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A thorough understanding of the electron-phonon, thermo-optic and acoustic properties of materi-
als is of paramount importance for many applications in materials science and advanced applications
adopting laser-induced sound waves. Even though metals are usually opaque to light, optical meth-
ods for materials characterization can still be developed, especially in the high-frequency regime
where phonon dynamics governs the thermal, acoustic and even optical properties of metals. Ultra-
fast laser pulses incident on metals can lead to the generation of coherent phonon wave packets with
frequencies in the gigahertz to terahertz range, providing a means to study material properties in
this otherwise inaccessible frequency range. While this principle has been known, the complex in-
terplay of light and matter in both the generation and detection of such ultrafast hypersound pulses
has limited its use mainly to geometrical effects. Here we demonstrate the quantitative characteri-
zation of a range of different material properties using laser-driven hypersound. We use all-optical
generation and detection of hypersound pulses to sensitively probe the bulk properties of various
metals. We introduce an advanced 2D numerical model that captures generation, propagation and
detection of these hypersound waves in full detail. The combination of experiment and simulation
allows us to unravel and elucidate various physical effects that appear over a wide range of different
timescales. Through least-squares fitting of the data to the simulation results, we extract quan-
titative information about electron-phonon, thermo-optic and acoustic properties of metal films,

establishing the ability to use light as a sensitive probe for the study of opaque materials.

I. INTRODUCTION

The microscopic structural and electronic properties of
solids are influenced by a wealth of complex physical phe-
nomena. A thorough understanding of complex solids,
such as phononic structures [IH4] and functional nanos-
tructures [B], requires a means to probe such dynamics of
both surface and bulk properties in a non-invasive way.
While pump-probe studies using ultrashort light pulses
are a proven method for time-resolved measurements, a
large range of condensed media are opaque to visible and
near-infrared light, hampering the use of such optical
techniques to study bulk material properties. Neverthe-
less, methods to study bulk materials have been devel-
oped, based on the use of laser-induced acoustic waves
that can penetrate into optically opaque media [6} [7]. Ul-
trafast laser pulses incident on absorptive solids can lead
to the generation of coherent phonon wave packets with
frequencies in the gigahertz (GHz) to terahertz (THz)
range. Such a high acoustic frequency range, also known
as hypersound [I], is suitable to probe the phonon spec-
trum of most materials, and goes well beyond the capa-
bilities of conventional acoustic measurements based on
transducers. This approach, also known as picosecond
ultrasonics, has become a powerful tool for nanometer-
scale thin-film metrology in the semiconductor indus-
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try [§]. The corresponding acoustic wavelength can be as
short as few nanometers, which has motivated research
on acoustic imaging of buried-nanostructures beyond the
optical diffraction limit [9, 10]. Picosecond ultrasonics
has led to fundamental studies concerning electron diffu-
sion and electron-phonon coupling in metals [TTHI3], in-
terband transitions [14} [T5], nonlinear acoustics and soli-
ton [16HI9], magnetoacoustics [20], acoustic focusing and
shock waves [21], 22], and hypersound damping mecha-
nisms [23H26].

The concept of picosecond ultrasonics experiments [0,
7, 27] can be summarised as follows, also shown in Fig.
An ultrafast pump laser pulse first excites the sample
surface, giving rise to an elevated temperature of the
electron gas. The energetic electrons thermalize with
the lattice which is initially cold, until a common tem-
perature is reached. The rapid increase of lattice tem-
perature causes an abrupt expansion of the sample top
layer, which leads to the generation of a strain pulse
whose spatial extent and frequency are determined by
both the electron-phonon coupling strength and the elec-
tron transport and thermal diffusion. For strongly ab-
sorbing metals with high electron-phonon coupling, the
energy transfer to the lattice is confined to a depth of
a few nanometers, leading to a high frequency, longi-
tudinal acoustic pulse that propagates into the sample
at the speed of sound. For sufficiently large excitation
energy, nonlinear acoustic waves and even solitons have
also been observed [17, [T9], 28]. Spatial inhomogeneity
of either the excitation profile or the illuminated surface
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FIG. 1. Schematic of laser-induced hypersound experiments. A) An ultrafast laser pulse (here depicted as a transient grating,
where two pulses interfere at the sample surface), heats the electrons in a thin layer at the surface of an opaque medium (here
shown partially transparent for viewing purposes). B) The electron energy is transferred to the lattice, resulting in ultrahigh-
frequency acoustic phonons that travel into the sample as longitudnal acoustic waves (LAWS) or along the surface as surface
acoustic waves (SAWSs). A local temperature increase at the surface also results in thermal stress (T'S). C) The returning LAWs,
as well as the SAWs and TS lead to surface displacement and refractive index changes at the surface, which are detected with

a delayed probe pulse through e.g. induced diffraction.

results in the excitation of shear waves and surface acous-
tic waves (SAWSs) [29433] or guided modes such as Lamb
waves [34]. The generated acoustic pulse, when being re-
flected at a material interface inside a sample, appears
as an echo propagating back to the sample surface. This
echo, manifesting itself as atomic displacements and/or
a local modification of the dielectric constant, can be
detected optically by a delayed probe pulse through re-
flection [14], diffraction [30, B5] or interferometric mea-
surements [19] 36].

However, while such hypersound experiments have en-
abled measurements of sample geometry, the quantita-
tive retrieval of bulk material properties in such experi-
ments has remained an open challenge. Various results
on model-based analysis of experimental measurements
have been reported [0, T2HI5, 9] 20, [33] B5H38], which
yielded remarkable results about the acoustic wave gener-
ation mechanism itself. Nevertheless, most of the models
are based on a one-dimensional description of the acous-
tic wave propagation and only incorporate a rather lim-
ited description of the various physical effects in laser-
induced hypersound. Due to this incompleteness in the
existing models, to the best of our knowledge a rigorous,
quantitative analysis of the experimental results through
direct model fitting has not yet been achieved. Such a
quantitative analysis is challenging yet demanding as it
requires a comprehensive and yet accurate modelling of
the complex interplay between all the different physi-
cal effects involved in the generation, propagation and
detection of the hypersound pulses, which occurs over
timescales that span orders of magnitude. The detected
signal is a coherent addition of signals resulting from
atomic displacements, strain- and thermo-optic effects,
and possibly multilayer interference effects such as Bril-
louin scattering, and these signals in turn result from a
combination of electronic and thermal effects, surface and
longitudinal acoustic waves, possibly including multiple
reflections from sub-surface interfaces. To disentangle all

these different possible contributions and elucidate their
respective roles in the signal formation, a full theoretical
treatment should accompany the experiments. Fitting
the experimental results to the output of such a model
then enables a detailed analysis of the different physical
effects involved, but also allow the retrieval of fundamen-
tal material properties such as electron-phonon coupling
strengths, acoustic parameters, as well as acousto-optic
and thermo-optic couplings [13, 35]. In addition, mod-
els based on a 1D wave equation [14) 20, B5H39], do not
capture dynamics of surface acoustic waves (SAWs) and
diffraction. These effects become important especially for
nanoscale materials [29) 40] and structured or small ex-
citation volumes [30], 33, [35, 38]. To include phenomena
such SAWs and acoustic diffraction, a two-dimensional
model is a minimum requirement. Furthermore, acoustic
damping is an important but complex phenomenon at
hypersound frequencies, as picosecond-timescale phonon
dynamics can significantly influence microscopic viscosity
and strain [24, 25 41 [42]. Yet, these effects are usually
not being considered.

In this paper we introduce a two-dimensional model
that fully captures the above mentioned physics and
nanoscale interactions of laser-driven hypersound in
solids. We use this model in combination with ultra-
fast time-resolved experiments to characterize the prop-
agation of hypersound in various thin films, and to re-
trieve information on a multitude of material proper-
ties that govern dynamics on timescales ranging from
femto- to nanoseconds. The model equations are effi-
ciently solved by a self-developed numerical code adopt-
ing 2-dimensional Finite-Difference Time-Domain (2D-
FDTD) method, enabling least-squares fitting of the ex-
perimental data to the model simulations and thus a
quantitative extraction of multiple electronic, thermo-
optic and acoustic parameters of the investigated mate-
rials. In addition, we show that this combined approach
enables disentanglement of various contributions to the



signal formation, including longitudinal and shear waves,
SAWs, Lamb waves, acoustic diffraction, thermo-optic ef-
fect, Brillouin scattering and frequency-dependent damp-
ing and dispersion of the hypersound waves. The model
has already found successful application in disentangling
various physical effects and understanding signal forma-
tions in pump-probe sub-surface alignment metrology in
photolithography [43].

II. NUMERICAL AND EXPERIMENTAL
APPROACHES

A. Simulation of ultrafast photo-acoustics

The first step of the model is the absorption of the laser
pulse and the generation of thermal stress due to the sud-
den heating of the lattice. The optical intensity inside the
sample is calculated by solving the Maxwell’s equations
using the material permittivity and laser parameters as
input. The energy transfer between the electrons and
lattices is modeled via the two-temperature model [44],
assuming separate temperatures for the electron and lat-
tice subsystems [45] [46], and including energy transport
through electron and phonon dynamics. The tempera-
ture dependence of electron heat capacity and thermal
conductivity are also taken into account. More details
on this first step can be found in the Supplemental Ma-
terial [47].

In metals, thermoelasticity is the dominant mechanism
for picosecond acoustic pulse generation [6l [12]. The ele-
vation of the lattice temperature causes an isotropic ther-
mal stress ot whose two cartesian components are given
by

oy = 0y = =3BPAT(x,y,1), (1)

where B is the bulk modulus and § is the linear expan-
sion coefficient. The temperature increase AT;(x,y,t) is
obtained by the solution of the two-temperature model.
Throughout this paper, the coordinate x represents the
axis perpendicular to the sample surface while y is the
axis along the surface.

To model the propagation of the sound waves, Eq.[]is
used as a source term in the equation of motion for an
isotropic, linear elastic wave [48],[49]. The acoustic atten-
uation is introduced (additional relaxation effects will be
introduced later) by adding two extra viscous terms as it
is done in the Navier-Stokes equation [41] [50], resulting
in the following equation of motion:

du 2 th
P o =uViu+ (p+A)V(V-u)+ Vo
+EVAV+ (E+MN)V(V V),  (2)

where u is the displacement vector, p the mass density,
A and p are the two Lamé parameters, v is the velocity
vector, & the coefficient of shear viscosity and A, is linked
to the coefficient of bulk viscosity n as A, = n — 2¢/3.

Expanding Eq. [2| in two-dimensional cartesian coordi-
nate leads to two coupled differential equations for the
velocity v and the strain field s,

vy 1,00t¢ Ooys Qo Doy,  doth

o= e T, Tt ey or )
%771(8‘7;6 Oogy | Doy Oogy ﬂ),(g)
ot p Oy or y or 0y
and,
%:8%; %:%; 88903;:%_’_%. (4)
ot ox ot Jy ot 0y ox

In the above equations, s, and s, are the components
of normal strain and s;, the shear strain, o7 and o}°
are the normal stresses and oy is the shear stress. The
superscript “re” stands for “restoring” as they originate
from the restoring force. The strain field and the stress
field are linked through the strain-stress relation, which
can be obtained in the expansion of Eq. 2] as well:

03¢ = —(A+2u)sp — Asy; 0, = —(A+2p)sy — Asy,
Oy = —HSay- (5)

The expansion of the attenuation terms in Eq. [2] leads
to relations which link the viscous stresses to the strain
rates:
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It can be seen that the dynamics of velocity and strain
fields (Eq and Eq. are coupled through Eq. [5| and
Eq. [6] Here we observe that there is a close analogy to
the Maxwell’s equations, where the E field and the B
field are coupled through the time and spatial deriva-
tives, and the response of the media to the external field
is described by the constitutive relation, which estab-
lishes the relation between the electric displacement field
and the electric field. The constitutive relations in the
present case of acoustic propagation are the strain-stress
relation and Eq.[6] The above analogy implies that Eq.
can be solved by the FDTD method [51], which was origi-
nally developed for solving the time-dependent Maxwell’s
equations [52].

The third step of the model is to calculate the opti-
cal response of the material. In picosecond ultrasonics
experiments, a delayed (probe) pulse is used to detect
the response of the sample due to the pump pulse. This
is usually realized by measuring the changes in sample
reflectivity [14], diffraction efficiency in the case of tran-
sient grating experiments [30}[35], or interferometric mea-
surements [19] [36] where the electric field amplitude and
phase of the probe pulse are both measured. From a
modelling point of view, all these quantities require a
calculation of the (reflected) complex electric field of the



probe pulse in the presence of pump excitation. In gen-
eral, the reflected electric field of the probe is affected
by either surface displacement (which only influence the
phase) or a local transient variation of the refractive in-
dex (which may influence both amplitude and phase) due
to the presence of strain (strain-optic effect) or temper-
ature elevation (thermo-optic effect). Using the outputs
of the model in the previous steps, i.e., the lattice tem-
perature, the strain field and the displacement field as a
function of space and time, the reflected complex elec-
tric field can be calculated by numerically solving the
Maxwell’s equations for the probe pulse, providing that
the strain-optic and thermo-optic coefficients are known.
In this work we use the transfer-matrix method [53] to
calculate the reflected field, and details are provided in
the Supplemental Material [47].

B. Setup for hypersound generation and detection

A schematic of the experimental setup is shown in
Fig. a). Pulses from an amplified Ti:Sapphire sys-
tem (Femtopower, Spectra Physics, duration 30 fs, cen-
tral wavelength 800 nm, repetition rate 1 kHz) are split
into pump and probe pulses by a 1% beam splitter. The
stronger part is frequency doubled in a BBO crystal to
400 nm wavelength to be used as pump beam. This beam
is subsequently split into two beams by a 50% beam split-
ter. The two pump beams are then loosely focused onto
the sample at a slightly oblique angle (~ 2°). The pump
beam diameter on sample is estimated as ~ 1 mm. The
pump pulse energy ranges from 3 pJ to 15 uJ depending
on the sample used. Special care was taken to ensure
overlap of the two pump pulses in space and time, cre-
ating interference fringes with a period of ~ 6 pm. The
interference pattern excites the sample, leading to a spa-
tially periodic heating of the sample surface and thus
generating a spatially periodic array of acoustic pulses.
This periodic array acts as a transient grating, propa-
gates through the sample and internally reflects at mate-
rial interfaces. A probe beam (800 nm) then illuminates
the pumped surface, and its time delay with respect to
the arrival of pump pulse is controlled via an optical delay
line. This probe beam is then diffracted by the pump-
induced change to the sample. The energy contained in
the first-order diffraction is measured by a photodetector
and the signals are subsequently sent through a box-car
integrator and collected by a data acquisition card as a
function of pump-probe delay. To improve detection ac-
curacy, one of the pump beams passes through a 500 Hz
mechanical chopper, so that the signal without pump ex-
citation is also measured. This allows us to subtract the
background level from the signal with pump excitation to
ensure that only the pump induced change is measured.
The data belonging to the same pump-probe delay is av-
eraged over 100-500 pulses to further increase signal-to-
noise level. More details about the setup can be found in
Ref. [54].

Experimental data were obtained through measure-
ments on either metal-film-on-substrate samples or free-
standing metal membranes. Metals with a large differ-
ence in electron-phonon coupling strength (Au, Al and
Ni) are chosen as electron-phonon coupling is the dom-
inant factor determining the frequency of the excited
sound waves. The use of free-standing membranes en-
sures that more acoustic echoes can be measured as re-
flection loss at interfaces is minimized, and metal-film-on-
substrate samples are measured for comparison. Fig.[2{(b)
shows a typical transient diffraction efficiency signal mea-
sured on a 200-nm-Au-layer on glass substrate sample.
The fast signal around zero time delay originates from the
generation of hot electrons, which give rise to a change in
the local dielectric function. This contribution vanishes
after a few picoseconds as the energy is transferred to
the lattice due to electron-phonon coupling. This abrupt
heating of the lattice sets up a thermal stress which gen-
erates acoustic pulses at material boundaries. In fact, the
temperature distribution obtained during the calculation
shows that the whole layer is heated up almost homoge-
nously thanks to the relative weak electron-phonon cou-
pling of Au [55H58] combined with fast electron diffusion
and ballistic range, compared with the relative thin film
thickness. This near-homogenous heating generates two
acoustic pulses launched almost at the same time, one
starting at the Air/Au interface and the other starting
at the Au/glass interface. The two acoustic pulses prop-
agate in the opposite direction and reflect back and forth
inside the Au layer, forming a “breathing-like” mode with
a period determined by one round trip time of the acous-
tic pulses. These are recovered in the model calculation
using electronic and mechanical properties of Au (Videol
in the Supplemental Material [47]).

C. Fitting experimental data

To quantitatively extract the material properties, mea-
sured signal (data of ¢ >5-10 ps after the electron-phonon
coupling) as a function of pump-probe delay is then nor-
malized by the maximum value and least-squares fitted
using the model described in section [[TA] Important
electronic and acoustic properties of the metal layers such
as electron-phonon coupling, speed of sound, acoustic at-
tenuation, thermal-optic coefficient etc. and some exper-
imental conditions with small uncertainties such as the
transient grating period are treated as fitting parameters
while other parameters are either taken from known liter-
ature values or estimated from experimental conditions.
Least-squares fitting with multiple fitting parameters can
be hindered by multiple local minima in the fitting resid-
ual. In order to obtain a solution as close as possible to
the true global minima, we use a so called “multi-start”
fitting procedure. We first randomly generate some 200—
500 parameter values for each of the fitting parameters
within predetermined intervals, forming 200-500 initial
parameter sets. Least-squares fitting routines are then
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FIG. 2. (a) Schematic of the experimental setup. Two crossed pump beams are used to create interference fringes on the
sample surface. (b) Typical diffraction efficiency (DE) measurement on a 200 nm Au film deposited on glass substrate and
model calculation which well reproduces the measured acoustic response. The inset shows calculated surface displacement (in
the direction perpendicular to the surface) at the center of the grating line. The arrows mark the returning of echoes. Note

the experimental curve has been given an offset for clarity.

carried out separately using each of the parameter sets
as initial guess values. This procedure generates 200-500
optimized parameter sets. Those parameter sets are then
sorted by their normalized fitting residual, x2. The best-
fit values are determined as being the set of parameters
which yields the lowest residual, anm. The upper and
lower bounds of fitted parameters are also determined
from those optimized parameter sets using a predefined
Ax? = (X® = X2,in)/X2in criterion. More details about
the fitting method are provided in the Supplemental Ma-
terial [47].

III. RESULTS AND DISCUSSION

A. Hypersound characterization of a free-standing
aluminium membrane

Experiments on Al were performed on a 400 nm free-
standing membrane. In Fig. a) we plot the measured
data, along with the best-fit model calculation, and the
resulting diffraction efficiencies calculated by only the to-
tal surface displacement and by only the thermo-optic
effect. The measured signal is a coherent sum of the
electric fields of the individual contributions, rather than
a direct sum of diffraction efficiencies. The surface dis-
placement contribution acts as a pure phase grating while
the thermo-optic contribution acts as both amplitude and
phase grating. The signal of the first 50 ps is dominated
by the thermo-optic effect which manifests as a decaying
background caused by heat diffusion, and therefore we
also treat the thermal conductivity as a fitting param-
eter to better recover the background. The calculated
temperature evolution is shown in Fig. [3(b). The con-
tribution from surface displacement itself can be divided
further into 3 sub-contributions, namely, from the ther-
mal surface expansion (TSE, Fig. B[f)), the longitudi-

nal acoustic waves (LAWs), Fig. [3f-h)), and the surface
acoustic waves or more specifically, Lamb waves in free
membranes(Fig. 3{i)). The TSE is caused by the tem-
perature increase and decays slowly as the surface cools
down, while the longitudinal acoustic wave is generated
because of the rapid surface expansion. The longitudi-
nal wave which reflects off at the other side of the mem-
brane, when it returns to the surface region, contracts the
TSE and therefore reduces the diffraction signal. This
event happens every acoustic round-trip time, thus ap-
pearing as equally spaced dips in Fig. a). These two
contributions will be discussed further later in the dis-
cussion of the gold results: the difference is that we see
a better separation of these two effects in the aluminum
data because of a much shorter spatial extent of the ex-
cited acoustic pulse. This high frequency content results
from aluminum’s much higher electron-phonon coupling
strength and slow electron thermal diffusion without bal-
listic transport. Another noteworthy observation is the
overall increase of diffraction efficiency after ~ 400 ps,
which we believe is caused by an excitation of Lamb
waves. This is further substantiated by running a sim-
ulation with a very high attenuation coefficient set for
the longitudinal waves, so that the longitudinal echoes
are damped out in the first few round-trips, leaving only
the contributions from TSE and Lamb waves at longer
time delays. The resulting model signal is shown by
the dashed line in Fig. Bf(a), in which we see the same
increase in diffraction efficiency after 400 ps as the ex-
perimental measurement. In Fig. [3[c) we plot an ex-
tended calculation from only the TSE and Lamb waves,
up to 20 ns (Also see Video3 in the Supplemental Mate-
rial [47]). The result shows a periodic oscillation with a
period of ~ 10.6 ns. On top of this slow oscillation we
also observe a smaller but faster oscillation with a period
of ~ 1 ns. This oscillatory signal is due to the interfer-
ence of excited Lamb waves at the periodical boundary.
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FIG. 3. (a) Measured diffraction efficiency (dots) and corresponding model fit (solid line) on a 400 nm Al free-standing
membrane. The dotted line, dashed line, and dash-dotted line are diffraction efficiencies from each contributions: the total
surface displacement, surface displacement of TSE and Lamb waves, and the thermo-optic effect. The increase of surface
temperature at the center of grating line is shown in (b). Calculated diffraction efficiency (normalized) due to the interference
of Lamb waves is shown in (c) for an extended period of time, illustrating its periodic nature. The normal component of the
displacement vector along the sample surface is shown in (d) for 3 time instants which are marked by black arrows in (a). (e)
Normal component of the surface displacement vector (blue dashed line) at the periodic boundary (y = 0). The double-side
arrows mark the timing of the extra dips. The displacement vector distribution at 4 time instants (marked by red arrows in (a))
which illustrate (f) the generation of TSE and longitudinal acoustic wave, (g) contraction of the surface due to the returning
of the longitudinal wave, (h) the recovery of the TSE, and (i) the appearance of Lamb waves at longer time delays. The color
represents the increase in the lattice temperature. The blue arrows indicate the propagation direction of the longitudinal wave
and Lamb waves. Note that the displacement vectors are highly exaggerated to be visible for solely illustrative purpose. Also
see Video2 and Video 3 in the Supplemental Material [47].

These two frequencies (~ 0.59 GHz and ~ 6.3 GHz) cor-  reveals the dispersion relation of Lamb waves in the Al
respond to the two lowest Lamb modes of the membrane. free-standing membrane. The result is shown in Fig. []
A 2D Fourier transform (1D spatial and 1D temporal) of and compared with the analytical solution of the Lamb
the calculated displacement along the surface u,(0,y,t) wave dispersion relations [65] 66]. In the simulation, a



TABLE 1. Best-fit parameter values on 400 nm Al free-standing membrane

Parameter Explanation Unit Best-fit-value llEl udﬂ Reference-value
G electron-phonon coupling strength ~ 10'Wm™3K~? 14 13.5 18.1 24.6 [59]
cio longitudinal sound velocity km/s 6.447 6.445 6.447 6.42 [60]
ki thermal conductivity Wm™ K™t 110 106 118 237 [60]
on thermo-optic coefficient, real part —1x1073K™! 1.89 1.83 2.03 2.9674.0
g—; thermo-optic coefficient, imaginary part 1073K 1 2.62 2.16 2.8 0.474.
% thermoreflectance @ 800 nm 107*K™! 1.58 1.49 1.61 1.14-2.4 [61H63)

& The lower and upper bounds are determined by using a 5% Ax? criterion.
b The reference value on thermo-optic coefficient are determined by the optical conductivity data at varies temperatures in Ref.

together with available thermoreflectance data in Ref. [61H63l

¢ It is not a parameter used in the fit but is determined from the best-fit thermo-optic coefficient. Acoustic pulse central frequency

fo =29.2 GHz, FWHM bandwidth: [8.6,51.6] GHz.

source with small lateral dimension (~ 500 nm) is cho-
sen to cover a wider k space. The model faithfully repro-
duces the analytical results. The expected frequencies
of the first two lowest branches (at the transient grating
wavenumber) are wa, = 0.61 GHz and wg, = 5.5 GHz.

80 T T T T =
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ky (#mil)

FIG. 4. Dispersion relation of Lamb waves in the Aluminium
membrane retrieved from the simulation (color map). The
black and red dots are the solution of the analytical expres-
sion of Lamb wave dispersion relations. Black dots corre-
spond to asymmetric modes, and red dots to the symmetric
modes. The vertical dashed line indicates the wave number of
the transient grating used in the experiment, the horizontal
dashed line indicates the round-trip frequency of longitudinal
echoes.

Another intriguing aspect is the appearance of addi-
tional dips between the echoes, such as the one marked
by the arrow at ¢ = 670 ps in Fig. 3a). Our model calcu-
lation suggests these dips are not longitudinal echoes, but
actually result from mode conversion from longitudinal

mode to higher order Lamb mode. Fig. [3(d) shows cal-
culated surface displacement profiles at 3 time instants
corresponding to the appearance of a longitudinal echo at
t = 608 ps, the recovery of the echo event at ¢ = 640 ps,
and the appearance of the additional dip at ¢t = 670 ps.
As discussed before, the longitudinal echo is caused by
a compensation of the TSE, therefore Fig. B[d) shows
a large difference between the dotted line and the solid
line in the center of the grating line where the local op-
tical intensity is maximal. However, as shown by the
difference between the dashed line and the solid line, the
additional dip is caused by a change of surface displace-
ment in a region close to the periodic boundary where
the optical intensity is minimal. In Fig. e) we show
the calculated surface displacement (in the direction of
surface normal) at the periodic boundary (y=0) as a
function of pump-probe delay. The timings of the ad-
ditional dips are perfectly aligned with the dips in the
surface displacement at y=0. This indicates that the
origin of the additional dips is due to waves that are
travelling along the surface, which results in construc-
tive interference at the periodic boundaries. In thin free-
standing membranes, these waves are a specific case of
surface-guided waves called Lamb waves [65, [66]. The
free boundary condition of membranes imposes that spe-
cific combinations of frequencies and wave numbers are
allowed propagating waves while other combinations are
evanescent. The dispersion relation shows a branch (S2)
starting at the round-trip frequency w = %7t of the lon-
gitudinal echoes, irrespective of the film thickness. This
corresponds to the fundamental longitudinal vibration
mode of the membrane. The longitudinal echo has a
central frequency of 7%, which naturally overlaps with
this branch. Our present transient grating experiment
can be seen as an effective excitation around the wave
vector k, = 2% = 1 pm™!, where A = 6.24 pm is
the transient grating period. Therefore, the longitudinal
echoes effectively excite the Sy branch at k, = 1 um™'.
Due to the diffraction of the longitudinal waves, part of
the longitudinal echo arrives at the free boundary at an
oblique angle, causing particle movement along the sur-
face direction and converting some of its energy to the



So Lamb wave mode every time it reaches the metal-air
interface. From the dispersion relation, we calculate the
phase velocity of the So Lamb wave at k, = 1 pm™!
as vs, = 5.23 x 10* m/s. The time for the excited Sy
Lamb wave to travel across one period of the transient
grating then is & = 119.4 ps, very close to the round-

trip time of the longitudinal echoes i—d = 121 ps. This

agrees with the experimental observation that the period
of the additional echoes appears the same as the longi-
tudinal echoes. Thus the additional echoes can be ex-
plained as interference of Sy Lamb waves at the periodic
boundary which themselves are excited by mode conver-
sion (longitudinal to Lamb mode). For small values of
ky, the slope of the S branch on the determination of
its phase velocity can be neglected, giving an approxima-
tion of vg, = %/%’r = %. Thus the predicted period
of the additional echoes is i = %,
as the round-trip time of the longitudinal echoes. This
means that for small transient grating wavenumbers, the
period of additional echoes is always the same (approxi-
mately) as the longitudinal echoes, irrespective with film
thickness. This is also confirmed by simulations. The
above analysis can also be used to understand the tim-
ing of the additional echoes to be in the middle of the
longitudinal echoes. Since the above So Lamb waves are
excited at the moment when longitudinal echoes return
to the surface, the time delay between the longitudinal
echo and the time when the excited Lamb waves reaches
the periodic boundary (and therefore interference max-
ima occurs) is At = %7 which is half of the longitudinal
round-trip time. This ‘means that there is a constant 7
phase delay between the appearance of the additional
echoes and the longitudinal echoes. The growing ampli-
tude of the additional echoes over time can be understood
as an increasing mode conversion to the Lamb mode as

more longitudinal reflections occur at the surface.

exactly the same

The fitting of model calculations to the experimental
data was done with a “multi-start” procedure with 500
randomly generated initial parameter sets. The best-
fit parameters and their comparison with reference val-
ues are summarized in Table [ By comparing differ-
ent model fits, we found that acoustic attenuation was
not significant for the present parameter range in alu-
minum, and conclude that the attenuation length far
exceeds the measured acoustic propagation distance of
~ 5 um. The electron-phonon coupling strength of alu-
minium is about an order of magnitude larger than for
gold [59]. This property of Al is correctly captured in
the fitting result and the obtained value is somewhat
lower than the reported DFT calculations [59]. Regard-
ing the layer thickness, the sample specification gives an
uncertainty smaller than 1 nm (d=391.1 nm), thus the
thickness was fixed to this value during the fitting. As
a result, the best-fit speed of sound has a very small
uncertainty. Different from the case of gold as will be
shown later, in which the measured data can be well-
explained by contribution from only the surface displace-

ment, the data of aluminum suggests a large contribution
from the thermo-optic effect. This is to be expected, as
the 800 nm probe wavelength coincides with the peak
of the thermoreflectance spectrum of aluminum [63]. To
determine the complex thermo-optic coefficient, we treat
its real and imaginary parts as two extra fitting param-
eters. Their best-fit values are shown in Table [l From
this thermo-optic coefficient, we then calculate the ther-
moreflectance using the Fresnel equation, resulting in a
value of 4% = 1.58 x 107* K~*, which lies well-within
the range of other reported thermoreflectance data [61l-
63]. To the best of our knowledge, there is no direct
report of the complex thermo-optic coefficient of alu-
minum in the literature, although the optical conductiv-
ity of Al measured at various temperatures is reported in
Ref. 64 From this conductivity data together with the
reported thermoreflectance data we then deduce the real
and imaginary parts of the thermo-optic coefficient as
reference values by inverting the Fresnel equation. Our
best-fit coefficients are consistent with those deduced val-
ues. This demonstrates the ability to extract not only
the thermoreflectance, but also the real and imaginary
parts of the thermo-optic coefficient. It is worth not-
ing that we have also measured the signal on a 100 nm
Ni film on glass substrate, for which the detected signal
also contains comparable contributions from surface dis-
placement and the thermo-optic effect. The thermo-optic
coefficient of Ni at 800 nm is of the opposite sign to that
of Al [62], and this is again correctly captured in the ma-
terial parameters retrieved from the Ni data, which are
presented in the Supplemental Material [47].

In a short summary for Al, the signal we measured at
800 nm probing wavelength is a result of coherent sum
of multiple physical effects, including surface displace-
ment caused by thermal surface expansion and propa-
gating longitudinal acoustic waves, mode conversion from
longitudinal modes to higher order Lamb modes, inter-
ference of Lamb waves, and refractive index variation by
the thermo-optic effect.

B. Measurements on gold films: complex
hypersound attenuation behaviour

Transient grating experiments on gold were performed
on two types of samples: a 500 nm Au layer deposited
on a glass substrate and a 500 nm Au free-standing
membrane. The measured data for both types of sam-
ples, along with the best-fit model results, are shown
in Fig. a—b). Strikingly different from the results of
Al fitting of the data of both gold samples reveals large
contributions from acoustic attenuation. This behaviour
requires an extension of the model to include the influ-
ence of microscopic damping mechanisms, as discussed
below. At room temperature, the dominant mechanism
for acoustic attenuation results from the interaction of
acoustic phonons with thermal phonons [24] 25] [42] [67],
a relaxational damping process that was first proposed by
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FIG. 5. Measured diffraction efficiency (dots) as a function of pump-probe delay and corresponding model fits (solid lines) on (a)
500 nm Au on glass substrate sample and (b) 500 nm Au free-standing membrane. The dotted-line in (b) is a calculation with
no acoustic attenuation (o;(w) = 0). The insets are the calculated surface displacement at the center of the grating line. The

dash-lines mark the level of zero surface displacement.

(c) Frequency-dependent acoustic attenuation and (d) phase-velocity

dispersion calculated by Eq. |§| and Eq. m usmg the best-fit parameters (solid lines). The dashed-lines are lower and upper
bounds obtained from those fits with a 3% Ax? criterion. The vertical dotted-lines indicate the FWHM of the acoustic pulse
bandwidth. Also see Video4 and Video5 in the Supplemental Material [47].

Akhiezer [68]. In this process, the sound waves disturb
the distribution function of the thermal phonons, and
the return of the system to equilibrium through phonon
collisions removes the energy from the sound wave. The
acoustic wave described by Eq. [f] exhibits viscous losses
with quadratic power dependence on frequency, as it
is the case in the Navier-Stokes equation. However,
the Akhiezer damping mechanism can exhibit deviations
from the quadratic power law, which has been observed
in ultrafast laser induced hypersound waves [24] 25| 42].
Macroscopically, the Akhiezer damping manifests itself
as a relaxation process originating from a noninstanta-
neous response of the medium to the change of the strain.
An analogous effect in optics is the electromagnetic wave
propagation in a lossy and dispersive medium, where the
electric polarization density does not only depend on the
electric field at the current time, but also on its values at
all earlier times [51) [53]. To incorporate the relaxational
Akhiezer damping into our model, we rewrite Eq. [0 as a

convolution,
78 = ~Gi(t) <[ +26) 52 + 3,
7y = ~Gilt) = [\ +25>55y+x )
a;’y:st(t)*fagjﬂ @

where G;(t) and G,(t) describe the relaxation process for
the normal and shear waves, respectively. The functional
form of G;(t) and G,(t) and the method for solving the
convolutions are given in the Supplemental Material [47].
The attenuation «;(w) for the Akhiezer damping is [25]

42, 169]
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where ¢;(w) the frequency-dependent longitudinal speed
of sound, ~ is the Griineisen parameter of the thermal
phonons, and 7; is the longitudinal phonon relaxation
time. The angular brackets stand for an average over the
entire population of the thermal phonons. A similar ex-
pression also holds for the shear waves [70]. This expres-
sion can also be described by using a phenomenological
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where we introduce the longitudinal speed of sound in the
low frequency limit ¢;o and ayo = n/(2pcyy). It is appar-
ent that in the low frequency limit (wr; < 1), a; = agow?,
Eq.[0]reduces to the quadratic power law. We show in the
Supplemental Material [47] that the frequency-dependent
attenuation exhibited by the model with the incorpora-
tion of Eq. [7] exactly reproduces the Akhiezer damping
theory Eq. [0

Because of the delayed response in Eq. [7] there must
be associated acoustic dispersion, a requirement implied
by causality: we find that the frequency-dependent phase
velocity ¢;(w) exhibited by the model with the incorpo-
ration of Eq.[7] can be exactly described by the following
expression

27_[

w
1+ w?rf ): (10)
It can be shown that Eq. [J] and Eq. [I0] satisfy the
Kramers-Kronig relations, and this is further discussed
in the Supplemental Material [47]. In addition to dis-
persion and damping, the model can be extended to in-
clude acoustic nonlinearity by adding a quadratic term
in the strain-stress relation. With the above expressions
for attenuation and dispersion, the constitutive equations
in one dimension reduce to the well-known Korteweg-de
Vries-Burgers (KdVB) equation [19] when wn < 1, and
this is derived in the Supplemental Material [47].

The obtained diffraction efficiency data in gold sam-
ples was fitted using the model with the incorporation
of Eq. [7} starting with 200 random initial parameter
sets. Important fitting parameters include the electron-
phonon coupling constant, sound velocity, bulk viscosity,
and the phonon relaxation time. The retrieved best-fit
values are given in the Supplemental Material [47].

A comparison of the calculated diffraction efficiency
using the best-fit parameters to the measured data is
given in Fig. a—b). As can be seen, the numerical cal-
culations accurately reproduce the measurements. There
are a few points worth mentioning in regards to these
fits. Firstly, the electron response is not included in the
model and therefore only the data points for ¢ > 10 ps,
when the electron gas has thermalized with the lattice,
are used in the fits. Secondly, in contrast to the Al data,
the contribution from surface displacement alone can ex-
plain the measured data very well. Thirdly, the sudden
heating of the metal layer after electron-phonon thermal-
ization gives rise to two effects: a thermal surface expan-
sion (TSE) and the launch of an acoustic pulse. Both
these effects lead to surface displacement and therefore
both act as a phase grating seen by the probe pulse. For
the 500 nm Au layer thickness, the spatial extent of the

c(w) = co(l + acio
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acoustic pulse is still too large to see a complete separa-
tion of the two contributions. The TSE manifests itself
as a decaying background, because heat diffusion tends
to reduce the surface-expansion. The traveling acous-
tic pulse, compensates the surface-expansion once ev-
ery roundtrip time because of an opposite direction in
the displacement vector: the reflected acoustic pulse ar-
rives at the surface as a contraction instead of an expan-
sion. For this reason, the acoustic echoes in Fig. a)
appears as dips in the diffraction signal. The situation
is a bit different in the membrane sample as can be seen
in Fig. [f|(b), for which the echoes contain small bumps
(marked by arrows) inside of large dips. This is because
in the case of free-standing membrane, there is almost
no reflection loss at material interfaces. As a results,
the returning acoustic pulse is not only strong enough
to fully compensate the (reduced) surface-expansion, but
also change its direction (note the change of sign in the
surface displacement plot). The height of this bump is
largely determined by the amount of acoustic attenua-
tion. In the unrealistic case of zero acoustic attenuation
(aq = 0 of Fig. [f[b)), the bumps would be much more
pronounced. We note that reflection losses at material
interface due to scattering by roughness could be an-
other mechanism for acoustic attenuation. Atomic force
microscopy (AFM) was used to characterize the surface
roughness of the gold films. While scattering is expected
to be significant when the roughness size is comparable
to the acoustic wavelength, the AFM data shows that the
RMS roughness is only ~ 0.5 nm, well below the acoustic
wavelength in the gold samples. In addition, the fit re-
sults of the 200 nm gold sample (Fig. b)) suggest a very
similar acoustic attenuation per unit propagation length
as the 500 nm gold films. Considering the more frequent
interface reflections (per propagation length) in the thin-
ner sample, if the scattering loss dominates, the extracted
acoustic attenuation per unit length would have been
much larger. Due to these considerations, the scattering
of acoustic waves at material interface is not considered
further in our analysis.

The effect of acoustic dispersion can already be seen in
Fig. [f[b) by the lower sound velocity (cjo) in the dotted-
line. The fitting yields the parameters ;9 and 7; with
which the frequency-dependent attenuation and phase-
velocity dispersion can be obtained by evaluating Eq. [9]
and Eq. These quantities are plotted in Fig. c—
d). Rather than an w?-dependence expected for the low-
frequency limit, the observed attenuation is even slower
than w'. Using the best-fit parameter 7, = 55 ps and the
central frequency of excited acoustic wave fo = 2.77 GHz
in Au, we obtain wyr; = 0.96, indicating an intermediate
regime w7, ~ 1. It is worth noting that we have also
performed a fit with a fixed 7, = 1 fs (thus wn < 1),
forcing it to be in the frequency squared regime. In this
case, we got a worse fit with almost twice the residual
(x? = 2.4). This means that acoustic attenuation in this
high frequency regime is better explained by relaxation
damping, and incorporating such damping behaviour into
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FIG. 6. (a) Measured diffraction efficiency (magenta dots)

and the corresponding model calculation (solid line) on the
500 nm Au on glass sample pumped from the Au-Air side and
probed at the Au-Glass interface. The diffraction efficiency
(normalized by the maximum of the total contributions) cal-
culated by only the displacement at the Au-Glass interface
and by only the strain-optic effect in the glass substrate are
shown as dash and dotted lines. The total contributions are a
coherence addition of these two effects. (b) Strain (s, compo-
nent, color scale) and displacement vector distribution (black
arrows) at ¢ = 582 ps. Positive strain represents expansion
while negative strain means compression. The filled-circles in-
dicate the location of the Au-Glass interface. The blue arrow
shows the propagation direction of the strain wave in glass.
The green arrows illustrate the reflection of the probe pulse
from the propagating strain pulses and the gold rear surface.
Also see video 7 in the Supplemental Material [47].

the model improves the ability to model high frequency
ultrasound attenuation in picosecond ultrasonic experi-
ments.

The observed diffraction signal when probing from the
air side does not contain a detectable contribution from
the strain-optic effect. However, when we probe from the
substrate (glass) side, the signal shows high frequency
oscillations in addition to the expected surface displace-
ment contribution. We attribute these additional oscilla-
tions to the strain-optic effect resulting from the acous-
tic wave propagation in the glass substrate. The gen-
erated acoustic pulse from the metal layer is partially
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transmitted into the substrate, resulting in a local ex-
pansion and compression of the glass, thus altering its
refractive index. This strain wave forms additional grat-
ings in the substrate, propagating at the speed of sound.
The probe pulse then diffracts from both this moving
strain wave and the substrate-metal interface, and these
diffracted fields interfere constructively or destructively
depending on the changing optical path difference. The
overall effect is an oscillatory signal with a periodic given
by T = ﬁos(@)’ where A is the probe wavelength, n is
the refractive index, ¢; is the speed of sound in glass and
0 is the angle of incidence. This effect known as Brillouin
scattering is usually observed when performing reflectiv-
ity measurements [(1H74]. In the present diffraction ge-
ometry, we observe a unique coherent addition of the
Brillouin scattering and the surface displacement signal.
Fig. [6a) shows the measured diffraction efficiency and
the model calculations when probing through the glass
substrate side. In the calculations, we use the extracted
parameters from the signal obtained when probing from
the air side (Fig. [f[a)) and adjust the strain-optic coeffi-
cient of glass and the speed of sound in glass until a good
match is found. The obtained values are 8" = —0.35and
¢gr = 5.56 km/s. In the experiments we use linearly po-
larized beam at normal incidence. Because the electric
field vector of the probe beam is perpendicular to the
propagation direction of the longitudinal acoustic wave,
when the longitudinal strain is the only nonzero compo-
nent, only the contribution from Pjs of the photoelastic
tensor is measured. Using the relation Py = —2 / n
we obtain Pjo = 0.23, in very good agreement w1th the
reported value Pjy = 0.252 [75].

As shown in Fig. [6{(a), the signal shape and the de-
tailed high frequency oscillations are well-reproduced, es-
pecially at early time delays. The strain-optic contri-
bution here is calculated by using the simulated strain
Sz(x,y,t) and the transfer matrix method as explained
in detail in the Supplemental Material [47]. The mea-
sured signal is a coherent addition of the displacement at
the gold rear surface and the strain-optic effect caused by
the acoustic wave propagation in the glass substrate. The
slight mismatch after 400 ps may be due to the excitation
of off-axis components (s, and s,,) as a result of acoustic
diffraction. The off-axis components can introduce opti-
cal anisotropy and the probe may sample other elements
of the photoelastic tensor. The displacement vectors at
t = 582 ps as shown in Fig. @(b) exhibit off-axis compo-
nents in the region close to the periodic boundary. An
extension of the probe calculation to include anisotropic
media can further improve the results at longer time de-
lays.

IV. SUMMARY

In this paper we have introduced a new approach to
picosecond ultrasonics, which enables quantitative mate-
rial characterization and the non-invasive study of opti-



cally opaque nanoscale materials using light-driven hy-
persound. We achieve this by introducing an advanced
2D numerical model that captures the generation, prop-
agation and detection of these hypersound waves in full
detail, and subsequently combining this model with mea-
sured data from picosecond ultrasonic experiments. By
fitting the model to the experimental results, a de-
tailed interpretation of the results in terms of the un-
derlying physics is obtained, and a wide range of mate-
rial properties is retrieved. To demonstrate this abil-
ity, we have demonstrated an simultaneous extraction
of electron-phonon coupling constant, speed of sound,
frequency-dependent acoustic attenuation and disper-
sion, and thermo-optic coefficients of several different ma-
terials as well as strain-optic constant with retrieved pa-
rameters that are consistent with literature values to the
extent at which they were known. The extracted acoustic
attenuation in gold films shows a frequency-dependency
that deviates significantly from the quadratic power de-
pendence, owing to enhanced relaxation damping in this
high frequency range. In addition, we separate different
contributions to the measured signal by simulations with
the best-fit parameters. The results show large contribu-
tions of thermo-optic effects in Al and Ni and negligible
contribution in Au at 800 nm probing wavelength. For
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aluminium, we identify the contributions of Lamb waves
and mode conversion from longitudinal to Lamb waves,
which are found to cause a gradual increase of the back-
ground level and additional dips at longer time delays.
Furthermore, when probing from the glass side, we ob-
serve a unique coherent addition of the Brillouin scat-
tering on top of the surface displacement signal which
is well reproduced by simulations. Our model therefore
holds great promise for disentangling various physical ef-
fects and interpreting signal formations in samples with
complex geometries and advanced applications with sur-
face nanotopographies and highly focused beams.
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