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Models for adatom diffusion on fcc „001… metal surfaces
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We present a class of models that describe self-diffusion on fcc~001! metal substrates within a common
framework. The models are tested for Cu~001!, Ag~001!, Au~001!, Ni~001!, and Pd~001!, and found to apply
well for all of them. For each of these metals the models can be used to estimate the activation energy of any
diffusion process using a few basic parameters that may be obtained from experiments,ab initio or semiempir-
ical calculations. To demonstrate the approach, the parameters of the models are optimized to describe self-
diffusion on the~001! surface, by comparing the energy barriers to a full set of barriers obtained from
semiempirical potentials via the embedded atom method~EAM!. It is found that these models with at most four
parameters, provide a good description of the full landscape of hopping energy barriers on fcc~001! surfaces.
The main features of the diffusion processes revealed by EAM calculations are quantitatively reproducible by
the models.@S0163-1829~99!01227-8#
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I. INTRODUCTION

Thin-film growth processes involve complicated kineti
giving rise to a rich variety of surface morphologies. With
this vast domain, the study of the growth in the submo
layer regime is of particular interest due to the large imp
of the initial kinetics on the resulting film structure. Expe
ments on thin film growth on well-characterized substra
using molecular-beam epitaxy have provided a large bod
information about growth kinetics and morphology, and
vealed that for a variety of systems and a broad tempera
range, island nucleation is the dominant mechanism for c
tal growth.1,2 Diffraction methods such as helium bea
scattering,1,3–6 low-energy electron diffraction,7–10 and other
techniques,11,12 provide information on the collective behav
ior and the statistical properties of the surface. These te
niques have been used to measure the island size dist
tion, the island density, and their scaling properties w
respect to the coverage and the flux.3,7–10The variation of the
island density with respect to the temperature was a
studied.3,9,11

More detailed information at the atomic scale is provid
by scanning tunneling microscopy~STM!.2,12–31Most nota-
bly, STM provides means to study the variety of morpho
gies encountered in the different systems, or in the sa
system under different growth conditions.2,12–20,23In some
experiments, STM was used to acquire information on lar
scales, e.g., island size distributions.12,14,20–22,26Despite the
wealth of experimental results at the atomic scale, for de
rates of small islands, mobility of small islands and ed
diffusion,21,23–27,29,31the underlying energetics is mostly in
accessible to direct experimental measurements. Thus,
must rely on theory to extract activation energies from
experimental results, and these are usually limited in nu
ber, and sometimes are subject to alternative interpretati

The only technique that provides direct access to diffus
processes and activation energies at the atomic scale is
PRB 600163-1829/99/60~3!/2106~11!/$15.00
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ion microscopy.32–36This technique was used to identify th
diffusion modes of adatoms32,33 as well as small islands34,36

on fcc ~001! metal surfaces, to measure their diffusion co
ficients, and to determine the sticking process of adatom
an island.35 Recently there were several attempts to use S
to derive such local information directly.24

Theoretical studies aimed at providing better understa
ing of the relation between key processes at the atomic s
and the resulting morphologies have been done using Mo
Carlo simulations.37–57 In simulations of island growth dur
ing deposition, atoms are deposited randomly on the s
strate at rateF @given in monolayers per second# and then
hop, attach to, and detach from existing islands accordin
some model. A common approach is to assume some
processes and their rates, and then simulate the gro
process.37,38,40,44In some cases information such as diffusi
length, typical distance and time between nucleation eve
is assumed to be knowna priori, and is put by hand into the
simulation in order to accelerate the computation.46,48,58The
advantage of this approach is that the models are well
fined and use only few parameters. These models are us
for studies of scaling and morphology but cannot provide
quantitative description of diffusion on a particular substra
Furthermore, they account only for a limited number of pr
cesses, that are assumed to be the only significant ones

A complementary scheme employs the underlying acti
tion energies. In this scheme the hopping rateh ~in units of
hops per second! of a given atom to each unoccupie
nearest-neighbor~NN! site is given by

h5v exp~2EB /kBT!, ~1!

wherev51012s21 is the commonly used attempt rate,EB is
the activation energy barrier,kB is the Boltzmann constant
andT is the temperature.

The activation energy barrierEB depends on the loca
environment of the hopping atom, namely the configurat
2106 ©1999 The American Physical Society
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PRB 60 2107MODELS FOR ADATOM DIFFUSION ON fcc~001! . . .
of occupied and unoccupied adjacent sites. Two approa
have been taken in the construction of the energy barriers
hopping in the simulations. One approach was to const
simple models that include the desired features, such as
bility and mobility of small islands, and that take into a
count properties such as bond energies.41,45,47,49–52,54,56In
general, this approach encompasses both the virtues an
drawbacks of the simpler approach presented before.

A second approach is based on the use of an approxim
many-body energy functional to calculate the hopping
ergy barriers for a complete set of releva
configurations.39,42,43,53,55,57This approach provides a goo
description of diffusion processes on the given substrate
only limited understanding due to the large number of
rameters.

In this paper, we extend and further explore a framew
for a systematicderivation of simple models for self
diffusion on fcc~001! surfaces out of a detailed and comp
cated set of energy barriers. Simple in this context me
that only a small number of parameters are involved and
have a definite and intuitive interpretation. Using sensi
assumptions about the bond energies and diffusion path
obtain simple formulas for the activation energy barriers. W
then optimize the parameters of these formulas for ea
metal separately by using energy barriers obtained from
embedded-atom method. This procedure gives rise to sim
models that have at most four parameters and provide g
quantitative description of the landscape of hopping ene
barriers. In a previous publication we have introduced
framework and applied it to Cu/Cu~001! growth.59 Here, we
make a threefold step forward.~a! We include four other fcc
metals in the model and derive the appropriate parame
for them. This shows the utility of the models and provide
unifying framework that applies to a large class of meta
~b! Nonlinear interactions are introduced in addition to t
linear interactions considered before. This allows for a m
accurate optimization without increasing the number of
rameters;~c! We explore the basis of the assumptions und
lying this scheme and the extent of their applicability.

The paper is organized as follows. In Sec. II, we introdu
the physical framework of the model and discuss its und
lying assumptions. The results of the embedded-a
method~EAM! calculations are given in Sec. III. The mode
are introduced in Sec. IV with the fitting to the EAM result
This is followed by a discussion of the results and their i
plications in Sec. V.

II. APPLICABILITY CONSIDERATIONS

The framework developed in this paper assumes sev
characteristics of the diffusion processes considered. It
plies to systems for which these assumptions are va
which includes most of the fcc metals in the moderate te
perature regime~'200–500 K!. The following assumptions
are employed throughout the discussion.

Bridge-site hopping of adatoms is in general domina
over exchange hopping~Fig. 1!. There has been a contro
versy concerning this assumption. Using semiempiri
methods the barrier for exchange hopping for Cu~001! was
estimated to be 0.2 eV,60–62 in agreement with the experi
mental data that was available at that time.3 This is much
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lower than the barrier for bridge-site hopping. However, th
oretical work using several other methods,63–65 including
EAM, indicate that the exchange barrier for Cu is mu
higher~more than 0.8 eV! and therefore bridge-site hoppin
is dominant. This conclusion is also supported by recent
perimental work and reinterpretation of the previo
findings.9 In general, bridge-site hopping is found to b
dominant in all the metals studied here.~for Au, some ex-
change processes appear to be significant, yet in most c
bridge hopping is favorable!. Due to the exponential depen
dence of the rate of each process on the corresponding
ergy barrier, it is generally reasonable to take into acco
only the mechanism that is energetically favorable~bridge-
site hopping, in this case! and neglect the mechanism th
exhibits higher activation energy barrier~exchange mecha
nism!.

Only nearest and next-nearest neighbor interactions
significant.Within this assumption one can obtain the ac
vation energies for most diffusion processes to a good ac
racy. However, there are some processes such as vac
diffusion, where a larger environment affects the diffusi
atom.

There is one common attempt frequency for all proces
Since there is no systematic knowledge about the dep
dence of the attempt frequency on the local environment,
assumption of one common frequency is the usual pract
Estimations for the attempt frequency can be obtained us
molecular-dynamic simulations.64 Another way is to fit mo-
lecular static data to harmonic potential to find an effect
force constant, and then deduce the frequency of oscillati
So far, little work has been done on this subject. Previo
works, including interpretation of experimental results, us
ally pre-suppose some common attempt frequency in
range 101221013s21.66

III. THE EAM BARRIERS

The models described in this work are tested by fitti
their parameters to energy barriers for self-diffusion
Cu~001!, Ag~001!, Au~001!, Ni~001!, and Pd~001! surfaces,
obtained using EAM.67 This method uses semiempirical po
tentials and provides a good description of self diffusion
such surfaces.65 Specifically, for all the metals considere
here the EAM functions developed by Adams, Foiles, a
Wolfer68 are employed. These functions are fitted to a sim
but more accurate data base as the one employed by Fo
Baskes, and Daw.69 The calculations are done on a slab of

FIG. 1. Two mechanisms for surface diffusion:~a! regular or
bridge-site hopping;~b! exchange hopping. Dark spheres are ad
toms and light spheres are substrate atoms.
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2108 PRB 60MEHL, BIHAM, FURMAN, AND KARIMI
square layers with 100 atoms in each layer.
When an atom on the surface hops into a vacant nea

neighbor site it has to cross the energy barrier between
initial and final sites. We have used molecular statics in c
junction with the EAM functions to find that energy barrie
This is simply the difference between the energy at
bridge site~or more precisely, at the point along the pa
with highest energy! and in the initial site.

The hopping energy barriers are calculated for all lo
environments as shown in Fig. 2, where seven adjacent s
i 50, . . . ,6 aretaken into account, according to the assum
tions presented in Sec. II. Each one of these sites can
either occupied (Si51) or vacant (Si50), giving rise to
275128 barriers. A binary representation is used to ass
indices to these barriers. For each configuration (S0 , . . . ,S6)
the barrier is given byEB

n , where

n5(
i 50

6

Si2
i ~2!

takes the valuesn50, . . . ,127. The full set of hopping en
ergy barriers~given in eV! is presented in Table I, fo
Cu~001!, Ag~001!, Au~001!, Ni~001!, and Pd~001!. To show
these values in a compact form, each barrier in Table I c
responds to a configuration in which the occupied sites
the union of the occupied sites in the picture on top of
given column and on the left-hand side of the given row. T
column in Table I in which a given configuration appears
determined by the occupancy of sitesi 52,3,6 while the row
is determined by sitesi 50,1,4,5. One can define

n15 (
i 52,3,6

Si2
i ; n25 (

i 50,1,4,5
Si2

i ; ~3!

such that for each configurationn5n11n2 . To demonstrate
the use of Table I, we will check for Cu~001! the barrier of
the configuration in which sites 0, 3, and 4 are occupied
all other sites adjacent to the hopping atom are vacant.
this configuration, according to Eq.~3!, n158 and n2

FIG. 2. Classification of all possible local environments of
hopping atom, including seven adjacent sites. Each site can b
ther occupied or unoccupied, giving rise to 275128 local environ-
ments. Sites 1, 3, and 5 are nearest neighbors of the original
while sites 1, 2, 5, and 6 are adjacent to the bridge site that the a
has to pass.
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517 (n525). The barrier, that is found in the column wit
the index 8 and the row with index 17, in the line of Cu,
EB

2550.89 eV.
In Table I, we use the symmetries of the configurations

the 333 cell ~Fig. 2! to reduce the number of entries. The
is a mirror symmetry plane perpendicular to the surface
containing the arrow of the hopping atom. Consequently,
columns ofn154 and 12, in which sitei 52 is occupied,
stand also for the symmetric configurations in whichi 56 is
occupied. In the other four columns, there are some confi
rations that, due to symmetry, appear twice. In such ca
the barrier for the configuration with largern appears inital-
ics.

For the purpose of the calculations and parameteriza
of the model, we consider only hopping moves in which
single atom hops each time. It turns out, however, that
some cases the molecular statics calculations, used to o
the barriers, give rise to concerted moves. In such moves
atom at sitei 53 follows the hopping atom and takes th
place vacated by the hopping atom. This fact significan
reduces the barrier. It turns out that for configurations
which concerted moves appear, they can be suppresse
adding a column of three atoms on the left-hand side of s
i 50, 3, and 4. In Table I, the energy values for those c
figuration in which a concerted move was found, are sho
in parenthesis. The barrier obtained when the conce
move was suppressed is shown to the left of the parenth

To gain a better understanding of the barrier energy la
scape we present the barrier height distribution~without con-
certed moves! in Fig. 3 for the five metals considered. W
observe that this distribution exhibits four groups. This fe
ture is in agreement with Ref. 43 where a different metho70

was used to calculate the barriers. Each group correspon
a single or a double column in Table I. In general, grou
includes very fast moves towards island edges, group II
cludes moves along the edge, group III includes, most n
bly, the single atom move, while group IV includes detac
ment moves.

IV. THE MODELS

A. The additivity assumption

The starting point in the construction of a simple mod
that describes the hopping energy barriers for all the confi
rations of Fig. 2, is the assumption that the contributions
all adjacent atoms to the energy barrier add up linearly.
examine this assumption for Cu~001!, we evaluated directly
the binding energies within the EAM approach for a series
configurations from which we extracted the relevant bo
energies.

The binding energy of a given configuration of adatom
on the surface is evaluated as follows: First, we calculate
total energy of the system in that configuration. Then,
find the total energy of another configuration in which the
is the same number of adatoms on the surface but they ar
apart from each other~by that we mean that moving them
one lattice site in any direction would not change the to
energy!. The binding energy between the adatoms is giv
by the difference in the total energies between the two c
figurations. An example of the procedure is shown in Fig.
It appears that the evaluation of the next nearest-neigh
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TABLE I. The hopping energy barriers for Cu, Ag, Au, Ni, and Pd obtained from the EAM calculations for all possible configura
within a 333 square around the hopping atom. The barriers are given in eV. Each number in the table is the barrierEB

n for the configuration
in which the occupied sites are the union of the occupied sites in he picture on top of the given column~indexed byn1! and on the left-hand
side of the given row~indexed byn2!. Consequently, the indexn specifying the barrier is given byn5n11n2 .
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TABLE I. ~Continued.!
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~NNN! bond energy is easier since one can construct a
ficiently large set of configurations that include only NN
bonds with no NN bonds. In the case of NN bonds, mos
the relevant configurations also include NNN bonds@Fig.
5~a!#. Similarly, considering an atom on top of a bridge si
typical configurations that include atoms adjacent to
bridge site exhibit NN bonds between them as shown in F
5~b!.

Therefore, we will first examine the additivity of the NNN
bonds employing a series of four configurations in which
adatom has 1, 2, 3, and 4 NNN on the surface. For each
of these four configurations the total energy is compared
that of a configuration with the same number of adatoms
f-

f

,
e
.

n
ne
to
in

which they are far apart from each other. In Fig. 6~a!, the
total binding energy between adatoms is plotted as a func
of the number of NNN bonds. The best linear fit is draw
and its slope yields a value ofENNN50.0512 eV. The next
step is to examine the linearity of the NN binding ener
using a series of four configurations in which an adatom
1, 2, 3, and 4 NN’s on the surface, within a similar proc
dure. The NNN bonds in each configuration are deduc
using the value obtained before. The results are shown
Fig. 6~b! and the NN bond energy is obtained:ENN
50.324 eV. A similar analysis for an adatom on a bridge s
is shown in Fig. 6~c! and the binding energy between a
atom on the bridge site and an adjacent atom is given
ENN~bridge!50.345 eV.
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PRB 60 2111MODELS FOR ADATOM DIFFUSION ON fcc~001! . . .
FIG. 3. The distribution of activation energies barriers f
Cu~001!, Ag~001!, Au~001!, Ni~001!, and Pd~001!, obtained from
the EAM calculations combined with the molecular statics pro
dure. The columns represent the number of local configurations
of the 128 configurations of Fig. 2, giving rise to energy barriers
a certain energy range. Four groups of moves are identified in
of the five plots, and representative moves in each group are sh

FIG. 4. The procedure used to evaluate the binding energ
The binding energy due to two NNN bonds of Cu adatoms
Cu~001! is evaluated as the difference between the total ene
E1528442.043 eV of a configuration including three separate a
toms~a! and the total energyE2528442.106 eV of a configuration
including three adatoms forming two NNN bonds.
B. Construction of the models

The energy barrierEB for a certain process is the differ
ence between the binding energies of the hopping adatom~to
the substrate and to adjacent adatoms! at the initial position,
Ein , and at the bridge site,Etop, namelyEB5Etop2Ein . On
the basis of the additivity feature just demonstrated, we w
now express these binding energies as the sum of the o
pation states of the relevant sites. The first approximation
the energies gives a model~model I! with only two param-
eters, that reproduces the main features of the EAM barri
In order to establish the model, there are two things to n
about the parameters obtained in Sec. IV A. First, the val
of NN binding energies at the lattice site and bridge site
very close. This reflects the fact that the NN distance co
sponds approximately to the minimum potential of the tw
body interaction. Second, both these energies are m
larger than the NNN binding energy. These two features
quite general and common to all the metals we discuss h
For the simplest model we will neglect the effect of the NN
atoms, and assume a single NN binding energyDENN for
both lattice and bridge sites. The resulting expression for
binding energy at the initial~fourfold hollow! site is

Ein
n 5Ein

0 2DENN~S11S31S5!. ~4!

The energy of an isolated atom isEin
0 . The energy of the

hopping atom when it is on the bridge site is given by

Etop
n 5Etop

0 2DENN~S11S21S51S6!, ~5!

-
ut

ch
n.

s.
n
y

a-

FIG. 5. Configurations used to evaluate the NN bond energy:~a!
two nearest neighbors of an adatom may be next nearest neigh
of each other;~b! two nearest neighbors of an atom at the brid
site, may also be nearest neighbors of each other.
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FIG. 6. Testing the additivity assumption for bond energies on the Cu~001! surface.~a! Binding energy vs the number of NNN bond
The best linear fit yields a value ofENNN50.0512 eV;~b! binding energy vs number of NN bonds, where the binding energy of NNN bo
is subtracted. The slope of the solid line yieldsENN50.324 eV;~c! binding energy vs number of NN bonds for an atom at the bridge s
where other NN bond energies are subtracted. The best fit isEtop50.345 eV. The fits include a constraint that the line passes through
origin, since an isolated adatom has zero adatom-adatom binding energy.
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dge
where Etop
0 is the energy of an isolated atom on top of

bridge site. Thus, for a given configuration the barrier,EB
n

5Etop
n 2Ein

n , for an atom to hop into an adjacent vacant s
is given in model I by

EB
n5EB

01DENN~S32S22S6!, ~6!

whereEB
05Etop

0 2Ein
0 andn is given by Eq.~2!. In this model

only three sites affect the energy barrier, which can take o
four different values, as the expression in the parenthesis
be either 1, 0,21, or 22. Each of these four barrier value
corresponds to one of the four groups in Fig. 3. The para
ly
an

-

eters of this model, as well as those of the models discus
below, are adjusted to best fit the EAM data. More specific
we found the parameters that best describe the 128 E
barriers by minimizing the sum of squares

R5 (
n50

127

@EB
n~EAM!2EB

n~Model!#2. ~7!

The values obtained for these parameters for the five me
are shown in Table II. Despite its simplicity, model I can
used to describe and analyze the main diffusion proces
single adatom hopping, attachment, detachment and e



in

o

fe
ita
th
th
t
e

N

c
ll

rs
ai
e
a
th
ly
T
t

II.
inc
ld

Re
te
h
re

M
d
ev

ex-

uch
ting
r of
the
re
the
tes
the
as

rably
of

of
o-
ch

dif-
eter
d

this
an

is
he
M
s 1
ec-
re

oc-
se-

me
ed

i,
s

g,

PRB 60 2113MODELS FOR ADATOM DIFFUSION ON fcc~001! . . .
diffusion. The barriers obtained from this model can be
corporated in simulations to reproduce~at least qualitatively!
experimental features such us cluster mobility, island m
phology and island density.59

The model presented above describes only the gross
tures of the diffusion process. In order to get more quant
tive results, and to better understand the importance of
different processes, it is necessary to further refine
model. We will now introduce model II, in which the effec
of NNN atoms in the initial configuration is included. Th
expression for the energy at the initial site is now

Ein
n 5Ein

0 2DENN~S11S31S5!2DENNN~S01S21S41S6!,
~8!

whereDENNN is the reduction of the energy due to a NN
bond. The energy barriers are now given by

EB
n5EB

01DENN~S32S22S6!1DENNN~S01S21S41S6!.
~9!

Model II accounts better for processes such as deta
ment, edge diffusion, and vacancy diffusion, which genera
involve NNN interactions. In the distribution of the barrie
obtained from the model, the main groups exhibit cert
widths. Yet, they are still significantly narrower than th
groups of the EAM barriers. This is due to the fact th
during the hopping process adjacent atoms may relax wi
their potential well. Model II accounts for these effects on
on average and therefore gives rise to narrower groups.
values obtained as best fits of the model parameters to
EAM data for the different metals are shown in Table
Further refinement can be obtained by introducing a dist
tion between the NN bond energies at the initial four-fo
hollow site and that at the bridge site, as suggested in
59. This modification, which introduces a fourth parame
into the model, gives only slightly better agreement with t
EAM results. In the following section, we present a mo
effective refinement based on nonlinear interactions.

C. Adding nonlinear effects

To obtain models that provide a better fit to the EA
barriers, it is necessary to consider effects that are cause
the simultaneous interactions of the hopping atom with s

TABLE II. The parametersE0 , DENN , andDENNN of model II
obtained from the best fit of the EAM barriers for Cu, Ag, Au, N
and Pd. The values in parenthesis are the corresponding value
model I. R is the sum of squares defined in Eq.~7!, for the opti-
mized parameters.

Metal Model parameters@eV# R

E0 DENN DENNN

Cu 0.487~0.534! 0.274~0.255! 0.027 0.280~0.345!

Ag 0.509~0.525! 0.204~0.197! 0.010 0.450~0.458!

Au 0.776~0.752! 0.235~0.244! 20.014 1.275~1.292!

Ni 0.645 ~0.697! 0.326~0.306! 0.031 0.444~0.526!

Pd 0.760~0.789! 0.337~0.325! 0.017 0.866~0.892!
-
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eral of its neighbors. Such effects may be described by
pressions such usSiSj or SiSjSk , which are equal to 1 only
if all the relevant sites are occupied, and 0 otherwise. S
expressions are clearly beyond the linear bond coun
scheme of the previous section. There is a large numbe
possible nonlinear interaction terms. Our analysis of
EAM calculations, however, indicates that two of them a
most significant. The first term is related to the shape of
diffusion path. It corresponds to configurations in which si
adjacent to the bridge site, are occupied on both sides of
diffusion path~namely, at least one of the sites 1 and 2,
well as at least one of the sites 5 and 6 are occupied!. It
appears that in these cases the energy barrier is conside
higher than for configurations where sites on only one side
the path are occupied. This effect is due to the ‘‘stiffness’’
the diffusion path induced by the attraction from two opp
site directions. Even though there are nine different su
configurations, they all contribute about the same energy
ference, and hence, can be bound to a single param
DEopp ~for opposite!. The additional term that is now adde
to the expression for the barrier isDEopp (S1,2S5,6) where
Si , j51 if at least one of the sitesi andj is occupied, and 0 if
both are empty. In all the metals we checked, except Cu,
term is much larger than the NNN bond, sometimes by
order of magnitude.

The second nonlinear interaction term is smaller, and
comparable to the effect of NNN sites. It is related to t
energy of the hopping atom in the initial site. The EA
calculations indicate that if the two nearest-neighbor site
and 5, that are symmetric with respect to the hopping dir
tion are both occupied, then the initial configuration is mo
tightly bound. This means that if sites 1 and 5 are both
cupied, the energy barrier is expected to be higher. Con
quently, the corresponding term would beDEsymm (S1S5).
The fitted value obtained forDEsymm is very close to that
obtained for the NNN binding energyENNN , for all five
metals. We thus included both contributions in the sa
term, although of different physical origin, to avoid the ne
for a fifth independent parameter.

The resulting model~model III! for the hopping energy
barriers is

EB
n5EB

01DENN~S32S22S6!1DEopp~S1,2S5,6!

1DENNN~S01S41S1S5!. ~10!

for

TABLE III. The parametersE0 , DENN , DENNN , andDEopp of
model III obtained from the best fit of the EAM barriers for Cu, A
Au, Ni, and Pd.R is the sum of squares defined in Eq.~7!.

Metal Model parameters@eV# R

E0 DENN DENNN DEopp

Cu 0.474 0.258 0.044 0.011 0.159

Ag 0.461 0.225 0.013 0.112 0.085

Au 0.686 0.294 20.017 0.199 0.346

Ni 0.610 0.322 0.046 0.067 0.141

Pd 0.690 0.362 0.028 0.146 0.162
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FIG. 7. The hopping energy barriers for~a! Cu, ~b! Ag, ~c! Au, ~d! Ni, and ~e! Pd, as a function of the configuration number, which

given by the decimal representation of the binary numbern85S3S̄2S̄6S1S5S0S4 . The solid lines are the EAM energy barriers, the dash
lines describe the best fits obtained for model I and the dotted lines are the best fits for model III. Model III is found to provid
quantitative agreement with the EAM results for most configurations. There are essentially 6 groups of barriers in each plo
correspond to the six columns of Table I. Groups II~a! and II~b! are in the same energy range, and together form group II in Fig. 3, w
groups III~a! and III~b! coincide with group III in Fig. 3.
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The values obtained from the best fit for the four para
etersEB

0, DENN , DEopp, andDENNN for the different metals
are given in Table III. There are two remarks to be ma
about Eq.~10!. First, terms such asS1S5 are not in contra-
diction to the assumption that only nearest- and next-nea
neighbor interactions are significant. These terms are ju
manifestation of the simultaneous interactions of, say the
oms in sitesS1 andS5 , with the hopping atom, of which the
are both nearest neighbors. Second,S2 and S6 are not in-
cluded in the last term of Eq.~10!, since we found that thei
dominant contribution is in the nonlinear term.

D. Testing the quality of the fit

The quality of the fit can be viewed in Fig. 7. The num
bering of the configurations is the decimal representation
the binary numbern85S3S̄2S̄6S1S5S0S4 , whereSi51(0) if
site i is occupied~unoccupied!, andS̄i is the opposite ofSi .
There are essentially 6 groups of barriers that are marke
the figures. These groups correspond~not necessarily in or-
der! to the six columns of Table I. As can be seen, grou
II ~a! and II~b! are in the same energy range, and toget
form group II in Fig. 3. Similarly, groups III~a! and III~b!
coincide with group III in Fig. 3. Thus, there are actua
only four groups as mentioned in Sec. III. Beyond this ba
division, there are some significant differences among
metals which model III seems to handle well. The most i
portant one is the effect of NNN atoms on the energy barr
It can be seen from Table III that for Ag and Pd this effect
almost negligible, while for Cu and Ni it has much grea
importance. The effective NNN binding energy for Au
even negative. Although it may be possible to constr
models with the same number of parameters that would g
better agreement with EAM results for each specific me
alone, our approach is to find the general characteristic
diffusion mechanisms, common to different substrates.
agreement between the EAM barriers and model III
slightly worse for Au than for the other metals. This may
due to substrate relaxation effects, which are found to
more important in this metal, and are not accounted for in
model.

V. DISCUSSION AND SUMMARY

The models presented in the previous section help to id
tify the main physical mechanisms that determine the act
tion energies of self-diffusion processes on fcc~001! metal
surfaces. Although such processes may involve interact
with many substrate and in-plane atoms, they can be w
described as the sum of few relatively simple terms. The fi
term is the activation energy for hopping of an isolated ato
The main corrections are due to nearest-neighbor in-p
atoms at the initial site, as well as at the bridge site. T
former increase the energy barrier while the latter decrea
by nearly the same amount. The next contribution is due
simultaneous presence of atoms on both sides of the hop
-
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atom relative to the hopping path. This term is important
relatively dense environments. Its typical value is about h
that of the NN binding energy. A third and generally mu
smaller contribution consists of NNN bonds as well as a te
associated with the simultaneous presence of atoms in
sites 1 and 5~Fig. 2!.

Beyond the physical understanding gained by this ana
sis, the models can be used to evaluate the activation en
of any diffusion process on the~001! surface of the metals
discussed above. The models suggest that given a set o
activation energies~which can be obtained from EAM,ab
initio calculations or experiments!, it is possible to extract
the complete set of activation energy barriers. To rea
model I, for example, only two parameters are needed. T
can be obtained, e.g., from the activation energy for sing
adatom hopping, and the dissociation energy of a dimer.
estimate a barrier using model II, a third parameter is need
which is the NNN binding energy. This may be obtained
the mobility of a trimer is known. The fourth paramete
which is needed for model III, can be estimated from t
activation energy for detachment from an atomic step. Si
model III provides an expression for the energy barriers,
ear in the parameters, any four barriers that give rise to f
linearly independent equations, are sufficient to determine
four parameters, and consequently all the other barriers.

The possibility to construct a full set of activation ener
barriers from a relatively small set of parameters is es
cially useful for simulations. Without this knowledge, som
processes have to be discarded from the simulations as
important, or assigned activation energies that are not f
substantiated. These approaches take much of the pow
computer simulations, and deny the possibility of dire
quantitative confrontation with experimental data. Even i
list of all relevant activation energies is available, the mo
can be used to check the self consistency of the data. It
also help to interpret simulation results, which depend oth
wise on a large number of parameters.

The models presented here apply for diffusion on flat s
faces and do not describe the motion up/down steps. S
interterrace moves involve a large number of possible lo
environments, including flat steps as well as kink sites.
believe that the approach proposed here can be extende
describe these processes as well.

In summary, we have constructed a family of models t
describe self-diffusion on fcc~001! metal surfaces and teste
them for Cu, Ag, Au, Ni, and Pd. For each one of the
metals, the parameters of the models were optimized
comparing the energy barriers to a full set of barriers o
tained from semiempirical potentials via the embedded a
method. It is found that these models, with at most fo
parameters, provide a good description of the hopping
ergy barriers on the fcc~001! surfaces.
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