frequencies; however, this technique is not yet capable of measurements at shear acoustic frequencies in liquids. Deep-UV
Brillouin scattering from longitudinal acoustic waves in this range has been demonstrated.
However, it is poorly adapted to measurements of shear relaxation in non-viscous liquids
where acoustic damping is strong. Picosecond ultrasonics has provided tabletop access
to most of the GHz frequency range for longitudinal acoustic waves. Adaptations of this
method for GHz shear wave generation through sudden laser interaction with a peculiar
sample with broken transverse isotropic symmetry have been developed in the recent years.
However, studies of shear waves in liquids have remained elusive.
We will describe a novel approach for generation of frequency-tunable shear acoustic
waves in the GHz frequency range. We will further demonstrate a sample and optical
configuration that allows measurements on viscous and non-viscous liquids [1]. Results in
the GHz frequency range for glycerol and water will be shown.
I-1. Generation of GHz shear acoustic waves
In picosecond ultrasonics, plane longitudinal acoustic waves at GHz-THz frequencies
can be generated by laser light absorption. Due to symmetry considerations and as a
consequence of the isotropy of the thermoelastic generation, this generation mechanism
is restricted only to the excitation of the longitudinal acoustic mode. To overcome this
shortcoming, it has been demonstrated that it is required to break the transverse sample

http://PSROC.phys.ntu.edu.tw/cjp

23

c 2011 THE PHYSICAL SOCIETY
⃝
OF THE REPUBLIC OF CHINA

24

ULTRAFAST SHEAR ACOUSTIC WAVES IN LIQUIDS

VOL. 49

FIG. 1: Change in transient reflectivity for a Zn single-crystal substrate with tilted C6 and on which
a transparent ZnO film has been deposited. The break of transverse symmetry ensures the direct
thermoelastic generation of plane shear waves, which are partially transmitted into the ZnO film.
The shear acoustic wave packet is then detected after one round trip inside the ZnO film (labeled as
2S echo in the transient reflectivity signal). The excitation of longitudinal waves does not require
such a canted symmetry. Thus, in case of a Zn single crystal whose normal surface coincides with the
C6 axis, only longitudinal waves are excited (as revealed by detection of the 2L and 4L longitudinal
echoes shown in the inset).

symmetry. Shear acoustic wave components were generated in an off-axis oriented Zn single
crystal [2–5], see Figure 1, or by use of an off-axis TeO2 transparent substrate coated by
an Al layer [6]. Examples employing other types of photoacoustic generation mechanisms,
including electron deformation potential mechanism in GaAs/AlAs off-axis superlattices
[7] as well as in 001-oriented free standing Si [8] with less than 0.2◦ of surface miscut (in
this case the electron beam probe greatly enhances the shear detection sensitivity), and
piezoelectric transduction in off-axis GaN [9], illustrate new possibilities for shear wave
generation.
The general trend of breaking the transverse symmetry of the sample seems to be
the most straightforward and effective way to facilitate photoacoustic shear wave generation. However, this technique is based on the so-called asynchronous shear wave generation
mechanism [4, 5], which has the undesirable effect of reducing the bandwidth of the expected shear acoustic wave packet. This effect is clearly evidenced in Figure 1, where the
comparison of the L-longitudinal and S-shear echo shapes illustrate the fact that the rise of
the shear front is smoother than for the longitudinal front. It means that the shear strain
rise, right after the laser action, experiences a delay caused by the acoustic interference of
the excited quasi-mode. The excitation of the two quasi-acoustic modes, quasi-shear (QS)
and quasi-longitudinal (QL) interfere with each other in the transverse direction and lead
to an initially only virtual source of shear acoustic waves. Real shear waves only appear
after two modes separate spatially and temporally due to their difference in propagation
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speeds.
To overcome this effect and to facilitate THz shear acoustic wave generation, it will be
necessary to investigate the possibility to excite shear waves in a different kind of sample or
through another photoacoustic generation mechanism. For example, laser induced gratings
could provide means to excite shear waves directly in an isotropic sample through ISRS
[10] or through a thermoelastic process [11].
The sample used in the following experiments belongs to the category of canted
transducers and therefore utilizes the so-called asynchronous mechanism of shear generation,
which limits the acoustic frequency bandwidth. However, at the frequency range of interest
in our experiments, this effect can probably be neglected.
I-2. Detection of GHz shear acoustic waves
The detection of shear waves requires some particular optical configuration. Because
of the particular interaction of light with shear acoustic waves, it is preferred to detect the
flip of polarization of the incoming probe light [12], which is caused by shear waves only.
This detection technique is sometimes referred to by the name depolarized Brillouin scattering. Depolarized Brillouin scattering detection is efficient only when the shear acoustic wave
polarization is perpendicular to the optical plane of incidence. Therefore, it is important
to carefully orientate the sample in the proper direction which ensures the right direction
of the shear acoustic polarization. The longitudinal wave detection does not require any
particular optical configuration.

II. EXPERIMENT

In this section, we will describe an approach for generation of frequency-tunable shear
as well as longitudinal acoustic waves in the GHz frequency range. We further demonstrate
a sample and optical configuration which allows measurements on viscoelastic liquids. We
present results from glycerol and water at room temperature, in which shear acoustic waves
up to 50 GHz have been characterized. Our approach opens the door to versatile shear
and longitudinal acoustic spectroscopy of bulk materials and of nanometer solid and liquid
layers down to monolayer thicknesses.
In the present front-back optical pump-probe type measurement, see Figure 2(A),
longitudinal and shear acoustic waves were optically generated in an iron semi-transparent
thin film upon ultrafast laser irradiation. The iron films of about 50 nm thickness were
obliquely deposited under ultra-high vacuum [13] with an oblique inclination angle of about
60◦ , which resulted in a tilt of the crystal symmetry axis of about 40◦ , see Figure 2(B). The
canted symmetry of the iron film ensures direct generation of shear acoustic wave. Both
longitudinal and shear acoustic waves may propagate into and through an adjacent layer of
liquid and can be detected directly after transmission into a transparent medium through
time-domain Brillouin light scattering. The strain pulses interact with the liquid which leads
to spatial broadening and distortion due to frequency-dependent damping and dispersion.
In the transparent substrate medium, the broadened propagating longitudinal and shear
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FIG. 2: (A) Schematic illustration of the optical pulse shaper of 800-nm laser wavelength. The
sample cell is constructed of a liquid squeezed in between a transparent flat substrate and a planoconvex lens. The curved side of the lens is coated with an iron thin film with canted crystallographic
orientation. A sequence of seven optical excitation pulses generates multiple-cycle acoustic waves
in the iron film. After propagation through the liquid layer, the acoustic waves are detected in
the transparent solid substrate by time-resolved coherent Brillouin scattering by variably delayed
400-nm probe pulses. (B) The iron films were deposited through MBE at oblique incidence. (C) The
pulse sequence timing is adjusted to match either the longitudinal or the shear Brillouin frequency
of the substrate for the optimal signal level.

strains perturb the permittivity tensor, which backscatter and flip the polarization of (only
in the shear case) the incoming probe light. This effect is known as coherent (depolarized
in the shear case) Brillouin scattering. In the present configuration, this phenomenon was
observed in the time domain as an oscillatory signal at the so-called Brillouin frequency (see
Fig. 2(C)). This frequency is determined by the probe wavelength, the angle of incidence,
the refractive index, and acoustic speed in the propagating medium. Longitudinal and
shear acoustic wave packets travel at different speeds, resulting in two different Brillouin
frequencies. The specific interaction of propagating shear waves with light entails the backscattered light portion to be flipped in polarization and hence allows them to be detected
through depolarized Brillouin scattering at oblique incidence. Typically, the signal-to-noise
levels of the recorded signals are rather poor and our approach to overcome this shortcoming
is the excitation of narrowband (multiple-cycle) acoustic wave packets. This is accomplished
by generating a pulse sequence with tunable frequency [14] and thus, resonantly enhancing
the extremely weak shear Brillouin scattering frequency components. Combining these
two techniques allows us to quantitatively analyze the interaction of high-frequency shear
waves with liquids. In contrast to conventional Brillouin spectroscopy, this experimental
approach makes possible the measurement not only of the amplitude but also of the phase
of the Brillouin scattering which is also linked to the acoustic information of the liquid.
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FIG. 3: (Top figure) Interpolated 2D plot of about 40 longitudinal wave data sets recorded as a
function of probe delay time (plotted vertically) at different lateral (X) positions across the sample
(displayed horizontally). A single excitation pulse rather than a pulse sequence was used in this
case. The high-frequency signal oscillations at 40 GHz correspond to Brillouin scattering from
longitudinal acoustic waves in a BK7 glass substrate, while the low-frequency oscillations at 18 GHz
correspond to Brillouin scattering from the acoustic waves in liquid glycerol. Away from the center
of the sample (|X| > 0.5 mm) the transit time through the liquid layer is apparent as a delay in
the start of substrate acoustic propagation and a phase shift in the signal oscillations relative to
the phase at the center of the sample. Normalized phase shifts and amplitude values of the 40-GHz
high-frequency Brillouin signal oscillations from the spectrum analysis of the signal are displayed in
the middle and bottom of the figure.

Theoretically, the detected probe light undergoes time-dependent intensity modulation at
the Brillouin frequency ν of the gauge material, and follows δI = A cos(2πνt + ϕ), where
A ≡ exp(−Γd), ϕ ≡ −2πν(d/ν). Here, the Brillouin phase shift ϕ is proportional to the
traveling time of the acoustic wave through the liquid of thickness d at the acoustic speed
ν. The Brillouin scattering amplitude A is given by the liquid sample thickness and the
attenuation coefficient Γ.
Our experimental approach was comprised of a sequence of steps. We started by
recording the time-resolved longitudinal Brillouin scattering at different X positions on the
lens, as shown in Figure 3. The following step utilized the phase shift formula and the
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FIG. 4: Results of shear and longitudinal acoustic speeds (A) and attenuation coefficients (B) in
liquid glycerol at room temperature.

known curvature of the lens to map out the liquid thickness topography. Fourier analysis
of the Brillouin signal then yielded the value for the mean longitudinal speed of sound
and attenuation over the whole scanned area. Subsequently, we recorded the corresponding
shear Brillouin scattering data at the same X positions as for the longitudinal data by using
the technique of enhanced generation and detection as described above. The shear speed
of sound could then be deduced from the phase shift extracted from polarization flipped
scattering measurements. The fitting parameter in this case is the shear speed of sound.
Like for the analysis of the longitudinal attenuation, the shear acoustic damping coefficient
Γ was deduced from the measurement of the shear Brillouin amplitude by averaging over
all calculated values of a data set at a given Brillouin frequency.
In order to obtain the longitudinal and shear speed of sound and attenuation information over a broad range of Brillouin frequencies, we repeated our measurements for each
tandem Brillouin frequencies by changing the probe refraction angle inside the substrate
medium by use of a prism. In addition, we conducted experiments with either sapphire
or glass as a detection medium, which allowed us to access a longitudinal frequency range
from 91 to 57 GHz with sapphire and 43 to 31 GHz with glass, and a shear frequency range
from 50 to 31 GHz with sapphire and 26 to 19 GHz with glass. Figure 4 shows the results
of the acoustic speed and attenuation measurements of glycerol.
Measurements on water are currently under way and are slightly different than those
on glycerol. This is mainly because of the strong attenuation of shear waves in water
in comparison with glycerol. Therefore, it was not possible to reliably assume the liquid
topography from the lens curvature for thicknesses down to a couple of nanometers. To
overcome this, we used literature values for the longitudinal speed of sound in water. The
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FIG. 5: Topography of a water layer at room temperature calculated from Brillouin scattering
measurements at 42 GHz (longitudinal) and 25 GHz (shear).

required liquid topography was then deduced from the analysis of the Brillouin longitudinal
phase shift, assuming the value for the longitudinal speed of sound of 1500 m/s from the
reference [15]. The analysis of the amplitude of longitudinal Brillouin scattering enabled
the determination of the longitudinal damping value of ΓL = 35 · 106 m−1 . From the
shear depolarized Brillouin scattering measurements, conducted at similar lateral positions
X and the use of the above described technique of enhanced Brillouin detection, we were
able to detect shear Brillouin component of shear waves that propagate in water at 25
GHz. Our experiment will help to better understand shear relaxation mechanisms in water.
Moreover, by fitting the shear speed of sound that best matches the longitudinal and the
shear topography, see Fig. 5, we determined the value of the shear speed of sound in water
to νs = 660 m/s. Subsequently, from the analysis of the shear Brillouin amplitude, we got
a value for the attenuation of Γs = 120 · 106 m−1 , which was one order of magnitude higher
than that for glycerol at the same frequency. This allows to calculate the dynamic viscosity
η of water at 25 GHz by the fundamental equation [16] η = Γs ρνs3 /(2πν)2 = 1.4 · 10−3 Pa-s
and yields a value close to the static viscosity of 1 · 10−3 Pa-s. This can be interpreted
such that there is very little shear relaxation present in this frequency range. The ratio
of the shear wavevector to the attenuation coefficient gives a value of 2πνs /νs Γs ∼ 2 > 1,
telling that the shear wave at this frequency is purely viscoelastic rather than diffusive.
This means that the shear threshold frequency of propagation is even lower than 24 GHz.

III. CONCLUSIONS

Recent progress on the generation and detection of picosecond shear acoustic waves in
different media, described in the present article, has reached the point where measurements
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of shear waves propagating in liquids have become possible. The key to this challenging
problem has been the continuous effort on the implementation of shear photoacoustic transducers with higher and higher efficiency at GHz frequencies. We believe that in the next
decade, new types of samples will reach THz frequencies for shear waves in a similar way as
already possible in the case for longitudinal waves. Ultimately, photoacoustic experiments
will be able to cover the frequency range from MHz to THz at both longitudinal and shear
polarizations.
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