PHYSICAL REVIEW B VOLUME 60, NUMBER 3 15 JULY 1999-I

Models for adatom diffusion on fcc (001) metal surfaces
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We present a class of models that describe self-diffusion orfdfot) metal substrates within a common
framework. The models are tested for(G01), Ag(001), Au(001), Ni(001), and P@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 experahédnisp 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 metkddV). It is found that these models with at most four
parameters, provide a good description of the full landscape of hopping energy barriers@@lfcsurfaces.
The main features of the diffusion processes revealed by EAM calculations are quantitatively reproducible by
the models[S0163-182¢09)01227-§

I. INTRODUCTION ion microscopy*2~3® This technique was used to identify the
diffusion modes of adators*3as well as small island$>®
Thin-film growth processes involve complicated kineticson fcc (001) metal surfaces, to measure their diffusion coef-
giving rise to a rich variety of surface morphologies. Within ficients, and to determine the sticking process of adatoms to
this vast domain, the study of the growth in the submonoan island®® Recently there were several attempts to use STM
layer regime is of particular interest due to the large impact0 derive such local information directfy.
of the initial kinetics on the resulting film structure. Experi- ~ Theoretical studies aimed at providing better understand-
ments on thin film growth on well-characterized substratednd Of the relation between key processes at the atomic scale
using molecular-beam epitaxy have provided a large body o@nd the resulting morphologies have been done using Monte
information about growth kinetics and morphology, and re-Carlo simulation$’~>7 In simulations of island growth dur-
vealed that for a variety of systems and a broad temperatuigg deposition, atoms are deposited randomly on the sub-
range, island nucleation is the dominant mechanism for crysstrate at raté= [given in monolayers per secohend then
tal growth!? Diffraction methods such as helium beam hop, attach to, and detach from existing islands according to
scattering;*~®low-energy electron diffractiof;’°and other ~some model. A common approach is to assume some key
techniques!*? provide information on the collective behav- processes and their rates, and then simulate the growth
ior and the statistical properties of the surface. These tectprocess’34%4n some cases information such as diffusion
niques have been used to measure the island size distriblgngth, typical distance and time between nucleation events
tion, the island density, and their scaling properties withis assumed to be knowapriori, and is put by hand into the
respect to the coverage and the ffx°The variation of the  simulation in order to accelerate the computafidff>*The
island density with respect to the temperature was als@dvantage of this approach is that the models are well de-
studied®®1! fined and use only few parameters. These models are useful
More detailed information at the atomic scale is providedfor studies of scaling and morphology but cannot provide a
by scanning tunneling microscog$TM).>2~3'Most nota- ~ quantitative description of diffusion on a particular substrate.
bly, STM provides means to study the variety of morpholo-Furthermore, they account only for a limited number of pro-
gies encountered in the different systems, or in the sameesses, that are assumed to be the only significant ones.
system under different growth conditioh¥?=2>2%In some A complementary scheme employs the underlying activa-
experiments, STM was used to acquire information on largetion energies. In this scheme the hopping fatén units of
scales, e.g., island size distributiois*29-222%Despite the hops per secondof a given atom to each unoccupied
wealth of experimental results at the atomic scale, for decapearest-neighbaiNN) site is given by
rates of small islands, mobility of small islands and edge
diffusion123-272%3%the underlying energetics is mostly in- h=v exp(—Eg/kgT), )
accessible to direct experimental measurements. Thus, one
must rely on theory to extract activation energies from thewherev = 10*?s7! is the commonly used attempt rafg; is
experimental results, and these are usually limited in numthe activation energy barriekg is the Boltzmann constant,
ber, and sometimes are subject to alternative interpretationand T is the temperature.
The only technique that provides direct access to diffusion The activation energy barrigEg depends on the local
processes and activation energies at the atomic scale is fiethvironment of the hopping atom, namely the configuration
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of occupied and unoccupied adjacent sites. Two approaches 00¢C 000 QOO

have been taken in the construction of the energy barriers for Co‘)(“ — DO — GO0

hopping in the simulations. One approach was to construct cO0 000 000

simple models that include the desired features, such as sta- (a)Hopping via bridge-sit

bility and mobility of small islands, and that take into ac- =R R BRiceRte

count properties such as bond enerdies:#749-52.54.5q

general, this approach encompasses both the virtues and the

drawbacks of the simpler approach presented before. 000 000 O0n
A second approach is based on the use of an approximate /x‘mj = Oavd — /) Q

many-body energy functional to calculate the hopping en- o 000 000

ergy barriers for a complete set of relevant

configurations®4243:53:5557his approach provides a good (b)Exchange hopping

description of diffusion processes on the given substrate but . I
only limited understanding due to the large number of pa- FIG. 1. Two _meChan'SmS for surfa.ce diffusiof@ regular or
rameters. brldge-sne.hopplng(b) exchange hopping. Dark spheres are ada-

In this paper, we extend and further explore a frameworktoms and light spheres are substrate atoms.
for a systematicderivation of simple models for self- lower than the barrier for bridge-site hopping. However, the-
diffusion on fcc(001) surfaces out of a detailed and compli- oretical work using several other methdds®® including
cated set of energy barriers. Simple in this context meanEAM, indicate that the exchange barrier for Cu is much
that only a small number of parameters are involved and alhigher(more than 0.8 eYand therefore bridge-site hopping
have a definite and intuitive interpretation. Using sensiblgs dominant. This conclusion is also supported by recent ex-
assumptions about the bond energies and diffusion paths v@erimental work and reinterpretation of the previous
obtain simple formulas for the activation energy barriers. Wefindings? In general, bridge-site hopping is found to be
then optimize the parameters of these formulas for eachdominant in all the metals studied heéor Au, some ex-
metal separately by using energy barriers obtained from thghange processes appear to be significant, yet in most cases
embedded-atom method. This procedure gives rise to simpf/idge hopping is favorableDue to the exponential depen-
models that have at most four parameters and provide goo%ence of .the rate of each process on the corrgspondlng en-
quantitative description of the landscape of hopping energ{'dy Parrier, it is generally reasonable to take into account
barriers. In a previous publication we have introduced th nly the mechanism that is energetically favoratiléidge-

S ite hopping, in this caseand neglect the mechanism that
framework and applied it to Cu/Q01) growth® Here, we ~ >'c. NOPPING > _
make athreefoIdF)sFt)ep forwar(h)f/cvmgiaglude four other fcc exh|b|ts higher activation energy barri@xchange mecha-

metals in th_e model and d_e_rlve the appropriate parameters Oﬁly nearest and next-nearest neighbor interactions are
for them. This shows the utility of the models and provide agjgnificant. within this assumption one can obtain the acti-
unifying framework that applies to a large class of metalsy aion energies for most diffusion processes to a good accu-
(b) Nonlinear interactions are introduced in addition to theracy. However, there are some processes such as vacancy
linear interactions considered before. This allows for a moeriffusion7 where a |arger environment affects the diﬁusing
accurate optimization without increasing the number of pagtom.
rameters{c) We explore the basis of the assumptions under- There is one common attempt frequency for all processes.
lying this scheme and the extent of their applicability. Since there is no systematic knowledge about the depen-
The paper is organized as follows. In Sec. Il, we introducedence of the attempt frequency on the local environment, the
the physical framework of the model and discuss its underassumption of one common frequency is the usual practice.
lying assumptions. The results of the embedded-atonkEstimations for the attempt frequency can be obtained using
method(EAM) calculations are given in Sec. Ill. The models molecular-dynamic simulatior’é.Another way is to fit mo-
are introduced in Sec. IV with the fitting to the EAM results. lecular static data to harmonic potential to find an effective
This is followed by a discussion of the results and their im-force constant, and then deduce the frequency of oscillations.
plications in Sec. V. So far, little work has been done on this subject. Previous
works, including interpretation of experimental results, usu-

ally pre-suppose some common attempt frequency in the
Il. APPLICABILITY CONSIDERATIONS range 16°— 1013516

The framework developed in this paper assumes several
characteristics of the diffusion processes considered. It ap-
plies to systems for which these assumptions are valid, The models described in this work are tested by fitting
which includes most of the fcc metals in the moderate temtheir parameters to energy barriers for self-diffusion of
perature regimé~200-500 K. The following assumptions Cu(001), Ag(001), Au(001), Ni(001), and P@001) surfaces,
are employed throughout the discussion. obtained using EAM! This method uses semiempirical po-

Bridge-site hopping of adatoms is in general dominanttentials and provides a good description of self diffusion on
over exchange hoppingFig. 1). There has been a contro- such surface® Specifically, for all the metals considered
versy concerning this assumption. Using semiempiricahere the EAM functions developed by Adams, Foiles, and
methods the barrier for exchange hopping for(@1) was  Wolfer®® are employed. These functions are fitted to a similar
estimated to be 0.2 e¥52in agreement with the experi- but more accurate data base as the one employed by Foiles,
mental data that was available at that tin€his is much  Baskes, and Da#? The calculations are done on a slab of 20

Ill. THE EAM BARRIERS
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=17 (n=25). The barrier, that is found in the column with
the index 8 and the row with index 17, in the line of Cu, is
E3°=0.89eV.

In Table I, we use the symmetries of the configurations in
the 3x 3 cell (Fig. 2) to reduce the number of entries. There

is a mirror symmetry plane perpendicular to the surface and

.——-‘* containing the arrow of the hopping atom. Consequently, the
columns ofn;=4 and 12, in which site =2 is occupied,
stand also for the symmetric configurations in whieh6 is
occupied. In the other four columns, there are some configu-
4 5 6 rations that, due to symmetry, appear twice. In such cases,
the barrier for the configuration with largerappears intal-
ics.
FIG. 2. Classification of all possible local environments of a For the purpose of the calculations and parameterization

hopping atom, including seven adjacent sites. Each site can be e?—.f tk}e mtodel,hwe Consr:dfr Onl?{ ?Opplng tmﬁves in W?;]CT a
ther occupied or unoccupied, giving rise t6=2128 local environ- singlé atom Nops each tme. 1t turns out, however, that in
ments. Sites 1, 3, and 5 are nearest neighbors of the original sigPme cgses the m,OIecmar statics calculations, used to obtain
while sites 1, 2, 5, and 6 are adjacent to the bridge site that the atoth'€ barriers, give rise to concerted moves. In such moves the
has to pass. atom at sitei=3 follows the hopping atom and takes the
place vacated by the hopping atom. This fact significantly
square layers with 100 atoms in each layer reduces the barrier. It turns out that for configurations in
When an atom on the surface hops into a vacant neares\f\fh".:h concerted moves appear, they can be suppresseq by
dding a column of three atoms on the left-hand side of sites

neighbor site it has to cross the energy barrier between th@

initial and final sites. We have used molecular statics in conl.—0» 3, and 4. In Table |, the energy values for those con-

junction with the EAM functions to find that energy barrier. 19uration in which a concerted move was found, are shown

This is simply the difference between the energy at thd" parenthesis. The bgrrier obtained when the concertgd
bridge site(or more precisely, at the point along the path move was suppressed is show_n to the left of_the parenthesis.
with highest energyand in the initial site. To gain a better unders_tandlr?g of t_he_barrlgr energy land-
jscape we present the barrier height distributieithout con-
erted movesin Fig. 3 for the five metals considered. We

environments as shown in Fig. 2, where seven adjacent site§

i=0, ...,6 aretaken into account, according to the assumlo_observe that this distribution exhibits four groups. This fea-

tions presented in Sec. Il. Each one of these sites can l:}é”e is in agreement with Ref. .43 where a different meffiod
either occupied $=1) or vacant §=0), giving fise to was used to calculate the barriers. Each group corresponds to
27=128 barriers. A binary representation is used to assigft S"dle or a double column in Table I. In general, group |

indices to these barriers. For each configuratigg ( . . ,Sq) includes very fast moves towards |slanq edges, group Il in-
T n cludes moves along the edge, group Il includes, most nota-
the barrier is given b¥eg, where

bly, the single atom move, while group IV includes detach-
ment moves.

6
n= vl 2
igo SI ( ) IV. THE MODELS

. A. The additivity assumption
takes the valuesa=0, ...,127. The full set of hopping en- y P

ergy barriers(given in eV} is presented in Table I, for The starting point in the construction of a simple model
Cu(001), Ag(001), Au(001), Ni(001), and Pd001). To show that describes the hopping energy barriers for all the configu-
these values in a compact form, each barrier in Table | Cor[atiOI’lS of Fig. 2, is the assumption that the contributions of
responds to a configuration in which the occupied sites ar@ll adjacent atoms to the energy barrier add up linearly. To
the union of the occupied sites in the picture on top of theexamine this assumption for @101), we evaluated directly
given column and on the left-hand side of the given row. Thethe binding energies within the EAM approach for a series of
column in Table I in which a given configuration appears isconfig.urations from which we extracted the relevant bond
determined by the occupancy of siies2,3,6 while the row €Nergies.

is determined by Site's: 0,1,4'5_ One can define The b|nd|ng energy Of a giVen Conﬁguration Of adatoms
on the surface is evaluated as follows: First, we calculate the

total energy of the system in that configuration. Then, we
n= 2 S2; n,= 2 S20 (3)  find the total energy of another configuration in which there
i=2,36 i=0145 is the same number of adatoms on the surface but they are far
apart from each othefby that we mean that moving them
such that for each configuration=n;+n,. To demonstrate one lattice site in any direction would not change the total
the use of Table I, we will check for @001) the barrier of  energy. The binding energy between the adatoms is given
the configuration in which sites 0, 3, and 4 are occupied andby the difference in the total energies between the two con-
all other sites adjacent to the hopping atom are vacant. Fdigurations. An example of the procedure is shown in Fig. 4.
this configuration, according to Eq3), n;=8 and n, It appears that the evaluation of the next nearest-neighbor
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TABLE |. The hopping energy barriers for Cu, Ag, Au, Ni, and Pd obtained from the EAM calculations for all possible configurations
within a 3X 3 square around the hopping atom. The barriers are given in eV. Each number in the table is thEbéoriére configuration
in which the occupied sites are the union of the occupied sites in he picture on top of the given Gollemed byn,) and on the left-hand
side of the given rowindexed byn,). Consequently, the index specifying the barrier is given by=n;+n,.

Group 1 Group 11 Group It Group IV
ny— 68 76 4 12 0 8
@) [@ O O
nyl Ok OO Ok OloF Ok OloF
) @)
Cu 0.01 0.25 0.18 0.48 0.48 0.81
Ag 0.16 0.37 0.23 0.47 0.48 0.72
0 oF Au 0.37 0.64 0.45 0.72 0.70 1.02
Ni 0.06 0.38 0.25 0.62 0.63 1.02
Pd 0.15 0.48 0.34 0.70 0.71 1.08
Cu 0.02 0.28 0.25 0.53 0.46 0.85
5 Ag 0.16 0.37 0.24 0.46 0.48 0.72
1 oS Au 0.31 0.54 0.39 0.61 0.64 0.85
Ni 0.09 0.40 0.30 0.66 0.69 1.05
Pd 0.15 0.47 0.33 0.69 0.70 1.07
Cu 0.02 0.21 0.18 0.44 (0.34) 0.46 0.74 (0.60)
3 Ag 0.15 0.35 022 0.45 0.48 0.72
2 ok Au 0.30 0.56 0.38 0.62 0.79 1.00
Ni 0.09 0.35 (0.10) 0.26 0.57 (0.48) 0.61 0.95 (0.79)
Pd 0.16 0.43 (0.38) 0.33 0.68 0.74 1.10 (0.91)
Cu 0.05 0.25 0.24 0.48 0.54 0.78 (0.65)
565 Ag 0.16 0.35 0.23 0.45 0.50 0.72
3 OF Au 0.27 0.52 0.36 0.61 0.77 1.00
Ni 0.13 0.35 (0.33) 0.31 0.63 0.68 0.99
Pd 0.17 0.49 035 . 0.70 0.77 1.13
Cu 0.02 0.28 0.21 0.50 0.46 0.85
Ag 0.16 0.37 0.24 0.47 0.48 0.72
16 O Au 0.31 0.54 0.38 0.67 0.64 0.85
Q Ni 0.09 0.40 0.30 0.65 0.69 1.05
Pd 0.15 0.47 0.33 0.69 0.70 1.07
Cu 0.04 0.30 0.28 0.54 0.66 0.89
Ag 0.17 " 0.36 0.24 0.47 0.49 0.72
A Au 0.26 0.57 0.34 0.60 0.59 0.83
5 Ni 0.13 0.43 0.35 0.68 0.75 1.09
Pd 0.15 0.48 0.34 0.70 0.71 1.07
Cu 0.05 0.27 0.23 0.49 0.52 0.80
Ag 0.16 0.35 0.22 0.44 0.49 0.72
18 8, Au 0.26 0.57 0.34 0.55 075 0.98
O Ni 0.12 0.40 0.30 0.63 0.66 1.01
Pd 0.17 0.48 034 0.68 0.75 1.11
Cu 0.08 0.29 0.29 0.52 0.61 0.83
ol Ag 0.17 0.35 0.24 0.45 0.51 0.73
19 OO’ Au 0.26 0.54 0.32 0.64 0.82 0.99
Ni 0.16 0.42 0.36 0.66 0.74 1.04
Pd 0.19 0.50 037 0.72 0.79 115
Cu 0.02 0.21 0.18 0.48 0.46 0.74 (0.60)
Ag 0.15 0.35 031 0.54 0.48 0.72
3 o Au 0.30 0.56 0.61 0.86 0.76 1.00
Ni 0.09 0.35 (0.10) 0.32 0.65 (0.52) 0.61 0.95 (0.79)

Pd 0.16 0.43 (0.38) 0.46 0.77 (0.66) 0.74 1.10
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TABLE I. (Continued).

Group 1 Group I Group 111 Group IV
ny— 68 76 4 12 0 8
o @) O 0
n,l OF ees Ob ok OF OloF
@} O
Cu 0.05 0.27 0.28 0.54 0.52 0.80
o) Ag 0.16 0.35 0.32 0.54 0.49 0.72
33 Ok Au 0.26 0.57 0.58 0.81 0.74 0.98
O Ni 0.12 0.40 0.38 0.69 (0.64) 0.66 1.01
Pd 0.17 0.48 0.47 0.83 0.75 111
Cu 0.05 0.24 0.28 0.50 (0.16) 0.55 0.78 (0.37)
S Ag 0.17 0.36 (0.26) 0.38 0.58 (0.32) 0.64 0.84 (0.45)
34 OF Au 0.32 0.59 0.60 0.84 1.02 1.20
(®] Ni 0.12 0.39 (0.16) 0.42 0.72 (0.29) 0.75 1.07 (0.54)
Pd 0.20 0.48 (0.24) 0.53 0.83 (0.40) 0.94 1.24 (0.66)
Cu 0.08 0.26 (0.08) 033 0.49 0.62 0.81 (0.47)
oG Ag 0.18 0.36 (0.26) 0.39 0.59 (0.35) 0.65 0.84 (0.56)
35 O Au 0.29 0.54 (0.28) 0.57 0.81 (0.54) 0.95 1.13 (0.85)
O Ni 0.15 0.41 (0.21) 0.47 0.74 (0.37) 0.82 1.09 (0.67)
Pd 0.23 0.50 (0.27) 0.56 0.86 (0.48) 0.97 1.28 (0.82)
Cu 0.05 0.25 0.28 0.51 0.54 0.78 (0.65)
Ag 0.16 0.35 0.33 0.54 0.50 0.72
48 Ok Au 0.27 0.52 0.53 0.81 0.77 1.00
Qo Ni 0.13 0.35 (0.33) 0.38 0.68 (0.57) 0.68 0.99
Pd 0.17 0.49 0.48 0.83 0.77 1.33
Cu 0.08 0.29 0.33 0.56 0.61 0.83
0) Ag 0.17 0.35 0.34 0.54 0.51 0.73
49 OF Au 0.26 0.54 0.53 0.88 0.82 0.99
QIO Ni 0.16 0.42 0.44 0.73 0.74 1.04
Pd 0.19 0.50 0.51 0.85 0.79 115
Cu 0.08 0.26 (0.08) 0.34 0.51 (0.22) 0.62 0.81 (0.47)
0 Ag 0.18 0.36 (0.26) 0.38 0.58 (0.34) 0.65 0.84 (0.56)
50 OF Au 0.29 0.54 (0.28) 0.52 0.83 (0.57) 0.95 1.13 (0.85)
el(e] Ni 0.15 0.41 (0.21) 0.47 0.73 (0.36) 0.82 1.09 (0.67)
Pd 0.23 0.50 (0.27) 0.55 0.86 (0.47) 0.97 1.28 (0.82)
Cu 0.13 0.28 (0.12) 0.40 0.53 (0.36) 0.70 0.90 (0.69)
56 Ag 0.19 0.36 (0.28) 0.40 0.58 (0.48) 0.67 0.85 (0.72)
51 Ob Au 0.30 0.55 (0.44) 0.53 0.83 (0.69) 091 1.20 (0.99)
QIO Ni 0.21 0.43 (0.26) 0.53 0.76 (0.55) 0.89 1.12 (0.86)
Pd 0.26 0.53 (0.34) 0.60 0.89 (0.66) 1.02 1.32 (1.04)

(NNN) bond energy is easier since one can construct a sufvhich they are far apart from each other. In Figa)6 the
ficiently large set of configurations that include only NNN total binding energy between adatoms is plotted as a function
bonds with no NN bonds. In the case of NN bonds, most ofof the number of NNN bonds. The best linear fit is drawn,
the relevant configurations also include NNN borjég.  and its slope yields a value &yny=0.0512€V. The next
5(a)]. Similarly, considering an atom on top of a bridge site,Step is to examine the linearity of the NN binding energy
typical configurations that include atoms adjacent to thedSINg a series of four configurations in which an adatom has

bridge site exhibit NN bonds between them as shown in Figl: 2, 3, and 4 NN's on the surface, within a similar proce-
5(b). dure. The NNN bonds in each configuration are deducted

i ; P using the value obtained before. The results are shown in
Therefore, we will first examine the additivity of the NNN nFig. 6b) and the NN bond energy is obtaineyy

bonds employing & series of four configurations in which a =0.324 eV. A similar analysis for an adatom on a bridge site

adatom has 1, 2, 3, and 4 NNN on the surface. For each or}g shown in Fig. 6) and the binding energy between an
of these four configurations the total energy is compared Qtom on the bridge site and an adjacent atom is given by

that of a configuration with the same number of adatoms, e —0.345 eV
NN(bridge — Y- .



PRB 60 MODELS FOR ADATOM DIFFUSION ON fcc(00)) . . . 2111

Jigiit

15 Ni

Number of Configurations

0
0.0 0.5 1.0 1.5
Barrier Energy [eV]

FIG. 3. The distribution of activation energies barriers for
Cu(00D, Ag(001, Au(001), Ni(00D, and Pd001), obtained from

000000 . 00000000

00000000
(b)

FIG. 5. Configurations used to evaluate the NN bond endgyy:
two nearest neighbors of an adatom may be next nearest neighbors
of each otheryb) two nearest neighbors of an atom at the bridge
site, may also be nearest neighbors of each other.

the EAM calculations combined with the molecular statics proce-
dure. The columns represent the number of local configurations, out B. Construction of the models

of the 128 configurations of Fig. 2, giving rise to energy barriers in

a certain energy range. Four groups of moves are identified in each The energy barrieEg

for a certain process is the differ-

of the five plots, and representative moves in each group are showfNce between the binding energies of the hopping adétom

00000000
00000000
00000000

b) E; = —8442.106eV

—_
~

FIG. 4. The procedure used to evaluate the binding energie

Cu(00)) is evaluated as the difference between the total energ

the substrate and to adjacent adatpatsthe initial position,

Ein, and at the bridge sit&,,,, namelyEg=E;,,—Ej,. On

the basis of the additivity feature just demonstrated, we will
now express these binding energies as the sum of the occu-
pation states of the relevant sites. The first approximation for
the energies gives a modghodel ) with only two param-
eters, that reproduces the main features of the EAM barriers.
In order to establish the model, there are two things to note
about the parameters obtained in Sec. IV A. First, the values
of NN binding energies at the lattice site and bridge site are
very close. This reflects the fact that the NN distance corre-
sponds approximately to the minimum potential of the two-
body interaction. Second, both these energies are much
larger than the NNN binding energy. These two features are
quite general and common to all the metals we discuss here.
For the simplest model we will neglect the effect of the NNN
atoms, and assume a single NN binding enetdyy,y for

both lattice and bridge sites. The resulting expression for the
binding energy at the initiaffourfold hollow) site is

En=Ep—AEnn(S1+Ss+Ss). (4)

The binding energy due to two NNN bonds of Cu adatoms onsrhe energy of an isolated atom E?‘ The energy of the

)r;opping atom when it is on the bridge site is given by

E,=—8442.043 eV of a configuration including three separate ada-

toms(a) and the total energlf,= —8442.106 eV of a configuration
including three adatoms forming two NNN bonds.

top= Epp— AENN(S1+S,+ S5+ Sg), (5)
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T
1
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o

0.00 ] ' - , (a) 0.0 L '
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Number of Bonds Number of Bonds
1 .6 T T T

Binding Energy (eV)
o =
® o

o
»
T
1

0.0 L . - (c)
0 1 2 3 4

Number of Bonds

FIG. 6. Testing the additivity assumption for bond energies on th@®@ surface.(a) Binding energy vs the number of NNN bonds.
The best linear fit yields a value &= 0.0512 eV;(b) binding energy vs number of NN bonds, where the binding energy of NNN bonds
is subtracted. The slope of the solid line yielgy=0.324 eV;(c) binding energy vs number of NN bonds for an atom at the bridge site,
where other NN bond energies are subtracted. The bestHit,is-0.345 eV. The fits include a constraint that the line passes through the
origin, since an isolated adatom has zero adatom-adatom binding energy.

where E?op is the energy of an isolated atom on top of aeters of this model, as well as those of the models discussed

bridge site. Thus, for a given configuration the barrigj,  below, are adjusted to best fit the EAM data. More specificly,

=Ep,,— Ej,, for an atom to hop into an adjacent vacant siteWe found the parameters that best describe the 128 EAM

is given in model | by barriers by minimizing the sum of squares
n_pgo e 127
Eo=Eat AR5~ %~ %), © R= [E}(EAM)—Ej(Mode)2. @
n=0
whereE3=Eg, — EJ, andn is given by Eq(2). In this model

only three sites affect the energy barrier, which can take onlyrhe values obtained for these parameters for the five metals
four different values, as the expression in the parenthesis caare shown in Table Il. Despite its simplicity, model | can be

be either 1, 01, or —2. Each of these four barrier values used to describe and analyze the main diffusion processes:
corresponds to one of the four groups in Fig. 3. The paramsingle adatom hopping, attachment, detachment and edge
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TABLE Il. The parameter&,, AEyy, andAEyyy of model 11 TABLE Ill. The parameters,, AEyy, AExnn, andAEgy, of
obtained from the best fit of the EAM barriers for Cu, Ag, Au, Ni, model Il obtained from the best fit of the EAM barriers for Cu, Ag,
and Pd. The values in parenthesis are the corresponding values fAu, Ni, and Pd.R is the sum of squares defined in Ed).
model I. R is the sum of squares defined in E{), for the opti-

mized parameters. Metal Model parametereV] R
Metal Model parameterieV] R Eq AEnn AEnnN AEqpp
Eo AEwy AEnnn Cu 0.474  0.258 0.044 0.011  0.159

Ag 0.461 0.225 0.013 0.112 0.085
Cu 0.487(0.534 0.274(0.255  0.027 0.2800.345

Au 0.686 0.294  —0.017 0.199 0.346
Ag 0.509(0.525 0.204(0.197 0.010 0.45000.458 ]

Ni 0.610 0.322 0.046 0.067 0.141
Au 0.776(0.752 0.235(0.2449 —0.014 1.2751.292

Pd 0.690 0.362 0.028 0.146 0.162

Ni 0.645(0.697 0.326(0.306 0.031 0.4440.526
Pd 0.760(0.789 0.337(0.325 0.017 0.866(0.892

eral of its neighbors. Such effects may be described by ex-

e . ) ) . pressions such U§S; or §S;S;, which are equal to 1 only
diffusion. The barriers obtained from this model can be in-¢ ) the relevant sites are occupied, and 0 otherwise. Such

corporated in simulations to reproduta Ieast.qualitatively expressions are clearly beyond the linear bond counting
expenmental_features suph us cluster mobility, island Morg.hame of the previous section. There is a large number of
phology and island densifyl. _ ossible nonlinear interaction terms. Our analysis of the
The model presented above describes only the gross feg:a; cajculations, however, indicates that two of them are
tures of the diffusion process. In order to get more quantitag, o gjgnificant. The first term is related to the shape of the
tive results, and to better understand the importance of thgit,sion path. It corresponds to configurations in which sites
different processes, it is necessary to further refine theyiacent to the bridge site, are occupied on both sides of the
model. We will now introduce model Il, in which the effect i sion path(namely, at least one of the sites 1 and 2, as
of NNN atoms in the initial configuration is included. The \ || as at least one of the sites 5 and 6 are occupikd
expression for the energy at the initial site is now appears that in these cases the energy barrier is considerably
n_ =0 _ _ higher than for configurations where sites on only one side of
Ein=Ein~ ABN(S1 T St Ss) — ABun(So+ S Sy F SG()é) the path are occupied. This effect is due to the “stiffness” of
the diffusion path induced by the attraction from two oppo-
where AEy\y is the reduction of the energy due to a NNN site directions. Even though there are nine different such
bond. The energy barriers are now given by configurations, they all contribute about the same energy dif-
ference, and hence, can be bound to a single parameter
ER=E3+AEN(S3—S,—Ss) + AENnn(So+ S+ Sa+ Se). AE,y, (for opposite. The additional term that is now added
(9  to the expression for the barrier SEp, (S;,S50) Where
S ;=1 if at least one of the sitésandj is occupied, and O if
Model Il accounts better for processes such as detachsqgin are empty. In all the metals we checked, except Cu, this
ment, edge diffusion, and vacancy diffusion, which generallyio;m is much larger than the NNN bond, sometimes by an
involve NNN interactions. In the distribution of the barriers j.yor of magnitude.
obtained from the model, the main groups exhibit certain  the second nonlinear interaction term is smaller, and is
widths. Yet, they are still significantly narrower than the oo mnarapie to the effect of NNN sites. It is related to the
groups of the EAM barriers. This is due to the fact thatgnergy of the hopping atom in the initial site. The EAM
during the hopping process adjacent atoms may relax withiy o ations indicate that if the two nearest-neighbor sites 1
their potential well. Model Il accounts for these effects only ;4 5 that are symmetric with respect to the hopping direc-
on average _and therefore gives rise to narrower groups. Thon are both occupied, then the initial configuration is more
values obtained as best fits of the model parameters to tq?ght,y bound. This means that if sites 1 and 5 are both oc-
EAM data_for the different me_tals are_shown in Tabl_e _II. cupied, the energy barrier is expected to be higher. Conse-
Further refinement can be obtained by introducing a dIStIanuenﬂy the corresponding term would K& (S,S5)
tion between the NN bond energies at the initial four-fold . fitted value obtained foh E is veryS)c/:T(r)nse tlo that
hollow site and that at the bridge site, as suggested in Refyi-inad for the NNN binding sé"r"{grgENNN’ for all five

59. This modification, which introduces a fourth parameter. -1 \We thus included both contributions in the same

into the model, gives only slightly better agreement with theyg ., “aithough of different physical origin, to avoid the need
EAM results. In the following section, we present a moreso . 4 fifth independent parameter
effective refinement based on nonlinear interactions. The resulting mode(model 11I) 'for the hopping energy

barriers is
C. Adding nonlinear effects

To obtain models that provide a better fit to the EAM ED=E3+ AEnn(Ss— Sz~ S) + AE g St S50
barriers, it is necessary to consider effects that are caused by BB OPPETRAT
the simultaneous interactions of the hopping atom with sev- +AENNN(Sot+ Sat+S:1Ss). (10
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FIG. 7. The hopping energy barriers f@ Cu, (b) Ag, (c) Au, (d) Ni, and(e) Pd, as a function of the configuration number, which is
given by the decimal representation of the binary number S;S,5;S,S;5,S,. The solid lines are the EAM energy barriers, the dashed
lines describe the best fits obtained for model | and the dotted lines are the best fits for model Ill. Model Il is found to provide good
quantitative agreement with the EAM results for most configurations. There are essentially 6 groups of barriers in each plot, which
correspond to the six columns of Table I. Groupg)lland li(b) are in the same energy range, and together form group Il in Fig. 3, while
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The values obtained from the best fit for the four param-atom relative to the hopping path. This term is important in
etersE3, AEyn, AEqpp, andAEyyy for the different metals  relatively dense environments. Its typical value is about half
are given in Table lll. There are two remarks to be madethat of the NN binding energy. A third and generally much
about Eq.(10). First, terms such aS;Ss arenotin contra-  smaller contribution consists of NNN bonds as well as a term
diction to the assumption that only nearest- and next-nearesassociated with the simultaneous presence of atoms in both
neighbor interactions are significant. These terms are just sites 1 and §Fig. 2).
manifestation of the simultaneous interactions of, say the at- Beyond the physical understanding gained by this analy-
oms in sitesS; andSs, with the hopping atom, of which they sis, the models can be used to evaluate the activation energy
are both nearest neighbors. SecoBg,and S; are not in-  of any diffusion process on th@01) surface of the metals
cluded in the last term of Eq10), since we found that their discussed above. The models suggest that given a set of few

dominant contribution is in the nonlinear term. activation energieswhich can be obtained from EAMab
initio calculations or experimentsit is possible to extract
D. Testing the quality of the fit the complete set of activation energy barriers. To realize

) ) i o model |, for example, only two parameters are needed. They
The quality of the fit can be viewed in Fig. 7. The num- can pe obtained, e.g., from the activation energy for single-
bering of the conﬂguratgni is the decimal representation of y5tom hopping, and the dissociation energy of a dimer. To
the binary numben’ = $35,54S,5:5S,, whereS§;=1(0) if  estimate a barrier using model Il a third parameter is needed,
sitei is occupiedunoccupiedi andS, is the opposite 05, . which is the NNN binding energy. This may be obtained if
There are essentially 6 groups of barriers that are marked ifie mobility of a trimer is known. The fourth parameter,
the figures. These groups correspandt necessarily in or- Which is needed for model Ill, can be estimated from the
den to the six columns of Table I. As can be seen, groupsctivation energy for detachment from an atomic step. Since
ll(@ and Il(b) are in the same energy range, and togethemodel Ill provides an expression for the energy barriers, lin-
form group Il in Fig. 3. Similarly, groups I{B) and lli(b) ear in the parameters, any four barriers that give rise to four
coincide with group Ill in Fig. 3. Thus, there are actually linearly independent equations, are sufficient to determine all
only four groups as mentioned in Sec. lll. Beyond this basidour parameters, and consequently all the other barriers.
division, there are some significant differences among the The possibility to construct a full set of activation energy
metals which model Il seems to handle well. The most im-barriers from a relatively small set of parameters is espe-
portant one is the effect of NNN atoms on the energy barriercially useful for simulations. Without this knowledge, some
It can be seen from Table Il that for Ag and Pd this effect isprocesses have to be discarded from the simulations as un-
almost negligible, while for Cu and Ni it has much greaterimportant, or assigned activation energies that are not fully
importance. The effective NNN binding energy for Au is substantiated. These approaches take much of the power of
even negative. Although it may be possible to construccomputer simulations, and deny the possibility of direct
models with the same number of parameters that would givguantitative confrontation with experimental data. Even if a
better agreement with EAM results for each specific metalist of all relevant activation energies is available, the model
alone, our approach is to find the general characteristics gfan be used to check the self consistency of the data. It can
diffusion mechanisms, common to different substrates. Th&lso help to interpret simulation results, which depend other-
agreement between the EAM barriers and model Ill iswise on a large number of parameters.
slightly worse for Au than for the other metals. This may be The models presented here apply for diffusion on flat sur-
due to substrate relaxation effects, which are found to bé&ces and do not describe the motion up/down steps. Such
more important in this metal, and are not accounted for in thénterterrace moves involve a large number of possible local
model. environments, including flat steps as well as kink sites. We
believe that the approach proposed here can be extended to
V. DISCUSSION AND SUMMARY describe these processes as well.
In summary, we have constructed a family of models that
The models presented in the previous section help to idenjescribe self-diffusion on fc01) metal surfaces and tested
tify the main physical mechanisms that determine the activathem for Cu, Ag, Au, Ni, and Pd. For each one of these
tion energies of self-diffusion processes on {601 metal  metals, the parameters of the models were optimized by
surfaces. Although such processes may involve interactionsomparing the energy barriers to a full set of barriers ob-
with many substrate and in-plane atoms, they can be welkined from semiempirical potentials via the embedded atom
described as the sum of few relatively simple terms. The firsinethod. It is found that these models, with at most four
term is the activation energy for hopping of an isolated atomparameters, provide a good description of the hopping en-
The main corrections are due to nearest-neighbor in-plangrgy barriers on the fct001) surfaces.
atoms at the initial site, as well as at the bridge site. The
former increase the energy barrier while the .Iatttlar dgcrease it ACKNOWLEDGMENT
by nearly the same amount. The next contribution is due to
simultaneous presence of atoms on both sides of the hopping We thank G. Vidali for helpful discussions.
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