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ABSTRACT: The idea of acoustic activation of surface
diﬀusion is explored theoretically and in atomistic simulations.
It is found that a substantial diﬀusion enhancement by surface
acoustic waves is possible via (1) transient surface straininduced modiﬁcation of the diﬀusion barriers, (2) adiabatic
variation in the surface temperature, and (3) dynamic coupling
of the acoustic waves with vibrational states of adsorbed
species. The approximate scaling laws describing the ﬁrst two
eﬀects are established and veriﬁed in kinetic Monte Carlo
simulations. The combined contribution of all three eﬀects is
studied in molecular dynamics simulations, and the conditions
for the diﬀusion activation through the dynamic coupling are elucidated. The acoustic enhancement of surface diﬀusion provides
an attractive alternative to thermal activation in thin ﬁlm growth on heat-sensitive substrates.

1. INTRODUCTION
The ability of surface acoustic waves (SAWs), or Rayleigh
waves, to propagate and transfer energy along a thin (several
wavelengths deep) surface layer of substrate with little
dissipation has been utilized in a number of applications
ranging from nondestructive evaluation of mechanical properties and surface defects 1−3 to micro- and nanoscale
manipulation of particles, biomolecules, and ﬂuid ﬂow in
microﬂuidics devices.4,5 At the atomic level, however, the ability
of SAWs to directly aﬀect surface mobility of individual
adatoms or adsorbed molecules remains largely unexplored.
The lack of attention to the acoustic activation of surface
diﬀusion can be explained by an intuitive expectation that, due
to the large frequency mismatch between SAWs and vibrational
states of the adsorbed species, the possibility of dynamic
coupling of SAWs to the adsorbates can be excluded, whereas
periodic perturbations of surface energy landscape associated
with the acoustic strain should have a negligible eﬀect on
adatom mobility. This intuitive reasoning, however, comes into
conﬂict with emerging experimental evidence of substantial
enhancement of surface catalysis6−11 and molecular desorption12−17 by acoustic waves, as well as recent observation of
SAW-induced directional motion of small atomic Au clusters on
a Si substrate.18 These intriguing results call for a detailed
analysis of the acoustic activation of atomic-level surface
processes.
The results of a theoretical and computational investigation
reported in this paper demonstrate that the enhancement of
surface diﬀusion under the action of acoustic waves can reach
tens and hundreds of percents. The mechanisms responsible for
the enhancement of the surface diﬀusion of adsorbed atoms
and the degree to which the diﬀusion can be aﬀected/
controlled by SAWs are revealed in a systematic study that
© 2013 American Chemical Society

combines theoretical analysis with kinetic Monte Carlo (kMC)
and molecular dynamics (MD) simulations. The prospects for
the acoustic activation of surface diﬀusion illuminated in this
study suggest an attractive alternative to the thermal activation
in thin ﬁlm growth on heat-sensitive substrates.

2. MECHANISMS OF ACOUSTIC ACTIVATION OF
SURFACE DIFFUSION
The modiﬁcation of surface diﬀusion by SAWs can be realized
through the following three mechanisms: (1) modiﬁcation of
the diﬀusion barriers through transient variation of surface
strain due to the SAW propagation, (2) variation of surface
temperature due to the adiabatic heating and cooling associated
with the fast surface deformation, and (3) dynamic coupling of
the SAW to surface vibrational states of the adsorbed species.
When considering the temperature dependence of the surface
diﬀusion coeﬃcient in the presence of a plane SAW
propagating in the x-direction, these three eﬀects can be
represented as follows
⎞
⎛
Ed(x , t )
D(x , t ) = D0 exp⎜ −
⎟
⎝ kBT (x , t ) + ΔESAW ⎠

(1)

Here, the SAW manifests itself via spatial and time variations of
the surface temperature T(x,t) and the diﬀusion barrier Ed(x,t),
as well as via the energy of the nonthermal vibrational
excitation of the adsorbates ΔESAW due to the dynamic
coupling with the SAW.
Received: January 25, 2013
Revised: April 5, 2013
Published: April 10, 2013
9252

dx.doi.org/10.1021/jp400884d | J. Phys. Chem. C 2013, 117, 9252−9258

The Journal of Physical Chemistry C

Article

Table 1. Values of the Diﬀusion Barrier E0d and Scaling Factor γ in Equation 2 Obtained in Quasi-Static Calculations and MD
Simulations (Italicized Cells) Performed for Diﬀerent Values of σa−s and Uniaxial Lateral Strain exx Ranging from −0.04 to 0.04
σa−s
E0d/ε
γ/E0d

0.8σ
1.93
1.37

0.9σ
1.69
1.07

1.0σ
1.48
1.09

1.0σ (MD)
1.48
1.03

1.1σ
1.28
1.31

1.3σ
0.86
1.98

1.4σ
0.66
2.15

1.5σ
0.47
2.64

1.5σ (MD)
0.49
2.57

for a substrate composed of 12 × 12 × 12 fcc unit cells, with
periodic boundary conditions applied in x and y directions and
free boundary conditions used in the z direction. The uniaxial
lateral strain exx ranging from −0.04 to 0.04 (negative values
correspond to compression) is imposed by changing the size of
the substrate in the x direction. The diﬀusion barrier is deﬁned
as the diﬀerence of the total energies of systems with the
adatom located at the binding site (EB) and the saddle point
(ES), i.e., Ed = ES − EB. The values of ES and EB are evaluated by
ﬁxing the lateral position (x, y) of the adatom at the binding site
or the saddle point of the (001) surface and allowing the
system to relax (to achieve the energy minimum) while
allowing the adatom to only move in the z direction. The values
of Ed are found to follow the linear scaling with strain given by
eq 2, and the results of the calculations are summarized in
Table 1.
The diﬀusion barriers evaluated by an alternative method,
based on the results of direct MD simulations of adatom
diﬀusion, are also listed in Table 1 for σa−s = σ and σa−s = 1.5σ.
In this case, several series of simulations are performed at
diﬀerent temperatures. At each temperature, N = 120
independent adatom trajectories with a length of 8400τ0 are
obtained, where τ0 = (mσ2/ε)1/2 (for reference, the period of
adatom vibrations is ∼1.2τ0 for σa−s = σ and ∼2.8τ0 for σa−s =
1.5σ). The diﬀusion coeﬃcients are determined from time
dependences of the mean square displacements of the adatoms,
⟨Δr(⃗ t)2⟩  [1/(N × Nt)]∑Ni=1∑Nj=1t [ri⃗ (t + tj) − ri⃗ (tj)]2 = 4Dt,
where ri⃗ (t) are “unfolded” true adatom positions not aﬀected by
the periodic boundary conditions. The diﬀusion barrier is then
obtained from the Arrhenius plot for the temperature
dependence of the diﬀusion coeﬃcient. A good agreement
between the values of E0d and γ obtained in quasi-static and
dynamic calculations supports the notion of the involvement of
the motions of substrate atoms in the adatom jumps, accounted
for by the relaxation of the substrate in the evaluation of the
saddle point energy in the quasi-static calculations. Contrary to
the assessment of ref 24, a procedure where no relaxation of the
substrate is done in the calculation of the saddle point energy
leads to a substantial overestimation (up to 60% for σa−s =
1.5σ) of the diﬀusion barriers as compared to the MD
simulations.
2.2. Temperature Variation Due to the Adiabatic
Heating and Cooling. Turning to the second mechanism of
the acoustic modiﬁcation of the diﬀusion coeﬃcient given by eq
1, the variation of surface temperature T(x,t) = T0 + ΔT(x,t)
induced by the SAW can be evaluated by considering the nearly
adiabatic transient acoustic deformation of the surface region.
For the reversible adiabatic heating and cooling, ΔT/T0 =
29
where Kb is the bulk elastic modulus; α is the
−KbαeSAW
ii /cV,
thermal expansion coeﬃcient; cV is the speciﬁc heat capacity at
is the dilatation caused by the
constant volume; and eSAW
ii
acoustic deformation. Considering a SAW running along the
[100] direction on a (001) surface of an fcc LJ crystal, the
surface strain in the direction of the SAW propagation can be
described as exx(x,t) = e0 sin(kx − Ωt), where e0 is the
amplitude; Ω = 2πc/λ is the angular frequency; k = 2π/λ is the

The dynamic coupling between the adsorbed species and the
SAW requires proximity to the “resonance condition”;15 i.e., the
frequency of the SAW should be comparable to the ones of the
surface vibrational states. While this requirement makes the
dynamic coupling an unlikely mechanism for sub-gigahertz
SAWs typically generated with conventional interdigital transducers, recent advances in the development of photoacoustic
methods for generation of SAWs with frequencies approaching
100 GHz19−21 suggest that the acoustic activation of this
mechanism may be feasible, particularly for physisorbed
molecules weakly bound to the surface. Therefore, the
contributions from all three mechanisms are analyzed below
and related to the parameters of SAWs and characteristics of
material/adsorbate systems.
2.1. Modiﬁcation of Diﬀusion Barriers by Surface
Strain. The eﬀect of the modiﬁcation of diﬀusion barriers,
Ed(x,t), through transient variation of surface strain is related to
the strong nonlinearity of the dependence of the diﬀusion
coeﬃcient on the activation barrier. Even if the surface strain in
the SAW induces symmetric variation of the activation barrier
around a zero-strain value, E0d, the exponential dependence on
Ed may still result in a strong enhancement of the diﬀusion
coeﬃcient. The eﬀect of the surface strain on the diﬀusion
barrier has been investigated in a number of quasi-static
atomistic calculations.22−27 The calculations performed with
density-functional theory (DFT)23,25−27 and classical MD22,24
for adatom diﬀusion on Si and Ge(001),22,26,27 Ag(111),23
GaAs(100),25 and Lennard-Jonesium (001)24 surfaces predict
that surface strain on the order of 10−3−10−2 can result in the
variation of Ed by 5−10%. Although for surfaces with complex
anisotropic diﬀusion paths the eﬀect of strain on surface energy
landscape is complex and may depend on the strain type
(biaxial or uniaxial) and direction,25−27 for a variety of material
systems and surface strains up to several percents23−27 the
variation of the diﬀusion barriers can be relatively well
approximated by a linear dependence, i.e.
Ed(e) ≈ Ed0 + γe

1.2σ
1.07
1.54

(2)

where e is the magnitude of the surface strain; γ is the
coeﬃcient of proportionality between the diﬀusion barrier and
surface strain; and E0d is the unperturbed diﬀusion barrier at e =
0.
To complement the existing data on the strain dependence
of the diﬀusion barrier and to ensure reliable interpretation of
the results of MD simulations reported below, we performed a
series of calculations of energy barriers for adatom diﬀusion on
(001) surfaces of strained fcc substrates. The interatomic
interactions in the substrate are described by the Lennard-Jones
(LJ) potential with energy and length parameters ε and σ, a
cutoﬀ function suggested in ref 28, and a cutoﬀ distance of 3σ.
The adatom−substrate interaction is described by the same
potential, except for the length parameter, σa−s, that is varied
between 0.8σ and 1.5σ to study the eﬀect of the size of the
adsorbate on the strain dependence of the diﬀusion barrier.
Regardless of σa−s, the adatom is assumed to have the same
mass m as the substrate atoms. The calculations are performed
9253
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Figure 1. Computational system used in MD simulations of adatom diﬀusion on a substrate in the presence of a SAW propagating along the x
direction. The blue atoms in the region outlined by the red solid lines are displaced according to the analytical expressions for the desired Rayleigh
wave. The purple atom is the adatom diﬀusing on the surface. The other atoms are colored by the instantaneous value of local strain. The atoms in
the topmost 12 monolayers undergo unconstrained free dynamics, and the atoms of the following 14 monolayers are coupled with a thermostat to
keep a constant temperature of the system. The black dashed line marks the position of the free surface in the absence of SAW, and the black arrow
shows the wave propagation direction. The dynamics of adatom diﬀusion in one of the MD simulations can be viewed in the Supporting
Information, movie jp400884d_si_004.avi.

wave vector; c is the propagation velocity; and λ is the
wavelength of the SAW. The dilatation in the vicinity of the free
surface is deﬁned by two strain components with opposite
signs, eSAW
= exx + ezz = ((C11 − C12)/C11)exx, and is smaller
ii
than the one for the bulk wave, eii = exx. Using the thermoelastic
parameters of the LJ material, the dilatation and temperature
variations can be expressed as eSAW
≈ 0.43exx and ΔT/T0 ≈
ii
−1.56exx.
The adiabatic temperature variation can also be directly
studied in MD simulations performed for the LJ system
discussed above, where the running SAW is generated and
maintained as illustrated in Figure 1. The computational system
consists of 31 atomic planes in the z direction and 24 atomic
planes (12 fcc unit cells) in the y direction and has a size equal
to the wavelength λ of the SAW in the x direction. The periodic
boundary conditions are applied in x and y directions that are
parallel to the (001) free surface of the system. Prior to the
introduction of the SAW, the substrate is equilibrated at a
desired temperature. The SAW is then initialized by assigning
displacements and additional velocities to all atoms in the
substrate according to the analytical expressions for the
Rayleigh wave in an fcc crystal.30 The SAW is then maintained
by applying the dynamic boundary conditions to the bottom
ﬁve atomic planes and four partial vertical planes, where the
atomic displacements follow the analytical expressions for the
Rayleigh wave.30 The dynamic boundary condition suppresses
the generation of higher harmonics that distort the shape of the
SAW, particularly in systems with small λ. To avoid heating of
the substrate due to the dissipation of the SAW, the
temperature of 14 atomic layers adjacent to the bottom part
of the dynamic boundary is maintained with the Berendsen
thermostat method,31 with the atoms subject to the dynamic
boundary condition excluded from the thermostat region. The
atoms in the 12 topmost atomic layers of the substrate undergo
unconstrained free dynamics. The instantaneous local temperature is calculated from kinetic energies of atoms in rows along
the y direction and the neighboring rows. The collective
velocity due to the acoustic wave propagation is subtracted
from atomic velocities used in the temperature calculation.
The results of the calculation of the instantaneous strain and
temperature distributions in a MD simulation performed for a
running SAW with the lateral surface strain amplitude e0 =
0.048 and the wavelength λ ≈ 78σ (50 fcc unit cells) are shown

in Figure 2. To reduce thermal noise in the strain and
temperature distributions, the results are averaged over 138

Figure 2. Instantaneous strain and temperature distributions in a MD
simulation performed for a running SAW with e0 = 0.048 and λ ≈ 78σ.
The average temperature T0 of the surface is maintained close to the
thermostat temperature Tth = 0.15ε/kB. To reduce thermal noise in the
strain and temperature distributions, the results are averaged over 138
periods of wave propagation. The strain and temperature in the top
surface monolayer are shown in (a) by blue delta and red square
symbols, respectively. The contour plots in (b) and (d) show the
strain and temperature distributions in the subsurface region of the
substrate. The black arrow in (b) shows the direction of the wave
propagation. The time evolution of the surface strain and temperature
proﬁles in this simulation can be viewed in Supporting Information,
movies jp400884d_si_002.avi and jp400884d_si_003.avi.

periods of the wave. The proﬁle of the surface strain shown in
Figure 2a follows closely the expected distribution of exx(x,t) =
e0 sin(kx − Ωt) at a ﬁxed time t, whereas the proﬁle of the
surface temperature exhibits a small phase shift from the
expected antiphase variation with strain. The phase shift and
the asymmetry of the temperature distribution in Figure 2c are
related to deviations from perfectly adiabatic thermoelastic
heating and cooling conditions in the case of high-frequency
SAWs. The phase shift decreases with increasing λ and, even for
9254
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the small values of λ used in this work, is found to have little
eﬀect on surface diﬀusion in kMC simulations. Therefore, the
antiphase temperature and strain variations, i.e., ΔT/T0 ≈
−θexx(x,t), are assumed in further discussion. The value of θ ≈
1.49, obtained from about 7.2% magnitude of ΔT/T0 variation
in Figure 2, is in a fairly good agreement with the value of θ ≈
1.56 estimated above based on thermoelastic properties of the
substrate material.
2.3. Diﬀusion Enhancement via Diﬀusion Barrier and
Adiabatic Temperature Variations. With the approximations of the linear scaling of the diﬀusion barrier, Ed(x,t) ≈ E0d +
γexx(x,t), and surface temperature, ΔT(x,t)/T0 ≈ −θexx(x,t) =
−[γT/E0d]exx(x,t) (where γT = θE0d is introduced for convenience), the combined eﬀect of the adiabatic temperature
variation and the modiﬁcation of the diﬀusion barriers can be
evaluated by spatial and time integration of eq 1
DSAW =

1
λτ

∫0

λ

dx′

∫0

Figure 3. Diﬀusion enhancement factor DSAW/Dn as a function of γeffe0
and T0 obtained by numerical integration of eq 5. The inset shows the
diﬀusion enhancement as a function of (γeffe0)/(kBT0) predicted by eqs
5 and 6. The scale on the right side of the contour plot shows the
values of the diﬀusion barrier E0d* = 4kBT0 ln10 that ensure an adatom
jump rate of r* ∼ 0.1−1 ns−1 at the corresponding substrate
temperature T0. The white dashed line in the contour plot corresponds
to γeffe0 = E0d*.

τ

dt ′

⎛
E 0 + γexx(x′, t ′) ⎞
⎟
D0 exp⎜ − d
⎝ kB[T0 + ΔT (x′, t ′)] ⎠

(3)

where τ is the period of SAW. For small ΔT/T0, an
approximation 1/(1 + ΔT/T0) ≈ 1 − ΔT/T0 can be used,
and the above equation can be rewritten as
λ

1
dx′
dt ′
0
λτ 0
⎛ {E 0 + γe (x′, t ′)}{1 + ⎣⎡γ /E 0⎤⎦e (x′, t ′)} ⎞
xx
d
T d xx
⎟⎟
D0 exp⎜⎜ −
k
T
⎠
⎝
B 0

DSAW =

∫

∫

is determined by the magnitude of E0d, it is actually the value of
γeff/E0d that controls the diﬀusion enhancement for a given
system. Assuming that an adsorbate makes one successful jump
per 104 “attempts” (jump rate r* ∼ 0.1−1 ns−1) as an example,
a complementary scale is shown on the right side of Figure 3 to
illustrate the diﬀusion barriers E0d* = 4kBT0 ln 10 that ensure r*
at T0. The corresponding natural limit of γeffe0 < E0d* is also
outlined by a dashed line in Figure 3. The upper limit for e0 is
determined by the onset of surface damage2,3 and is on the
order of 10−2.
To evaluate the approximate functional dependence of the
diﬀusion enhancement factor DSAW/Dn on γeffe0/kBT0, the
exponent in eq 5 can be expanded with respect to the small
value of γeffexx/kBT0, i.e., exp(−γeffexx/kBT0) ≈ 1 − γeffexx/kBT0 +
(γeffexx/kBT0)2/2. After the spatial and time averaging in eq 5,
this approximation yields the following scaling of the diﬀusion
enhancement

τ

(4)

∼e2xx

By neglecting the second-order term
in the numerator of
the exponent and considering an oscillating surface strain
induced by SAW, exx(x,t) = e0 sin (kx − Ωt), the diﬀusion
coeﬃcient can be expressed as
DSAW =

Dn(T0)

∫0

2π

dx′

∫0

2π

dt ′
(2π )
⎛ γ e0 sin(x′ − t ′) ⎞
⎟
exp⎜ − eff
kBT0
⎠
⎝
2

= Dn(T0)f (γeff e0/kBT0)

(5)

2
1 γeff
DSAW /Dn ≈ 1 +
e02
4 (kBT0)2

D0 exp(−E0d/kBT0)

where Dn(T0) =
is the diﬀusion coeﬃcient
in the absence of a SAW and γeff = γ + γT is the eﬀective scaling
factor that reﬂects the additive contributions of the diﬀusion
barrier and temperature variations to the diﬀusion enhancement. For positive values of γ, such as the ones listed in Table
1, the eﬀect of the temperature variation acts synergistically
with the diﬀusion barrier modiﬁcation given by eq 2; i.e., the
compressive strain (exx < 0) reduces the diﬀusion barrier (Ed −
E0d < 0), while the simultaneous temperature increase (ΔT > 0)
further facilitates diﬀusion. Interestingly, the diﬀusion enhancement due to the transient variation of the diﬀusion barrier and
temperature does not depend on the wavelength of the SAW
but is only a function of γeffe0/kBT0.
The diﬀusion enhancement factor DSAW/Dn predicted by eq
5 is illustrated in Figure 3 for a range of parameters that may be
relevant to practical applications. The value of γeff is intrinsic to
a speciﬁc system and deﬁnes the limits of the diﬀusion
enhancement that can be achieved at practically relevant values
of T0 and e0. Since the temperature T0 that ensures a Dn that is
suﬃciently high to meet the requirements of a given application

(6)

Thus, the diﬀusion enhancement can be expected for any sign
of γeff and exhibits quadratic scaling with γeff and e0. The relative
change of the diﬀusion coeﬃcient also scales as T−2
0 and is
larger for lower T0, although the absolute change of the
diﬀusion coeﬃcient is larger at higher T0 due to the Arrhenius
temperature dependence of Dn(T0). As can be seen from the
inset in Figure 3, the discrepancy between the diﬀusion
enhancement predicted by eqs 5 and 6 is increasing at low
temperatures (large γeffe0/kBT0) due to the decreasing accuracy
of the truncated Taylor expansion used in the derivation of eq
6.
The accuracy of the approximations used in the derivation of
eqs 5 and 6 can be evaluated by performing one-dimensional
(1D) kMC simulations of surface diﬀusion in the presence of a
SAW. In kMC simulations, the microscopic kinetics of surface
diﬀusion is reproduced by moving surface adatoms between the
adjacent equilibrium sites with probability that is the product of
the time step Δt and the adatom jump rate, i.e., p = R0
9255
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exp[−Ed(x,t)/kBT(x,t)] × Δt, where R0 is the so-called attempt
frequency related to the vibrational frequency of a surface
adatom and chosen based on the value of D0 predicted in MD
simulations. The time step is chosen to ensure that p < 1 and
Δt is at least 1 order of magnitude smaller than the period of
SAW. The kMC simulations are performed under assumption
of linear strain dependences of the diﬀusion barriers, Ed(x,t) =
Ed0 + γexx(x,t), and surface temperature, T(x,t) = T0 −
T0θexx(x,t), with surface strain associated with a running
SAW introduced as exx(x,t) = e0 sin(kx − Ωt). The local
asymmetry of the energy barriers related to the gradient of the
acoustic strain is neglected, and the adatom has equal
probability to jump to the left and to the right at any given
time. The parameters of the simulations are chosen to match
those determined in MD simulations performed for σa−s = σ
and σa−s = 1.5σ, with corresponding values of E0d and γ taken
from the italicized cells of Table 1 and θ = 1.49 used to describe
the acoustically induced temperature variations. The distance
between the equilibrium sites in 1D kMC simulations is chosen
to be one-half of the fcc lattice constant to allow for
quantitative comparison with the results of MD simulations
of adatom diﬀusion on a (001) surface of an fcc crystal. The
total of 50 000 independent 1000Δt-long trajectories are
generated in kMC simulations and, similarly to the MD
simulations discussed above, the diﬀusion coeﬃcient is
calculated from the time dependence of the mean square
displacement of the adatoms, ⟨Δx(t)2⟩ = 2Dt.
The diﬀusion enhancement found in kMC simulations and
shown in Figure 4 is consistently below the results of the
numerical integration of eq 5. This is not surprising since both
approximations used in the derivation of eq 5, the expansion 1/
(1 + ΔT/T0) ≈ 1 − ΔT/T0 and the neglect of a second-order
term ∼e2xx in the numerator of the exponent, contribute to
overestimation of the diﬀusion enhancement. The deviations,
however, are relatively small in the whole range of temperatures
considered in the calculations. This suggests that the
approximations, which allowed us to describe the combined
eﬀect of the adiabatic temperature variation and the
modiﬁcation of the diﬀusion barriers in a uniform manner,
through the introduction of γ eff, are reasonable. The
discrepancy between the predictions of eq 5 and eq 6 in
Figure 4 is also relatively small and, similarly to the inset of
Figure 3, increases with decreasing T0.
2.4. Dynamic Coupling between Adsorbates and
SAWs. Finally, we turn to the third mechanism of the acoustic
enhancement of surface mobility, the dynamic coupling
between the adsorbed species and SAW leading to a
nonthermal energy transfer to the adsorbate. The eﬀect of
dynamic coupling is represented in eq 1 as an extra energy
ΔESAW added to the thermal energy of the adsorbates. Under
conditions when the direct resonant coupling of the acoustic
wave to the surface−adsorbate bond is prevented by the high
frequency of individual vibrational surface modes, the energy
transfer is likely to be a multistep process involving anharmonic
dissipation of the energy of the acoustic wave to the highfrequency vibrations. A rigorous theoretical treatment of this
process is diﬃcult, and as the ﬁrst step, we evaluate the
contribution of the dynamic coupling to the diﬀusion
enhancement by comparing the predictions of the kMC
simulations discussed above with the results of MD simulations,
which naturally account for the dynamic coupling, as well as the
other two mechanisms that are reproduced in kMC simulations.

Figure 4. Diﬀusion enhancement DSAW/Dn by a SAW with e0 = 0.048
as a function of kBT0/E0d for adatoms with σa−s = σ (a) and σa−s = 1.5σ
(b), respectively. The red solid line and the green dashed line show the
predictions of eqs 5 and 6, respectively. The blue solid line and blue
circles show the predictions of eq 3 and the results of kMC
calculations, respectively. The large gray symbols show the results of
MD simulations, with the error bars corresponding to the standard
deviations of the mean calculated based on eight independent series of
the simulations.

The MD simulations with the same setup as used above in
the analysis of the adiabatic temperature variation and
illustrated in Figure 1 are performed for adatoms with σa−s =
σ and σa−s = 1.5σ. For σa−s = σ, the simulations are done for two
diﬀerent wavelengths, λ ≈ 39σ and λ ≈ 78σ, and the
temperature of the thermostat region, Tth, maintained at
0.1E0d/kB. For σa−s = 1.5σ, two series of simulations with λ ≈
39σ and λ ≈ 156σ are performed for Tth = 0.1E0d/kB, and three
series of simulations with λ ≈ 39σ, λ ≈ 78σ, and λ ≈ 156σ are
performed for Tth = 0.152E0d/kB. Taking the value of the
diﬀusion barrier E0d = 0.25 eV as an example, the two
temperatures used in the MD simulations correspond to 290
9256
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and 441 K. Note that the energy release in the surface region of
the substrate due to the dissipation of the SAW results in a
slight increase (up to 2%) in the steady-state surface
temperature above the thermostat temperature Tth in the
simulations performed with small λ. Therefore, the actual
surface temperature T0, rather than the thermostat temperature,
is used in the presentation of the results of the MD simulations.
The diﬀusion coeﬃcients are calculated from the time
dependences of the mean square displacements of the adatoms,
based on the results of 512 independent trajectories obtained
for each set of conditions (except for the simulation with σa−s =
1.5σ, Tth = 0.1E0d/kB, and λ ≈ 156σ, for which 1280 simulations
were done). The duration of each simulation was 4200τ0 for Tth
= 0.1E0d/kB and 2100τ0 for Tth = 0.152E0d/kB.
The values of the diﬀusion enhancement obtained in MD
simulations and shown in Figure 4 demonstrate the
convergence to the predictions of the kMC simulations at
long wavelengths of SAWs, thus supporting the discussion of
the wavelength-independent strain-induced mechanisms provided above. At the same time, the MD results demonstrate a
substantial contribution of the dynamic eﬀects to the diﬀusion
enhancement at small wavelengths, especially for σa−s = 1.5σ.
This large contribution of the dynamic eﬀects is surprising
given that even for the shortest wavelength λ = 39σ the period
of SAW is ∼7.6τ0, several times larger than the period of
adatom vibrations, thus excluding the direct resonance coupling
between the SAW and adatom vibrations. Spectral analysis of
the atomic dynamics in the surface region of the substrate
indicates that the generation of higher harmonics is largely
suppressed by the dynamic boundary condition designed to
maintain the desired shape of the SAW. Nevertheless, the
presence of a weak signal from the second (and third in the
case of λ ≈ 39σ) harmonics leaves the possibility of coupling of
the higher harmonics to the adatom vibrations open. The
particularly large diﬀusion enhancement observed for σa−s =
1.5σ at λ ≈ 39σ (DSAW/Dn = 90 ± 9 at T0 = 0.102E0d/kB and
DSAW/Dn = 11.2 ± 0.8 at T0 = 0.155E0d/kB), as well as the
noticeable contribution of the dynamic eﬀects to the diﬀusion
enhancement even at λ ≈ 156σ (Figure 4b), can also be related
to the relatively long lifetime of the excited vibrational state of
the adatom. The lifetime of the excited state is evaluated by
exponential ﬁtting of the evolution of the amplitude of the
kinetic energy oscillations of an adatom initially placed at a
saddle point position on a quenched (zero temperature)
substrate, as illustrated in Figure 5. For σa−s = 1.5σ the lifetime
is found to be ∼30τ0, which corresponds to about 10
vibrational periods of the adatom and is comparable to the
period of SAW with λ ≈ 156σ. The long “memory” of the
vibrational excitation is reﬂecting the weak coupling between
the adatom vibrations and substrate phonons and results in
frequent multiple jumps (one per 2−3 jumps) observed in the
simulations performed for σa−s = 1.5σ. On the contrary, for σa−s
= σ the lifetime of the excited vibrational state of the adatom is
only ∼τ0, such that the contribution of the dynamic eﬀects to
the diﬀusion coupling disappears at λ ≥ 78σ (Figure 4a), and
the multiple jumps are rare (e.g., 2 out of 100 jumps at T0 =
0.102E0d/kB).

Figure 5. Evaluation of the lifetimes of the excited vibrational state of
adatoms with σa−s = σ (a) and σa−s = 1.5σ (b). The lifetime is obtained
by exponential ﬁtting of the evolution of the amplitude of the
oscillations of the kinetic energy an adatom initially placed at a saddle
point position on a quenched substrate, as shown schematically in the
inset in (a). Green lines show the results of the exponential ﬁtting,
with data from the initial parts of the simulations (4τ0 for σa−s = σ and
54τ0 for σa−s = 1.5σ) used in the ﬁtting. The long-term beatings of the
kinetic energy are related to the interaction of weak acoustic pulses
generated by the excited adatom with periodic boundary conditions
used in the calculations (the substrate represented by 12 × 12 × 12 fcc
unit cells is used in these calculations).

Transient modiﬁcation of the diﬀusion barriers and the
reversible/adiabatic temperature variation due to the periodic
oscillations of the acoustic strain are shown to be capable of a
many-fold enhancement of surface diﬀusion for systems that
exhibit strong strain dependence of the diﬀusion barriers. Note
that the system considered in this work, an adatom on a (001)
surface of a LJ crystal, is far from being unique in
demonstrating the diﬀusion enhancement, as the values of γ/
E0d reported for various systems can be substantially larger than
those listed in Table 1. In particular, a broad range of values of
γ/E0d have been reported for biaxially strained substrates, e.g.,
8.6 for Ag/Ag(111),23 −5 for Ge/Si(001),27 −15 for Ge/
Ge(001),27 −2.7 for In/GaAs(001),25 and from −6.8 to 3.4
(for diﬀerent diﬀusion paths) for Si/Si(001).26 The value of γ
calculated in our work for the uniaxially strained substrate with
σa−s = σ is about two times smaller than the value reported for
the same system under conditions of biaxial strain,24 suggesting
that, in accord with similar observations for Si(001) surface,26
the components of surface strain make a near-additive
contribution to the scaling of the diﬀusion barrier.
An approximate scaling law established in the theoretical
analysis reveals the connections between the diﬀusion enhancement due to the transient variation of the acoustic strain and
the parameters characterizing the acoustic wave and surface−
adatom interaction. Importantly, the scaling law predicts
independence of the strain-induced enhancement on the
frequency of the SAW. An additional mechanism of acoustic
activation of surface diﬀusion that does exhibit strong frequency
dependence is the dynamic coupling of the SAW to the
vibrational states of the adsorbed species. More than an order
of magnitude diﬀusion enhancement is observed in MD
simulations when the frequency of the SAW is about 3 times
lower than the vibrational frequency of the adsorbate. While the
contribution of the dynamic coupling to the diﬀusion
enhancement diminishes with decreasing frequency of the
SAW, the presence of this eﬀect down to frequencies that are
an order of magnitude lower than the vibrational frequency of
the adsorbate, combined with the large magnitude of the
dynamic diﬀusion enhancement, suggest the potential practical
importance of this mechanism in applications utilizing highfrequency SAWs in the range of tens of gigahertz.19−21

3. CONCLUDING REMARKS
The results of the theoretical analysis and atomistic simulations
reported above demonstrate the feasibility of the idea of
acoustic activation of surface diﬀusion and identify the
mechanisms responsible for the diﬀusion enhancement.
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Overall, the results of this study reveal the fundamental
physical mechanisms of acoustic activation of surface diﬀusion
and establish the dependence of the surface processes on the
parameters of the acoustic waves. The acoustic activation of
surface processes can serve as an attractive alternative to the
conventional thermal activation in thin ﬁlm growth on heatsensitive substrates, and the mechanistic insights obtained in
this study provide guidelines for the design of novel ﬁlm growth
techniques.
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