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Fast attenuation of high-frequency acoustic waves
in bicontinuous nanoporous gold
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ABSTRACT

We studied the formation and attenuation of GHz elastic waves in free-standing nanoporous gold films by MeV ultrafast electron diffraction
and finite element simulations. By tracing the evolution of the high frequency acoustic waves in time domain, we found that the bicontinuous
nanoporous structure in nanoporous gold films results in three-dimensionally acoustic response with low coherence, leading to fast attenua-
tion of the elastic waves in comparison with solid gold films. The morphologically dominated dynamics indicates the nanoporosity plays an
important role in the high-frequency acoustic energy relaxation, which shines a light on the applications of dealloyed nanoporous materials

in nanodevices and sensors as GHz and THz acoustic filters and dampers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0055391

High-frequency acoustic phonons often play a crucial role in affect-
ing the performances of nanostructured materials and nanodevices, such
as the sensitivity in detecting force and mass." ~ Picosecond and femto-
second pulsed laser stimulating GHz and THz acoustic waves, detected
by ultrafast laser spectroscopy’ ' and ultrafast x-ray/electron
diffraction,'” " have become a ubiquitous approach for studying the
generation, propagation, and attenuation of the high frequency elastic
waves in nanostructured materials and thin films. For metallic materials,
the excitation of coherent acoustic phonons occurs via lattice expansion
by laser-induced rapid heating” The shapes and sizes of nanoscale
objects significantly affect the wavelengths and magnitudes of resulting
elastic waves. For objects with a simple geometry, the acoustic waves can
be well described by the continuum linear elasticity theory.'® For exam-
ple, the acoustic wave frequency of thin films is simply determined by
the film thickness, which is often interpreted as the thickness resonance
frequency.’” The high-frequency elastic waves propagating in solids
decay over space and time. The material attenuation from inherent

structures, such as vacancies, grain boundaries, and dislocations, can be
accounted for by an exponential decay factor. Although it has been long
known that external structures, such as voids, in bulk solids can signifi-
cantly affect the attenuation of acoustic waves,' the effects of nanostruc-
tures, such as nanoscale porosity,l9 on the generation, propagation, and
attenuation of high-frequency elastic waves remain largely unknown. In
this study, we investigated free-standing nanoporous gold (NPG) films
by using a MeV ultrafast electron diffraction (MeV UED) technique to
explore how nanoscale porosity affects the acoustic response and energy
dissipation in thin metallic films, with the comparison of free-standing
solid polycrystalline gold (PCG) films. As we will illustrate below, the
bicontinuous porous structure in NPG films gives rise to a three-
dimensionally acoustic response with low coherence, leading to rapid
attenuation of GHz acoustic waves in NPG films.

Free-standing NPG films with ligament sizes of about 30-50 nm
were synthesized by selective leaching of silver from ~100nm
thick AuzsAges (atomic ratio) films using a 60% (volume ratio)
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HNO; aqueous solution at room temperature.”’ For reference, we also
prepared free-standing PCG solid films with thicknesses of about
30nm by magnetron dc sputtering on dissolvable single-crystal
sodium chloride substrates. Both samples were loaded on empty TEM
Cu grids for MeV UED experiments (Fig. 1). Using free-standing sam-
ples excludes the effects of environments on energy loss of acoustic
waves.”'” Time-resolved experiments were conducted using a state-of-
the-art MeV UED system at SLAC National Accelerator Laboratory.”
About 200 um diameter areas in the NPG and PCG films were uniformly
pumped by 400 nm laser pulses with pulse duration of 60 fs in the full
width at half-maximum (FWHM). Simultaneously, the lattice response
in the central areas with a diameter of ~50 um was probed by 3.2 MeV
electron pulses with a bunch length of 190 fs (rms) in a near normal
incident geometry. Since the electron probe is much smaller than the
laser-excitation area and orders of magnitude larger than the sample
thicknesses, possible interference from other resonant and transient
modes can be ignored. After the incidence of femtosecond laser pulses,
free electrons in the samples are instantaneously heated up. These hot
electrons quickly transfer their energy to lattices by electron-phonon
coupling. In particular, the large internal surfaces of NPG promote the
electron-phonon interaction for fast energy transfer.””*’ Considering the
transverse sound speed of 1.201 nm/ps and the hot electron diffusion
speed of less than 10 nm/ps in gold,™ it takes about tens of nanoseconds
for the probed areas to exchange energy with environment. Since the
thickness of both samples is less than the ballistic electron motion range
of about 100 nm in gold,” the heating is also homogeneous in thickness
direction. Therefore, in the time scale of interest (less than 1ns), the
probe areas can be considered homogeneously heated and isolated.

The fs laser induced lattice expansion and resulting acoustic
waves are inspected by the shift of diffraction peak positions with
MeV UED delay time (Figs. S2 and S3). As the lattice spacings tend to
enlarge with the increase in internal energy, the electron diffraction
peaks of the face-centered cubic gold lattices shift to smaller diffraction
angles. Generally, the electron energy and the lattice energy contribute
to the thermal expansion in different levels. So, the total thermal stress
changes during the electron-phonon coupling. According to the
model proposed by Thomsen et al.,” we can separate the driving force
of thermal expansion in non-magnetic metals into two independent

FIG. 1. The schematic of the MeV UED experiments and a TEM image of the NPG
sample.
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parts from the anharmonicity of lattice vibration and the excited free
electrons. If we consider the thermal distributions for both electrons
and phonons,24 the total thermal stress can be described by

a(t) = oe(t) + o1(t) = =7 AE(t) — pAE (1), (1)

where t is the time delay, and o, },, AE, and oy, y;, AE; refer to the
thermal stress, Griineisen parameters, and changes in energy density
for the electron and lattice subsystems, respectively. Assuming an
electron-lattice energy exchange with an exponential time depen-
dence,'”” the total thermal stress can be expressed as

o(t) = ¢l — yexp(—t/T)H(1), @

where 7 is the exponential time constant for electron-phonon cou-
pling, H is the Heaviside function, o, is the asymptotic rise in total
thermal stress, and y is defined as

P=1=7/7 (3)

According to the constitutive equation of isotropic linear elastic
continuum with infinitesimal strain, namely, Hooke’s law, it gives

Ooo = —3KoAT} o, (4)

where K is the bulk modulus, o is the coefficient of linear expansion,
and AT is the asymptotic rise in lattice temperature. Therefore, the
thermal stress ¢ in the samples [Fig. 2(b)], associated with the time
constant 7 and the asymptotic rise in lattice temperature AT} ., can be
experimentally determined by the decay of Bragg peak intensity.”**®
For example, with a pump fluence of 2.61 mJ/cm”, we obtained ATj
of 156.8 K (0, of 1213.2 MPa) for NPG and AT of 162.4K (6., of
1171.7 MPa) for PCG from the decreases of Bragg peak intensity
(Fig. S1). According to the relationship between t and AT o, obtained
in our previous publication on electron-phonon coupling in NPG,”
we have 1 of ~4.39 ps for NPG and t of ~5.95 ps for PCG. The total
thermal stress ¢ increases during the energy transfer from hot electrons
to cold lattices due to the smaller 7, of 1.6 than the 7, of 2.96 for gold.”’

The thermal stress drives the materials that expand in allowed
dimensions, but only the expansion component perpendicular to the
electron probe beam can be directly measured. The detectable overall
change in lattice spacings approximately equals to the opposite of the
relative change in Bragg peak positions, which can be quantitatively
measured by the MeV UED system that has a high reciprocal space
resolution in detecting the relative change in Bragg peak positions
down to, 107%. For example, AQ = 0.080 A" relative to Qp
~ 6.8A  of gold (331)/(420) can be detected. As revealed by the
shifts of the Bragg peaks of gold (331)/(420) [Fig. 2(a)], the significant
lattice expansions occur in both NPG and PCG samples after the tran-
sient excitation. For example, with the pump fluence of 2.61 mJ/cm?,
the observed maximum lattice expansions, characterized by the rela-
tive peak position change AQ/Qy, reach ~0.0017 for NPG and
~0.0007 for PCG (Fig. S2). Subsequently, periodic lattice contraction
and expansion can be observed in the PCG sample, corresponding to
the formation of acoustic waves. The oscillation for PCG has a
frequency of 53.8 GHz, which is fairly consistent with the thickness
resonance frequency of 2L /vy, where L is the film thickness and vy, is
the longitudinal sound speed (3.325nm/ps) in gold.”® For the
solid film, the oscillation can well stand with slight intensity decay dur-
ing the wave propagation, consistent with a wide range of UED
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FIG. 2. (a) The changes of Bragg peak position AQ/Qy of gold (331)/(420) for the NPG and PCG samples. Calculated averaged strain with and without Rayleigh damping fac-
tors for both samples are shown. (b) The evolution of the total, electronic, and lattice thermal stress o, g, o).

. 4,12,25 . . . .
observations.” “*” In contrast, the lattice contraction-expansion oscil-

lation, stimulated by the fs laser, quickly decays in the NPG sample,
and, in fact, only one well-defined cycle can be observed with a fre-
quency of ~40.8 GHz. The generation and quick decay of the
40.8 GHz acoustic wave can also be detected from the (220) Bragg
peak (Fig. S3). The quick decay of the lattice oscillation in the porous
NPG film suggests the fast attenuation of the GHz acoustic waves in
the nanoporous material.

To understand acoustic wave formation and attenuation in the
nanoporous metal, we conducted finite element method (FEM) calcula-
tions. Two linear elastic continuum models of a solid thin gold plate
and bicontinuous nanoporous gold with in-plane constraint borders
were employed for simulating the dynamic responses of PCG and NPG
(Fig. $4). A set of phenomenological Rayleigh damping factors were
introduced to imitate the intrinsic inelastic acoustic damping property
of gold from the anharmonicity and the scattering of crystal defects,
such as vacancies, dislocations, and grain boundaries. We used a mass
factor a; = 0.0207 ps~! and a stiffness factor a, = 0.0190 ps for the
calculations of both PCG and NPG. The damping ratios,
Bn/on = (a1/®, + a2 * w,) /2, of phonons with undamped angular
frequencies ), between 0.104 and 10.4 THz are less than 10%, where
B, is the damping rate. The calculated averaged strains are fairly consis-
tent with the evolution of (331)/(420) and (220) Bragg peak positions
for both NPG and PCG. The oscillation of the calculated averaged
strain is approximately with damping rates™ B, = 46.9 ns™! for NPG
and f,,, = 15.0 ns ! for PCG (Fig. S9). If Rayleigh damping factors are
not considered, the damping rate is iy = 34.1 ns~! for NPG, which is
significantly larger than g = 3.1ns™! for PCG. Thus, the nanoporous
structure plays an important role in the acoustic wave attenuation. The
infinite spatial gradient of step-like strain in theoretical case is limited
in FEM calculation, leading to slight dephasing of phonons and thus a
small damping rate for PCG even when the Rayleigh damping factors
are not considered. The Rayleigh damping factors contribute to the
damping rate Sz = B — fs = 12.8 ns~! for NPG, comparable with
Br = 11.9ns™! for PCG, corresponding to damping ratios of ~4%.

As an example to illustrate the local dynamics, we compared the
time-dependent stress distributions in the NPG and PCG models with

the identical pump fluence of 2.61 mJ/cm?. At the moment of transient
heating, the samples do not have time to expand and are thus in a
compression state. To release the stresses, the lattice expansion starts
from free surfaces to the insides, appearing as the propagation of
acoustic waves carrying the tendency of tensile elastic strains. At the
early stage, the inner regions are still undisturbed, as shown on the sec-
tion planes of the NPG model [Fig. 3(a)] and the PCG model [Fig.
S5(a)]. The stresses in the inner regions of the NPG ligaments and the
PCG film are still compressive, while the stresses in the regions around
the free surfaces have been partly released. The tensile acoustic waves
keep propagating and make the stress-released areas over-expanded
until they are reflected from the opposite surfaces and start to carry
the tendency of contraction. Therefore, when the averaged expansion
reaches the maximum, most inner regions of the samples are stretched
[Figs. (3b) and S5(b)]. At this moment, the plane wave fronts in the
PCG film just reach the opposite surfaces and start to travel backward.
On the contrary, the surface-launched acoustic waves are divergent
and out of sync in NPG due to the variation of NPG ligament shapes
and sizes, and thus reach the opposite surfaces in different directions
at different paces. As a result, the stress distribution around the free
surfaces of the NPG ligaments appears random (Fig. S6), and the
stretched regions and the compressed regions are interspersed around
the free surfaces. Following the expansion, the samples start to con-
tract when most of the acoustic waves are reflected. As the reflected
waves in the NPG ligaments become more divergent and more out of
syng, the stress distribution becomes more diverse during the contrac-
tion. Some regions in large-size ligaments are still stretched, and some
in small-size ligaments are already stress-released or compressed again
[Fig. 3(c)] even when the averaged contraction reach the maximum
[Fig. 3(d)]. In contrast, the contraction of materials in the PCG film is
almost the reverse process of the previous expansion with slight acous-
tic damping [Figs. S5(c) and S5(d)]. The GHz acoustic waves keep
propagating and reflecting during the expansion-contraction cycles by
the repeating conversion between elastic energy and kinetic energy.
The energy relaxation process takes place in the energy conversion
during the propagation of acoustic waves by acoustic energy dissipa-
tion. As we compared the stress distribution in the second cycle to that
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FIG. 3. The stress distribution on the cross sections of NPG at different time delays.

in the first cycle for both NPG and PCG, the overall stretch or com-
pression stresses become obviously less at the maxima of the averaged
expansion [Figs. 3(e¢) and S5(e)] or contraction [Figs. 3(f) and S5(f)],
suggesting the gradual dissipation of the acoustic energy during the
oscillation in both samples. As mentioned above, the energy of the
experiment samples in the detected areas has not been dissipated into
the undetected areas or the environment in the timescale of our experi-
ments. Therefore, the samples can be considered as adiabatic systems
in the FEM calculations, and thus all of the dissipated acoustic energy
is converted into heat and then is ignored during the simulations.

We quantified the temporal evolution of the remained acoustic
energy density relative to the total acoustic energy density E,/E in
both systems. The total acoustic energy density in the system is

£ =2,

and the remained acoustic energy density can be expressed as

Eo(t) = Ey(t) + Ex(t) = lJ“V L +va,»2 dv, (6)
ij i

©)

\%4 2 2

where E,, and Ej, refer to the remained elastic and kinetic energy density;
cij> &j, and v; refer to the stress, strain, and velocity components in
Cartesian coordinates as functions of position and time; p is the mass

density; V is the total volume; and JfdeV means the overall spatial
integration. It is confirmed that the portion of dissipated acoustic energy
increases with the wave propagation [Fig. 4(a)] during the repeating con-
version between elastic [Fig. S7(a)] and kinetic energies [Fig. S7(b)]. Note
that the portion of dissipated acoustic energy (1 — E,/E) in the NPG
system is significantly larger than that in PCG with a ratio of >121%
between the two systems. In our calculations, the in-plane squeeze of the
samples does not exceed the in-plane constrained borders. For the PCG
system, the confinement makes only out-of-plane straining allowed, lead-
ing to a one-dimensional expansion and thus a steady-state volume
change of «AT; (1 4+ v)/ (1 — v), where v is the Poisson’s ratio and is
0.425 for gold.”® In contrast, due to the existence of nanopores in NPG,
the outer confinement cannot prevent the in-plane expansion of individ-
ual ligaments and thus the expansion is three-dimensional with the
steady-state volume change of 3xAT ... The different volume changes
make the expansion energy partly stored in PCG as the elastic energy but
fully released in NPG in the form of acoustic waves. The stored elastic
energy in PCG can be released only after the in-plane constraint is
removed, ie., the acoustic waves propagate from the homogeneously
pumped area border to the probed area border, which takes about tens
of nanoseconds, much larger than the timescale we investigated.

The energy dissipation of the acoustic waves with the generation
of heat essentially leads to the break of collective motion of atoms by
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FIG. 4. (a) The evolution of the remained acoustic energy density relative to the total acoustic energy density E,/E for NPG and PCG. (b) and (c) The logarithm of strain distri-
bution probability logy, (P) for NPG and PCG, where &(t) is the steady linear strain with thermal stress o (t). Note that [ Pd(ey/29) = 1.

introducing random atomic displacements. In the FEM calculations,
the existing atomic random vibration and the enhancement due to
damping have been ignored, while the atomic motion away from the
local equilibrium position during lattice expansion is considered as
local strain. As a result, the strain distribution in NPG appears
“random” [Fig. 4(b)], unlike the “tidy” strain distribution in PCG [Fig.
4(c)]. In consequence of the staggered reflection in NPG ligaments
with different sizes, the convergence or divergence by irregular liga-
ments, and the propagation in the tortuous ligaments with different
orientations, the launched acoustic waves become divergent and out of
sync during propagation. Therefore, the strain distribution in NPG
becomes dispersive right after the uniform initial straining and then
gradually converges toward the oscillating average value, along with
the fast oscillation decaying. It corresponds to the atomic motion from
sync to random during the lattice expansion. In the frequency domain
it indicates the acoustic phonons with low coherence excited in NPG,
distinct from the coherent acoustic phonons in PCG.

For better understanding the dynamic behavior of the GHz
acoustic waves in NPG, we utilized the concept of driven damped har-
monic oscillators'' and developed a general description in frequency
domain (see Derivation in supplementary material). The acoustic
waves can be decomposed into the superposition of a set of eigenmo-
des which represent the driven damped harmonic oscillators. The dis-
placement of 1 th eigenmode u,,(r, t) can be expressed as

un(rv t) = [Gn(t) + Pn(t)]Un (r), (7)

where U, (r) is the normalized displacement field, and G,,(¢) and P,(¢)
are the time-dependent amplitudes of general damped part and particu-
lar steady state, representing the damped acoustic phonon and its oscil-
lation center shift. The morphology of the laser excited objects
determines the allowed U, (r) and corresponding undamped angular
frequency w,,, which are subjected to the governing equation and the
stress-free boundary condition. For high symmetric objects, such as in-
plane-constraint plate, axial-constraint cylinder, and sphere, it gives

Wy = k,, VL (8)

and the required results when n = 2m — 1 or n = 2m,

sin(kym_17)  cos(kamr)
Uz (r) = sin(kyu—1R)’ Uzn(r) cos(kymR)
~ N(kamoar) _ Yi(kymr)
U1 (1) = T (ko 1R)’ Uz (1) Yy (konR) [ 9)
]l(kmelr) yl(kzm?’)
Uz = » Uam =
2 1(1’) ]l(k2m 1R) : (r) yl(kZmR)

where m is an integer; r is the distance from plate center plane, cylin-
der centerline, or sphere center point in Cartesian, cylindrical, or
spherical coordinate; R is the characteristic size of object, which is half
thickness for plate, radius for cylinder, or radius for sphere; J;, Y, and
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Jjx» ¥x are the Bessel functions and spherical Bessel functions of x order;
and k,, are the morphology-related wave vectors,

nm
ky = —

"7 2R
NT’!TC+TL'
T 2R 4R
NI’!TC+TE
"R 2R

Due to the structure difference between NPG and PCG, U,(r)
and corresponding w,, of excited acoustic phonons are distinct. In the
solid PCG film with a well-defined thickness, the out-of-plane acoustic
waves can be decomposed into the superposition of one-dimensional
coherent acoustic phonons with discrete frequencies. In contrast, the
lack of nanoscale structural periodicity in NPG allows more three-
dimensional acoustic phonon modes with a wide range of frequencies.
Therefore, the initially excited acoustic phonons with low coherence in
NPG correspond to a distribution of phonons, which is close to the
thermal distribution of dispersive phonon modes. The low coherence
refers to the gradual loss of synchronization of random atomic motion
in time domain, i.e., limited coherence time of acoustic phonons due
to a wide range of frequencies,w which leads to random atomic
motion. Thus, the increased damping of observed peak position oscil-
lations in NPG is predominantly due to dephasing of excited phonons
and not due to an increased inelastic damping which is described by
the Rayleigh damping factors in the FEM calculations. However, the
ignored phonons generated from the inelastic damping of initially
excited phonons, represented by the damping of G,(t), are conse-
quently more dispersive, accelerating the establishment of thermal
state. Therefore, the complex nanoporous structure of NPG promotes
dispersive phonon states and the establishment of equilibrium pho-
nons, namely, accelerates the dissipation of lattice expansion energy to
heat. The excitation of acoustic phonons is also morphologically domi-
nated, so the morphological inhomogeneity of the nanoporous struc-
tures of NPG also plays an important role in accelerating the energy
dissipation of GHz-THz acoustic waves, in addition to the known dif-
fraction, thermo-elastic damping, grain boundary scattering, so on. In
fact, the significant effect of bicontinuous nanoporosity on the high-
frequency elastic wave attenuation suggests that dealloyed nanoporous
metals with tunable pore sizes™ could be ideal materials as GHz and
THz acoustic filters and dampers.

In summary, we have studied the high-frequency acoustic
responses of free-standing NPG and PCG films by the MeV UED
technique and FEM simulations. By tracing the evolution of acoustic
waves in time domain and describing the acoustic phonons in fre-
quency domain, we found that the bicontinuous nanoporous structure
in dealloyed NPG films leads to three-dimensional and acoustic
response with low coherence, resulting in the full release and rapid
attenuation of GHz-THz acoustic waves by fast energy dissipation.
The nanostructure dominated acoustic phonon dynamics demon-
strates that 3D bicontinuous nanoporosity plays an important role in
the attenuation of high frequency elastic waves and shines a light on
the applications of dealloyed nanoporous metals as GHz and THz
acoustic filters and dampers in nanodevices and nanosensors.

ky (10)
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See the supplementary material for figures and derivation of
equations (PDF).
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