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Self-diffusion on low-index metallic surfaces: Ag and Au(100 and (111)
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Using molecular-dynamics simulations and the embedded-atom method, we study the homodiffusion of
single adatoms on flat Ag and A100 and(111) surfaces. Our results for thd11) 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 tfg00) 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 small50163-182806)09727-5

I. INTRODUCTION tions from the substrate, which depends on details of the
structure. Recent progress in the theory of surface diffusion
With the size of devices getting smaller, it is becominghas established rigorously the validity of the Arrhenius law
more and more important to understand the physics of suiin the limit Ex>kgT (see, for instance, Ref.) 6Equation
faces, and in particular their dynamics. One essential aspe¢t.2) can in fact be derived from Eq1.1) if we assume the
of surface dynamics is the diffusion of adsorbates, whichdiffusion trajectory to be a random walRkW), i.e., a suc-
leads to mass transport, step flow, nucleation, and ultimatelgession of uncorrelated diffusion events, whose frequency
growth, and thus determines the surface morphofdgBy  obeys the Arrhenius lawl =T gexp(—Ea/ksT). As we will
definition, the diffusion coefficient is given by the Einstein see below, it is often preferable to discuss mass transport in
relation terms of frequencies of diffusion events rather than diffusion
coefficients.
(R(t)%) 11 Experimentally, it is extremely difficult to determiri2,
2dt (1.0 because of the narrow temperature range where data can be
collected. In view of the relatively weak dependenc®obn
where (R(t)?) is the ensemble-averaged mean-square disthis prefactoricompared to the exponential texnit is com-
placement of the diffusing particles — adatoms or clustersnon practice to “assign” it the value 10%ps (obtained by
— andd is the dimensionality of the space in which diffu- averaging over the available FIM measurements—Refs. 4
sion is taking place d=2 for a flat surface While it is  and 7 and to determine the activation energy on the basis of
actually possible to measure this mean-square displacemeatsingle or very few measurements in temperature. However,
experimentally using, for instance, field-ion microscopyas we will see, the above canonical value is often inappro-
(FIM), even in the case of single adatoffsno direct infor-  priate and can actually lead to large errors on the predicted
mation on the dynamics of diffusion can thus be obtaineddiffusion properties of a surface.
Experimental knowledge of surfaces can, however, be aug- It is our aim here to provide some understanding of the
mented to a considerable extent by carrying out detailedlynamics of diffusion on metallic surfaces. To this effect, we
molecular-dynamic$MD) simulations. In MD, the trajecto- investigate in detail, using MD, the problem of the homo-
ries of an ensemble of atoms constituting the model are gerdiffusion of a single adatom on th@11) and(100 surfaces
erated by integrating the classical equations of motion. Thi®f Ag and Au. As a model for the interactions between the
makes it possible to study, relevant to our purpose, suchtoms, we use the semi-empirical embedded-atom method

D=Iim

t—o

processes as surface diffusion. (EAM).8 We chose Ag and Au because EAM is more accu-
Diffusion is usually assumed to have an Arrhenius tem-ate for noble metals than for transition metals. Although less
perature dependence, precise than first-principles approaches, such a simple
potential-energy model is necessary in order to afford the
—Ep large systems and long simulation times needed to simulate
D= DoeXP( KaT ) (1.2 diffusion.

We examine, first, the behavior in temperature of the dif-
where E, is the energy barrier between two equilibrium fusion coefficient. The closed-packétill) surface is par-
sites, i.e., local minima on the potential-energy surface foticularly amenable to such a study because it has low barriers
diffusion, andDy, is a prefactor containing entropic contribu- for diffusion (as determined from EAM and is extremely
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stable, even at elevated temperatures. The more @G Il. COMPUTATIONAL DETAILS

surface, on the other hand, is a bit more complicated, in that . .
. : . o e As mentioned already, the atoms were chosen to interact
jump is not the only possible mechanism; diffusion of an_.

adatom can also proceed via the exchange with an atom froMio the EAM potential proposed by Foiles, Baskes, and baw

the substraté®~* It has been observed on(100 that the W'tr;f th% op|>tr|1m|zehd r?arametr;z: tion of A]:Qams, FO':ES’ and
prefactor for self-exchange is “anomalous,” being muchW0 er.* Although this model has been fitted to bulk prop-

larger than the “normal” value(626 Alps versus—10). erties, it has been applied successfully to the study of various

: L * . surface phenomen&!®
This clearly indicates that prefactors can vary rather widely In ourpMD calculations, the surfaces were approximated

from one surface to another, as well as from one mechanism - . : )
by slabs containing a fixed number of layers — eight in the

to another, a.n(.j that knowledge of the barrier heights is there—reserlt casxcluding the adatom— of which the bottom
fore not sufficient to determine which process occurs mos : ; . .
wo were held fixed in order to mimic the bulk. The lattice

frquently on a given surface. Th'? in fact dgpends on thi)arameter of these rigid layers was determined from a series
detailed energetics of the surfaces; we examine and dISCUO? runs on the bulk materials, as detailed below. Each of the
the problem for th€100) surface of Ag and Au. ’ )

We find the prefactoD, to be much larger for exchange layers con'tamgd 64 atoms, apd pgnodg: boundary cpndmons
. . . _.o_ were applied in the lateral directions, i.e., perpendicular to
than for jump on Ag, while the opposite is true on Au; like-

wise, we findD,, to be much larger for exchange on @§0) the surface, so that the system is effectively infinite in the

' 0 9 9e x-y plane. It has been verified that a system of this size is
than on AW100. In fact, we observe a correlation between sufficient to yield converged values for the diffusion
the prefactor and the height of the barrier. This is in line with y 9

o L coefficient?®?! In order to keep the problem as simple as
our recent findings that the prefactor and the activation bar- b P P

. lated t ther by the M Neloel possible, all surfaces were assumed to be flat in their initial
rerare relae.lso. onr(]a another K : heyer—h.e[ com- h state(i.e., steps are not considejeand not reconstructed,
pensation law;™ in the case at hand here, this asserts thalynough it is well known that Au surfaces reconstritc

Do, which is a measure of the rate at which diffusion eventg\ye have addressed the problem of diffusion on the recon-
are attempted, increases WhER increases so as to “com- sirycted A¢l1l) surface elsewhere — see Ref. P4.
pensate” for the increased difficulty in overcoming the en- Al simulations were carried out in theN(V,T) en-
ergy barrier. semble, except for a series of bulk calculations in the
Diffusion is often described in terms of a random walk, (N,P,T) ensemble(using a 256-atom systenin order to
which offers the advantage of simplicity. We find this de- determine the lattice constant at each simulated temperature,
scription to be valid at low temperatures. However, when theused for properly setting the bulklike layers of the substrate.
thermal energy of the atoms is of the order of, or higher thanin order to determine the surface diffusion coefficipuning
about half the activation energy, diffusion can no longer beEg. (1.1)], the evolution of an adatom was followed at sev-
represented by a random walk because of the existence efal temperaturegsee Sec. I)l for a time long enough to
correlations between successive diffusion events, leading tgield reliable and reproducible statistics. In practice, the runs
a non-Arrhenius behavior for the diffusion coefficient. We consisted of a period of equilibration of 80 ps, followed by a

introduce a correlated-jump model that explains remarkablperiod of “production” of 2—10 ngdepending on the num-
well the non-Arrhenius deviations. ber of events observed, i.e., temperatudiring which sta-

Finally, in spite of the simplicity of the semiempirical fistics were accumulated. A time step of 4 fs was used to

EAM, calculating in detail the temperature dependence operform the numerical integration. of the equation; of motion.
the diffusion coefficienfusing MD and the Einstein relation In some cases, as discussed in the Introduction, there ex-

(1.1)] so as to extract the Arrhenius parameters remains lpts more than one mechanism via which diffusion of an

tedious exercise. It is therefore desirable to establish a pogl_datom to a neighboring site can take place. The "macro-

i : : e . scopic” diffusion coefficient is a weighted sum of exponen-
sible relationship between the diffusion coefficient and quan:. | d fitti inal henius law is theref
tities that can be computed on the basis of static propertietla > an |tt.|ng to a single Arr 1enius faw 1 therefore mean-

. . ﬁ‘lgless. It is, however, possible to separate the various
alone, i.e., from the structural properties of the system at ze;?

temperature. Such a link |516prO_V|ded by the simple classicalaiher than the diffusion coefficient, the frequency of occur-
transition-state theorgTST).™ It is our aim in what follows ance of the various types of events, that is the number of
to demonstrate the ability of the TST to predict the diffusiong,ents of a particular type observed during a given time di-
coefficient from static crystal properties in the harmonicyided by the observation time. For example, in the case
limit. where diffusion can be assimilated to a random walk, the
Our paper is organized as follows: First, we describe, indiffusion coefficient is related to the frequency of events,
Sec. Il, the computational procedure used in our MD simui", asD=I%I"/2d, wherel is the distance traveled during
lations. We present our results in Sec. Ill. We start with theone diffusion event. Moreover, if we assume an Arrhenius
(111) surfaces in Sec. Ill A, and discuss in Sec. Ill B our temperature dependence for the frequefey. (1.2)], then
correlated-jump model for the temperature dependence of thee have I'=T"gexp(—Ex/kgT) and the prefactor is
diffusion coefficient. Diffusion on th¢100) surfaces is dis- Do=Dor=1°T"q/2d.
cussed in Sec. lll C, where we also examine compensation In the discussion that follows, we consider both descrip-
(Meyer-Nelde) effects. The applicability of TST, finally, is tions (i.e., in terms of diffusion coefficient® and in terms
discussed in Sec. Il D. A summary and concluding remarkof frequency of event¥’) in the case of thél1ll) surfaces,
are given in Sec. IV. since here diffusion can only proceed by jumps; for th@0)

ontributions to the total diffusion constant by considering,
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1 . , the value ofE,), the jumps are almost exclusively to nearest

o T (MD) neighbors, and thermalization into thel sites takes pIacg. At
[ o D (MD) moderate temperature, there can be jumps to more distant
> r(TST) 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 jump&s opposed to
hops is given in Sec. Il 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

L . acceptable simulation time<(4 ns, in most cas¢sThe up-

0 4 8 per limit, on the other hand, was determined by the stability

1VksT (V) of the surface with respect to, for instance, disordering via
1 , . . the formation of adatom-vacancy pairs or adsorption of the
adatom into the top layer of the substrate. For(#d), 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 Au111), 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 negle¢tbhe Au111) surface
undergoes a 243 reconstructiorf? 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 AW11) surface is prohibited, therefore

D (A’/ps) or I (THz)

(a) Ag(111)

o T (MD)
o D (MD)
10° K r(TST)

D (A%ps) or T (THz)
=)

(b) Au(111)

107 : : . enabling us to study adatom diffusion on the bulklike con-
0 100 200 300 400 figuration at higher temperatures than would otherwise be
1k, T (V) possible. Since reconstruction results in an increased atomic

density at the surface, i.e., our finite-size supercell is less
FIG. 1. Arrhenius plots of the diffusion coefficient and hop fre- densely packedmore corrugatedthan the ground-statg@e-
quency for(a) Ag/Ag(111) and(b) Au/Au(111). The solid lines are  constructedl structure, we expect the energy barriers to be
Arrh_en?us fits to the low-temperature data. The dashed line is th?arger on our “artificial” surface at high temperatures than
prediction of TST forl". on the real bulklike surface at very low temperature. This
, means that we should observe, in the high-temperature re-
surfaces, we examine only the frequendiefor both mecha-  gime smaller values for the diffusion coefficient and the hop
nisms. frequency than predicted by an Arrhenius law determined
using the low-temperature dat@his is clearly the case for
. RESULTS the hop frequency; for the diffusion coefficient, as discussed

It is of interest to study diffusion on thgl11) surface of be_Iqw, the expected_ decrease is compensated by an increase
arising from correlations between the hgps.

fcc metals because, as we have just discussed, it proceeds M) ceording to the RW model. as discussed earlier. the
a particularly simple manner, and also because barriers ate 9 d the diffusi ’ Hicient should h’
low on this surface. This allows excellent quality diffusion Jump frequency” and the diffusion qu. icient should have

data to be accumulated for a detailed test of the RW modefhe same temperature dependence; i.e., they should both

In addition, this surface is extremely stable in temperatureg\?ﬁén?uns irrgsglge?lo;/i\\jvv(i?; f#emslra‘\%;k;ectiggggrfgﬁgrto lii
and it is therefore possible to study the phenomenon over 9y

: : . " Gifferent prefactors. We have fitted independently the MD
relatively wide range of temperatures. We present, first, I ta forl” andD to the Arrheni xpressidasing only th
Sec. Il A, our MD results for this surface, and introduce, atafor! a o the enius expressidasing only the

next, in Sec. Il B, a model that goes beyond the RW mode,ow-tem_pe_rature po?nts: strictly_speaking, t_he RW model is
and explains well the MD data, and in particular the devia-Only valid in the limitE,>kgT, i.e., when Q|ffu3|on events
tions from the Arrhenius behavior. are so rare tha}t there can be no correlguon _betwgen}them
The resulting fits are shown as full straight lines in Fig. 1,
and the parameters of the fits,, I'y, andDy, are listed in
A. (111) surfaces Table I. The values we obtain generally agree with other

We present in Fig. 1 Arrhenius plots of the diffusion co- calculations using similar model$’ 3! While the hop fre-
efficient and “hop frequency” for our twq111) surfaces quency and the diffusion coefficient indeed follow the same
over the temperature range 140-900 K for Ag, and 35—40@\rrhenius dependence at low temperature — the activation
K for Au. Here, by “hop,” we mean the jump of an adatom energies from th& andD fits are equal within error and the
over asinglediffusion barrier, i.e., from one site to an adja- prefactors obey the RW prescription, i.e.Dor
cent one. At low temperatur@epending on friction and on =12T'y/2d=D, — it is clear from Fig. 1 thatD and T’
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TABLE I. Arrhenius parameters obtained from MD and TST for the various cases consider¢to@n
surfaces, two mechanisms are possible: jufpdnd exchangeX). For TST, values in parentheses were
obtained using the adiabatic approximatisee texk

MD-I" MD-D TSTT

FO EA D0r=|2F0/2d DO EA FO EA
Surface (THz) (eV) (AZ?Ips) (R2lps) (eV) (THz) (eV)
Ag(11) 2.2 0.055 15 15 0.055 3.9 0.059
Au(111) 11 0.015 0.7 0.6 0.014 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

behave differently at high temperature, indicating a failure ofof the motion. At slightly lower temperature, 700 K, the
the RW model. We note that the diffusion barriers are of theadatom is found to thermalize much more often into the sites,
same order as the thermal energies. This failure, thereforenpaking it easier to use the concept of jumps. A more quan-
could to some extent be expected, since in the limit of temtitative way to describe this is to examine the rafi@f back
peratures much larger than the energy barriers, diffusion beae forward hops; a “back hop” is defined as a sequence of
comes Browniafi:*? two successive hops that takes the adatom back to its initial
It is therefore of interest to study in detail the high- position (i.e., zero net displacementThe ratio % is dis-
temperature behavior of the surfaces in order to understanglayed in Fig. 3 for our twa(111) surfaces. For a random
how the transition from RW to Brownian motion takes place.walk, 7 is exactly 1/3, independent of temperature, as in fact
Before proceeding with a thorough quantitative analysispbserved in our simulations at low temperatures; this is, of
however, it is informative to examinde visuthe surfaces. course, consistent with our observation, above, that diffusion
We do this in Fig. 2 where we plot the diffusion path for an can be described by the RW model at low temperature. At
Ag adatom on the A@1l1) surface at three different tem- high temperatures, however, we see a significant decrease of
peratures — 200, 700, and 900(&n different length scales, the ratio , demonstrating the existence of correlations be-
since diffusion is much faster at high temperatirésom  tween successive hops. Moreover, it can be seen from Fig. 3
these plots, it is clear that diffusion proceeds differently atthat the onset of these correlations corresponds, roughly, to a
low and high temperatures: While at low temperature theéemperature equivalent to the activation barrier for diffusion
adatom clearly has time to “thermalize” into a site betweenextracted from the low-temperature Arrhenius fits; these are
two successive hopsvhich is, in fact, a basic assumption of indicated by arrows in Fig. 3.
the RW mode), this is no longer the case at high tempera- The main consequence of the existence of such correla-
ture, where the adatom can “surf’ over a few sites beforetions is larger mean-square displacements — and therefore
thermalizing. In fact, for the highest temperature in Fig. 2,larger diffusion coefficients — than would be expected from
900 K, it becomes quite difficult to identify jumps, the mo- the simple RW model; this explains why the diffusion coef-
tion looking very much Brownian-like. We note, however, ficients for Ag and Au are higher than expected at high tem-
that a computer-animated display of the trajectory of the adaperatures. This is clearly the case for the(&Hl) surface,
tom on the surface, fully including the dynamics of the sub-Fig. 1(a). It is also the case for Ad11), Fig. 1(b), though
strate, reveals rather clearly the somewhat jumplike characterot as evident. The problem arises, in fact, from the combi-

(a) Ag(111) at T=200K (b) Ag(111) at T=700K (c) Ag(111) at T=900K

FIG. 2. Typical diffusion path of an Ag adatom on @d.1) at (a) T=200 K, (b) T=700 K, and(c) T=900 K. The black dots represent
the surface atoms in their ideal positions.
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simulations?®34-3¢Also, some experimental evidence of the

05 o BU(i1l) phenomen%r; has been reggorted, e.g., for .Pddlﬁlaz,e‘7
4 Ag(111) Na/Cu001),”* and Pd/W211).>" In all these experiments, the
barrier energy is much higher than the temperature. The pres-
04T I ] ence of long jumps has been described using various theo-
T retical approache&%°~*?in these, a coefficient of friction
- 03 I 1 between adatom and substrate is introduced, and the occur-
(3 TIs i T rence of long jumps in various regimes of friction, and as a
02 f TT L. function of theE 5 /kgT ratio, is assessed. Going from low to
high temperature, diffusion changes from single-jump to
01} ; Brownian motion. We find, comparing our MD results with
Au Ag such theoriegsee, e.g., Fig. 2 in Ref. 32that our systems
0.0 | . . A . are in a regime of moderate friction.
0 200 400 600 800 1000 In another spirit, Voter and Doll have proposed a gener-
T(K) alization of the TST in which more than one final state is

allowed in diffusion events and dynamical corrections are
incorporated in a rigorous manr®rThis formalism, which

is also valid at high temperatures, has been shown to repro-
duce very well the results of MD for th€l00 surface of a

nation of two effects: correlations, which tend to cause dif--€nnard-Jones crystéf.On the (111) surface at high tem-

fusion to be larger than Arrhenius, and lower surface density?€'atures, the behavior of the diffusion coefficient is per-
absent on AQL11), which, as discussed earlier, causes thefec:tly in line with that observed here; i.e., deviations from
hop frequency to Hecreaée. ' the Arrhenius law are seén.The formalism of Voter and
Figure Xa), which is not complicated by reconstruction DO_” IS basc?’d_ on input data ”OT“_ the 5|mula_t|_on_ of "half-

effects, also reveals that, in contrast to the diffusion coeffi{raiectories,” i.e., between transition and equilibrium states,
cient, the hop frequency is Arrhenius at all temperatizes! and therefore offers an advantage over full MD simulations
actually provides an excellent route towards determining th t low temperatures, where Ior)g er]ough uns cannot be. af-
Arrhenius parametersThis is due to the fact that the hop orded. However, it does require simulations to be carried

frequency, essentially the probability of going over a barrierout at every temperature where the diffusion coefficient is

of energy via thermal agitation, must be proportional to gheeded. In what follows, we propose a simple, intuitive, phe-

Boltzmann factor in the classical cagef. Sec. Il D) nomenological model — which is basically an extension of
whereaD carries along structural aspects of the surface, and'® random-walk model — that allows for the existence of

in particular correlations; of course, the two are essentiallf‘rb'trary long jumps and explains quite well the MD data

equivalent in the absence of correlations, as we have seen‘."{ithom introducing additional parameters compared to the

We have also calculated the “static” energy barriersSiMPle RW model.
within the framework of TST. They are listed in Table | and
will be discussed in more detail in Sec. Il D. We find them B. Correlated-jump model
to be in excellent agreement with the values deduced from The non-Arrhenius behavior of the diffusion coeffi-
the Iow-temperature Arrhenius fits. This observation, tO-Cient observed in our MD simulations can be under-

gether with the above discussion, suggests an explanation fgfood using the following simple model. First, we exploit
the contradictory results reported earlier on the relationshighe fact that the frequency at which an energy barrier is
between the static energy barrier and the dynamical activarossed depends on temperature in an Arrhenius way, i.e.,
tion energy on(111) surfaces: Using diffusion-coefficient I'=Tyexp(—Ex/kgT), as discussed above. Second, in view
data from their high-temperature MD simulatioi®., ksT  of the fact that we are in a regime where friction is impor-
of the order of or |arger than the static bar)‘iand flttlng to tant, we can assume, approximate|y' that an energy equiva_
an Arrhenius law, Sanders and DePri&taising various in- |ent to the height of the barrier is dissipated each time a
teratomic potential models, found activation energies subparrier is crossed. Since the probability of crossing one bar-
stantially larger(by a factor of 1.2—7.Bthan barriers ob- rier is proportional to exp{Ea/ksT), then the frequency of a
tained from static minimization calculations for Ag and Rh.jump taking the adatom to thath nearest-neighbor site,
This disagrees with the results reported by Liu and Ad&ms, \which we denote I',, must be proportional to
who observed no significant difference between the tWQaxp(—nE, /ksT) (since all sites are equivaléntSince each

when using hop frequendyather than diffusion coefficient  sychnth-nearest-neighbor “transition” is attempted at a rate
data for Ni. As we have seen above, the frequeficys  je. TI',=T,,exp(-nEs/ksT), we have

Arrhenius at all temperatures, whereas the diffusion coeffi-
cientD is not. In fact, if we use our high-temperature diffu- p( -

FIG. 3. Proportions of back hops on th€111) surfaces as a
function of temperature. For a random wak;=0.33 exactly. The
arrows indicate the activation energies for the two systems.

- -nE
sion data to determine the Arrhenius parameters, we obtain, I'=I"gex => nl=>, nFOnex;{ K TA>.
for Ag, E5,=0.10 eV, instead of 0.055 eV at low tempera- B
tures. @D
Correlated jumps — sometimes called “long” jumps be- We can go one step further by noting that the way to escape
cause of the larger mean-square displacement they correut of an equilibrium site is the same for all jumps, regard-
spond to—have already been observed in MDless of the length, and is therefore independenhpfi.e.,
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We can also consider the relative probability of occurence

10 y y " T of jumps of lengthn; within the present model, this is given
Ag/Ag(111) o n=1 by
o n=2

I, —(n—l)EA)
P(n)= Ez_ll,n—exp( kaT

—Ep
1_‘“‘]( keT ”
(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-worketshave shown that a
plot of logP(n) versusn is very well described by a straight
10 20 30 40 50 60 line; altough this work was concerned with much lower tem-
17k, T (V™) peraturegcompared to the activation barrjewe do observe
a similar behavior here.
FIG. 4. Comparison between the MD data and the predictions of We thus have, for the diffusion coefficient in the
the correlated-jump modésolid line) for the frequency of jumps of  correlated-jum@CJ) model,
lengthn=1, 2, 3, and 4, for Ag/A¢L1]).

©

iy
T'on=T. With this simplification, we can operate the sum in Dey= n; >4 (3.9
Eq. (3.1) and obtain the following expression fbr, :

_EA
1‘“"( kBT)

In the limit Ex>KkgT, the exponential term in the square

wherel , is the length of the jump to theth nearest-neighbor
2 —nE, site andI’,, is given by Eq.(3.2). If we assume that corre-
ex ' lated jumps take place along the same directions as single
kgT oo AR e :
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 witlsingle hops, and

A En
rn=roeX kBT EFO

brackets becomes negligible ahid<TI"4; i.e., the RW-model we have

expression is recoveredl,=1";=1 yexp(—Ea/kgT). For our 2.2 . .

(111) surfaces, however, as demonstrated akofieFig. 3, 12— n“a’/8 if n is even 3.5
the energy barrier is comparablekgT and correlated jumps " (3n?+1)a%/24 if n is odd. ’
must be taken into account in order to properly describe the

diffusion process. This implies that the calculated diffusion coefficient will ac-

In order to provide a firm basis for the assumptions leadtually be an upper limit to the actual one. If only small-
ing to Eq.(3.2), we compare in Fig. 4 the frequency of jumps jumps take place, which is really what we expect at the tem-
of length up ton=4 computed from the MD trajectories Peratures considered hefgee Fig. $, then Eq.(3.5) is an
with the predictions of Eq(3.2) in the case of Ag/Agl11).  excellent approximatiofit becomes exact fon=1 and 2).
ForT'y andE,, we use the values given in Table I. The In the case where large-jumps are present, i.e.,
criterion we use to define jumps of lengthinvolves the KgT>Ea, then the concept of thermalization into a site, and
introduction of a characteristic time: If two hops occur therefore jump, is in any case no longer valid. The present
within the timer, they are considered to belong to the samemodel, therefore, does not apply in such situations. Never-
jump; a sequence af such hops leads to a Jump of |ength theless, it extends, relative to the RW model, the range of
n, and a jump is considered to terminate when no further hogemperatures for which diffusion parameters can be extracted
takes place within a time after the previous one. In prac- from the static properties—barrier and attemp-to-diffuse fre-
tice, we have chosen in the range ro—27,, where quency. Even if the model fails in the high-temperature limit,
tempts of the adatom to cross the barfift Table 1) For the ~ have a linear dependence on temperature in this limit, as
data presented in Fig. 4, we have used0.7 ps, about 1.6 €xpected for Brownian motion. Of course, the model also
times larger tham,=0.45 ps. We have verified carefully that fils in cases where the surface undergoes a transformation,
our results do not depend in a significant way on the particu€-9-, réconstruction or premelting.
lar choice ofr (within the range aboveindeed, forr=0.6  Using the expressio(8.5), we can now operate the sum
ps (~1.3r) and 7=0.8 ps (~1.8r,), the calculated fre- N Eq. (3.4 and obtain, for the dlffu3|on cgefﬂment of an
quency of jumps remains in excellent agreement with thadatom on thé111) surface of an fec latticé;
obtained directly from the MD datanodulothe numerical

error on the fitted values dfy andE, . It is clear, therefore, _ Drw LB IkaT 2B, kaT
o oL . . . crE e Tz 1+ 3e FAB +5e ATTB
that within the statistical error inherent to the simulations, (1+e Falf8h

especially for longer jumps, the MD results are very well
described by the correlated-juni@J model. This compari-

son thus clearly establishes the validity of £8.2).

Ge3EalkeT
], (3.9

T 1o EalkeT
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and Ag/Pt111).*"*® Considering these results, calculations

10 using more accurate models and/or more accurate low-
temperature experiments are needed to resolve the
08 | 0T=300K - discrepancy?
o T=600K We have recently carried out a seriesatf initio calcula-
06 | A T=900K tions for the systems of interest héfeThe calculated barri-
= ) ers are 0.14 eV for Ag and 0.22 eV for Au, much higher in
T fact than the ones predicted by EAM. In the EAM model,
0.4 1 therefore, because the barriers are underestimated, the con-
Ag/Ag(111) tributions of correlated jumps are overestimated. Neverthe-
02 | less, i.e., in spite of the disagreement between EAM and first
principles, the present model is useful, and should be appli-
NS 2 cable to some systems. In fact, in the case of AllAl), ab
0.0 0 1 2 3 4 5 6 initio calculations give a diffusion barrier of only 0.04 eV,
n i.e., about 500 K. We expect correlated-jump contributions

to be important on this surface at temperatures above 500 K.

FIG. 5. Comparison between the MD data and the predictions oft yyould be of considerable interest that experimental confir-
the correlated-jump modés$olid line) for the relative probability of mation of this prediction be carried out.
jumps of length E=n<5 at three different temperatures for Ag/

Ag(113). C. (100 surfaces

where Dgry=a’l'oexp(~Ea/kgT)/24. We emphasize that  (100) surfaces differ significantly froni111) surfaces in
D¢, is expresseentirely in terms of two system-dependent that their potential-energy surface is much more corrugated
parameters, namel§, andI’y (or equivalentlyDy), which  (i.e., energy barriers are much largeso that correlated
can in principle be extracted from a small number of MD jumps are not a concern. In addition, since they are more
runs. Thus, taking into account correlated jumps does nadpen, mechanisms for diffusion other than jump, namely,
require additional parameters in comparison to the simplexchange, are possible, as mentioned earlier. In our MD
RW model and, as we will see below, leads to a substantiallgimulations, we have also observed more complicated pro-
better description of the diffusion coefficients. cesses — exchanges in which more than two atoms are in-
The CJ-model diffusion coefficient(T), as deter- volved — but their small frequency of occurrence here does
mined from Eq(3.6), are plotted as full lines in Fig. 6 for the not permit a detailed Arrhenius analysis. Such events have
two (111 surfaces, together with the data from the MD already been discussed elsewh&@? In any event, since
simulations; we have used f@¢; the values of’y andE,  more than one process for diffusion are possible, the “mea-
obtained from the hop-frequency ddtd. Table ). We find  sured” diffusion coefficient is a sum of exponential contri-
that Eq.(3.6) reproduces extremely well the diffusion MD butions, and it is not possible to interpret the results in terms
data for Ag at high temperature, reassuring us of the validityf a single Arrhenius law. We examine, therefore, the vari-
of our model. The agreement for Au, however, is not veryous contributions to diffusion via a detailed analysis of their
good — no better in fact than with the RW model — but the frequencies of occurrence.
Au(11]) surface is a bit peculiar. As we have discussed al- The temperature range accessible with MD on ¢h@0)
ready, the energy barrier on this surface increases with tensurfaces is much more narrow than on tid.1) surfaces,
perature(due to the combined effects of the finite size of ourdue to the higher corrugation and lower stability of the
simulation cell and reconstructiprwhile Eq.(3.6) assumes former upon the creation of adatom-vacancy pairs. We have
E, to be constant. The values 0fc(T) for Au(111) cor-  thus studied Au between 400 and 600 K and Ag between 650
rected to take into account the variation in temperature of thand 750 K, which is sufficient, in view of the high diffusion
energy barrier are shown as crosses in Figp).6The cor-  barriers, to obtain a detailed understanding of their dynam-
rected values are now in excellent agreement with the MOcs. Arrhenius plots of the frequency of occurrence of the
data, indicating that the CJ model can describe properly diftwo main processe§ump and exchangeas a function of
fusion over a wider range of temperatures than the simpléemperature are presented in Fig. 7. The MD data are shown
RW model (which is the limit of the CJ model when as points, and the Arrhenius fits as full lines; the correspond-
E >kgT). ing parameter&, andl' are listed in Table I.
Experimentally, of the two systems studied here, only the We find that diffusion is “easier” on Au than on Ag. On
value (of the energy barrigrfor Ag(111) is, to our knowl-  the former, the predominant mechanism is the exchange
edge, available. From scanning-tunneling microscopy meawhile on the latter, diffusion proceeds more readily by
surements carried out between 500 and 800 K, a value gtimps. This has also been observed by other authors using
0.15+0.1 eV has been reportél.This is in apparent dis- different models:3*5>5¢while the two systems have very
agreement with our activation energy of 0.055 eV; howeversimilar barriers for diffusion by jumpg0.48 eV for Ag ver-
an Arrhenius fit to our MD data in the same temperaturesus 0.49 eV for Al the ones for exchange are very different
range, 500-800 K, gives a barrier of 0.10 eV, in better agreef0.78 versus 0.26 In view of the exponential dependence of
ment with experiment. We note, however, that the experithe frequencies on the activation energy, it could be con-
mental value suffers a large uncertainty. Further, it has beeduded from this that diffusion by exchanges on (2g0
claimed recently that EAM underestimates the energy barrieshould be almost unobservable in comparison td1Q0).
when compared to first-principles calculations for Rt/P1) However, as can be seen in Table |, the prefactgysi.e.,
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10" ' . 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-
o | | surement of the diffusion coefficient at a single temperature,
especially if the barrier is high.

o D (MD)
D (CJ)

10

D (A’/ps)

D. Transition-state theory

10 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 frequencyl’y and the activation energi, (other
0 40 80 parameters are “structura)’ The most direct way of deter-
1k, T (eV') mining these coefficients is to carry out a detailed dynamical
calculation of the diffusion coefficient at different tempera-
10 ' ; ; tures and to fit the expression frto these data, as we have
a D (MD) done above. This procedure is tedious and time consuming,
, D (CJ,E,=cte) however, and it is desirable to obtain the parameters from a
10 ¢ *D(CJE, ) 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?? and therefore appropriate to our MD results. We
investigate now the ability of the classical harmonic approxi-

(a) Ag(111)

10 (o) Au(i1) mation to the TST to describe diffusion for our different
surfaces and mechanisms.
& Within the framework of TST, in the classical harmonic
10, 100 200 300 200 approximation, the energy barriéor activation energyis
1k,T (eV™) Eo=E"S—EFS, whereE™S is the energy of the system with

he adatom at the transition site aBf° is the energy of the
ystem with the adatom at the equilibrium site. The fre-

quency of diffusion events E,=nv, wheren is the number

of equivalent paths to escape out of an equilibrium state and
v is given by®

FIG. 6. Comparison between the MD data and the predictions o
the correlated-jump model for the diffusion coefficient fay Ag/
Ag(111) and (b) Au/Au(11l). In (b), the corrected CJ modésee
text) is indicated by crosses.

the frequencies at which the processes are attempted, are
muchhigher on Ag than on A§390 versus 14 THz com-
pensating largely for the larger activation barrier. When V=—1— - (3.7
translated into diffusion prefactors, we obtéig=1631 and ,
58 A?/ps for Ag and Au, respectively. Whild, for Au is in s
line with the usual value of 10 #ps, the value for Ag is 2
orders of magnitude larger. In fact, we also find for jumpThe v’s are the frequencies of the normal modes of the
diffusion on Au100 a value of D;—156 A%ps—which  sSystem in the equilibrium state; there ardl 3uch modes,
largely exceeds the commonly accepted value. with N the total number of atoms. The's are the normal

The above results find a natural explanation in the Meyermodes for the transition state; since the adatom is on a saddle
Neldel rule, also referred to as the compensation law. Weoint in this case, there is one imaginary frequency, and thus
have recently demonstratétithrough a detailed analysis of the product contains onlyN—1 terms. The normal-mode
diffusion data on PA00), Ni(100, as well as the present frequencies in both equilibrium and transition states are the
surfaces, that there exists a correlation between the prefacteigenvalues of the corresponding dynamical matries,
(attempt-to-diffuse frequengyand the height of the barrier e.g., Ref. 5. For the usual jump mechanism, we can go one
for diffusion: the rate at which diffusion events are at- step further and use the adiabatic approximation, which con-
tempted,I’y or Dy, increases wheik, increases so as to siders only the frequencies of vibration of the adatom; thus,
“compensate” for the increased difficulty in overcoming the we havev=v,v,v3/v;v5 (though the substrate is, of course,
energy barrier. The Meyer-Neldel rule, in fact, probably alsofully relaxed. It should be stressed that this approximation is
provides an explanation for the experimental observation ohot appropriate for the exchange process because of the large

a high prefactor for exchange on(100 (E,=0.87 eV — distortions of the lattice that the adatom generates in the
Ref. 10, much larger than on Pt00) (E,=0.47 eV — Ref.  transition state.
11). The parameters of the TST &, andv — were obtained

Thus, it is clearly not sufficient to compare activation- from static, zero-temperature, relaxation of the slabs de-
energy values to determine the relative importance of thecribed in Sec. II(This procedure for minimizing the total
various mechanisms for diffusion, or of the same mechanisrenergies of the systems is often referred to as molecular stat-
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-2 ' ' used here, while these approximations are appropriate in
cases where relaxation is smAll.

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

o I (MD) earlier and no such approximation is possible for exchange

= [(MD) since a surface atom is directly involved in the process. The
""" r(TST) values for the other cases are listed in parentheses in Table I.
4 | T ITST) ] We find that this further approximation accounts reasonably
T~ well for the “exact” prefactors, i.e., obtained from a full
S~ diagonalization of the dynamical matrices, at a much reduced
(a) Ag(100) ~~ computing cost.

I (THz)

15 16 N 18 IV. SUMMARY AND CONCLUDING REMARKS
1k, T (V™)

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

FIG. 7. Arrhenius plot of the exchange and jump frequencies forcorrugateleO) surfaces, where two important mechanisms
(& Ag/Ag(100 and (b) Au/Au(100. The solid lines are Arrhenius  contribute to diffusion — jump and exchange — our results
fits to the MD data. The dashed and dotted lines are the predictiong,gicate that knowledge of the energy barriers alone is not
of TST. sufficient to determine the predominant mechanism, since

the prefactors, or attempt-to-diffuse frequencies, can vary
ics,) The results are listed in Table I; in Figs. 1 and 7 we givesubstantially. In fact, we have observed a correlation be-
(as dotted and dashed linegor comparison with the MD  tween the prefactor and the barrier height, which can be ex-
data, the resulting Arrhenius laws. It is immediately clearPlained in terms of the Meyer-Neldel compensation faw.
from the table that the stati@ST) barriers are equal, within ~ We have also performed molecular-statics energy-
error, to the activation energies deduced from the dynamicdinimization calculations to assess the ability of a simple

simulations. Thus, the dynamics of the substrate influence@@rmonic approximation to the transition-state theory to de-
only very little the activation energy of the diffusion process.sc”be diffusion on these surfaces. We find that the diffusion

This result is of great importance: Activation energies can bQa/i€rs are, in general, very well accounted for by the

determined accurately from static first-principles calcula—theory; It also does quite weII_ at predicting the prefactors,

tions; dynamic, or Car-Parrinelfd, first-principles simula- except in cases where relaxation of the substrate is substan-

tions are beyond the capabilities of present-day computer%al' This suggests that energy barriers, and even prefacto.rs,
ih the moderate-friction regime, can be extracted with confi-

for problems such as those con5|dere_d here. dence from more accurate first-principles approaches.
For the attempt-to-diffuse frequencidg;, the agreement

with _the_dynamlcal val_ues is at best quah_tatlve; however, ACKNOWLEDGMENTS
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