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Optical Generation of Gigahertz-Frequency Shear Acoustic Waves in Liquid Glycerol
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Picosecond laser ultrasonic techniques for acoustic wave generation and detection have been employed
to probe shear acoustic waves in liquid glycerol at gigahertz frequencies. The experimental approach uses
a unique laser pulse shaping technique and a crystallographically canted metal layer to generate
frequency-tunable transverse acoustic waves, and uses time-domain coherent Brillouin scattering to
detect the waves after they propagate through a liquid layer and into a solid substrate. A linear frequency
dependence is found for both the shear speed and attenuation rate in glycerol.
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Fast structural relaxation dynamics in liquids continue to
pose major fundamental challenges [1], in large measure
because direct experimental access to key relaxing degrees
of freedom over the time or frequency ranges of interest
remains elusive. Both density and shear relaxation play
central roles in the complex structural responses of visco-
elastic materials. On slow time scales, dynamic mechanical
analysis and sonic or related measurement methods can be
used, while faster responses require measurements of lon-
gitudinal and shear acoustic waves in the megahertz and
gigahertz frequency ranges. Much of the MHz range is now
accessible to ultrasonics and impulsive stimulated thermal
or Brillouin scattering (impulsive stimulated thermal or
Brillouin scattering [2-5]), and (usually isolated) frequen-
cies in the low GHz range may be accessed through spon-
taneous Brillouin scattering [6]. Recent work in x-ray
Brillouin scattering has accessed THz longitudinal acous-
tic frequency ranges [7], but frequencies in the tens to
hundreds of GHz range, where fast relaxation features
occur, have remained difficult to access. Deep-UV
Brillouin scattering from longitudinal acoustic waves in
this range has been demonstrated [4,7], but its utility is
limited by strong absorption in most materials. Picosecond
ultrasonics [8], in which a short optical pulse generates a
single-cycle acoustic pulse that is observed after propaga-
tion through a sample, has provided tabletop access to
much of the GHz-frequency range for longitudinal acoustic
waves. Adaptations of the method to enable GHz shear
wave generation [9—12] have been developed. However,
shear waves in liquids have remained elusive, to the extent
that the challenges in ““seeking shear waves in liquids with
picoseconds ultrasonics’ [13] have been elaborated ex-
plicitly. The use of multiple optical pulses to generate
frequency-tunable, multiple-cycle longitudinal waves
[14] has been demonstrated to improve acoustic spectral
brightness for characterization of frequency-dependent
material responses. Here we demonstrate this approach
for generation of frequency-tunable shear as well as longi-
tudinal acoustic waves in the GHz-frequency range. We
further demonstrate a sample and optical configuration that
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permit the measurements to be conducted in viscoelastic
liquids, whose GHz-frequency acoustic responses are of
particular interest in connection with complex structural
relaxation dynamics. We present results from glycerol
liquid at room temperature, in which shear acoustic waves
in the 18-50 GHz range and longitudinal acoustic waves in
the 30-90 GHz range have been characterized. Our ap-
proach 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 mea-
surement (see Fig. 1), longitudinal and shear acoustic
waves were optically generated in an iron semitransparent
thin film upon ultrafast laser irradiation. The iron films of
about 50 nm thickness were obliquely deposited under
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FIG. 1 (color online). (A) The liquid under study is squeezed
between a transparent flat substrate and a plano-convex 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 of wvariably delayed
400 nm probe pulses. The pulse sequence timing is adjusted to
match the Brillouin scattering frequency for the optimal signal
level. Data are collected at several lateral (X) positions of the
sample, corresponding to several different liquid layer thick-
nesses. (B) Newton’s ring interference pattern from the sample.
The lens curvature of 2.5 m yields the thickness of the liquid film
at a given X position.
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ultrahigh vacuum [15], with an oblique incidence angle of
60°, providing a tilt of the crystal symmetry axis of about
40°. The break of the shear symmetry in the direction
normal to the sample ensures direct thermoelastic genera-
tion of shear acoustic plane waves [11], in addition to
longitudinal acoustic plane waves that do not require
such a canted crystallographic orientation to be excited.
The excitation pulses from a Ti:Sapphire amplifier system
(Coherent RegA) operating at a 250 kHz repetition rate
were centered around 790 nm with a bandwidth of about
8 nm and a pulse duration of 200 fsec. They were focused
on the sample to a 100 um spot with an average pulse
energy of 1 wJ. Both longitudinal and shear acoustic
waves may propagate into an adjacent liquid layer, and
may be detected after transmission into a transparent sub-
strate via time-domain coherent Brillouin light scattering
[8,16]. The coherently scattered field, whose optical phase
varies depending on the acoustic wave peak and null
positions, superposes with the reflected probe field, result-
ing in signal intensity that shows time-dependent oscilla-
tions at the acoustic frequency (see Fig. 2). This frequency
v is determined as in any Brillouin scattering measurement
by the probe wavelength A, the scattering angle 6, the
refractive index n, and the acoustic speed v in the substrate
through the relation v = 2nvsin(6/2)/A. In the present
case, the probe wavelength was fixed at 395 nm (focused to
a 20 um spot size) and either silica glass or sapphire was
used for the substrate to provide access to lower or higher
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FIG. 2 (color online). (A) Time derivative of the measured
signal intensity for two distinct positions X; and X, of the
sample corresponding to two distinct liquid layer thicknesses,
dy and d, > d;. The excitation pulse sequence is visible between
0 and 280 psec due to the electronic response that is induced in
the iron film, which is detected by the probe light. This signal is
followed by oscillations due to coherent shear waves in the glass
substrate. (B) Acoustic amplitude spectra of both acoustic sig-
nals, FFT; and FFT,, and (C) the corresponding phases, ¢; and
¢,. The phase and amplitude differences yield the acoustic
speed and attenuation length, respectively, in the liquid at the
specified Brillouin frequency. Note that in (C), only the phase at
frequencies around the Brillouin peak at 24.6 GHz contains
relevant information.

frequency ranges, respectively. The detection of shear
waves is optimized when the probe polarization and the
shear acoustic wave polarization are both perpendicular to
the plane of incidence, and a crossed polarizer is placed in
front of the detector to detect the rotation of probe polar-
ization [17]. The longitudinal wave detection does not re-
quire any polarizer. The acoustic frequency that is excited
may be varied by changing the excitation pulse sequence
timing, and this may be adjusted to match the Brillouin
scattering frequency to optimize the acoustic spectral
brightness at that frequency. In all cases, measurements
were made at multiple lateral positions [X in Fig. 1(a)] cor-
responding to multiple liquid layer thicknesses. Differ-
ences in Brillouin signal amplitudes from acoustic waves
that propagated through different liquid thicknesses
yielded acoustic attenuation lengths. Differences in acous-
tic transit times across liquid layers with thickness differ-
ences that were smaller than the 20-50 nm acoustic
wavelengths in the liquid were observed as phase shifts
in the time-dependent Brillouin signal oscillations, and
yielded the acoustic speed of the liquid. The detected probe
light undergoes time-dependent intensity modulation 61,

81 = AcosQmvt + @), (1)
where
A xexp(—I'd) and ¢ « —27v(d/v), )

at the Brillouin frequency » of the substrate material. Here,
the Brillouin phase shift ¢ is proportional to the traveling
time of the acoustic wave through the liquid of thickness d
at the acoustic speed v. The Brillouin scattering amplitude
A is given by the sample thickness and the attenuation
coefficient I". In our analysis, we have also taken into
account the optical phase shift of the reflected probe light
due to the variation in liquid thickness [see Fig. 1(b)], but
the acoustic phase shift ¢ of Eq. (1) is predominant since
the acoustic wavelength is roughly 100X shorter than the
optical wavelength. Measurement of the acoustic phase
shift in the data yields subnanometer sensitivity to sample
thickness variation, on the order of a single molecular
layer. See, for example, the Fig. 3(c) inset.

Our measurements of glycerol acoustic properties were
conducted with four different sample configurations: glass
substrate and sapphire substrate, each with and without a
silica glass prism attached. The glass and sapphire sub-
strates were used to access lower and higher Brillouin
frequency ranges, respectively, based on the higher sound
speed in sapphire. The prism was attached in order to
facilitate variable Brillouin scattering angles in the range
of approximately 120°-160° in the substrate, while the
substrate without a prism was used to reach larger scatter-
ing angles up to the 180° backscattering limit. Excitation
pulse sequences were used as described above to generate
multiple-cycle acoustic waves except in measurements of
longitudinal waves in a glass substrate, since the signal at
the selected Brillouin scattering frequency from this ma-
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FIG. 3 (color online). (A) 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). The X steps are much larger
than the 20 wm diameter of the focused probe laser beam, but
they are sufficiently small that the signals between steps can be
interpolated reliably. A single excitation pulse rather than a pulse
sequence was used. The high-frequency signal oscillations at
40 GHz correspond to Brillouin scattering from longitudinal
acoustic waves in the BK7 glass substrate while the low-
frequency oscillations at 18 GHz correspond to Brillouin scat-
tering from the acoustic waves in liquid glycerol. Near the center
of the sample (X = 0) the lens and the substrate are almost in
direct contact and signal oscillations due to acoustic propagation
in the substrate begin promptly. 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 propaga-
tion and a phase shift in the signal oscillations relative to the
phase at the center of the sample. Still farther from the center
(IX| > 1 mm) the signal oscillations due to acoustic wave propa-
gation in the substrate are further delayed and phase shifted, and
these oscillations are preceded by lower-frequency oscillations
due to acoustic wave propagation in the liquid. (B) Normalized
amplitude values and (C) phase shifts of the 40 GHz high-
frequency signal oscillations shown in (A) due to coherent
Brillouin scattering from the substrate. Shear wave measure-
ments also were conducted at the same lateral positions X on
each sample. (C) The inset illustrates that at the highest sets of
longitudinal (90 GHz) and shear (50 GHz) frequencies, the
measurements yielded consistent values for liquid layer thick-
ness changes across the sample, with subnanometer sensitivity.

terial was strong even with a single excitation pulse. For
each sample configuration and scattering angle, time-
resolved longitudinal and shear wave Brillouin scattering
data were recorded at different X positions on the sample,

as shown in Figs. 2 and 3, using the ultrafast electronic
signal from the iron thin film as an amplitude and time
reference as depicted in Fig. 2(a) for an excitation pulse
sequence and in Fig. 3(a) for a single excitation pulse.
According to formula (2) and the known 2.5 m radius of
curvature of the lens, the measured phase shifts [Fig. 3(c)]
and amplitudes [Fig. 3(b)] determined through Fourier
analysis of the substrate acoustic wave signals were used
to determine the acoustic speed and attenuation coefficient
of the liquid at the selected Brillouin frequency. The entire
set of phase shift results from multiple liquid thicknesses
shown in Fig. 3(c) is used to determine a single quantity,
the sound speed at one acoustic frequency, and the entire
set of amplitude results shown in Fig. 3(b) is used to
determine the attenuation coefficient at the same fre-
quency, resulting in high precision for the values deter-
mined. Extensive measurements showed that the variation
of liquid layer thickness across different lateral sample
positions was determined with a precision of approxi-
mately 0.5 nm, that optical cavity effects [evidenced by
the Newton’s ring pattern in Fig. 1(b)] on the acoustic
amplitude measurements were minimized by referencing
the level of the acoustic signal to that of the electronic
signal for each measurement, and that acoustic cavity
effects were negligible.

Results from shear and longitudinal wave measurements
in glycerol are shown in Fig. 4. Measurements conducted
with multiple scattering angles yielded longitudinal acous-
tic frequencies in the 3143 and 57-91 GHz ranges with
glass and sapphire substrates, respectively, and corre-
sponding shear acoustic frequencies in the 19-26 and
31-50 GHz ranges. For these preliminary measurements,
glycerol was used as purchased, without further purifica-
tion to eliminate water impurities, and sample temperature
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FIG. 4 (color online). Shear and longitudinal acoustic speeds
(A) and attenuation coefficients (B) in liquid glycerol at room
temperature, from measurements with multiple Brillouin scat-
tering angles using glass and sapphire substrates.
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in the room was not regulated to better than =2 K. The
shear speed of sound in glycerol at room temperature
increases approximately linearly with frequency, while
the longitudinal speed of sound appears to remain almost
constant over the frequency range of the measurements.
This suggests that the longitudinal sound speed has reached
its infinite-frequency value, relative to the slow, strongly
frequency-dependent “alpha’” relaxation dynamics [1] that
describe the liquid viscoelastic behavior at this tempera-
ture. It also suggests that the present frequency range lies
below the weakly temperature-dependent, high-frequency
(beta) relaxation feature in glycerol. This is consistent with
dielectric measurement results [18] that extend to terahertz
frequency ranges. The present frequency range is roughly
in between the slower (alpha) relaxation dynamics at room
temperature and the faster (beta) relaxation dynamics. For
the somewhat lower-frequency range of the shear acoustic
measurements, the results suggest that the infinite-
frequency speed has not yet been reached. This may in-
dicate that the shear acoustic frequency range overlaps
with the high-frequency edge of the alpha relaxation spec-
trum at room temperature. It also may indicate the high-
frequency edge of an additional “‘constant relaxation”
feature that has been suggested in glycerol in the
1-10 GHz range [7,19-22]. The shear and longitudinal
attenuation coefficients increase with frequency, but with
a dependence that appears to be closer to linear than
quadratic [23,24]. Phenomenologically, this indicates that
the shear viscosity 7 that is linked to the shear atten-
uation coefficient through the relation [23], 7 =
3Tspvi/2(2mv)?, where p is the density, is a decreasing
function of frequency in the ranges explored here. This
expression of the viscosity is valid when the acoustic wave
vector gg = 27v/vg exceeds the attenuation coefficient
I's, i.e., the acoustic wave is underdamped. In the present
case, q/I's = 6.5 on average over the frequency range
explored. The mean calculated value for the viscosity is
2.9 m Pa-s, comparable to the static viscosity of water and
1000X smaller than the static glycerol value at room
temperature [25], further illustrating that the present shear
frequency range lies on the high-frequency wing of the
alpha feature of the shear relaxation spectrum of glycerol
at this temperature.

A full temperature-dependent study is under way to
provide a deeper understanding of the underlying structural
relaxation dynamics in glycerol. The frequency ranges that
are accessible to the current method could be increased
substantially by using 267 or 200 nm probe light (i.e., third
or fourth harmonic of the 800 nm laser wavelength) and the
sapphire substrate and by using a silicon substrate [16].
Parallel efforts are under way to connect the frequency
ranges of the present measurements with those of impul-
sive stimulated scattering measurements at MHz [26] to
low GHz frequencies. In this manner, a shear acoustic
frequency range of about five decades can be achieved.
Finally, the approach used here may be applied to ex-

tremely thin liquid layers, down to a monolayer, to explore
confinement and interfacial effects [27-29].
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