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Abstract 

The phenomenon of acoustic activation of surface diffusion is investigated in a combined 

computational and experimental study.  The ability of pulsed laser-generated surface acoustic 

waves (SAWs) to enhance mobility of small atomic clusters is demonstrated by directly tracking, 

with fluorescence microscopy, individual Au8 clusters moving on a (111) silicon substrate.  A 

19-fold increase in the effective diffusion coefficient is measured in room temperature 

experiments in the presence of SAWs generated by nanosecond pulse laser irradiation at 100 Hz 

repetition rate.  A strong enhancement of cluster mobility by SAWs is also observed in large-

scale molecular dynamics simulations of surface diffusion of small atomic clusters.  The analysis 

of the computational results demonstrates that the nonlinear sharpening of SAWs and the 

corresponding enrichment of the SAW spectra by high frequency harmonics capable of dynamic 

coupling to the cluster vibrations are responsible for the efficient acoustic activation of surface 

mobility in the simulations.  The increase in the effective diffusion coefficient is proportional to 

the number of the SAW pulses passing through the diffusion region per unit time and a dramatic 

4500-fold diffusion enhancement (corresponds to an equivalent temperature increase by ~103 K) 

is predicted in the simulations for 15 GHz SAWs.  The ability of SAWs to affect atomic-level 

surface processes has far-reaching implications for the design of new techniques where the 

acoustic energy serves as an effective substitution for thermal activation in applications where 

heating must be avoided or rapid switching of surface conditions is required. 
                                                 
* Corresponding author: lz2n@virginia.edu 
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I. INTRODUCTION 

Surface acoustic waves (SAWs) are actively used in many practical applications, 

including signal processing [1], chemical sensing [2,3], nondestructive evaluation of mechanical 

properties [4,5], and micro-scale manipulation of fluid flow in microfluidics devices [6,7].  

Moreover, there is growing experimental evidence of the ability of SAWs to affect surface 

processes at atomic/molecular level. In particular, SAWs and bulk acoustic waves interacting 

with surfaces have been shown to be able to substantially enhance the rates and selectivity of 

heterogeneous catalytic reactions [8-16], desorb molecules, atoms, and ions from surfaces 

[13,17-23], and facilitate surface diffusion of small atomic clusters [24].  These observations are 

surprising as there is a large mismatch between the relatively low frequencies of the acoustic 

waves, typically less than 100 MHz, and the vibrational frequencies characteristic of atoms and 

molecules on the surface, on the order of THz.  This frequency mismatch calls into question the 

contribution of the dynamic resonant coupling of the acoustic wave to surface vibrational states 

[19,21,25,26] and gives rise to the hypotheses based on the presumed presence of mesoscopic-

scale substructures/domains [10,12] that can effectively couple to a long-wavelength acoustic 

excitation, nano-scale stressed surface features that can release the stored strain energy in 

response to an acoustic activation, thus providing the needed extra energy for the desorption of 

molecules [22], or acoustically-induced variation of the spatial distribution of adsorbates to 

affect the surface reaction rates [15]. 

Modification of the binding energies and diffusion barriers of adsorbed species induced 

by the surface strain [27-33] has also been considered as a mechanism responsible for the 

acoustic activation of surface processes [16,34].  Indeed, a recent theoretical and computational 

analysis performed for linear (sinusoidal) elastic SAWs [35] suggests that a combined effect of 

the transient modification of the diffusion barriers and adiabatic temperature variation due to the 

periodic oscillations of the acoustic strain can lead to a noticeable enhancement of surface 

diffusion for large strain magnitudes and systems that exhibit strong strain dependence of the 

diffusion barriers [27-33].  The large surface strains (~10-2) required for reaching practically-

relevant levels of the diffusion enhancement and the strong quadratic scaling of the diffusion 

enhancement with the strain amplitude in the absence of nonlinear enrichment of SAW spectrum 

by higher harmonics [35], however, make the assumption of the linear SAW propagation 

questionable and suggest that nonlinear effects should be considered. 
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In this paper we report the results of a combined computational and experimental study 

targeted at resolving the long-standing question on the mechanism of the acoustic activation of 

surface processes.  A simple model system consisting of small atomic clusters moving on a 

substrate exposed to a SAW is considered in both simulations and experiments.  The 

experimental results provide the first direct experimental evidence of strong acoustic 

enhancement of surface mobility for molecular species.  The simulations also predict a dramatic 

increase in the diffusion enhancement and unequivocally link it to the nonlinear wave profile 

sharpening accompanied by the generation of high frequency harmonics that effectively couple 

to the vibrational modes of the clusters. The mechanistic insights into the key role of the 

nonlinear effects in the SAW-induced activation of surface processes provide guidelines for the 

design and optimization of a new class of applications in the areas of chemical catalysis, low 

temperature thin film growth, and mass spectrometry of heat sensitive molecules. 

II. EXPERIMENTAL METHOD 

The schematic of the experimental facility designed for the investigation of the effect of 

SAWs on surface mobility of small atomic clusters is shown in Fig. 1.  It comprises a high 

magnification (100X, 0.95 NA, through-air objective) imaging microscope with an electron 

multiplier CCD (EMCCD) camera for low light level detection, a 100 Hz repetition rate 6 ns 

pulse laser configured to generate two wavelengths (355 nm and 532 nm) simultaneously, a 

wafer-substrate holder mounted on top of a nm precision piezo-drive XY stage, spatial and 

spectral filters, optics for controlled metering of the laser power, and a computer which gathers 

image data from the EMCCD and synchronizes the experiment.  The whole apparatus is mounted 

on a vibration isolation table housed in a class 10,000 clean room that is temperature controlled 

to ± 1.1o C. 

Sample preparation and imaging.  The experiments are performed for mono dispersed 

Au8 clusters prepared on crystalline (111) silicon substrate (with native oxide).  The candidate 

cluster chosen is gold because it is sufficiently inert on native oxide and is used in numerous 

applications (e.g., optoelectronics, biorecognition, catalyst immobilization and catalysis).  The 

experiments are conducted in air, at room temperature and utilize a molecular tracking technique 

used in super resolution imaging microscopy [36-39]. Mono-dispersed Au8 clusters with a 

surface density range of ~3 – 9 × 10-2 μm-2  are generated directly on the silicon substrate by 532 
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nm pulsed laser ablation of 15 nm gold nanoparticles using the plasmon absorption band [40].  

The Au8 species are identified and tracked in high magnification imaging using well-known 

fluorescence signatures of Aun [41-44]. 

Generation of SAWs.  A pulsed Nd:YAG laser irradiation at 355 nm wavelength, 6 ns 

pulse duration, and 100 Hz repetition rate is used for the generation of the SAWs in lieu of a 

traditional piezoelectric transducer.  In addition to being a convenient non-mechanical contact 

approach, the optical generation of the SAWs provides flexibility in controlling the wave packet 

bandwidth by adjusting the laser focal spot size and pulse width [45,46].  The SAWs with plane 

fronts are generated by focusing laser pulses with a cylindrical lens (10 cm focal length) to form 

a rectangular spot with 5 mm length and 12-20 µm width (16 µm on the average).  The 

propagating plane fronts are not aligned with any particular crystallographic direction in the 

silicon substrate. Furthermore, of the two counter propagating plane fronts, the “forward” is 

directed toward the observation zone while the “backward” travelling wave is directed away by 

using an oblique edge in the cut silicon substrate.  

An incident laser fluence of 0.75 J/cm2 is chosen to be close but still below the ablation 

threshold (for single shot excitation), so that strong SAW pulses can be generated by repeated 

irradiation at the same location.  Note that further enhancement of SAWs by adding a sacrificial 

ablating layer (e.g., a liquid suspension of carbon particles [4,5,47]) cannot be applied in this 

study since the ablation debris field would disturb the image data acquisition. Consequently, the 

generation of strong SAWs is achieved by applying the maximum laser fluence possible that still 

allows for non-ablative multi-pulse irradiation of the substrate and ensures a high degree of 

localization of the initial laser energy deposition near the surface (the optical absorption depth at 

a wavelength of 355 nm is about 9 nm [48] and the absorbed energy is redistributed by heat 

diffusion within the depth of 0.5-1 μm during the laser pulse). 

Quantifying the mobility of Au8 clusters.  A statistically consistent data set for cluster 

mobility is assembled through a succession of process steps that starts by identification of an 

ensemble of clusters which are then followed by measurement of individual displacements after 

a time interval.  Details of this analysis are discussed in the Supplemental Material and below we 

only provide a brief overview of our approach.  Following the sample preparation and 

characterization, a 355 nm pulsed laser irradiates the sample to generate planar SAWs 6-12 mm 
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from the imaged region.  The laser is periodically blocked to allow capture of a sequence of 

“cluster-field” images of the fluorescent Au8.  The image fields are then analyzed to define 

particle location.  In the case when the diffusion coefficient is measured without SAWs (i.e., 

“natural/thermal diffusion”), the pulsed laser is blocked and additional steps are taken to further 

minimize the effect of room temperature fluctuations because of the need to acquire data over 

very long times (e.g., 13 hours to derive the longest experimental duration data point). 

The data analysis follows the steps commonly used in fluorescence digital imaging 

microscopy [36-38,49 ]. The image frames taken at specific times into the experiment are 

processed using an algorithm that selects only the fluorescent points that fit a single Gaussian 

intensity profile defined here as the point spread function of the emitter.  The cluster location 

(i.e., X - Y coordinates) is obtained from the fit.  The localization error is proportional to S/ρ1/2, 

where S is the standard deviation of the Gaussian fit and ρ is the photon count.  While a cluster-

field image may contain a large number of points, only those that fit the single Gaussian fit 

criteria are tracked.  The field of localized fluorescent emitters comprises a data set which is 

tracked as a function of time.  The displacement (ΔXi, ΔYi, and Δri = (ΔX2
i+ ΔY2

i)1/2) of each 

tracked emitter i is calculated from images taken at subsequent time intervals (Δt).  The 

calculated displacement error is about 11 nm per axis.  For the N clusters tracked we calculate 

the mean <Δri> that corresponds to the collective displacement or drift in the system.  The drift 

is then subtracted from the displacements Δri and the mean square displacement is calculated as 

( ) ( )∑
=

>Δ<−Δ=Δ
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i
ii rr
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1

21 .  A linear fit to the mean square displacements for several 

different time intervals is then used to obtain the diffusion coefficient D using the relationship 

tDMSD Δ= 4  [49]. 

III. EXPERIMENTAL EVIDENCE OF THE DIFFUSION ENHANCEMENT BY SAWs 

Figure 2 presents the mean square displacement (MSD) of the tracked Au8 clusters 

plotted as a function of time for three independent experiments in which the clusters are 

monitored at 12 mm from the SAW source, 6 mm from the source, and with no SAW excitation.  

The slopes of the lines representing the best linear fits to the data points can be related to the 

diffusion coefficient, tMSDD Δ= 4/ , where MSD is evaluated for time interval tΔ .  In the 

absence of SAW, the thermally mediated diffusion is characterized by a D = 8.56×10-17 cm2/s, 
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whereas the effective diffusion coefficients in the presence of acoustic activation are D = 

1.64×10-15 cm2/s at 6 mm from the source and D = 1.46×10-15 cm2/s at 12 mm from the source.  

While there have been no prior studies of thermal diffusion of Au8 on Si, the measured values of 

D are typical for few atom cluster species [50] and suggest that the Au8 clusters do not react with 

the native oxide surface and retain their integrity in the course of the experiments. 

Two startling conclusions arise from the experimental evaluation of the diffusion 

coefficients.  First, laser excitation of SAWs leads to a pronounced 19-fold increase in the 

diffusion coefficient with respect to the thermal diffusion.  Second, the measured diffusion 

coefficient at 12 mm is nearly that as measured at 6 mm from the source which would argue a 

small attenuation coefficient of the relevant SAWs.  Unlike for continuous thermal activation, for 

SAWs the diffusion is only affected during the passage of the waves through the probe area.  

Given a 100 Hz laser repetition rate and a pulse duration of 6 ns, over the course of the 30-780 

minute exposures used in the experiment, the acoustic source is active for mere milliseconds.  

This observation, combined with the relatively low frequencies of initially excited SAWs, less 

than 166 MHz, makes it impossible to explain the strong enhancement of surface mobility with 

existing physical models that only consider the effect of linear SAWs [35].  The experimental 

data, therefore, motivate the computational effort reported below, where nonlinear acoustic 

effects are fully accounted for. 

IV. COMPUTATIONAL MODEL 

 In order to reveal the atomic-level mechanisms responsible for the pronounced acoustic 

enhancement of the surface mobility, we perform a series of large-scale molecular dynamics 

(MD) simulations of surface diffusion of small atomic clusters in the presence of SAWs.  In 

contrast to the earlier MD simulations of SAWs [35,51], where the close-to-sinusoidal wave 

profiles are generated and maintained through dynamic boundary conditions, the simulations of 

free nonlinear wave propagation require much larger computational systems and a careful choice 

of the initial and boundary conditions.  These technical difficulties have prevented the 

application of atomistic simulations for the investigation of nonlinear SAWs so far.  At the same 

time, the ability of MD simulations with anharmonic interatomic potentials to naturally 

reproduce the nonlinear sharpening of SAWs, their dissipation and interaction with surface 

adsorbates presents a clear advantage over continuum modeling, as the latter involves a number 
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of assumptions and approximations [4,5,52].  A brief description of the MD model developed for 

the first atomistic simulations of free (non-linear) propagation of SAWs is provided below. 

Choice of the computational system.  Given the uncertainties as to the exact structure of 

the cluster, its interaction with the substrate, the effect of the exposure to ambient atmosphere 

and presence of surface defects, as well as the length- and time-scale limitations inherent to the 

MD simulations, we do not attempt to quantitatively mimic the experimental conditions in the 

simulations.  Rather, we choose the parameters of the model so that the key physical features of 

the experimental system are reproduced.  Namely, (1) on the short time-scale of the MD 

simulations, the clusters remain motionless at the surface in the absence of SAWs, (2) the 

acoustic activation of cluster mobility does not lead to cluster decomposition or any significant 

changes in the shapes of the clusters, and (3) there is no surface modification or any structural 

damage to the substrate under conditions of the simulations. 

Parameters of the computational system.  The system used for the MD simulations 

consists of a substrate with face centered cubic (fcc) structure and several clusters composed of 

10 atoms each placed on (001) surface of the substrate, as schematically shown in Fig. 3(a).  The 

minimum distance between the clusters is chosen so that they do not have any chance to meet 

each other during their diffusional motion on the surface in any of the simulations.  The 

computational system has dimensions of Lx×Ly×Lz = 600×5×1800 fcc unit cells and consists of 

21.6 million atoms.  The periodic boundary conditions are applied along x and y directions that 

are parallel to the free surface of the substrate and a rigid boundary condition is applied at the 

bottom of the substrate. 

Interatomic potential.  The interatomic interactions in the computational system are 

described by the Lennard-Jones (LJ) potential with parameters σ and ε defining the length and 

energy scales in the substrate.  A cutoff function [53] is used to ensure that the interactions 

vanish at a cutoff distance of 3σ.  The LJ parameters for the interactions between the atoms in the 

clusters are σcc = 0.60σ and εcc = 3.72ε, whereas the parameters for cluster-substrate cross-

interactions are σcs = σ and εcs = 0.5ε.  The mass of an atom in a cluster is mc = 1.74m, where m 

is the mass of an atom in the substrate.  All the physical quantities obtained in the simulations are 

expressed in reduced units scaled by the LJ length and energy parameters, σ and ε, and atomic 

mass m used for the substrate. 
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Generation of SAWs.  The SAWs are generated on thermally equilibrated substrates by 

assigning instantaneous displacements and additional velocities to all atoms in the systems 

according to the analytical expressions for the continuous periodic unidirectional Rayleigh wave 

propagating along [100] direction on (001) surface in an fcc crystal [54].  The velocities due to 

the wave are added to the thermal velocities of the atoms.  Following the initialization, the waves 

are allowed to evolve freely in dynamic simulations.  The SAW propagates along x direction, 

and the choice of Lx thus defines the spatial periodicity of the simulated nonlinear SAW. 

The strain magnitude of the initial sinusoidal SAWs is chosen to be 0.02, which is more 

than 30% below the threshold for the onset of damage (plastic deformation) to the substrate. At 

the same time, the initial wave magnitude is sufficiently large to enable computationally efficient 

exploration of the effect of the acoustic activation of surface diffusion within the relatively short 

time-scale accessible to MD simulations. In particular, the time (or distance traveled by the 

wave) needed for the non-linear sharpening of the wave scales inversely with the initial strain 

magnitude [55] and the relatively high strength of the wave makes it possible to explore the 

effect of the shock front formation of the diffusion enhancement in the atomistic simulations. 

Diffusion coefficient:  The thermally and acoustically-activated surface mobility of the 

clusters is characterized by the diffusion coefficient D calculated from the time dependence of 

the mean square displacement of the cluster center of mass: 
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r  is the true “unfolded” (unaffected by the 

periodic boundary conditions) position of the center of mass of cluster i at time t and Ni is the 

number of independent cluster trajectories obtained in the simulations.  To collect statistically 

reliable information on the diffusion in the presence of SAWs, 10 simulations yielding a total of 

Ni = 835 independent trajectories of atomic clusters are performed.  The duration of each 

simulation is 6720τ, where ( ) 2/12 / εσ=τ m .  Since the wave shape changes during the nonlinear 

propagation and dissipation, the total simulation time is divided into sixteen 420τ-long intervals 

and the values of D are evaluated for each time interval. 

 Thermally-activated diffusion:  The diffusion barrier for thermally activated diffusion, 

without SAWs, is calculated to be equal to 0.421ε by performing three series of simulations at 

different temperatures and fitting the corresponding values of D to the Arrhenius equation, Fig. 
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3(b).  An extrapolation of the Arrhenius dependence to a lower temperature of 0.036ε/kB, at 

which all simulations with SAWs are performed, yields D = 3.5×10-7 σ2/τ that corresponds to 

about one jump per 106 τ.  This estimation confirms that within the simulation time of 6720τ the 

probability of thermally-activated jumps is virtually zero. 

 Calculation of the frequency spectrum of SAW:  The spectrum of the SAW is analyzed by 

applying spatial Fast Fourier Transform (FFT) with Hanning window function to the 

instantaneous displacements of the surface in x direction caused by the SAW.  The instantaneous 

displacements of substrate atoms with respect to their positions in an ideal crystal are averaged 

over surface subdomains with sizes of one unit cell in x direction and 4 unit cells in z direction.  

The pattern of the subdomains displacements obtained for one wave period is replicated to 

produce 214 data points for the FFT.  To further suppress thermal noise, the final spectrum is 

additionally averaged over 10 independent MD simulations and an exponentially weighed 

moving average filter with an effective window size of 200τ is applied in the time domain. 

V. ATOMISTIC SIMULATIONS OF THE EFFECT OF NONLINEAR SAWs ON 

SURFACE DIFFUSION 

The mechanisms of acoustic activation of surface diffusion are investigated in a series of 

MD simulations of SAWs propagating on a substrate equilibrated at a temperature of 0.036ε/kB.  

In Fig. 4(a) a representative trajectory is shown for a cluster located on a substrate exposed to 

SAW.  The cluster exhibits an active motion despite the negligible contribution of thermal 

diffusion expected at the temperature of 0.036ε/kB.  Actually, the diffusion length in the 

acoustically activated diffusion is comparable to that of thermal diffusion but at almost four 

times higher temperature, 0.136ε/kB, Fig. 4(b).  A notable difference between the two 

trajectories, however, is that the acoustically activated motion of the cluster in Fig. 4(a) starts not 

from the beginning of the simulation, but at a time of around 2000τ, where ( ) 2/12 / εσ=τ m .  Note 

that since periodic boundary conditions are applied along the direction of SAW propagation, the 

increasing time in the simulations corresponds to the linearly increasing distance from the source 

of the wave in the experiments. 

The changes in the cluster mobility in the course of the nonlinear SAW propagation are 

clearly revealed in Fig. 5, where the effective diffusion coefficients calculated for the 16 time 
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intervals during the simulations are plotted.  The distinct stages of the time dependence of the 

diffusion coefficient can be correlated with the evolution of the SAW profile illustrated in Fig. 6.  

During the first 1500τ, the diffusion coefficient remains below the level that can be resolved in 

the MD simulations while the wave profile gradually evolves from the initial sinusoidal shape 

generated at the beginning of the simulations, Fig. 6(a), to a shape with an increasingly steep 

front. 

Starting from around 1500τ, the diffusion coefficient rapidly goes up (point B in Fig. 5) 

and reaches its peak value at around 3200τ (point C in Fig. 5).  The maximum value of the 

diffusion coefficient is about 1.6×10-3 σ2/τ that signifies more than 4500-fold increase with 

respect to the thermal diffusion at the substrate temperature of 0.036ε/kB.  The temperature 

required to induce an equivalent diffusion by thermal activation is 0.132ε/kB which is about 3.7 

times higher than the actual substrate temperature maintained in the simulation.  The plots of the 

wave profiles shown in Figs. 6(b) and 6(c) demonstrate that the onset of the cluster motion 

coincides with sharpening of the SAW and generation of a shock front.  The pronounced cusp 

formed on the compressive side of the wave profile [Fig. 6(c)] is related to nonlocal nonlinearity 

of SAWs [56].  The increase of the strain magnitude above the initial level in the course of the 

shock front formation is a distinct feature of SAWs that is not observed for bulk waves, whereas 

the appearance of small oscillations near the shock front is typical for a medium with dispersion. 

During the next stage of SAW profile evolution, after 3200τ, the wave amplitude and the 

shock front sharpness are decreasing due to the strong dissipation near the wave front, Fig. 6(d). 

The dissipation results in the exponential decrease of the cluster mobility, Fig. 5. However, 

despite the substantial attenuation of the wave by the time of 6500τ, the diffusion coefficient at 

this time still remains almost 1000 times higher than the one for thermally activated diffusion.  

By extrapolating the exponential decay of D beyond the time of the simulation, it can be 

estimated that the cluster mobility becomes comparable to the one characteristic of thermal 

diffusion only at around 20000τ. 

To explain the connection between the SAW shock front formation and the sharp rise in 

the surface mobility, a detailed analysis of the cluster vibrations and the evolution of SAW 

spectrum is undertaken.  The spectrum of thermal vibrations of the cluster on the surface reveals 

two main resonance peaks at about 0.13τ-1 and 0.24τ-1 for horizontal (parallel to the surface) 
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vibrations and higher frequencies for oscillations in the vertical direction.  Therefore, harmonics 

with a minimum frequency of about 0.13τ-1 must be generated for direct resonant excitation of 

cluster vibrations. 

The generation of high frequency harmonics in the process of SAW front sharpening can 

be tracked in the frequency domain by applying Fourier Transform to the instantaneous 

displacements of the surface in x direction caused by the SAW (see Section IV). The four 

representative spectra shown in the right frames of Fig. 6 demonstrate that the nonlinear 

propagation of a SAW with an initial frequency of 0.0055τ-1 can result in dramatic changes in the 

spectral composition of the wave. The spectra are shown in units of the maximum acceleration 

for each frequency harmonic to reflect the corresponding forces acting on the adsorbed cluster. 

The generation of high frequency harmonics due to the wave front sharpening causes excitation 

forces acting at high frequencies, including the cluster resonance frequency marked by green 

arrow. These forces are rather strong, i.e., comparable to the force acting at the fundamental 

frequency of the initial wave. When the shock front is fully developed, the harmonics with 

frequencies as high as 0.5τ-1 (corresponds to 1.4 THz with the scaling discussed below) can be 

generated. 

The three curves in Fig. 7 show the evolution of the amplitudes of three harmonics 

marked by arrows in both Fig. 6 and the inset of Fig. 7. The green solid line is for the harmonic 

that corresponds to the resonance frequency of the cluster, 0.132τ-1, whereas the red and blue 

dashed lines are for the harmonics with lower and higher frequencies, 0.05 and 0.22τ-1, 

respectively.  It is remarkable that the amplitude of the resonance harmonic starts to rise at 

around 1500τ, which is exactly the time when the cluster diffusion coefficient exhibits the sharp 

increase in Fig. 5.  The amplitude of the resonant harmonic reaches its maximum value at around 

3000-3200τ, when the cluster mobility is at its maximum.  The following decrease of the 

amplitude correlates with the decrease of the cluster mobility after 3200τ.  This direct correlation 

between the evolution of the high frequency components of the wave spectrum and the diffusion 

enhancement strongly suggests that the latter can be attributed to the dynamic coupling of high 

frequency harmonics with the cluster vibrational modes.  The dynamic coupling has also been 

identified as a mechanism responsible for strong, 1-2 orders of magnitude, enhancement of 

surface mobility of an individual adatom by linear (sinusoidal) SAWs at frequencies that are 3-4 

times away from the direct resonance with the adatom vibrations [35].  This suggests that the 
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phenomenon of the diffusion enhancement due to the generation of high frequency harmonics in 

nonlinear propagation of SAWs is not specific to the diffusion of atomic clusters but is likely to 

be relevant to a variety of surface processes. 

VI. MAPPING COMPUTATIONAL PREDICTIONS TO EXPERIMENT 

The connection between the computational results and experimental observations can be 

established by converting the computational predictions from reduced to real physical units, 

using the LJ parameters of σ = 3.50 Å, ε = 0.534 eV, and m = 56.2 Da.  These parameters are 

fitted to the density of Si, 2.33 g/cm3 [57], and the velocity of a Raleigh wave on {001} Si 

surface along <100> direction, 4920 m/s [58], assuming that each atom in the fcc LJ crystal with 

a lattice parameter of 5.43 Å represents two Si atoms.  The time parameter and the SAW velocity 

are then ( ) ps 366.0/ 2/12 ≈εσ=τ m  and υ = 5.14 σ/τ ≈ 4920 m/s, respectively.  With these 

parameters, the SAW generated in the simulations have the initial wavelength λ = 600×5.43 Å = 

326 nm and frequency ν = υ/λ = 15 GHz.  During the time of a simulation, the SAW covers a 

distance of 6720τ×υ = 12 μm, and the estimated maximum range of the acoustic activation of 

surface diffusion is 20000τ×υ = 36 μm. 

For strongly nonlinear evolution of elastic waves, when the wave-energy dissipation 

mostly occurs after formation of shock front, the characteristic time- and, correspondingly, 

length-scale of the decay of a wave increase linearly with increasing wave period (or equivalent 

wavelength) [59].  Applying this reasoning for mapping the SAW dissipation observed in the 

simulations to the experimental conditions, the range of the acoustically affected diffusion can be 

expected to be on the order of 10 mm for the experimental values of ν ≈ 10 – 100 MHz [60] and 

λ ≈ 50 – 500 μm. Moreover, the inverse scaling of the shock formation distance with the initial 

acoustic strain [55] may further increase this range for the experimental conditions, where the 

strain amplitudes are likely to be much smaller than 1-2% recorded for SAWs generated in Si 

substrates with an assistance of ablative layers [4,5,47].  Indeed, similar scaling arguments 

suggest that the initial strain of the order or even smaller than 10-3 would be sufficient to produce 

the SAW front sharpening and shock front formation at the experimental length-scale of several 

mm and, consequently, to yield the diffusion enhancement through the mechanism predicted in 

the simulations.  The higher strain magnitude of the simulated waves was mainly needed to 
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ensure that the wave front sharpening takes place at a much shorter time-/length-scales 

accessible to the atomistic simulations. 

The computational prediction that the physical origin of the diffusion enhancement is the 

interaction of the diffusing species with the steep front of the nonlinear SAW can be used to 

relate the striking (more than 4500 fold) increase of the cluster diffusion coefficient in the 

simulations to a more moderate 19-fold increase observed in experiments.  The number of wave 

fronts passing through the diffusion region per unit time is defined by the frequency of the 

continuous wave generated in the simulations, 15 GHz, and by the laser repetition rate, 100 Hz, 

in the experiments.  The increase predicted in the simulations is from Dth = 3.5×10-7 σ2/τ for 

thermal diffusion without SAWs to Dmax = 1.6×10-3 σ2/τ at the maximum enhancement (Fig. 5). 

Using the scaling to Si substrate discussed above, this increase is from Dth = 1.2×10-9 cm2/s to 

Dmax = 5.4×10-6 cm2/s.  Since Dth << Dmax, it is reasonable to assume that the thermal 

contribution to Dmax is negligible and the acoustic activation is solely responsible for the high 

cluster mobility observed in the simulations.  Scaling the value of Dmax to the experimental 

repetition rate yields Dmax×100 Hz/15 GHz = 3.6×10-14 cm2/s, 22 times larger than the maximum 

value of the acoustically-enhanced diffusion coefficient evaluated from the experimental data for 

6 mm from the source, 1.64×10-15 cm2/s. Given the approximate semi-quantitative nature of the 

model and the lack of precise information on the strength of the SAWs generated in the 

experiments, the comparable orders of magnitude of the diffusion enhancements provide an 

additional support for the hypothesis that the same physical mechanism of the diffusion 

enhancement revealed in the simulations is also responsible for the experimental observations 

shown in Fig. 1.  Moreover, the linear scaling of the acoustically-activated diffusion 

enhancement with the number of the SAW fronts passing per unit time suggests that the existing 

sources of SAWs with frequencies on the order of tens of GHz [45-47] may create an equivalent 

of 103 K for surface diffusion under room temperature conditions. It is also apparent from the 

experimental results that an area on the order of a centimeter can be affected, thus increasing the 

practical use of the energy source. 

VII. SUMMARY 

A combined computational and experimental study of surface diffusion of small atomic 

clusters has revealed a dramatic enhancement of surface mobility under the action of SAWs.  
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The direct tracking of individual gold clusters on Si substrate by fluorescence microscopy 

demonstrates that the clusters can be moved by laser-generated SAWs under conditions when no 

thermally activated diffusion takes place.  A plausible explanation of these observations is 

suggested based on the results of large scale MD simulations performed for a model system that 

mimics the key physical characteristics of the experimental material system.  The analysis of the 

evolution of the SAW frequency spectrum reveals a direct connection between the diffusion 

enhancement and the generation of high frequency harmonics associated with the nonlinear wave 

sharpening and shock front formation.  The high harmonics reach frequencies typical of natural 

cluster vibrations and lead to an effective dynamic coupling between the acoustic wave and the 

cluster vibrational modes.  Scale up of the experimentally observed 19-fold diffusion 

enhancement for 100 Hz pulse repetition rate to higher rates (e.g., by circularly moving the laser 

spot around the observation region to avoid accumulation of heat) suggests that the SAW-

induced athermal increase of the diffusion coefficient by a factor of 102-103 is feasible even for 

the used, still not specially optimized experimental conditions.  Given the computational 

prediction on the key role the nonlinear sharpening of the wave profile plays in the activation of 

surface diffusion, the direction of the SAW may also be optimized to ensure the strongest 

nonlinear effects in the wave propagation on anisotropic substrates [64]. 

Other surface processes, such as desorption and chemical bond rearrangements may 

exhibit a similar sensitivity to the generation of high frequency harmonics in the nonlinear 

propagation of SAWs.  The phenomenon of the acoustic activation of surface processes, 

therefore, can be utilized in a range of practical applications where the thermal activation should 

be avoided.  In particular, the acoustic energy may serve as an effective substitution for heat in 

thin film growth on heat-sensitive substrates, cold desorption of fragile molecules for mass 

spectrometry analysis, or rapid switching of surface catalytic activity. 
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Figures and figure captions 

 

 

Figure 1.  A schematic of the experimental setup (left), a processed image that shows a “debris” 

field of Au8 species (upper right), and a schematic of the filter-cube with three filter 

combination used to spectrally resolve Au8 (lower right).  Time synchronization is initiated by a 

photodiode (PD). 
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Figure 2.  The mean square displacement plotted as a function of time for thermally-activated 

diffusion (no SAWs, red circles) and SAW-assisted diffusion in regions located 6 mm (blue 

rhombs) and 12 mm (black squares) from the SAW source.  The lines are linear fits of the data 

sets and the error bars show the standard error of the mean.  The inset shows a magnified view 

for small times.  The offset at zero time reflects the particle localization error inherent in optical 

microscopy measurements as discussed in the Supplemental Material. 
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(a)  (b)  

Figure 3.  A schematic representation of the MD computational system used in the simulations 

of free propagation of SAWs (a) and the Arrhenius plot of the diffusion coefficient for thermally-

activated surface diffusion of a small atomic cluster in the absence of SAWs (b).  In (a), the 

SAW propagates along x direction and the color shows an instantaneous pressure distribution for 

an initial sinusoidal SAW.  In (b), the error bars correspond to the estimated standard error of the 

mean and the fitting of the data to the Arrhenius equation yields the diffusion barrier of 0.421ε.  

The inset in (b) shows a fragment of the computational system with an atomic cluster (colored 

red) located on the surface of the substrate (colored blue). 
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Figure 4. The representative trajectories of the cluster center of mass recorded in simulations of 

SAW-induced diffusion at a temperature of 0.036ε/kB (a) and thermal diffusion at a temperature 

of 0.136ε/kB (b).  The scale is the same in both plots, the initial location of the clusters is at the 

origin of the coordinate system, and the trajectories are colored by time.  The local displacement 

of the surface due to the SAW is subtracted from the instantaneous position of the cluster in (a).  

The temperature of 0.036ε is too low to induce any thermally activated diffusion of the cluster on 

the timescale of the simulation.  Note that in (a) no jumps of the cluster take place before 

~1500τ, which is the approximate time of the shock front formation.  The SAW-induced cluster 

mobility after 2000τ is similar to that in the thermally activated diffusion at kBT = 0.136ε. 
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Figure 5. The effective diffusion coefficient at different stages of the evolution of SAW profiles.  

The equivalent scale of the effective temperature that would yield the corresponding diffusion 

coefficients by thermal activation is shown on the right side.  Each data point is the result of 

averaging over 835 independent trajectories of atomic clusters and the error bars show the 

estimated standard error of the mean.  The dashed line is a guide to the eye connecting the data 

points for time earlier than 3200τ.  The solid line is the result of an exponential fit to the data 

points after 3200τ (the exponential time constant is about 2400τ).  The instantaneous shapes of 

the SAW profiles that correspond to the data points a), b), c), and d) labeled in the plot are shown 

in Fig. 6. 
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Figure 6.  The instantaneous strain profiles (left) and the corresponding frequency spectra (right) 

predicted in a MD simulation of free propagation of a SAW with an initial strain amplitude of 

0.02.  In the frequency spectra, the maximum accelerations for different frequency harmonics are 

shown to illustrate the corresponding excitation forces acting on the surface adsorbates.  The 

dashed red, solid green, and dashed blue arrows mark the harmonics with frequencies of 0.05τ-1, 

0.132τ-1, and 0.22τ-1, respectively, for which the evolution of amplitudes is shown in Fig. 7.  The 

wave profile in (a) is close to the initial sinusoidal wave generated at the beginning of the 

simulation.  As the SAW propagates, it exhibits sharpening of the wave profile (b) and the 

development of a shock front with a pronounced cusp formed at the compressive side of the 

wave profile (c).  After the strain amplitude of the cusp reaches its maximum at ~3200τ (c), the 

magnitude of the wave starts to decrease due to the intense dissipation in the vicinity of the 

shock front (d). 



26 

 

Figure 7. The evolution of the amplitudes of three high frequency harmonics during the 

nonlinear SAW propagation.  The inset in shows a representative frequency spectrum of a SAW 

for a time of 3200τ.  The dashed red, solid green, and dashed blue curves correspond to 

harmonics with frequencies of 0.05τ-1, 0.132τ-1, and 0.22τ-1, respectively.  These frequencies are 

also marked by arrows in the inset and in the right panels in Fig. 6.  The simulations are 

performed at a temperature of 0.036ε/kB and the contribution of the thermal atomic vibrations to 

the spectrum shown in the inset is below 10-5σ for all harmonics. 


