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Using molecular-dynamics simulations and the embedded-atom method, we study the homodiffusion of
single adatoms on flat Ag and Au~100! and ~111! surfaces. Our results for the~111! surfaces indicate that
when the thermal energies of the atoms become larger than the energy barriers, diffusion can no longer be
represented by a simple random walk since correlations between successive jumps become important. We
present a simple model that takes into account these correlated jumps and reproduces the molecular dynamics
data very well. We also demonstrate that knowledge of the energy barriers is not sufficient to determine the
preferred mechanism for diffusion on the~100! surface, since the prefactors for the various mechanisms can
vary significantly from the value that is usually assumed. The ability of a simple transition-state theory to
describe diffusion is also tested. We find, in the cases considered here, that the static barrier is equivalent to the
dynamical activation energy and that the prefactor is also well described as long as the relaxation of the
substrate remains small.@S0163-1829~96!09727-5#

I. INTRODUCTION

With the size of devices getting smaller, it is becoming
more and more important to understand the physics of sur-
faces, and in particular their dynamics. One essential aspect
of surface dynamics is the diffusion of adsorbates, which
leads to mass transport, step flow, nucleation, and ultimately
growth, and thus determines the surface morphology.1,2 By
definition, the diffusion coefficient is given by the Einstein
relation

D5 lim
t→`

^R~ t !2&
2dt

, ~1.1!

where ^R(t)2& is the ensemble-averaged mean-square dis-
placement of the diffusing particles — adatoms or clusters
— andd is the dimensionality of the space in which diffu-
sion is taking place (d52 for a flat surface!. While it is
actually possible to measure this mean-square displacement
experimentally using, for instance, field-ion microscopy
~FIM!, even in the case of single adatoms,3,4 no direct infor-
mation on the dynamics of diffusion can thus be obtained.
Experimental knowledge of surfaces can, however, be aug-
mented to a considerable extent by carrying out detailed
molecular-dynamics~MD! simulations. In MD, the trajecto-
ries of an ensemble of atoms constituting the model are gen-
erated by integrating the classical equations of motion. This
makes it possible to study, relevant to our purpose, such
processes as surface diffusion.

Diffusion is usually assumed to have an Arrhenius tem-
perature dependence,5

D5D0expS 2EA

kBT
D , ~1.2!

where EA is the energy barrier between two equilibrium
sites, i.e., local minima on the potential-energy surface for
diffusion, andD0 is a prefactor containing entropic contribu-

tions from the substrate, which depends on details of the
structure. Recent progress in the theory of surface diffusion
has established rigorously the validity of the Arrhenius law
in the limit EA@kBT ~see, for instance, Ref. 6!. Equation
~1.2! can in fact be derived from Eq.~1.1! if we assume the
diffusion trajectory to be a random walk~RW!, i.e., a suc-
cession of uncorrelated diffusion events, whose frequency
obeys the Arrhenius law,G5G0exp(2EA /kBT). As we will
see below, it is often preferable to discuss mass transport in
terms of frequencies of diffusion events rather than diffusion
coefficients.

Experimentally, it is extremely difficult to determineD0
because of the narrow temperature range where data can be
collected. In view of the relatively weak dependence ofD on
this prefactor~compared to the exponential term!, it is com-
mon practice to ‘‘assign’’ it the value 10 Å2/ps ~obtained by
averaging over the available FIM measurements—Refs. 4
and 7! and to determine the activation energy on the basis of
a single or very few measurements in temperature. However,
as we will see, the above canonical value is often inappro-
priate and can actually lead to large errors on the predicted
diffusion properties of a surface.

It is our aim here to provide some understanding of the
dynamics of diffusion on metallic surfaces. To this effect, we
investigate in detail, using MD, the problem of the homo-
diffusion of a single adatom on the~111! and~100! surfaces
of Ag and Au. As a model for the interactions between the
atoms, we use the semi-empirical embedded-atom method
~EAM!.8 We chose Ag and Au because EAM is more accu-
rate for noble metals than for transition metals. Although less
precise than first-principles approaches, such a simple
potential-energy model is necessary in order to afford the
large systems and long simulation times needed to simulate
diffusion.

We examine, first, the behavior in temperature of the dif-
fusion coefficient. The closed-packed~111! surface is par-
ticularly amenable to such a study because it has low barriers
for diffusion ~as determined from EAM!9 and is extremely
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stable, even at elevated temperatures. The more open~100!
surface, on the other hand, is a bit more complicated, in that
jump is not the only possible mechanism; diffusion of an
adatom can also proceed via the exchange with an atom from
the substrate.10–14 It has been observed on Ir~100! that the
prefactor for self-exchange is ‘‘anomalous,’’ being much
larger than the ‘‘normal’’ value~626 Å2/ps versus;10).
This clearly indicates that prefactors can vary rather widely
from one surface to another, as well as from one mechanism
to another, and that knowledge of the barrier heights is there-
fore not sufficient to determine which process occurs most
frequently on a given surface. This in fact depends on the
detailed energetics of the surfaces; we examine and discuss
the problem for the~100! surface of Ag and Au.

We find the prefactorD0 to be much larger for exchange
than for jump on Ag, while the opposite is true on Au; like-
wise, we findD0 to be much larger for exchange on Ag~100!
than on Au~100!. In fact, we observe a correlation between
the prefactor and the height of the barrier. This is in line with
our recent findings that the prefactor and the activation bar-
rier are related to one another by the Meyer-Neldel~or com-
pensation! law;15 in the case at hand here, this asserts that
D0 , which is a measure of the rate at which diffusion events
are attempted, increases whenEA increases so as to ‘‘com-
pensate’’ for the increased difficulty in overcoming the en-
ergy barrier.

Diffusion is often described in terms of a random walk,
which offers the advantage of simplicity. We find this de-
scription to be valid at low temperatures. However, when the
thermal energy of the atoms is of the order of, or higher than,
about half the activation energy, diffusion can no longer be
represented by a random walk because of the existence of
correlations between successive diffusion events, leading to
a non-Arrhenius behavior for the diffusion coefficient. We
introduce a correlated-jump model that explains remarkably
well the non-Arrhenius deviations.

Finally, in spite of the simplicity of the semiempirical
EAM, calculating in detail the temperature dependence of
the diffusion coefficient@using MD and the Einstein relation
~1.1!# so as to extract the Arrhenius parameters remains a
tedious exercise. It is therefore desirable to establish a pos-
sible relationship between the diffusion coefficient and quan-
tities that can be computed on the basis of static properties
alone, i.e., from the structural properties of the system at zero
temperature. Such a link is provided by the simple classical
transition-state theory~TST!.16 It is our aim in what follows
to demonstrate the ability of the TST to predict the diffusion
coefficient from static crystal properties in the harmonic
limit.

Our paper is organized as follows: First, we describe, in
Sec. II, the computational procedure used in our MD simu-
lations. We present our results in Sec. III. We start with the
~111! surfaces in Sec. III A, and discuss in Sec. III B our
correlated-jump model for the temperature dependence of the
diffusion coefficient. Diffusion on the~100! surfaces is dis-
cussed in Sec. III C, where we also examine compensation
~Meyer-Neldel! effects. The applicability of TST, finally, is
discussed in Sec. III D. A summary and concluding remarks
are given in Sec. IV.

II. COMPUTATIONAL DETAILS

As mentioned already, the atoms were chosen to interact
via the EAM potential proposed by Foiles, Baskes, and Daw8

with the optimized parametrization of Adams, Foiles, and
Wolfer.17 Although this model has been fitted to bulk prop-
erties, it has been applied successfully to the study of various
surface phenomena.18,19

In our MD calculations, the surfaces were approximated
by slabs containing a fixed number of layers — eight in the
present case~excluding the adatom! — of which the bottom
two were held fixed in order to mimic the bulk. The lattice
parameter of these rigid layers was determined from a series
of runs on the bulk materials, as detailed below. Each of the
layers contained 64 atoms, and periodic boundary conditions
were applied in the lateral directions, i.e., perpendicular to
the surface, so that the system is effectively infinite in the
x-y plane. It has been verified that a system of this size is
sufficient to yield converged values for the diffusion
coefficient.20,21 In order to keep the problem as simple as
possible, all surfaces were assumed to be flat in their initial
state~i.e., steps are not considered! and not reconstructed,
although it is well known that Au surfaces reconstruct.22,23

@We have addressed the problem of diffusion on the recon-
structed Au~111! surface elsewhere — see Ref. 24.#

All simulations were carried out in the (N,V,T) en-
semble, except for a series of bulk calculations in the
(N,P,T) ensemble~using a 256-atom system! in order to
determine the lattice constant at each simulated temperature,
used for properly setting the bulklike layers of the substrate.
In order to determine the surface diffusion coefficient@using
Eq. ~1.1!#, the evolution of an adatom was followed at sev-
eral temperatures~see Sec. III! for a time long enough to
yield reliable and reproducible statistics. In practice, the runs
consisted of a period of equilibration of 80 ps, followed by a
period of ‘‘production’’ of 2–10 ns~depending on the num-
ber of events observed, i.e., temperature!, during which sta-
tistics were accumulated. A time step of 4 fs was used to
perform the numerical integration of the equations of motion.

In some cases, as discussed in the Introduction, there ex-
ists more than one mechanism via which diffusion of an
adatom to a neighboring site can take place. The ‘‘macro-
scopic’’ diffusion coefficient is a weighted sum of exponen-
tials, and fitting to a single Arrhenius law is therefore mean-
ingless. It is, however, possible to separate the various
contributions to the total diffusion constant by considering,
rather than the diffusion coefficient, the frequency of occur-
rence of the various types of events, that is the number of
events of a particular type observed during a given time di-
vided by the observation time. For example, in the case
where diffusion can be assimilated to a random walk, the
diffusion coefficient is related to the frequency of events,
G, asD5 l 2G/2d, where l is the distance traveled during
one diffusion event. Moreover, if we assume an Arrhenius
temperature dependence for the frequency@Eq. ~1.2!#, then
we have G5G0exp(2EA /kBT) and the prefactor is
D0[D0G5 l 2G0 /2d.

In the discussion that follows, we consider both descrip-
tions ~i.e., in terms of diffusion coefficientsD and in terms
of frequency of eventsG) in the case of the~111! surfaces,
since here diffusion can only proceed by jumps; for the~100!
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surfaces, we examine only the frequenciesG for both mecha-
nisms.

III. RESULTS

It is of interest to study diffusion on the~111! surface of
fcc metals because, as we have just discussed, it proceeds in
a particularly simple manner, and also because barriers are
low on this surface. This allows excellent quality diffusion
data to be accumulated for a detailed test of the RW model.
In addition, this surface is extremely stable in temperature,
and it is therefore possible to study the phenomenon over a
relatively wide range of temperatures. We present, first, in
Sec. III A, our MD results for this surface, and introduce,
next, in Sec. III B, a model that goes beyond the RW model
and explains well the MD data, and in particular the devia-
tions from the Arrhenius behavior.

A. „111… surfaces

We present in Fig. 1 Arrhenius plots of the diffusion co-
efficient and ‘‘hop frequency’’ for our two~111! surfaces
over the temperature range 140–900 K for Ag, and 35–400
K for Au. Here, by ‘‘hop,’’ we mean the jump of an adatom
over asinglediffusion barrier, i.e., from one site to an adja-
cent one. At low temperature~depending on friction and on

the value ofEA), the jumps are almost exclusively to nearest
neighbors, and thermalization into the sites takes place. At
moderate temperature, there can be jumps to more distant
equilibrium sites through successive hops; thermalization is
still possible, as discussed below. At high temperature, fi-
nally, the motion becomes Brownian, and the adatom no
longer has time to ‘‘sit’’ into a site, as we will see. A more
precise, quantitative, definition of jumps~as opposed to
hops! is given in Sec. III B.

The above temperature ranges were defined as follows:
the lower limit was determined on the basis of the statistical
quality of the data, i.e., quantity and reproducibility, over an
acceptable simulation time (;4 ns, in most cases!. The up-
per limit, on the other hand, was determined by the stability
of the surface with respect to, for instance, disordering via
the formation of adatom-vacancy pairs or adsorption of the
adatom into the top layer of the substrate. For Ag~111!, we
observe signs of premelting at temperatures above 900 K
~see Ref. 25; Ag melts at 1170 K in the EAM model used
here!. For Au~111!, on the other hand, it was found that the
adatom incorporates into the surface at temperatures above
400 K, a phenomenon related to the reconstruction of the
surface, and which our model neglects.@The Au~111! surface
undergoes a 213A3 reconstruction;22 the problem of diffu-
sion on this surface was examined elsewhere — Ref. 24.#

In fact, the finite size of our simulation cell is such that
reconstruction of the Au~111! surface is prohibited, therefore
enabling us to study adatom diffusion on the bulklike con-
figuration at higher temperatures than would otherwise be
possible. Since reconstruction results in an increased atomic
density at the surface, i.e., our finite-size supercell is less
densely packed~more corrugated! than the ground-state~re-
constructed! structure, we expect the energy barriers to be
larger on our ‘‘artificial’’ surface at high temperatures than
on the real bulklike surface at very low temperature. This
means that we should observe, in the high-temperature re-
gime, smaller values for the diffusion coefficient and the hop
frequency than predicted by an Arrhenius law determined
using the low-temperature data.~This is clearly the case for
the hop frequency; for the diffusion coefficient, as discussed
below, the expected decrease is compensated by an increase
arising from correlations between the hops.!

According to the RW model, as discussed earlier, the
jump frequency26 and the diffusion coefficient should have
the same temperature dependence; i.e., they should both
obey an Arrhenius law~assuming the frequency to be
Arrhenius — see below!, with the same activation energy but
different prefactors. We have fitted independently the MD
data forG andD to the Arrhenius expression~using only the
low-temperature points: strictly speaking, the RW model is
only valid in the limitEA@kBT, i.e., when diffusion events
are so rare that there can be no correlation between them!.
The resulting fits are shown as full straight lines in Fig. 1,
and the parameters of the fits,EA , G0 , andD0 , are listed in
Table I. The values we obtain generally agree with other
calculations using similar models.9,27–31While the hop fre-
quency and the diffusion coefficient indeed follow the same
Arrhenius dependence at low temperature — the activation
energies from theG andD fits are equal within error and the
prefactors obey the RW prescription, i.e.,D0G

5 l 2G0 /2d5D0 — it is clear from Fig. 1 thatD and G

FIG. 1. Arrhenius plots of the diffusion coefficient and hop fre-
quency for~a! Ag/Ag~111! and~b! Au/Au~111!. The solid lines are
Arrhenius fits to the low-temperature data. The dashed line is the
prediction of TST forG.
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behave differently at high temperature, indicating a failure of
the RW model. We note that the diffusion barriers are of the
same order as the thermal energies. This failure, therefore,
could to some extent be expected, since in the limit of tem-
peratures much larger than the energy barriers, diffusion be-
comes Brownian.6,32

It is therefore of interest to study in detail the high-
temperature behavior of the surfaces in order to understand
how the transition from RW to Brownian motion takes place.
Before proceeding with a thorough quantitative analysis,
however, it is informative to examinede visuthe surfaces.
We do this in Fig. 2 where we plot the diffusion path for an
Ag adatom on the Ag~111! surface at three different tem-
peratures — 200, 700, and 900 K~on different length scales,
since diffusion is much faster at high temperatures!. From
these plots, it is clear that diffusion proceeds differently at
low and high temperatures: While at low temperature the
adatom clearly has time to ‘‘thermalize’’ into a site between
two successive hops~which is, in fact, a basic assumption of
the RW model!, this is no longer the case at high tempera-
ture, where the adatom can ‘‘surf’’ over a few sites before
thermalizing. In fact, for the highest temperature in Fig. 2,
900 K, it becomes quite difficult to identify jumps, the mo-
tion looking very much Brownian-like. We note, however,
that a computer-animated display of the trajectory of the ada-
tom on the surface, fully including the dynamics of the sub-
strate, reveals rather clearly the somewhat jumplike character

of the motion. At slightly lower temperature, 700 K, the
adatom is found to thermalize much more often into the sites,
making it easier to use the concept of jumps. A more quan-
titative way to describe this is to examine the ratioh of back
to forward hops; a ‘‘back hop’’ is defined as a sequence of
two successive hops that takes the adatom back to its initial
position ~i.e., zero net displacement!. The ratio h is dis-
played in Fig. 3 for our two~111! surfaces. For a random
walk, h is exactly 1/3, independent of temperature, as in fact
observed in our simulations at low temperatures; this is, of
course, consistent with our observation, above, that diffusion
can be described by the RW model at low temperature. At
high temperatures, however, we see a significant decrease of
the ratioh, demonstrating the existence of correlations be-
tween successive hops. Moreover, it can be seen from Fig. 3
that the onset of these correlations corresponds, roughly, to a
temperature equivalent to the activation barrier for diffusion
extracted from the low-temperature Arrhenius fits; these are
indicated by arrows in Fig. 3.

The main consequence of the existence of such correla-
tions is larger mean-square displacements — and therefore
larger diffusion coefficients — than would be expected from
the simple RW model; this explains why the diffusion coef-
ficients for Ag and Au are higher than expected at high tem-
peratures. This is clearly the case for the Ag~111! surface,
Fig. 1~a!. It is also the case for Au~111!, Fig. 1~b!, though
not as evident. The problem arises, in fact, from the combi-

FIG. 2. Typical diffusion path of an Ag adatom on Ag~111! at ~a! T5200 K, ~b! T5700 K, and~c! T5900 K. The black dots represent
the surface atoms in their ideal positions.

TABLE I. Arrhenius parameters obtained from MD and TST for the various cases considered. On~100!
surfaces, two mechanisms are possible: jump (J) and exchange (X). For TST, values in parentheses were
obtained using the adiabatic approximation~see text!.

MD-G MD-D TST-G
G0 EA D0G5 l 2G0/2d D0 EA G0 EA

Surface ~THz! ~eV! (Å2/ps) (Å2/ps) ~eV! ~THz! ~eV!

Ag~111! 2.2 0.055 1.5 1.5 0.055 3.3~2.8! 0.059
Au~111! 1.1 0.015 0.7 0.6 0.014 1.2~1.9! 0.016
Ag~100!-J 15 0.48 31 11~6.2! 0.47
Ag~100!-X 390 0.78 1631 13 0.78
Au~100!-J 75 0.49 156 4000 0.50
Au~100!-X 14 0.26 58 20 0.28
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nation of two effects: correlations, which tend to cause dif-
fusion to be larger than Arrhenius, and lower surface density,
absent on Ag~111!, which, as discussed earlier, causes the
hop frequency to decrease.

Figure 1~a!, which is not complicated by reconstruction
effects, also reveals that, in contrast to the diffusion coeffi-
cient, the hop frequency is Arrhenius at all temperatures~and
actually provides an excellent route towards determining the
Arrhenius parameters!. This is due to the fact that the hop
frequency, essentially the probability of going over a barrier
of energy via thermal agitation, must be proportional to a
Boltzmann factor in the classical case~cf. Sec. III D!,
whereasD carries along structural aspects of the surface, and
in particular correlations; of course, the two are essentially
equivalent in the absence of correlations, as we have seen.

We have also calculated the ‘‘static’’ energy barriers
within the framework of TST. They are listed in Table I and
will be discussed in more detail in Sec. III D. We find them
to be in excellent agreement with the values deduced from
the low-temperature Arrhenius fits. This observation, to-
gether with the above discussion, suggests an explanation for
the contradictory results reported earlier on the relationship
between the static energy barrier and the dynamical activa-
tion energy on~111! surfaces: Using diffusion-coefficient
data from their high-temperature MD simulations~i.e., kBT
of the order of or larger than the static barrier!, and fitting to
an Arrhenius law, Sanders and DePristo,28 using various in-
teratomic potential models, found activation energies sub-
stantially larger~by a factor of 1.2–7.8! than barriers ob-
tained from static minimization calculations for Ag and Rh.
This disagrees with the results reported by Liu and Adams,33

who observed no significant difference between the two
when using hop frequency~rather than diffusion coefficient!
data for Ni. As we have seen above, the frequencyG is
Arrhenius at all temperatures, whereas the diffusion coeffi-
cientD is not. In fact, if we use our high-temperature diffu-
sion data to determine the Arrhenius parameters, we obtain,
for Ag, EA50.10 eV, instead of 0.055 eV at low tempera-
tures.

Correlated jumps — sometimes called ‘‘long’’ jumps be-
cause of the larger mean-square displacement they corre-
spond to—have already been observed in MD

simulations.28,34–36Also, some experimental evidence of the
phenomenon has been reported, e.g., for Pb/Ge~111!,37

Na/Cu~001!,38 and Pd/W~211!.39 In all these experiments, the
barrier energy is much higher than the temperature. The pres-
ence of long jumps has been described using various theo-
retical approaches:32,40–42 in these, a coefficient of friction
between adatom and substrate is introduced, and the occur-
rence of long jumps in various regimes of friction, and as a
function of theEA /kBT ratio, is assessed. Going from low to
high temperature, diffusion changes from single-jump to
Brownian motion. We find, comparing our MD results with
such theories~see, e.g., Fig. 2 in Ref. 32!, that our systems
are in a regime of moderate friction.

In another spirit, Voter and Doll have proposed a gener-
alization of the TST in which more than one final state is
allowed in diffusion events and dynamical corrections are
incorporated in a rigorous manner.43 This formalism, which
is also valid at high temperatures, has been shown to repro-
duce very well the results of MD for the~100! surface of a
Lennard-Jones crystal.44 On the ~111! surface at high tem-
peratures, the behavior of the diffusion coefficient is per-
fectly in line with that observed here; i.e., deviations from
the Arrhenius law are seen.45 The formalism of Voter and
Doll is based on input data from the simulation of ‘‘half-
trajectories,’’ i.e., between transition and equilibrium states,
and therefore offers an advantage over full MD simulations
at low temperatures, where long enough runs cannot be af-
forded. However, it does require simulations to be carried
out at every temperature where the diffusion coefficient is
needed. In what follows, we propose a simple, intuitive, phe-
nomenological model — which is basically an extension of
the random-walk model — that allows for the existence of
arbitrary long jumps and explains quite well the MD data
without introducing additional parameters compared to the
simple RW model.

B. Correlated-jump model

The non-Arrhenius behavior of the diffusion coeffi-
cient observed in our MD simulations can be under-
stood using the following simple model. First, we exploit
the fact that the frequency at which an energy barrier is
crossed depends on temperature in an Arrhenius way, i.e.,
G[G0exp(2EA /kBT), as discussed above. Second, in view
of the fact that we are in a regime where friction is impor-
tant, we can assume, approximately, that an energy equiva-
lent to the height of the barrier is dissipated each time a
barrier is crossed. Since the probability of crossing one bar-
rier is proportional to exp(2EA /kBT), then the frequency of a
jump taking the adatom to thenth nearest-neighbor site,
which we denote Gn , must be proportional to
exp(2nEA /kBT) ~since all sites are equivalent!. Since each
suchnth-nearest-neighbor ‘‘transition’’ is attempted at a rate
G0n , i.e.,Gn5G0nexp(2nEA /kBT), we have

G5G0expS 2EA

kBT
D5 (

n51

`

nGn5 (
n51

`

nG0nexpS 2nEA
kBT

D .
~3.1!

We can go one step further by noting that the way to escape
out of an equilibrium site is the same for all jumps, regard-
less of the length, and is therefore independent ofn, i.e.,

FIG. 3. Proportionh of back hops on the~111! surfaces as a
function of temperature. For a random walk,h50.33 exactly. The
arrows indicate the activation energies for the two systems.
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G0n5Ĝ0 . With this simplification, we can operate the sum in
Eq. ~3.1! and obtain the following expression forGn :

Gn5Ĝ0expS 2nEA
kBT

D[G0F12expS 2EA

kBT
D G2expS 2nEA

kBT
D .

~3.2!

In the limit EA@kBT, the exponential term in the square
brackets becomes negligible andG2!G1; i.e., the RW-model
expression is recovered,G5G15G0exp(2EA /kBT). For our
~111! surfaces, however, as demonstrated above~cf. Fig. 3!,
the energy barrier is comparable tokBT and correlated jumps
must be taken into account in order to properly describe the
diffusion process.

In order to provide a firm basis for the assumptions lead-
ing to Eq.~3.2!, we compare in Fig. 4 the frequency of jumps
of length up ton54 computed from the MD trajectories
with the predictions of Eq.~3.2! in the case of Ag/Ag~111!.
For G0 and EA , we use the values given in Table I. The
criterion we use to define jumps of lengthn involves the
introduction of a characteristic timet: If two hops occur
within the timet, they are considered to belong to the same
jump; a sequence ofn such hops leads to a jump of length
n, and a jump is considered to terminate when no further hop
takes place within a timet after the previous one. In prac-
tice, we have chosent in the range t022t0 , where
t051/G0 is simply the time between two successive at-
tempts of the adatom to cross the barrier~cf. Table I.! For the
data presented in Fig. 4, we have usedt50.7 ps, about 1.6
times larger thant050.45 ps. We have verified carefully that
our results do not depend in a significant way on the particu-
lar choice oft ~within the range above!: indeed, fort50.6
ps (;1.3t0) and t50.8 ps (;1.8t0), the calculated fre-
quency of jumps remains in excellent agreement with that
obtained directly from the MD data,modulo the numerical
error on the fitted values ofG0 andEA . It is clear, therefore,
that within the statistical error inherent to the simulations,
especially for longer jumps, the MD results are very well
described by the correlated-jump~CJ! model. This compari-
son thus clearly establishes the validity of Eq.~3.2!.

We can also consider the relative probability of occurence
of jumps of lengthn; within the present model, this is given
by

P~n!5
Gn

(n51
` Gn

5expS 2~n21!EA

kBT
D F12expS 2EA

kBT
D G .
~3.3!

This quantity is plotted in Fig. 5 at three different tempera-
tures and compared to the MD data. Again, the agreement is
remarkable. It is of interest to note that in the moderate
damping limit, Pollak and co-workers41 have shown that a
plot of logP(n) versusn is very well described by a straight
line; altough this work was concerned with much lower tem-
peratures~compared to the activation barrier!, we do observe
a similar behavior here.

We thus have, for the diffusion coefficient in the
correlated-jump~CJ! model,

DCJ5 (
n51

` l n
2Gn

2d
, ~3.4!

wherel n is the length of the jump to thenth nearest-neighbor
site andGn is given by Eq.~3.2!. If we assume that corre-
lated jumps take place along the same directions as single
hops, which is quite reasonable in view of the above discus-
sion, then the length of a correlated jump can be taken as the
maximum length that can be reached withn single hops, and
we have

l n
25H n2a2/8 if n is even

~3n211!a2/24 if n is odd.
~3.5!

This implies that the calculated diffusion coefficient will ac-
tually be an upper limit to the actual one. If only small-n
jumps take place, which is really what we expect at the tem-
peratures considered here~see Fig. 5!, then Eq.~3.5! is an
excellent approximation~it becomes exact forn51 and 2).

In the case where large-n jumps are present, i.e.,
kBT@EA , then the concept of thermalization into a site, and
therefore jump, is in any case no longer valid. The present
model, therefore, does not apply in such situations. Never-
theless, it extends, relative to the RW model, the range of
temperatures for which diffusion parameters can be extracted
from the static properties—barrier and attemp-to-diffuse fre-
quency. Even if the model fails in the high-temperature limit,
we note that the diffusion coefficient@given in Eq.~3.6!# will
have a linear dependence on temperature in this limit, as
expected for Brownian motion. Of course, the model also
fails in cases where the surface undergoes a transformation,
e.g., reconstruction or premelting.

Using the expression~3.5!, we can now operate the sum
in Eq. ~3.4! and obtain, for the diffusion coefficient of an
adatom on the~111! surface of an fcc lattice,46

DCJ5
DRW

~11e2EA /kBT!2 H 113e2EA /kBT15e22EA /kBT

1
6e23EA /kBT

12e2EA /kBT J , ~3.6!

FIG. 4. Comparison between the MD data and the predictions of
the correlated-jump model~solid line! for the frequency of jumps of
lengthn51, 2, 3, and 4, for Ag/Ag~111!.
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where DRW5a2G0exp(2EA /kBT)/24. We emphasize that
DCJ is expressedentirely in terms of two system-dependent
parameters, namely,EA andG0 ~or equivalentlyD0), which
can in principle be extracted from a small number of MD
runs. Thus, taking into account correlated jumps does not
require additional parameters in comparison to the simple
RW model and, as we will see below, leads to a substantially
better description of the diffusion coefficients.

The CJ-model diffusion coefficients,DCJ(T), as deter-
mined from Eq.~3.6!, are plotted as full lines in Fig. 6 for the
two ~111! surfaces, together with the data from the MD
simulations; we have used forDCJ the values ofG0 andEA
obtained from the hop-frequency data~cf. Table I!. We find
that Eq. ~3.6! reproduces extremely well the diffusion MD
data for Ag at high temperature, reassuring us of the validity
of our model. The agreement for Au, however, is not very
good — no better in fact than with the RW model — but the
Au~111! surface is a bit peculiar. As we have discussed al-
ready, the energy barrier on this surface increases with tem-
perature~due to the combined effects of the finite size of our
simulation cell and reconstruction!, while Eq. ~3.6! assumes
EA to be constant. The values ofDCJ(T) for Au~111! cor-
rected to take into account the variation in temperature of the
energy barrier are shown as crosses in Fig. 6~b!. The cor-
rected values are now in excellent agreement with the MD
data, indicating that the CJ model can describe properly dif-
fusion over a wider range of temperatures than the simple
RW model ~which is the limit of the CJ model when
EA@kBT).

Experimentally, of the two systems studied here, only the
value ~of the energy barrier! for Ag~111! is, to our knowl-
edge, available. From scanning-tunneling microscopy mea-
surements carried out between 500 and 800 K, a value of
0.1560.1 eV has been reported.31 This is in apparent dis-
agreement with our activation energy of 0.055 eV; however,
an Arrhenius fit to our MD data in the same temperature
range, 500–800 K, gives a barrier of 0.10 eV, in better agree-
ment with experiment. We note, however, that the experi-
mental value suffers a large uncertainty. Further, it has been
claimed recently that EAM underestimates the energy barrier
when compared to first-principles calculations for Pt/Pt~111!

and Ag/Pt~111!.47,48 Considering these results, calculations
using more accurate models and/or more accurate low-
temperature experiments are needed to resolve the
discrepancy.49

We have recently carried out a series ofab initio calcula-
tions for the systems of interest here.50 The calculated barri-
ers are 0.14 eV for Ag and 0.22 eV for Au, much higher in
fact than the ones predicted by EAM. In the EAM model,
therefore, because the barriers are underestimated, the con-
tributions of correlated jumps are overestimated. Neverthe-
less, i.e., in spite of the disagreement between EAM and first
principles, the present model is useful, and should be appli-
cable to some systems. In fact, in the case of Al/Al~111!, ab
initio calculations give a diffusion barrier of only 0.04 eV,51

i.e., about 500 K. We expect correlated-jump contributions
to be important on this surface at temperatures above 500 K.
It would be of considerable interest that experimental confir-
mation of this prediction be carried out.

C. „100… surfaces

~100! surfaces differ significantly from~111! surfaces in
that their potential-energy surface is much more corrugated
~i.e., energy barriers are much larger! so that correlated
jumps are not a concern. In addition, since they are more
open, mechanisms for diffusion other than jump, namely,
exchange, are possible, as mentioned earlier. In our MD
simulations, we have also observed more complicated pro-
cesses — exchanges in which more than two atoms are in-
volved — but their small frequency of occurrence here does
not permit a detailed Arrhenius analysis. Such events have
already been discussed elsewhere.52–54 In any event, since
more than one process for diffusion are possible, the ‘‘mea-
sured’’ diffusion coefficient is a sum of exponential contri-
butions, and it is not possible to interpret the results in terms
of a single Arrhenius law. We examine, therefore, the vari-
ous contributions to diffusion via a detailed analysis of their
frequencies of occurrence.

The temperature range accessible with MD on the~100!
surfaces is much more narrow than on the~111! surfaces,
due to the higher corrugation and lower stability of the
former upon the creation of adatom-vacancy pairs. We have
thus studied Au between 400 and 600 K and Ag between 650
and 750 K, which is sufficient, in view of the high diffusion
barriers, to obtain a detailed understanding of their dynam-
ics. Arrhenius plots of the frequency of occurrence of the
two main processes~jump and exchange! as a function of
temperature are presented in Fig. 7. The MD data are shown
as points, and the Arrhenius fits as full lines; the correspond-
ing parametersEA andG0 are listed in Table I.

We find that diffusion is ‘‘easier’’ on Au than on Ag. On
the former, the predominant mechanism is the exchange
while on the latter, diffusion proceeds more readily by
jumps. This has also been observed by other authors using
different models.9,30,55,56While the two systems have very
similar barriers for diffusion by jumps~0.48 eV for Ag ver-
sus 0.49 eV for Au!, the ones for exchange are very different
~0.78 versus 0.26!. In view of the exponential dependence of
the frequencies on the activation energy, it could be con-
cluded from this that diffusion by exchanges on Ag~100!
should be almost unobservable in comparison to Au~100!.
However, as can be seen in Table I, the prefactorsG0 , i.e.,

FIG. 5. Comparison between the MD data and the predictions of
the correlated-jump model~solid line! for the relative probability of
jumps of length 1<n<5 at three different temperatures for Ag/
Ag~111!.
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the frequencies at which the processes are attempted, are
muchhigher on Ag than on Au~390 versus 14 THz!, com-
pensating largely for the larger activation barrier. When
translated into diffusion prefactors, we obtainD051631 and
58 Å2/ps for Ag and Au, respectively. WhileD0 for Au is in
line with the usual value of 10 Å2/ps, the value for Ag is 2
orders of magnitude larger. In fact, we also find for jump
diffusion on Au~100! a value ofD0—156 Å2/ps—which
largely exceeds the commonly accepted value.

The above results find a natural explanation in the Meyer-
Neldel rule, also referred to as the compensation law. We
have recently demonstrated,15 through a detailed analysis of
diffusion data on Pd~100!, Ni~100!, as well as the present
surfaces, that there exists a correlation between the prefactor
~attempt-to-diffuse frequency! and the height of the barrier
for diffusion: the rate at which diffusion events are at-
tempted,G0 or D0 , increases whenEA increases so as to
‘‘compensate’’ for the increased difficulty in overcoming the
energy barrier. The Meyer-Neldel rule, in fact, probably also
provides an explanation for the experimental observation of
a high prefactor for exchange on Ir~100! (EA50.87 eV —
Ref. 10!, much larger than on Pt~100! (EA50.47 eV — Ref.
11!.

Thus, it is clearly not sufficient to compare activation-
energy values to determine the relative importance of the
various mechanisms for diffusion, or of the same mechanism

on different surfaces: prefactors may differ greatly for the
various mechanisms and for different materials, and cannot
be assumed to be constant. Taking these into account, in fact,
can change significantly the barrier extracted from the mea-
surement of the diffusion coefficient at a single temperature,
especially if the barrier is high.

D. Transition-state theory

As noted earlier, in either the RW or the CJ model, the
diffusion coefficient can be determined completely from a
knowledge of two essential parameters, the attempt-to-
diffuse frequencyG0 and the activation energyEA ~other
parameters are ‘‘structural’’!. The most direct way of deter-
mining these coefficients is to carry out a detailed dynamical
calculation of the diffusion coefficient at different tempera-
tures and to fit the expression forD to these data, as we have
done above. This procedure is tedious and time consuming,
however, and it is desirable to obtain the parameters from a
simpler approach. In particular, it would be of considerable
interest if they could be determined from purely static prop-
erties. The transition-state theory provides such a link; fur-
ther, it is known to be valid in the moderate-friction
regime,42 and therefore appropriate to our MD results. We
investigate now the ability of the classical harmonic approxi-
mation to the TST to describe diffusion for our different
surfaces and mechanisms.

Within the framework of TST, in the classical harmonic
approximation, the energy barrier~or activation energy! is
EA5ETS2EES, whereETS is the energy of the system with
the adatom at the transition site andEES is the energy of the
system with the adatom at the equilibrium site. The fre-
quency of diffusion events isG05nn, wheren is the number
of equivalent paths to escape out of an equilibrium state and
n is given by16

n5

)
i51

3N

n i

)
i51

3N21

n i8

. ~3.7!

The n i ’s are the frequencies of the normal modes of the
system in the equilibrium state; there are 3N such modes,
with N the total number of atoms. Then i8’s are the normal
modes for the transition state; since the adatom is on a saddle
point in this case, there is one imaginary frequency, and thus
the product contains only 3N21 terms. The normal-mode
frequencies in both equilibrium and transition states are the
eigenvalues of the corresponding dynamical matrices~see,
e.g., Ref. 57!. For the usual jump mechanism, we can go one
step further and use the adiabatic approximation, which con-
siders only the frequencies of vibration of the adatom; thus,
we haven5n1n2n3 /n18n28 ~though the substrate is, of course,
fully relaxed!. It should be stressed that this approximation is
not appropriate for the exchange process because of the large
distortions of the lattice that the adatom generates in the
transition state.

The parameters of the TST —EA andn — were obtained
from static, zero-temperature, relaxation of the slabs de-
scribed in Sec. II.~This procedure for minimizing the total
energies of the systems is often referred to as molecular stat-

FIG. 6. Comparison between the MD data and the predictions of
the correlated-jump model for the diffusion coefficient for~a! Ag/
Ag~111! and ~b! Au/Au~111!. In ~b!, the corrected CJ model~see
text! is indicated by crosses.
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ics.! The results are listed in Table I; in Figs. 1 and 7 we give
~as dotted and dashed lines!, for comparison with the MD
data, the resulting Arrhenius laws. It is immediately clear
from the table that the static~TST! barriers are equal, within
error, to the activation energies deduced from the dynamical
simulations. Thus, the dynamics of the substrate influences
only very little the activation energy of the diffusion process.
This result is of great importance: Activation energies can be
determined accurately from static first-principles calcula-
tions; dynamic, or Car-Parrinello,58 first-principles simula-
tions are beyond the capabilities of present-day computers
for problems such as those considered here.

For the attempt-to-diffuse frequencies,G0 , the agreement
with the dynamical values is at best qualitative; however,
considering the approximations used~harmonic and static!,
interesting observations can be made. In most cases, we find
a value forG0 that is within the error bar of the MD data~see
Fig. 1 and Fig. 7!. Notable exceptions are exchange on
Ag~100! and jump on Au~100!. For these two cases, we have
found relaxation of the substrate in the transition state is very
substantial; for instance, in the case of Au~100!, the adatom
nearly incorporates into the top layer of the slab, leading to
significant rearrangements of the neighboring surface atoms.
To properly describe such situations, it would be necessary
to go beyond the simple harmonic and static approximations

used here, while these approximations are appropriate in
cases where relaxation is small.59

We have also tested the adiabatic approximation for the
jump process. As noted earlier, this is not applicable to
Au~100! because of the particular transition state described
earlier and no such approximation is possible for exchange
since a surface atom is directly involved in the process. The
values for the other cases are listed in parentheses in Table I.
We find that this further approximation accounts reasonably
well for the ‘‘exact’’ prefactors, i.e., obtained from a full
diagonalization of the dynamical matrices, at a much reduced
computing cost.

IV. SUMMARY AND CONCLUDING REMARKS

We have studied the homodiffusion of single adatoms on
the flat Ag and Au~100! and~111! surfaces using molecular
dynamics and the semiempirical embedded-atom-method po-
tentials, with a view of understanding more clearly the rela-
tionship between static and dynamic energy barriers, as well
as the deviations at high temperatures from the Arrhenius
behavior.

We find that diffusion by jumps can no longer be associ-
ated to a random walk when the thermal energy of the atoms
becomes comparable to the height of the diffusion barrier. At
this point, correlated jumps start to contribute significantly to
the diffusion process, resulting in a non-Arrhenius depen-
dence of the diffusion coefficient on temperature. We have
presented a simple model taking those correlated jumps into
account, and which agrees very well with the MD data, at no
additional cost over the random-walk model. On the more
corrugated~100! surfaces, where two important mechanisms
contribute to diffusion — jump and exchange — our results
indicate that knowledge of the energy barriers alone is not
sufficient to determine the predominant mechanism, since
the prefactors, or attempt-to-diffuse frequencies, can vary
substantially. In fact, we have observed a correlation be-
tween the prefactor and the barrier height, which can be ex-
plained in terms of the Meyer-Neldel compensation law.15

We have also performed molecular-statics energy-
minimization calculations to assess the ability of a simple
harmonic approximation to the transition-state theory to de-
scribe diffusion on these surfaces. We find that the diffusion
barriers are, in general, very well accounted for by the
theory; it also does quite well at predicting the prefactors,
except in cases where relaxation of the substrate is substan-
tial. This suggests that energy barriers, and even prefactors,
in the moderate-friction regime, can be extracted with confi-
dence from more accurate first-principles approaches.
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