Acoustic processes in materials
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The coupling of acoustic energy with materials structures and processes is at the core of such
current and emerging application areas as ultrasound-enabled materials characterization,
structuring, and processing. High concentration of acoustic energy, such as upon the collapse
of a cavitation bubble, has been shown to provide conditions for the synthesis of unusual
material phases and structures, while intriguing reports on acoustic activation of surface
diffusion, desorption, and catalysis hold high promise for applications where heating must be
avoided or rapid switching of surface conditions is required. Some of the recent scientific and
technical advances in the general area of acoustically enabled materials synthesis, processing,
and characterization are reviewed in this issue of MRS Bulletin. Additional discussion of
experimental data and computational results providing insights into the fundamental
mechanisms and channels of the acoustic energy coupling to atomic-scale surface features

Introduction
The generation and probing of acoustic waves of different
types, such as bulk longitudinal or transverse/shear waves and
surface/Rayleigh waves, are used in many well-established
applications, including nondestructive testing and mate-
rial characterization,' signal processing,” dry laser cleaning,’
chemical sensing,* and manipulation of fluid flow in micro-
fluidics devices.’ New opportunities that could expand the
range of acoustically enabled applications are emerging from
exploratory studies that report the ability of acoustic energy
to drive rearrangement of crystal defects,®’ induce crystal-
lization in amorphous materials and thin films,*? and affect
atomic rearrangements'®"" and chemical reactions'>"* on sur-
faces. “Traditional” application areas, such as nondestructive
detection/evaluation of material heterogeneities and defects,
are also experiencing a revival due to the development of
new techniques that enable in situ monitoring of subsurface
microstructure evolution with high temporal and spatial reso-
lutions, as well as advanced approaches that take advantage
of nonlinear acoustic effects to achieve a dramatic boost in the
structural sensitivity and spatial resolution of acoustic micros-
copy. Many of these new developments have the potential for
making a strong impact on acoustically assisted material pro-
cessing and in situ/in operando material characterization.
The articles in this issue of MRS Bulletin are focused on
some of the most promising and intriguing developments in
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and adsorbates is also provided in this article.

the area of acoustically enabled materials synthesis, process-
ing, and characterization, which are likely to be of interest
to a broad expanse within the materials R&D communities.

Advanced methods of acoustic materials
characterization

Recent improvements in the sensitivity and spatial resolution
of acoustic nondestructive evaluation methods are largely
achieved through utilization of nonlinear acoustic effects, as
discussed in the article by Zaitsev'® in this issue. Starting from
a brief overview of conventional linear acoustic diagnostic
techniques (pulse-echo, resonance-based methods), the article
proceeds with a broad overview of different types of nonlinear
acoustic response and provides examples of the manifestation
of nonlinear effects in acoustic probing of heterogeneous
materials that exhibit a structure-induced “mesoscopic” acous-
tic nonlinearity. The applications of nonlinear acoustic prob-
ing range from characterization of nanoscale heterogeneities,
such as dislocation structures, to identification of microcracks
and granular materials, to macroscopic nondestructive testing
of engineering structures, and to seismic studies performed at
a scale of kilometers.

Among the many methods for the generation of acoustic
waves, photoacoustic techniques stand out for their noncontact
nature and flexibility, enabling creative design of experimen-
tal setups tuned to practical application needs. An example of
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a photoacoustic technique that targets in situ characterization
of the evolving subsurface microstructure in samples exposed
to high levels of radiation damage is provided in the article by
Hofmann et al. in this issue.!” They present the laser-induced
transient grating spectroscopy technique where the optical
generation and probing of surface acoustic waves (SAWs) is
used for analysis of microstructure evolution on the sub-
microsecond time scale and with tunable depth resolution.

Materials synthesis in a cavitation bubble

While the acoustic waves in the applications discussed so
far serve as the agency for nondestructive probing, a high
concentration of acoustic energy can also result in material
modification, damage, or even synthesis of new phases and
nanomaterials. In particular, the collapse of an optically or
acoustically generated bubble within a liquid can create pres-
sure and temperature conditions that are amenable to chemi-
cal synthesis (so-called “sonochemistry”)'®!” or a significant
modification of the material confined within the collapsing
bubble via both chemical and physical phenomena.?® The
Barcikowski et al. article?! in this issue brings together four
experts in complementary research areas—nanoparticle syn-
thesis by laser ablation in liquids, time-resolved probing of
laser-induced phase transformations in colloidal nanoparti-
cles, acoustic cavitation and sonochemistry, and laser-induced
bubble dynamics. It provides a comprehensive and authorita-
tive overview of the complex and multifaceted cavitation phe-
nomenon that to a large extent controls the material synthesis
in ultrasonic sonochemistry and laser ablation in liquids.

Acoustic activation of surface processes

In general, acoustic waves are not expected to directly affect
atomic or molecular-level surface processes, such as diffu-
sion, desorption, or chemical reactions. The large frequency
mismatch between acoustic waves (typically <100 MHz) and
vibrational states of surface species (on the order of THz)
seemingly excludes the possibility of dynamic coupling of
acoustic waves to surface processes. The periodic perturba-
tions of the surface energy landscape associated with acoustic
strain are generally small and should also have negligible
effect on surface mobility or binding energy of

surface waves), but also to the crystallographic surface
orientation. The large magnitude of acoustic enhancement
of chemical reactions, demonstrated under properly chosen
experimental conditions, suggests that the acoustic stimu-
lus can be effective in promoting heterogeneous catalysis.
The article by Ma et al.*° provides compelling experimen-
tal evidence of acoustically induced ejection/desorption of
atoms, molecules, and particles from a thin layer of solid
sample deposited on a surface of a metal foil that is irradi-
ated from the back side by a high-energy pulsed laser beam.
Possible mechanisms responsible for the ejection of mol-
ecules are discussed and the advantages of this method for
“cold” desorption of heat-sensitive organic molecules in the
context of mass spectrometry are demonstrated.

Mechanisms of the acoustic activation of
surface processes

Despite the intriguing nature and potential practical impor-
tance of the experimental observations of the enhancement of
surface catalysis, diffusion, and desorption by acoustic waves,
reliable theoretical interpretation of these results is currently
lacking. In the case of ejection from a continuous micrometer-
thick molecular layer deposited on a metal foil, used in the
laser-induced acoustic desorption setup discussed in the article
by Ma et al.** in this issue, the ejection process may be driven
by the direct dynamic interaction of the laser-induced stress
wave with the sample layer, in a manner similar to dry laser
cleaning® or the laser-induced forward-transfer technique used
for controlled material deposition.’!

For individual atoms, molecules, and small clusters, such
as the ones shown in Figure 1, however, the large frequency
mismatch between the surface species and acoustic waves
calls into question the contribution of the dynamic resonant
coupling of the energy of an acoustic wave to surface vibra-
tional states. The absence of an obvious explanation of the
experimentally observed acoustic activation of surface pro-
cesses gives rise to a range of (largely speculative) hypotheses.
Some of those are based on the presumed presence of
mesoscopic-scale substructures/domains'® that can effectively
couple to a long-wavelength acoustic excitation or nanoscale

an adsorbate. Surprisingly, however, there has
been a steady growth in experimental evidence
of the ability of surface and bulk acoustic waves
interacting with surfaces to substantially enhance
the rates and selectivity of heterogeneous cata-
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These results are reviewed in two articles
in this issue of MRS Bulletin. The article by
Inoue® is focused on the effects of acoustic
waves on chemisorption and surface reactions,
which are shown to be sensitive not only to the
nature of the acoustic activation (bulk versus
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Figure 1. Schematic representation of atomic-scale surface processes (diffusion,
desorption, and chemical reactions) that can be activated by surface or bulk acoustic
waves generated through optical excitation.
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stressed surface features that can release the stored strain
energy in response to an acoustic activation, thus providing
extra energy needed for the desorption of molecules.?® Others
suggest that acoustically induced variation of the spatial dis-
tribution of adsorbates may affect the surface reaction rates.'*

Modification of binding energies and diffusion barriers of
adsorbed species induced by the surface strain®?- has also
been considered as a mechanism that may be responsible
for the acoustic activation of surface processes.'* Indeed, a
detailed theoretical and computational analysis performed for
linear (sinusoidal) elastic SAWs* suggests that a combined
effect of the transient modification of the diffusion barriers
and adiabatic temperature variation due to the periodic oscil-
lations of the acoustic strain can lead to a noticeable enhance-
ment of adatom surface diffusion for large strain magnitudes
and systems that exhibit strong strain dependence of the dif-
fusion barriers. Moreover, theoretical analysis®” suggests that
structuring of surface adatoms in the presence of standing
SAWs can also be achieved, thus suggesting an attractive
route for acoustic control of surface self-assembly without
permanent modification of the substrate. The large surface
strains (~107?) required for reaching practically relevant levels
of the diffusion enhancement and the strong quadratic scal-
ing of the diffusion enhancement with the strain amplitude in
the absence of nonlinear enrichment of the SAW spectrum by
higher harmonics, however, make the assumption of the linear
SAW propagation questionable and suggest that nonlinear
effects should be considered.

The role of nonlinear effects

The notion of the relevance of nonlinear effects (see the article
by Zaitsev'® in this issue) to the acoustic activation of surface
processes is supported by a joint experimental-computational
study of surface diffusion of small atomic clusters,'" where
a dramatic diffusion enhancement by SAWs was observed
experimentally, as illustrated by the plots of the mean square
displacement (MSD) of Aug clusters moving on a (111) silicon
substrate with and without SAWs (Figure 2). The slope of the
MSD versus time dependence is proportional to the surface
diffusion coefficient, and the data shown in Figure 2 demon-
strate a 19-fold increase in the cluster mobility in the presence
of laser-generated SAWSs. The results of large-scale molecular
dynamics simulations'" clearly link the diffusion enhancement
to the nonlinear sharpening of the wave profiles®® (Figure 2c¢),
which can be described in terms of the generation of high fre-
quency harmonics (Figure 2d) that effectively couple to the
vibrational modes of the clusters (the cluster resonance fre-
quency is marked by the green arrow in Figure 2d).

Indeed, as can be seen from the changes in the cluster dif-
fusion coefficient with time of SAW propagation (Figure 2b),
the diffusion coefficient remains low initially, when the wave
profile is close to a sine function. Starting from around 1500 t
(t is a unit of time used in the simulation'!), however, the dif-
fusion coefficient rapidly increases and reaches a maximum
value that is more than 4500% higher than the value of thermal
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diffusion at the temperature of the substrate. This enhance-
ment of surface diffusion corresponds to an equivalent
increase of the substrate temperature by a factor of about 3.7.
The plots of the wave profiles shown in Figure 2¢ demonstrate
that the large mobility enhancement coincides with sharpen-
ing of the SAW profile and generation of a shock front. During
the subsequent propagation of the SAW, the wave amplitude
and the shock front sharpness decrease due to the strong dis-
sipation near the wave front, as the high-frequency harmonics
associated with the shock formation efficiently couple with
thermal phonons. Nevertheless, despite a substantial attenu-
ation of the wave by the time of 6500 1, and the correspond-
ing decrease of the cluster mobility, the diffusion coefficient
remains almost 1000x higher than that of the thermally acti-
vated diffusion. The direct correlation between the evolution
of the high frequency components of the wave spectrum and
the diffusion enhancement suggests that the latter can be attrib-
uted to the dynamic coupling of high-frequency harmonics
with the cluster vibrational modes that facilitates an effective
transfer of the acoustic energy to the cluster motion.

The interactions of a nonlinear wave with surface adsor-
bates, atomistic/mesoscopic heterogeneities, and defects are
likely to strongly affect the evolution of the wave itself, thus
resulting in a mutual feedback between the acoustic activation
of surface processes and the frequency-dependent dissipation/
generation of the wave harmonics. In general, the results of
the simulations and experiments suggest that the nonlinear
sharpening of the acoustic waves may play an important
role in the activation of atomic-scale surface processes, and
the nonlinear effects should be considered, along with other
mechanisms discussed in articles by Inoue” and Ma et al.*
in this issue, in the interpretation of the highly intriguing,
but not yet fully understood experimental evidence of the
acoustic enhancement of surface processes.

Concluding remarks

The diversity of the physical and chemical processes that can
be activated or enhanced by an acoustic stimulus, as well
as a wide range of current and emerging applications already
utilizing acoustic waves for materials characterization, syn-
thesis, and modification, discussed in the articles in this issue
of MRS Bulletin, suggest that the delivery and manipulation
of acoustic energy is likely to play an increasingly important
role in materials science and engineering. Progress in the incor-
poration of the acoustic methods into mainstream materi-
als synthesis and processing techniques requires significant
advancement in the fundamental understanding of the interac-
tion of acoustic waves with different elements of the material
microstructure, particularly in the nonlinear regime, as well as
the mechanisms of acoustically induced structural and phase
transformations. This progress can only be achieved through
stronger interdisciplinary interactions between the materials
research community and researchers working in areas as dis-
parate as nonlinear acoustics, cavitation and bubble dynamics,
seismology, ultrasonic imaging, and surface chemistry.
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Figure 2. Acoustic activation of surface diffusion of small atomic clusters by surface acoustic waves (SAWs) (a) observed experimentally,
and (b) predicted in a series of large-scale molecular dynamics simulations. The acoustic activation of surface diffusion is related to the

(c) formation of a shock front and (d) generation of high-frequency harmonics capable of direct energy transfer to the clusters adsorbed

on the surface. The plot in (a) shows the evolution of mean square displacement (MSD) of individual Au, clusters moving on a (111) silicon
substrate as a result of thermally activated diffusion (no SAWs, red circles) and SAW-assisted diffusion in regions located 6-mm (blue
rhombus) and 12-mm (black squares) from the SAW source. The plot in (b) shows the evolution of the cluster diffusion coefficient with time
of SAW propagation, with the equivalent scale of the effective temperature, T, which would yield the corresponding diffusion coefficients
by thermal activation shown on the right side of the plot. The inset in (b) depicts a schematic representation of the computational system
colored by an instantaneous pressure distribution produced by an initial sinusoidal SAW, where the color varies from red (compression) to
blue (tension). (c, d) (Left to right) The temporal evolution of the SAW profile and corresponding harmonics in the wave spectrum predicted
in the simulations. Lennard-Jones units are used in (b—d)." Note: D, diffusion coefficient; kg, the Boltzmann constant; T, temperature of the

substrate; v, frequency; 1, ¢ unit of time; o, energy and length parameters of Lennard-Jones potential.
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