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Self-diffusion of adatoms, dimers, and vacancies on Cu„100…
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~Received 1 April 1997!

We useab initio static relaxation methods and semiempirical molecular-dynamics simulations to investigate
the energetics and dynamics of the diffusion of adatoms, dimers, and vacancies on Cu~100!. It is found that the
dynamical energy barriers for diffusion are well approximated by the static, 0 K barriers and that prefactors do
not depend sensitively on the species undergoing diffusion. Theab initio barriers are observed to be
significantly lower when calculated within the generalized-gradient approximation~GGA! rather than in the
local-density approximation~LDA !. Our calculations predict that surface diffusion should proceed primarily
via the diffusion of vacancies. Adatoms are found to migrate most easilyvia a jump mechanism. This is the
case, also, of dimers, even though the corresponding barrier is slightly larger than it is for adatoms. We
observe, further, that dimers diffuse more readily than they can dissociate. Our results are discussed in the
context of recent submonolayer growth experiments of Cu~100!. @S0163-1829~97!01836-5#
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I. INTRODUCTION

Over the years, thin-film growth techniques have beco
pivotal in the development of new materials and devices
spite of this, it remains extremely difficult, even impossib
to predict the morphology of the films that would result fro
a particular set of experimental conditions—temperatu
pressure, deposition flux, etc.—even for simple homoe
taxial systems. This state of affairs is due in large part to
fact that growth is determined mainly by kinetic, rather th
equilibrium, effects. Since the kinetics of surfaces is de
mined principally by the diffusion of atoms, either isolate
~adatoms! or grouped in small clusters~dimers, trimers, etc.!,
it is of utmost importance to understand in detail the dif
sion mechanisms that are involved in a given tempera
range and the rate at which they will proceed. The requi
information is contained in the temperature-dependent di
sion coefficient and this is the quantity we focus on.

By definition, the diffusion coefficient,D, is given by the
Einstein relation

D5 lim
t→`

^R~ t !2&
2dt

, ~1!

where ^R(t)2& is the mean-square displacement of the p
ticle undergoing diffusion andd is the dimensionality of the
space in which the process is taking place. The diffus
coefficient is also often expressed in the Arrhenius form

D5D0 expS 2EA

kBT D , ~2!

whereD0 is a ‘‘prefactor,’’ kB the Boltzmann constant,T the
absolute temperature, andEA the activation energy or bar
rier. This form is rigorously valid in the limitEA@kBT.1

Experimentally, it is possible to measure directly the d
fusion constant by following the displacement of adatoms~or
small clusters! over time using field-ion microscopy~FIM!.2

However, because of the high imaging field required, t
560163-1829/97/56~12!/7643~13!/$10.00
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technique is limited to a few materials, namely, W, Ir, N
Rh, and Pt. Indirect measurements are also possible, whe
the saturation island density is measured using, for insta
scanning-tunneling microscopy or low-energy electron d
fraction, then related to the diffusion coefficient using ra
equations.3 The problem with such an approach lies, pr
cisely, in the relation between island density and diffusi
coefficient ~the ‘‘scaling relation’’!: While it is clearly de-
fined when only single adatoms are mobile, it has be
shown to become very complicated when larger clusters
involved,4,5 thus making it extremely difficult to assess the
relative contribution.

In this context, it becomes important to augment the
perimental measurements with detailed, accurate, calc
tions of the diffusion constants based on realistic structu
models. This is the route that we follow here. More spec
cally, we use state-of-the-art simulation methods to calcu
the diffusion coefficients of Cu adatoms and dimers, as w
as vacancies, on the Cu~100! surface. Two distinct computa
tional approaches are used: First, molecular-dynamics~MD!
simulations, based on the semiempirical embedded-a
method~EAM!, are carried out; this provides us with qua
tative knowledge of the processes involved during diffusio
as well as quantitative information on the diffusion coef
cients for various mechanisms, in particular, the prefacto
This is extremely important since only dynamical simu
tions can provide accurate values for the prefactors, wh
can vary significantly as a function of the barrier height.6 The
activation energies, in contrast, can be calculated accura
using static~0 K!, energy-minimization methods, as we w
demonstrate. In order to go beyond the approximate EA
we have performed, second, detailedab initio calculations of
the energy barriers. Calculations were done within the fram
work of density-functional theory,7 using both the all-
electron~AE!, full-potential, linear-muffin-tin-orbital method
~FP-LMTO!,8 and the now-standard pseudopotential-pla
wave~PP-PW! approach.9 In the latter case, since it has bee
shown that the inclusion of gradient corrections to t
exchange-correlation energy leads to a significant impro
7643 © 1997 The American Physical Society
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ment over the usual local-density approximation~LDA ! for
3d metals,10,11most calculations have been performed in t
generalized-gradient approximation~GGA!; some LDA re-
sults are nevertheless presented in order to compare w
previous study by Lee and co-workers.12

The reasons for studying the system Cu/Cu~100! are
manifold. First, simplicity: the surface lattice is square an
because the system is homoepitaxial, only one type
chemical species need be considered~i.e., modeled! and no
large stress, e.g., arising from mismatch, will be involve
Such simple systems—homoepitaxial face-centered c
metals—have been the object of numerous studies of
fundamental aspects of growth~see, for instance, Refs. 5
13–21!. Second, surface diffusion on Cu~100! has been stud
ied in detail both experimentally22–25 and theoret-
ically.12,26–40~Of the latter, only Ref. 12 is a first-principle
calculation.! Yet, no clear picture has emerged: While e
periment indicates a barrier in the range 0.28 to 0.40 eV,
gives no information on the actual mechanismvia which
diffusion takes place,22–25 the ab initio calculations of Lee
et al.12 predict that diffusion proceeds primarily throug
simple hopping of an adatom on the surface, with a bar
height of 0.69 eV. In comparison, studies based on vari
semiempirical potentials give values in the range 0.20–0
eV and are in disagreement on the preferred diffus
mechanism.26–40

Evidently, the dominant mechanism for diffusion o
Cu~100! is not resolved. The various processes exami
here—jump and exchange for the adatom and the dimer,
jump only for the vacancy—are illustrated in Fig. 1. A
though there are other possibilities, especially at h
temperatures,32 the ones we consider are found, from o
MD simulations, to be the best candidates for lo
temperature diffusion. We computed, in addition, the dif

FIG. 1. The various diffusion processes studied in the pres
work; J andX refer to jump and exchange, respectively.
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sion coefficient for an adatom moving along a step in or
to understand the shape of islands on~100! terraces.

Our LDA calculations of the energy barrier for adato
diffusion corroborate the previous study, also within LD
by Lee et al.;12 however, we find the barrier to b
significantlyreduced when calculated within the GGA, thu
bringing it much closer to the experimental value. In a
case, the preferred mechanism for diffusion is found to
hopping. We find the barrier for dimer diffusion to be clo
to that for the adatom, but lower than that for dimer diss
ciation. We also find that vacancies are more mobile th
adatoms and that diffusion of adatoms along a step proce
much more rapidly than on a terrace so that the island sh
during growth should be close to equilibrium. Prefacto
finally, do not depend sensitively on the species undergo
diffusion. These findings are discussed in the context of
cent growth experiments performed on this system.22–25

II. COMPUTATIONAL DETAILS

A. Semiempirical calculations

As mentioned already, the atoms in the MD simulatio
were assumed to interactvia the EAM potential proposed by
Foiles, Baskes, and Daw;41 the optimized parametrization o
Adams, Foiles, and Wolfer42 was used. Although this mode
has been fitted to bulk properties, it has been applied s
cessfully to the study of various surface phenomena.43

For the MD calculations on the flat~100! surface, we used
a geometry and a procedure similar to our previous study
adatom diffusion on Ag and Au surfaces.44 The surfaces
were approximated by slabs containing eight layers~exclud-
ing the adatom! of which the bottom two are held fixed in
order to mimic the bulk. Each of the layers contains 64
oms. For the diffusion along a step, we considered a~13,1,1!
surface, which is vicinal to the~100! surface, and possesse
six-atom wide terraces. In order to keep the rectangu
shape of the unit cell, two steps are included at the surfa
@In the ~100! direction, the planes are stacked in the ord
ABAB. . . .# Each of the two terraces contains 36 atoms a
we thus have 72 atoms per layer. The same number of la
as in the case of the~100! surface was used. When studyin
diffusion, an adatom is added at each of the two steps. In
cases, periodic boundary conditions were applied in the
eral directions, i.e., parallel to the surface, so that the sys
is effectively infinite in thex-y plane. The lattice paramete
of the rigid layers was determined from a series of runs
the bulk material in the (N,P,T) ensemble~using a 256-
atom system! at each simulated temperature. All others sim
lations are carried out in the (N,V,T) ensemble.

In most cases studied here, it is necessary to deal w
more than one diffusion mechanism for a given species, v
jump and exchange. It is simpler, then, to consider the
quency at which each type of event is taking place, rat
than the actual rate of diffusion as given by Eq.~1!. As we
observed in a previous paper,44 when the barriers are high
enough, diffusion can be assimilated to a random walk,
that the diffusion coefficient is simply related to the fr
quency of events. We will see, in Sec. III C, that the barri
are indeed high compared to the temperature at which di
sion is considered. In order to determine the frequencies,
evolution of the diffusing species~adatom, dimer, or va-
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cancy! is followed at several temperatures~see Sec. III! for a
time long enough to yield reliable and reproducible statist
In practice, the runs consisted of a period of equilibration
48 ps, followed by a period of ‘‘production’’ of 5–18 n
~depending on the number of events observed, i.e., ba
and prefactor for the process, as well as temperature!, during
which statistics were accumulated. A time step of 2.4 fs w
used to perform the numerical integration of the equation
motion. To speed up the calculations, we introduced a cu
distance in the potential, beyond which all interactions w
neglected. It was found that a cutoff of 4.8 Å~between third-
and fourth-neighbor shells! yields barriers within 5% of their
converged values except in the case of the dimer, for wh
a cutoff of 5.4 Å~between fourth- and fifth-neighbor shell!
was necessary to achieve the same level of accuracy.

In order to determine the 0 K, static barriers and comp
them with their dynamical equivalents, we also carried ou
series of energy-minimization, ‘‘molecular-statics’’~MS!,
calculations, whereby the atoms are moved iteratively in
directions of the forces acting on them until these van
~‘‘relaxation’’ !. The static energy barrier is obtained by r
laxing the system in both the equilibrium and the transit
state; in the latter case, a constraint is used to maintain
particle~s! at the saddle point and minimization is carried o
with respect to all other degrees of freedom.

B. Ab initio calculations

Since first-principles MD for transition metals is too d
manding for a direct study of diffusion, only MS calculation
of the barriers were carried out using this approach. F
following our study of diffusion on Ag, Au, and Ir,45 we
computed the energy barriers using the FP-LMTO.8 This
method is approximate only in the parametrization of
exchange-correlation energy; however, it provides no a
lytical forces on the ions so that relaxation effects cannot
estimated accurately. To overcome this problem, we a
performed, second, calculations using the PP-PW appro
where the ionic-core potential is approximated by a pseu
potential. In this case, fully self-consistent calculations w
carried out using both the LDA and the GGA, whereas o
the LDA was used in the case of FP-LMTO. We now d
scribe our computational approach in more detail.

1. FP-LMTO

For the FP-LMTO calculations, we used the same
proach as in Ref. 45. The surface was constructed in su
cell geometry, and consisted of a slab of 5–9 layers an
vacuum region of about 10 Å periodically replicated
space; each layer contains 4–9 atoms. Both the numbe
layers and the number of atoms per layer were varied
order to ensure convergence with respect to system size~see
below!. To determine the barriers for diffusion, an adato
was placed on each of the two external surfaces of the s
with the central layer taken as a mirror plane in order
reduce the computational load. Only adatom jump diffus
was considered using this technique. Thez coordinate of the
adatom was varied in order to minimize the total energy
the slab. All other atoms were kept in their ideal, bulkli
position, except for the surface layer, which was relaxed
fore the adatom was introduced~i.e., in its clean state! using
a five-layer (131) unit cell.
.
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To compute the energy, we used a basis set of 27 fu
tions per atom, consisting of 4s, 4p, and 3d functions with
kinetic energy2k2520.7, 21.0, and 22.3 Ry, respec-
tively. Scalar-relativistic corrections were included and t
exchange-correlation energy evaluated using the Cepe
Alder form.46 The integration over the Brillouin zone em
ployed 36 equidistantk points when using four atoms pe
layer, and 16 when using nine atoms per layer; a Gaus
broadening of 20 mRy was used to ensure the numer
stability of the integral. Bulk and clean surface propert
were calculated using the same density ofk points.

2. PP-PW

In the PP-PW approach, the core orbitals are replaced
pseudopotentials. Here, we used pseudopotentials gene
according to the semirelativistic scheme of Troullier a
Martins,47 and cast in the fully separable, norm-conservi
form of Kleinman and Bylander, with thes component only
being local.48–50 The 3d electrons were treated as valen
states. The electronic wave functions were expanded in p
waves with a kinetic energy cutoff of 60 Ry in the LDA
~Ref. 46! and 65 Ry in the GGA.51 The k-space integration
was performed using a set of nine equidistant points in
surface Brillouin zone for the systems with four atoms p
layer and four points for the ones with nine atoms per lay
To improve convergence, the electronic states were occu
according to a Fermi distribution with a temperature
kBTel50.1 eV and the total energy extrapolated to zero el
tronic temperature. For similar reasons, theinitial wave-
functions were obtained from the self-consistent solutions
the Kohn-Sham Hamiltonian in a mixed-basis set compo
of pseudoatomic orbitals and plane waves with kinetic
ergy less than 4 Ry.52 The minimization of the energy with
respect to the electronic degrees of freedom was done it
tively using a Car-Parrinello-like technique.53,54

In view of the high energy cutoff needed in the plan
wave expansion, it is important to keep the system size
minimum. To do so, we used a geometry slightly differe
from that described above, considering here a single ada
on one surface of the slab. This enables us to use a sm
number of layers and, therefore, a smaller supercell. In p
tice, three to seven layers were considered, with only
adatom and at most the top two layers allowed to rel
Damped Newton dynamics was used to displace the ato
this was done iteratively until all forces~on the atoms al-
lowed to relax! became less than 0.01 eV/Å. Bulk and cle
surface properties were calculated using the samek-point
density as in the diffusion study; for the clean surface
nine-layer, (131) cell was used.

3. Bulk and clean (100) surface

In order to establish the validity of ourab initio approach,
we have computed, prior to considering diffusion, the bu
lattice constant and some properties of the clean~100! sur-
face, namely, the surface energy, surface relaxation,
work function. The results are listed in Table I along wi
otherab initio results and available experimental data.

For the lattice constant, first, we get good overall agr
ment with previous calculations. It is well known that th
LDA underestimates lattice constants. The GGA, howev
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TABLE I. Ab initio results for bulk Cu and and the clean~100! surface; FP-LMTO and PP-PW refer to the all-electron and pseudo
tential calculations from the present work. AE is for other all-electron calculations and PP for other pseudopotential calculations. L
GGA specify the level of approximation used for the exchange-correlation energy.

Lattice constant Surface energy Surface relaxation Work function
a s Dd12 Dd23 W

~Å! (J/m2) (%dbulk) (%dbulk) ~eV!

FP-LMTO-LDA 3.50 1.85 23.0 4.87
PP-PW-LDA 3.57 1.91 23.5 0.0 4.86
PP-PW-GGA 3.68 1.42 24.5 20.4 4.42
AE-LDA 3.52 ~Refs. 10 and 55!,

3.55 ~Ref. 56!,
3.56 ~Ref. 57!,
3.58 ~Ref. 58!,
3.61 ~Ref. 57!

AE-GGA 3.62~Ref. 10!
PP-LDA 3.62~Refs. 59–61!,

3.61 ~Ref. 62!
1.71 ~Ref. 59! 23.02 ~Ref. 59! 0.08 ~Ref. 59! 4.95 ~Ref. 59!

expt. 3.60~Ref. 63! 2.02 ~Ref. 64! 21.2 ~Ref. 65! 0.9 ~Ref. 65! 4.59 ~Ref. 66!, 4.83 ~Ref. 67!, 4.45 ~Ref. 68!
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tends to overcompensate and, as a result, the GGA la
constants are usually larger than experiment,10 as indeed
found here. Also, as noted by Lu and co-workers,57 pseudo-
potential calculations yield lattice constants larger than
calculations, also a feature observed here. The combina
AE-GGA, therefore, seems to be optimal~but not available
to us at present!; this is also supported by the fact that th
GGA provides a much better description of the cohesive
ergy than the LDA.11 Thus, even though the PP-PW-GG
combination does not yield accurate lattice constants, i
better suited to describing Cu than the PP-PW-LDA.

For the clean~100! surface, now, our results are also
relatively good agreement with other calculations, wh
available, and with experiment. It is interesting to note th
even if AE and PP calculations give different values for t
lattice constant, they lead to very similar surface proper
for a given level of approximation of the exchang
correlation energy~i.e., LDA or GGA!. Thus, a self-
consistent PP calculation is quite suitable to describe sur
properties here, even if bulk properties are not as well
scribed as in AE calculations. We note from Table I that
GGA reduces the surface energy and the work function c
pared to the LDA. This effect of the GGA on metallic su
faces has already been predicted from jellium calculation51

The same phenomenon has been observed on Cu~111!,69

Pt~111!,70 and Ag~100!.71 In view of the difficulty in mea-
suring accurate surface energies, and the scatter in the
perimental values for the work function, it is not clear whi
exchange-correlation functional best describes surfaces p
erties. However, considering that the GGA provides a be
description of bulk Cu, we conclude that it is better suitab
also, for Cu surfaces.

III. RESULTS

As we previously have shown,44 adatom diffusion barriers
can be reliably extracted from static calculations. Howev
in order to determine completely the diffusion coefficie
the prefactor is also needed, and there seems to be no si
way of extracting this quantity with sufficient accuracy fro
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purely static calculations. On the other hand, first-princip
MD simulations are too demanding in terms of compu
time for such an enterprise to be undertook, and one m
therefore resort to classical models in order to calculate
prefactors. We present here the results of our study of di
sion on Cu~100! using both a classical and a quantum d
scription of forces for calculating the energy barriers, a
classical MD for estimating the prefactors.

It is often assumed, for convenience and without mu
justification, that prefactors for diffusion are constant~see,
e.g., Ref. 2!, independent on the details of the surface. Ho
ever, in a recent study,6 we have shown that the diffusion o
adatoms follows the compensation~Meyer-Neldel! law and,
as a result, prefactors can vary by several orders of ma
tude. The Meyer-Neldel rule states that, for a family
Arrhenius processes,

X5X0 exp~2EA /kBT! ~3!

@which is the case of diffusion, Eq.~2!#, the prefactorX0
depends exponentially on the activation energyEA :

X05X00 exp~EA /D0!, ~4!

whereD0 is the isokinetic~or Meyer-Neldel! energy andX00
is a constant. It is therefore important, in order to determ
the most mobile species in a given temperature regime
see how prefactors compare. These results will be prese
in Sec. III C. We discuss, first, the static energy barriers, b
in the context of EAM and from first principles.

A. Static energy barriers—EAM

1. Adatoms

Our results for the static barriers on Cu~100!, EA
0 , for the

various cases of diffusion considered here, are listed in Ta
II; our results generally agree with previous estimates usin
similar theoretical framework.26,33,36,39The adatom, within
the EAM picture, is found to diffuse preferablyvia a jump
mechanism, the barrier for exchanges being much highe
0.73 vs 0.50 eV. From these values of the barriers,
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would conclude that exchange diffusion contributes negl
bly to mass transport~in comparison to jump diffusion!.
However, as we will see in Sec. III C, this conclusion mu
be taken with caution because the prefactor for exchange
much larger than that for jumps.

2. Dimers

In order to determine if small clusters are mobile at lo
temperatures, or if, rather, they are more likely to dissoci
we have calculated the barriers for the jump and excha
diffusion of dimers, as well as the binding energy, dissoc
tion energy, and excess energy of metastable vs equilibr
state. The results are listed in Tables II and III.

Just like adatoms, dimers diffuse much more easily
jumps than by exchanges, and the barriers for the two p
cesses are very similar to the corresponding ones for
toms. Thus, as far as the mechanism is concerned, ada
and dimers behave in the same way; if we consider only
barriers, dimers are expected to be mobile at the same
perature as the adatoms.

It is important to note that, for dimers, the barrier f
jump diffusion ~0.49 eV—cf. Table II! is the barrier to go
from the equilibrium to the metastable state, as depic
in Fig. 1~c!. Indeed, the barrier to go from the metastable
the equilibrium state, which is equal to the barrier heig
minus the excess energy of the metastable state~0.4920.29
50.20 eV—cf. Table III!, is much smaller than the revers
the corresponding process thus occurs much faster. The
iting process, therefore, is the one considered here, i.e., e
librium to metastable.

TABLE II. Diffusion barriers and prefactors for diffusion o
Cu~100!. The ab initio values are obtained using the GGA with
four-layer, (333) cell. J and X are for jumps and exchanges, r
spectively.EA

0 is the zero-temperature~static! value of the energy
barrier whileEA andG0 are determined from an Arrhenius fit to th
MD data.

EAM ab initio
G0 ~THz! EA ~eV! EA

0 ~eV! EA
0 ~eV!

AdatomJ 20(3e60.2) 0.4960.01 0.50 0.5260.05
AdatomX 437(3e60.7) 0.7060.04 0.73 0.9660.10
Dimer J 13(3e60.5) 0.4860.03 0.49 0.5760.06
Dimer X 320(3e60.8) 0.7360.05 0.74 0.7960.15
Vacancy 27(3e60.7) 0.4760.05 0.47 0.4260.08
Along step 3.0(3e60.2) 0.2460.02 0.26

TABLE III. Static properties of the dimer. Theab initio values
are obtained using the GGA with a four-layer, (333) cell. See the
text for a definition of the exact and approximate forms of t
dissociation energy.

EAM ab initio
~eV! ~eV!

Binding energy 0.35 0.2260.03
Dissociation energy~exact! 0.81
Dissociation energy~approx.! 0.85 0.7460.07
Metastable vs equilibrium 0.29 0.3560.04
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The dissociation barrier for a dimer is given, approx
mately, by the sum of the diffusion barrier for the adato
and the binding energy of the dimer.5 In the present case, thi
leads to a barrier of 0.85 eV. Direct calculation of the diss
ciation barrier is difficult considering that there are seve
possible dissociation pathways. We have examined diffe
possibilities and found the lowest barrier to be 0.81 eV~cor-
responding to a 50% stretch of the dimer along its equi
rium axis!, in good agreement with the approximate val
above, and significantly larger than the barriers for diffusio
Thus, dimers are already mobile at temperatures well be
the onset of dissociation.

We now compare mass transport from dimers and a
toms, considering only the predominant jump-diffusion pr
cess. To do so, it is necessary to first determine the me
square displacement of the center of mass of the di
during an event. When a dimer jumps, there exists four
ferent paths leading to a zero net displacement of the ce
of mass, four leading to a displacement ofa2/2, and eight
leading to a displacement ofa2/4, wherea is the lattice
constant. On average, therefore, the mean-square disp
ment isa2/4. This is a factor of two smaller than the corr
sponding displacement for an adatom, but the dimer cont
two atoms; hence, as much mass is transported in a si
event as is in the case of adatoms, on average. We are
led to conclude that, within EAM,dimers contribute as much
to mass transport as adatoms.

3. Vacancies

While vacancy diffusion is not,per se, a mechanism for
growth, it can have important consequences on mass tr
port, in particular, in the process of annealing defected s
faces. In Fig. 1, we show the mechanism by which a vaca
diffuses on the~100! surface—basically a jump. The corre
sponding barrier is 0.47 eV~cf. Table II!, larger than the
value of 0.35 eV reported in Ref. 36, which is in error.72

The jump-diffusion barrier for vacancies is, also, close
that for adatoms. Of course, the actual contribution of e
process depends on the relative population of the two s
cies, which itself depends on the formation energies; inde
the migration energy is the sum of the formation energy a
the diffusion barrier. Using EAM, Karimi and co-workers36

found formation energies of 0.59 and 0.71 eV for the v
cancy and the adatom, respectively. Thus, vacancies h
lower formation energy than adatoms and should there
contribute more to mass transport. However, during grow
a large reservoir of adatoms is available, and their mobility
limited only by the diffusion barrier. In contrast, vacanci
first have to form, i.e., their mobility is determined by th
diffusion barrierplus the formation energy, and thus severe
reduced, to the point where their contribution to mass tra
port will in fact be negligible at temperatures of interest.

4. Steps

The shape of islands on otherwise flat terraces is imp
tant for a proper understanding of growth phenomena. I
determined, in equilibrium conditions, by the energies of
various steps defining its perimeter. During growth, the eq
librium shape can be attained only if the kinetic proces
leading to equilibrium are fast enough to overcome the c
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TABLE IV. Diffusion barrier for the adatom~in eV! from first principles, as discussed in the text. T
superscript ‘‘u’’ is for an unrelaxed substrate while ‘‘2’’ refers to the case where the top two layers o
substrate were relaxed; in all others, only the top layer relaxed only. ‘‘BZ’’ refers to a denserk-point grid for
Brillouin-zone integration~see text!.

System FP-LMTO PP-PW
LDA LDA GGA

jump jump exchange jump exchange
(232) cell:
three layers 0.75u, 0.74 1.23u, 1.18
four layers 0.66, 0.652, 0.68BZ 1.05, 1.042, 1.08BZ 0.51 0.85
five layers 0.69u 0.69 1.04 0.55 0.82
six layers 0.65 1.18
seven layers 0.66u 0.69 1.13
nine layers 0.68u

(333) cell:
three layers 0.75 1.03
four layers 0.52 0.96
five layers 0.65u
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tinuous arrival of new adatoms onto the island. For the~100!
surface, the equilibrium island shape is approximat
square, with the corners rounded. The sides of the island
formed by^110&-oriented steps, which are the most dens
packed on this surface. Thus, if diffusion along these ste
which measures the rate at which equilibrium is reached
fast compared to diffusion on a terrace, corresponding to
rate at which adatoms arrive, then the shape will be clos
equilibrium. We find, for diffusion alonĝ110& steps, a bar-
rier value of 0.26 eV~cf. Table II!; this is indeed much lowe
than the barrier for adatom diffusion on terraces, 0.50
Thus, the shape of islands is expected to be close to equ
rium evenduring growth.

B. Static energy barriers—Ab initio

1. Adatoms

In order to assess the validity of the EAM calculation
we move on with a discussion ofab initio diffusion barriers,
starting with the case of adatoms which, in view of the d
crepancy between the first-principles calculations of L
et al.12 and experiment, constituted the initial motivation
this work. Also we have, for adatoms, carried out an ext
sive study of convergence with respect to size and other
rameters of the model; the results are presented in Table

A first observation from Table IV is that, within numer
cal accuracy, the AE-FP-LMTO and PP-PW calculatio
give the same result for the jump-diffusion barrier for cells
equivalent size, at the same level of approximation@com-
pare, e.g., the FP-LMTO-LDA and PP-PW-LDA for jump
on the (232) cell with five or seven layers#. Thus, the use of
PP’s seem to have little effect on diffusion barriers even i
yields lattice constants different from AE calculations. T
same behavior was observed for clean surface propertie
mentioned in Sec. II B 3. This establishes the validity of t
approach and only PP calculations will therefore be d
cussed from now on.

Within the PP-PW scheme, forces on the ions are eas
compute and the effect of relaxation on diffusion barriers c
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be assessed. This question was neglected in our prev
study of self-diffusion on Ag, Au, and Ir surfaces using t
FP-LMTO technique, for which analytical forces are n
available in the supercell geometry.45 From the PP-PW-LDA
results for the three-layer, (232) cell given in Table IV, it is
clear that the effect of relaxation on the barrier for jumps
negligible ~0.75 eV for the unrelaxed surface, indicated
the superscript ‘‘u, ’’ vs 0.74 eV for the relaxed surface!.
Evidently, this is more important for the exchange proce
but nevertheless small~1.23 vs 1.18 eV, i.e., less than 5%!—
smaller in fact than could be expected.

In most calculations, only the top layer of the slab w
allowed to relax~in addition to the adatom!. We have veri-
fied that this is not a limiting approximation by carrying o
some calculations where, also, the second layer was rela
This is indicated by the superscript ‘‘2’’ in Table IV for th
four-layer, (232) cell under PP-PW-LDA. The effect is ex
tremely small, no more than 0.01 eV, i.e, within the accura
of the method. One must not generalize these conclusion
other systems, however, especially the~111! surface of fcc
metals where barriers for jumps are small. For instance,
Cu diffusion on Cu~111!, the barrier drops by a factor o
almost two, from 0.14 to 0.08 eV, when allowing the fir
atomic layer to relax;69 similar effects are also found fo
Pt/Pt~111!.70

The convergence with respect to supercell size was ex
ined very carefully. As can be seen from the PP-PW-LD
results in Table IV, the barriers for both processes ‘‘osc
late’’ slightly when increasing the number of layers beyo
4. In the case of exchanges, the fluctuations in the bar
height are more important than for jumps in absolute val
but quite similar on a relative scale, viz., about 10%. W
note also that the barrier for jumps does not change not
ably upon increasing the lateral size of a three-layer s
from (232) to (333), while the barrier for exchange
drops by about 11%.

Since the barrier for jumps remains the same upon go
from a (232) to a (333) cell, we conclude that our erro
on this energy is essentially that arising from the conv
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gence with respect to the number of layers, i.e., about 1
For exchanges, we observe the barrier to vary a bit u
going from a (232) to a (333) cell, but we expect that i
should not change substantially for larger systems. Thus,
error on the barrier for exchanges is expected to be abou
same as for jumps, namely, about 10%.

Finally, we also verified the convergence of the resu
with respect to Brillouin-zone sampling, again for the fou
layer, (232) cell under PP-PW-LDA. We found, upon in
creasing the number of~surface! k points from 16 to 25, the
barriers for jumps and exchanges to change very little—
0.02 and 0.03 eV, respectively, considering only relaxat
of the top substrate layer.

As mentioned earlier, we know of only one otherab initio
calculation of the barriers for adatom diffusion on Cu~100!,
by Lee and co-workers,12 carried out within the LDA. Using
a three-layer (333) cell, they found activation energies o
0.69 eV for jumps and 0.97 eV for exchanges. This compa
quite well with our results for the same cell size, as can
seen in Table IV. The small differences are likely due
different Brillouin-zone sampling schemes: while we use
232 grid of equidistant points for this cell, Leeet al. em-
ployed only theG point.

The GGA, as we have seen above, yields a better des
tion of bulk Cu properties, such as lattice constant and co
sive energy, compared to the LDA.10,11 We have also found
in Sec. II B 3 that it has an effect on surface properties s
as the surface energy and the work function. It is therefor
interest to see how diffusion barriers compare in the t
approximations. This question was addressed recently in
case of Ag/Ag~100! by Yu and Scheffler;71 for Ag, the GGA
is known to overcompensate the LDA error as far as
lattice constant is concerned.10 Yu and Scheffler found, un
der the GGA, the barriers to drop from 0.52 to 0.45 eV in t
case of jumps, and from 0.93 to 0.73 eV for exchange
decrease of, respectively, 13% and 22% from the LDA val
In a recent experiment, Langelaaret al.73 found a diffusion
barrier of 0.4360.02 eV, assuming a prefactor of 10 THz
obtained from MD simulations.44 This agrees within error
with the above GGA value for jumps; however, the LD
value is not far either and it is therefore difficult to say whi
approximation is better. In the present case, the GGA ba
ers are about 22% smaller than the corresponding LDA
ues~cf. Table IV!. This is larger than the numerical accura
estimated earlier—about 10%. We are therefore led to c
clude that the GGA leads to a significant decrease of ene
barriers compared to the LDA.

Our best estimates for the activation energies are t
0.5260.05 and 0.9660.10 eV, for jumps and exchanges, r
spectively. Thus, just as was the case with EAM, the ada
is found to diffuse more readilyvia a jump mechanism. In
fact, as can be seen from Table II, the EAM barrier for jum
is in quantitative agreement with the GGA barrier. We th
expect MD/EAM simulations to yield a reliable,quantitative
estimate of the prefactor for jump diffusion~see below!. For
exchanges, the EAM underestimates the barrier with res
to the GGA and, therefore, the MD simulations can on
yield qualitative information.

2. Dimers

For dimers, now, we have not performed detailed conv
gence tests, but error bars can be estimated from the a
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convergence study for adatoms: Since the coverage fo
dimer on a (333) cell is comparable to that for a singl
adatom on a (232) cell, the error on the barriers for ex
change diffusion should be approximately the same, nam
20%, while other quantities—barriers for jumps, binding e
ergies, and excess energies of the metastable configurati
should be accurate to about 10%. All the results discus
below refer to a four-layer, (333) unit cell.

Dimers are found to diffuse preferentiallyvia jumps, as
was the case also for adatoms, with a barrier of 0.57
compared to 0.79 eV for exchanges~cf. Table II!. The barrier
for jumps estimated from EAM compares well with the GG
value, as was also true of adatoms, although the devia
here is a bit larger. For exchanges, the EAM and PP-P
GGA estimates are in good agreement, but in view of
large error bar on the latter, it is difficult to ascertain that th
agreement is genuine.

As already noted in Sec. III A 2, the barrier towards d
sociation is given, roughly, by the sum of the dimer bindi
energy and the diffusion barrier of the adatom.5 No attempt
to compute this quantity directly from first principles ha
ever been made because of the prohibitively large sys
size required. Using the approximate form, we obtain a d
sociation barrier of 0.74 eV~cf. Table III!, much higher than
the barrier for diffusion. Thus, we conclude that dimers a
mobile at temperatures lower than those for which disso
tion takes place. This is in qualitative agreement with EA
even though quantitatively, the difference between barr
for diffusion and for dissociation is larger within EAM tha
within GGA, due to the combined effect in EAM of a lowe
diffusion barrier and a higher dissociation barrier. The d
ference in the dissociation barrier can be traced back to
dimer binding energy, which is much lower within GG
than within EAM.

In view of the large excess energy of the metastable c
figuration with respect to equilibrium, 0.35 eV, which agre
well with EAM, the discussion on mass transport presen
in Sec. III A 2 remains valid: the relative contributions
mass transport by adatoms and dimers can be determ
solely on the basis of their jump frequencies. Since the
ergy barrier for dimer diffusion is slightly larger than that fo
adatoms—0.57 vs 0.52 eV—we conclude that adatoms
be mobile at lower temperatures than the dimers. In view
the small difference, however, the temperature range
which the above conclusion is valid will be rather narrow

3. Vacancies

The barrier for the diffusion of vacancies was also det
minedab initio using the GGA. Its value, given in Table I
along with other barriers, is estimated to be 0.42 eV, with
error bar of at most 20%. Again, the agreement with
EAM result, 0.47 eV, is striking. Also, this is smaller tha
the barrier for adatom jump diffusion. Thus, vacancy diff
sion should dominate mass transport on the surface exc
as discussed in Sec. III A 3, during growth, when a lar
‘‘reservoir’’ of adatoms is available.

As can be concluded from Table II, the present EA
parametrization provides, in most cases, a very satisfac
agreement with the first-principles results we have just
scribed, taking due account of the uncertainties of theab
initio calculations. This is a bit of a particular case, howev
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we have shown, in a recent publication,45 that the agreemen
between EAM and first-principles calculations could be qu
acceptable when the barriers are large, but poor when
are small, as is the case for instance on the~111! surface of
fcc metals.

C. MD-EAM

1. Adatoms

While static calculations of diffusion barriers on Cu~100!
have been numerous, direct simulations of the actual di
sion processes have been rather scarce.17,32,37,38,74Of these,
only Ref. 38 is concerned with a detailed Arrhenius study
adatom diffusion, and dimer and vacancy diffusion was
considered. Also, the model used, based on a tight-bind
description of the interatomic potentials, differs from ou
For consistency, and in view of the fact that the barriers
diffusion of adatoms, dimers, and vacancies are compara
as we have just seen, we provide here a detailed discus
of our MD/EAM simulations, with particular emphasis o
prefactors which are not available from static approach
starting with the case of adatoms.~See also Sec. V, below.!

MD simulations were performed at several temperatu
between 650 and 900 K. The lower end of the range co
sponds to the limit for accumulating proper statistics, wh
the upper end corresponds to the onset of surface diso
ing, i.e., spontaneous creation of adatom-vacancy pairs
high temperatures, ‘‘exotic’’ mechanisms, such as long
changes involving several atoms, are present but to a m
lesser extent than the usual jump and exchange mechan
In view of the much higher-energy barriers associated w
these exotic processes, and the exponential behavior o
diffusion coefficient@see Eq.~2!#, their contribution to mass
transport at low temperature will be negligible. These w
therefore be ignored here, since we are primarily interes
in low-temperature growth.

In Fig. 2, we present Arrhenius plots of the frequency
jump and exchange events for the adatom. The corresp
ing parameters—attempt-to-diffuse frequencies~prefactors!
G0 and energy barriersEA—are listed in Table II. We find
that the barrier for jump diffusion is significantly smalle
than that for exchanges, as was found also in the MS ca
lations. In contrast, not available from MS, the prefactor
exchange is found to bemuch larger—by a factor of about
20—than that for jumps, in qualitative agreement with t
compensation law, Eq.~4!. This is an important result: Be
cause the barrier for exchanges is so much larger than
for jumps, the former would hardly be observable on the M
time scale if it was not for compensation. In fact, from F
2, we see, as another consequence of compensation, tha
fusion crosses over from a regime where jumps predomin
at temperatures lower than;750 K to a regime where ex
changes take over. If one thinks in terms of mass transp
rather than frequencies, the crossover temperature is
lower, ;650 K, because the mean-square displacement
sociated with an exchange event is twice as large as tha
a jump~cf. Fig. 1!. At low temperatures, evidently, compen
sation is not strong enough to overcome the difference
barriers. For example, at 300 K, using the present Arrhen
parameters, we would observe, on average, 150 jumps f
single exchange event.
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2. Dimers

The barriers for dimer diffusion, we have found in the M
calculations, are very similar to the corresponding ones
the adatom within EAM. It is thus of interest to examine ho
prefactors compare in order to determine the dominant c
tribution to mass transport.

An Arrhenius plot of the frequency of jumps and e
changes is given in Fig. 3; the corresponding parameters
listed in Table II. Again, here, exotic diffusion mechanism
can take place at high temperatures~e.g., jumps involving
the concerted motion of the atoms forming the dimer!, but
they are present to a lesser extent than the two mechan
depicted in Fig. 1 and can be neglected in the study of lo
temperature growth. The jump is the preferred mechan
for diffusion at low temperatures, with a barrier about 0.
eV smaller than that for exchanges. The prefactors, howe
show the opposite behavior, i.e., compensation again
present. In this case, the crossover occurs at about 90
somewhat higher than for adatoms.

It is quite remarkable that the jump and exchange dif
sion barriers are the same, within error, for adatoms
dimers. Likewise, the prefactors are essentially equivale
the observed differences,;50%, are hardly significant in
that they could easily be absorbed in variations of the ex
nential factor that could arise from small errors in the ene
barriers. Thus, for all practical purposes, the two species
have in a similar manner, as can in fact be seen in Fig. 3,
thus contribute equally to mass transport within EAM.

3. Vacancies

Figure 4 shows the Arrhenius frequency of jumps for t
vacancy; the corresponding parameters are listed in Tabl
No other processes provide a significant contribution to d
fusion though we have observed, at high temperatures, s

FIG. 2. Arrhenius plot of the frequency of jumps (J) and ex-
changes (X) for a Cu adatom on Cu~100!. The solid lines are fits to
the MD data.
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rare long-jump events. Clearly, the vacancy and the ada
display similar behavior, with perhaps a slight edge to
vacancy, both in terms of energy barriers~0.47 vs 0.49 eV!
and prefactors~27 vs 20 THz!; the GGA predicts an even
lower barrier for vacancies. Thus, as far as mass transpo
concerned, the two processes contribute in essentially
same way during a single event.

FIG. 3. Arrhenius plot of the frequency of jumps (J) and ex-
changes (X) for a Cu dimer on Cu~100!. The solid lines are fits to
the MD data. The dashed and dotted line correspond to ada
jumps and exchanges, respectively~cf. Fig. 2!.

FIG. 4. Arrhenius plot of the frequency of jumps for vacan
diffusion on Cu~100!. The solid line is a fit to the MD data. Th
dashed line is the corresponding frequency for adatom jumps.
m
e

is
he

4. Steps

Finally, in Fig. 5, we display the frequency of jumps fo
diffusion along a^110& step on the~100! surface. The fre-
quency of jumps on the clean surface is also shown for co
parison. The Arrhenius parameters are given in Table II. T
barrier for diffusion along the step is twice as small as t
for jumps on an infinite, flat~100! surface as was predicte
from MS calculations. In spite of the fact that the prefactor
roughly one order of magnitude smaller than on the terr
~3 vs 20 THz!, diffusion along the step is much faster due
its relatively low barrier. For instance, at 300 K, diffusio
along a step is;2000 times faster than on a terrace. Na
rally, this will have an effect on the shape of islands: if
atom is adsorbed at a step, it can readily diffuse along
edge and incorporate at a kink site, if there is one. If not,
atom will either wait for another atom to adsorb at the s
and attach to it, thus creating a pair of kinks, or jump arou
a corner of the island, and perhaps incorporate at a kink
the new edge.~See Ref. 37 for a discussion of kinks o
surface mass transport.! The barrier associated with the latte
process, we find from static EAM calculations, is 0.55 e
quite similar to that for diffusion on the terrace. Thus, in t
temperature range of interest, i.e., where islands can gr
diffusion is possible both along edges and around corn
We conclude, therefore, that an island, upon the arrival of
adatom from the terrace, has time to rearrange itself into
equilibrium shape before another adatom comes in or
other words, remain close to equilibrium during growth.

5. Final remarks

Before moving on to a discussion of our findings in t
context of growth experiments, a few remarks are in ord
First, we find, in all cases examined, the static activat

m

FIG. 5. Arrhenius plot of the frequency of events for diffusio
of a Cu atom along a step on Cu~100!. The solid line is a fit to the
MD data. The dashed line is the frequency of the correspond
mechanism on the clean surface.
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7652 56GHYSLAIN BOISVERT AND LAURENT J. LEWIS
energy to lie very close to the corresponding barrier de
mined from detailed, extensive MD simulations, as can
seen from Table II. This indicates that, at least for the sys
under consideration here,accurate energy barriers can b
obtained from purely static, first-principles calculations. T
is at variance with the results of Tully and co-workers,75 who
found, using a ‘‘ghost-particle approach’’ and a Lenna
Jones potential, the dynamical barrier for the dimer to dif
from the static one. Likewise, Evangelakis a
Papanicolaou,38 using a tight-binding description of the in
teratomic potentials, found a dynamical barrier lower th
the static one for adatom exchanges on Cu~100!. In the latter
case, however, the statistics are much poorer than ours
found, in fact, that their diffusion data, within the statistic
uncertainties, can readily be accommodated by an Arrhe
law with a barrier equal to the static value. Second, we fi
that, given an energy barrier, the attempt-to-diffuse frequ
cies~prefactors! are similar, regardless of the species und
going diffusion. Third, although it is difficult to draw firm
conclusions from the data presented above, it seems tha
surprisingly, the compensation law is valid not only f
adatoms,6 but also for dimers and vacancies. Based on
second remark above, it would appear that thesameset of
Meyer-Neldel parameters—X00 andD0 @cf. Eq. ~4!#—could
describe diffusion frequencies for the adatom, the dimer,
the vacancy; more calculations are however required to
sess this point in more detail.

IV. DISCUSSION

To our knowledge, there exists four different experime
tal determinations of the diffusion barrier of a Cu adatom
Cu~100!.22–25 As mentioned in the Introduction, the value
reported in these vary quite a bit, from 0.28 to 0.40 eV, a
do not agree with those calculated so far; diffusion on t
surface, evidently, is not well understood. We discuss h
the results of our calculations in the light of these expe
ments.

In the first experiment,22 the diffusion barrier was inferred
from a study of growth via step propagation. The diffusi
coefficient, indeed, can be related to the mean size of
races; by measuring this quantity as a function of tempe
ture, between 318 and 415 K, and fitting to an Arrhenius la
a barrier of 0.40 eV and a diffusion prefactor
1.431024 cm2/s were obtained. The energy barrier is quite
bit smaller than the one we obtained for adatom or dim
jumps, which dominate diffusion as we have seen ear
about 0.50 eV. The experimental prefactor corresponds t
attempt-to-diffuse frequency of 0.8 THz, more than an or
of magnitude smaller than the EAM result. In view of th
good agreement between EAM andab initio calculations for
the barriers for jumps, we expect the calculated attempt
diffuse prefactors to be correct within at most an order
magnitude, thus in disagreement with the experimen
value. In fact, if we extrapolate the calculated diffusion c
efficient to temperatures in the range 318–415 K, we fi
agreement within a factor of two with experiment, thus su
gesting that indeed there is a possibility that both the pre
tor and the barrier in Ref. 22 are underestimated. One p
sible explanation for the disagreement is that species o
than adatoms, such as dimers, might be present experim
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tally, in view of the relatively high temperature, and contri
ute to diffusion.

Using low-energy ion scattering~LEIS!, second, Breeman
and Boerma23 obtained a diffusion barrier of 0.3960.06 eV,
assuminga prefactor of 10 THz—quite a bit larger than th
value of 0.8 THz estimated from step propagation measu
ments~see above!. In these experiments, adatoms are crea
by the ion-beam irradiation of a surface. Their concentrat
can be estimated from the LEIS yield, which changes a
function of temperature because of diffusion towards—a
incorporation into—the steps between terraces~sometimes
referred to as ‘‘annealing’’!. An abrupt change in the LEIS
yield signals the onset of adatom mobility; given the tim
scale of the experiment and the length of the terraces,
then possible to determine the diffusion coefficient. Assu
ing a value for the the prefactor, finally the diffusion barri
can be extracted. It should be stressed that these mea
ments are carried out at a single temperature; this is the
son the prefactor must be assumed in order to determine
activation energy, leading to possibly large errors.

In addition to adatoms, however, surface vacancies
also be created during irradiation. It is not clear what th
effect is on annealing. Our calculations indicate that th
have a diffusion barrier lower than adatoms. Thus th
could, for example, recombine with neighboring, immobi
adatoms. Experiment, therefore, would measure the ons
mobility of vacancies rather than adatoms. This question
been discussed in Ref. 76, where it is argued, on the bas
an empirical model, that vacancies start diffusing at ab
120 K and are all annealed~into steps! by the time tempera-
ture reaches the adatom mobility edge, about 140 K;
vacancies wouldnot affect diffusion. However, ourab initio
barrier for vacancy diffusion is in good agreement with t
activation energy determined from LEIS—0.42 vs 0.39 eV
and we must therefore conclude that the diffusion of vac
cies remains a possible explanation for the observed ons
mobility. We note that in the case of Ag/Ag~100!73 ~see also
Sec. III B 1!, also using LEIS, theory and experiment are
excellent agreement. It would be interesting to determine
diffusion barrier of vacancies in this case and see how
compares to adatom diffusion. If our interpretation is corre
vacancies on Ag~100! should not be more mobile than ad
toms on the same surface.

Finally, in view of the relatively small size of terraces
this last experiment, 8.5 atomic spacings, it is not clear t
this geometry can effectively be used to determine diffus
barriers appropriate to infinitely wide terraces: In the case
Ir/Ir ~111!, for instance, it was noted~using FIM! that no
adatoms are ever found in a region of width three near
neighbor distances from steps,77 likely the consequence of a
lower diffusion barrier in the vicinity of steps. Such an effe
could bias experimental estimates of the barriers in ca
where the depletion zone is a large fraction of the diffus
length, possibly the case in the above LEIS measuremen

In the last two experiments of interest,24,25 the separation
of islands was measured and related to energy barr
through rate equations, assuming adatoms are the only
bile species~i.e., all larger clusters remain immobile an
unable to dissociate.! While the published results are differ
ent, 0.2860.06 eV ~Ref. 24! and 0.3660.03 eV ~Ref. 25!,
the data of Ref. 24 was recently reinterpreted,78 leading to a
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value of about 0.40 eV, in line with other experiments.
Grosso modo, from the above experiments, the diffusio

barrier can be taken as 0.4060.05 eV. This is reasonabl
close to our GGA value ~for adatom jumps! of
0.5260.05 eV, but the deviation is large enough to warra
closer examination. There are evidently two possibiliti
First, the theoretical value may be in error, either becaus
model limitations~e.g., size!, or because of a poor descrip
tion of the exchange-correlation energy. We have at pre
no way of assessing these further. Second, it is possible
the assumptions underlying the interpretation of experim
tal data may not be fully justified. We have mentioned
ready that vacancies or limited terrace size could poss
play a role in the interpretation of LEIS measurements.
what follows, we examine more closely the assumptions
hind rate equations.

In a rate-equation analysis, the diffusion coefficient d
pends on the island separation through a power law. If o
adatoms are mobile, the exponent is 6. In a plot of the lo
rithm of island separation versus inverse temperature,
slope is simply the diffusion barrier for adatoms divided
this exponent. If dimers~and only dimers! can dissociate,
then the exponent is 4 and the slope is now related not o
to the adatom barrier but to the sum of adatom barrier
binding energy per atom of the dimer. Thus, clearly, detai
knowledge of the surface kinetics, as well as highly accur
data, are essential for extracting meaningful numbers fr
such measurements. Our calculations indicate that the d
sion barriers for adatoms and dimers are very close to
another and suggest, therefore, that the assumptions und
ing the rate-equation analysis might not be valid.

A first assumption concerns the stability, against diffus
and dissociation, of small clusters, which determines the
act form of the island-separation–diffusion-coefficient sc
ing relation. Experiment suggests that, at low flux and l
enough temperatures—below 223 K—only adatoms
mobile.15 Above 223 K, dimers and trimers can dissocia
and thus change the scaling relation. According to our
sults, however, as discussed in Sec. III B 2, dimers should
mobile before they can dissociate. At 223 K, indeed, we fi
the rate of jump for dimers~i.e., nondissociated! to be ap-
proximately 10% that for adatoms~assuming similar prefac
tors!. This, of course, affects the scaling relation and, the
fore, the value of the barrier that can be inferred from
experimental data. In a recent Monte Carlo study of nuc
ation on Pt~111!,79 it was found that the island density re
mains unaltered in presence of dimer diffusion, as long as
barrier for the latter isat least0.09 eV higher than the barrie
for adatom diffusion. The difference between the two ba
ers here is 0.05 eV, thus suggesting that dimer mobilitycan-
not be neglected.

Interestingly, the island separation at this same temp
ture, 223 K, can be reproduced by Monte Carlo simulatio
assuming that islands are square and that adatoms onl
mobile.16 The jump frequency required to obtain satisfacto
agreement with experiment is found to be 450 s21. Assum-
ing a prefactor of 20 THz, as obtained in the present wo
this translates into an energy barrier of 0.47 eV, now wit
the error bar of our theoretical prediction. This is a stro
indication that an imperfect scaling relation in the rate eq
t
.
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tions can lead to significant errors in experimental diffusi
barriers.

When temperature is higher than 223 K, dimers are fou
to dissociate. Using rate equations, and assuming the sm
est stable~‘‘critical’’ ! island to be the tetramer, Du¨rr and
co-workers25 estimated a binding energy of 0.08 eV for th
dimer. This is much less than the value we find—0.35
from EAM and 0.22 eV from first principles~cf. Table III!.
However, these data were recently reinterpreted by Ba
and co-workers.5 They found that the change of the scalin
relation occurring at 223 K is due to a gradual transition
critical island size, related to the onset of dimer dissociati
and not to a sharp transition from the adatom to the tetra
as assumed in Ref. 25. In this way, a dimer binding energ
0.20–0.23 eV is obtained, in excellent agreement with
present calculations. It should be said, however, that the
ter value was obtained assuming an energy barrier of 0.40
for the adatom, rather than 0.52 eV from the present the

To conclude on this point, it appears that dimer mobil
has to be taken into account in order to describe corre
low-temperature growth on Cu~100!. ~We have not explored
because of computer limitations, the possibility that trime
also contribute, but this should not be completely ruled o!
This results in a very complicated scaling relation and the
fore potentially significant errors in estimates of the ene
barriers for diffusion.

We now discuss the shape of islands. We have fou
from our MD/EAM simulations, that the barrier for diffusio
along steps is much smaller than that for diffusion on fl
~100! surfaces—0.26 vs 0.50 eV.~We expect, in view of the
agreement for other barriers, thatab initio calculations would
lead to equivalent results.! Thus we predict that the shape o
islands will remain close to equilibrium, i.e., square, duri
growth as indeed is observed experimentally.25 There exists,
to our knowledge, only two experimental reports of this b
rier, and they disagree sharply: In Ref. 80, a barrier of
proximately 0.1 eV is given, consistent with the observ
island shape. The other, Ref. 81, in contrast, reports a v
high value of 0.45 eV, comparable to the barrier for diffusi
on ~100! terraces, and very likely too high to yield the co
rect island shape. Clearly, more measurements are need
resolve this point.

V. CONCLUDING REMARKS

We have presented a detailed study of the diffusion
adatoms, dimers, and vacancies on Cu~100!, using bothab
initio static relaxation methods and semiempirical simu
tions. Our results are discussed in the context of recent s
monolayer growth experiments. We find that the GGA offe
a much better description of the energetics of diffusion th
the LDA, while the EAM yields generally satisfactory re
sults, in addition to providing information on attempt-to
diffuse frequencies~prefactors!. Vacancy diffusion is found
to be the most favorable mechanism for mass transport,
is not necessary dominant, as it depends on details of
experiments. The value we obtain for the energy barrier
adatom diffusion is slightly larger than the available expe
mental numbers. However, we have demonstrated that
complexity of the scaling relations obtained from rate eq
tions ~and used to interpret the experimental measuremen!,
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arising for instance from small cluster mobility, could easi
explain this discrepancy: Indeed, we have found that, at l
temperatures, dimers are mobile, though to a lesser ex
than adatoms. Dimers are also found to diffuse more read
than they dissociate. The preferred diffusion mechanism
the jump, for both the adatom and the dimer, i.e., exchan
processes do not seem to be an important route for diffus
on this surface at low temperatures. Finally, our MD study
diffusion of adatoms, vacancies, and dimers revealed
clear dependence of the prefactors on the diffusing spec
and, in all cases, the static barrier was found to approxim
well the dynamical barrier. From the present study, we co
clude that a combination of highly accurateab initio static
calculations and semiempirical MD simulations provides
good basis for determining diffusion processes relevant
growth.
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