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Neglected adsorbate interactions behind diffusion prefactor anomalies on metals
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Highly anomalous values for the preexponential factor in atomic diffusion rates at surfaces have recently
been inferred from scanning-tunneling microscopy growth experiments. In an extensive first-principles kinetic
Monte Carlo study, we show how long-range adsorbate interactions invalidate the standard nucleation-theory
approach to analyzing experimental island-density data. When adatom-adatom interactions are properly ac-
counted for in the analysis of experimental data, the anomaly is lifted, and deduced prefactors are consistent
with direct theoretical calculations. We show that the dependence of the island density on the growth rate is
modified by interactions, which could be used to identify adsorbate interactions in growth experiments.
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I. INTRODUCTION

The concept of thermally activated processes represen
cornerstone of modern materials physics. Almost all attem
at understanding the kinetics of chemical reactions, di
sion, and growth from an atomistic viewpoint assume
explicitly or implicitly—reaction rates that are vanishing
small at low temperatures, and increase exponentially w
temperature. Quantitatively, the rate for a thermally activa
process is given by transition-state theory1–3 ~TST! in the
form of the celebrated Arrhenius law:

n5n0e2Ed /kBT, ~1!

where Ed is the activation energy,kB the Boltzmann con-
stant, andn0 the prefactor, which can be thought of as~but
not identified with, see below! a vibration frequency charac
teristic of the system. Once the two parametersEd and n0
have been deduced for all relevant elementary processes
time evolution of a system can be predicted within the bro
validity regime of TST.

Of the two parameters determining the rate of a proc
within TST, Ed andn0, the activation energy is unquestion
ably the more important one because it enters Eq.~1! expo-
nentially. Less attention is generally paid to the prefac
primarily because it enters the same equation only linea
The justification for this uneven balance of attention com
from a vast amount of accumulated data for a wide variety
materials systems, which indisputably show that prefac
in single reaction steps, with few exceptions, assume a
versal value ofn0* ;101361 s21.4,5

In the past few years, however, highly anomalous dif
sion prefactors have been reported in experimental scann
tunneling microscopy~STM! studies. Since STM is one o
the primary atomic-resolution probes in modern surface
ence, and these deviations from standard values are of
enormous~up to ten orders of magnitude!! proportions, a
rationalization of these observations is of critical importan
If exceedingly low prefactors are indeed a rare physi
manifestation of certain materials systems, it remains to
tablish the origin of this anomaly, and explain why it is com
pletely missed by state-of-the-art theoretical calculatio
0163-1829/2001/64~12!/125423~11!/$20.00 64 1254
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~which by the way always fairly well reproduce experime
tally measured activation energies!.

Quite recently, Barth and coworkers7 reported a remark-
able trend in a compilation of experimental diffusion studie
whereas in systems with diffusion barriers in excess
0.1 eV the prefactor is always near the expected value,
n0.n0* , it declines drastically as the activation ener
drops below that limit (n0!n0* ). This trend is based on STM
growth studies,7–9 but anomalously low prefactor value
have been deduced also with other techniques.10–14 No
such trend is observed theoretically, where prefactors
ways come out ‘‘normal,’’ in stark disagreement with th
experimental conclusions. As a radical reconciliation
this severe discrepancy, it has been suggested7 that the har-
monic approximation of TST, a pillar of modern rate theo
is invalid for diffusion processes on weakly corrugat
surfaces.

In two recent papers,15,16 theoretical state-of-the-art tech
niques have been used to critically evaluate the origin
anomalous diffusion prefactors. Both studies independe
conclude that it is the customary way of interpreting expe
mental data rather than TST itself that fails for weakly co
rugated systems: In Refs. 15 and 16, density-functional
culations for a total of three different metal-on-metal syste
reveal long-range adsorbate interactions that, when
counted for in kinetic simulations, considerably distort t
nucleation process. These indirect adatom-adatom inte
tions form a repulsive barrier to cluster nucleation, whi
results in an appreciable augmentation of the island den
When this surface morphology is interpreted in terms o
mean-field approach,17 artificially low prefactors are incor-
rectly deduced. This conclusion is supported by the fact t
in basically every instance where anomalous prefactors h
been reported, the deduction process has relied on use
mean-field approach neglecting adsorbate interactions.18

In a very recent publication, Michelyet al. have argued
that the Al/Al~111! growth experiment reported in Ref.
may have been distorted by contaminants.19 By reducing the
pressure of contaminants, this team was able to lift a la
portion of the discrepancy between the data of Ref. 7 a
mean-field theoretical predictions with normal prefactors,
©2001 The American Physical Society23-1
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though their results still show a lack of reproducibility. Whi
at present it is unclear how reliable any island-density d
for Al/Al ~111! really are and whether contaminants cou
have been present in the other systems considered as
there is still great incentive to study the effect of firs
principles-calculated adsorbate interactions on the isl
density under perfect growth conditions.

In this study, we critically assess experimental and th
retical methods, including transition-state theory itself, in
der to determine the likelihood of different explanations
the experimentally deduced anomalies in diffusion pref
tors.

The paper is organized as follows: Section II contain
theoretical description of transition-state theory and its c
nections to diffusion prefactors, as well as a brief summ
of the nucleation-curve approach for determining atomic d
fusivities. Section III describes extensive first-principles c
culations of adatom-adatom interaction energetics for th
metal systems—Al/Al~111!, Cu/Cu~111!, and Al/Al~100!—
and includes comparisons with existing models for adsorb
interactions. Kinetic simulations and results for the growth
Al ~111! are presented and discussed in Sec. IV, while Se
contains our main conclusions. In the appendix, we pres
density-functional theory~DFT! calculations for the diffu-
sion of Al on Au~111! and compare these results with expe
mental data.

II. SURFACE DIFFUSION

To get an idea of how experimental values for adsorb
diffusivities can disagree so patently with theoretical resu
in certain systems with exceedingly low activation energi
we first identify several error sources—experimental as w
as theoretical ones. In the remainder of this section, we
scribe these deficiencies, and single out the most likely
planations for the observed discrepancies.

A. Diffusion theory

Thermally activated diffusion is quantitatively describ
by TST.1 Assuming a classical, harmonic solid, the react
rate is given by Vineyard’s product formula:20

n5

)
i 51

3N

n i
I

)
i 51

3N21

n i
T

exp~2Ed /kBT!, ~2!

wheren i
I and n i

T are the harmonic-vibration frequencies
the initial and transition states, respectively, andN denotes
the number of particles in the system.21 The diffusion pref-
actorn0, then, can be identified as the fraction in Eq.~2!, and
is a measure of the entropy at the transition state, as c
pared to that of the initial state. Usually these frequencies
in the range 1–10 Thz, and the prefactor is therefore
pected to lie in that range, as well. As an alternative to
~2!, the prefactor can be expressed in terms of integrals o
the local phonon density of states in the equilibrium a
transition states, respectively, as outlined in Ref. 22.
12542
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Our first concern is whether it is reasonable to expect v
large prefactor deviations in thermally activated rate p
cesses. In one sense, variations in the activation energy
actually coupled to variations in the prefactor. The freque
cies n i

I that are most strongly coupled to the motion of t
adatom are roughly proportional to the harmonic-vibrati
frequency of the potential-energy minimum at the bindi
site, which should scale linearly withEd

1/2. The same can be
said of the frequenciesn i

T , but there will always be one mor
such frequency in the binding site entering Eq.~2!. Hence, in
general, a small activation energy is expected to be acc
panied with a diminished prefactor via this so-calledcom-
pensation effect.23 However, this is a quite weak effect,24,26

not nearly strong enough to explain reported anomalies inn0.
In addition, it is hard to conjecture that several of the vib
tion frequencies entering in Eq.~2! should somehow con
spire to raise or lower the prefactor so drastically, simp
because the system dependence ofn0 is suppressed by the
cancellation of then i

I ’s by then i
T’s. Indeed, if the substrate i

not strongly perturbed by the motion of the adatom, the
pendence ofn0 on all frequencies other than those associa
with the adatom may be neglected, as corroborated
semiempirical25 and DFT-based26 evaluations of the prefac
tor from Eq. ~2!. This amounts to the approximation thatN
51 in Eq. ~2!.

If the motion of the adatom does perturb the substr
considerably, as in concerted motion or exchange with s
strate atoms, the prefactor may differ from the univer
value by one or two orders of magnitude. In all such cas
n0 is increased due to a relatively flat potential-energ
landscape—i.e., involving much entropy—at the transiti
state.27 A similar degeneracy at the binding site, required
explain a very small prefactor, is hard to imagine, and h
never been demonstrated. For the same reason, anharm
effects are expected to increase the prefactor in some ca
but never to decrease it.

Then the possibility remains that TST itself breaks do
under certain circumstances. TST assumes that thermal e
librium is established in binding sites between success
jumps, which excludes time correlation effects like lon
jumps28,29and multiple crossings of the saddle point betwe
equilibrations. The validity of TST has been rigorously test
in molecular-dynamics simulations,30,24 and the TST rate
turns out to reproduce the dynamically measured~actual!
rate very well even up to temperatures whereT'Ed /kB .
However, those studies have not considered systems
very small activation energies (<0.1 eV!,31 where anoma-
lous diffusion behavior has been suggested to occur.7

In the early 1940s, Kramers showed that the TST r
represents an upper bound to the true escape rate, and
TST is valid for friction coefficientsh of intermediate
strength:32

n IkBT

Ed
<h<2pnT. ~3!

~The parametersn I andnT represent the geometric means
the n I ’s and nT’s, respectively.! For the low- and high-
friction limits he deduced
3-2
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NEGLECTED ADSORBATE INTERACTIONS BEHIND . . . PHYSICAL REVIEW B64 125423
n05hEd /~kBT! ~4!

and

n052pn InT/h, ~5!

respectively.
The boundaries of the intermediate-friction regime can

estimated as follows: if friction is assumed to be domina
by phonons,h can be evaluated within the Debye model~see
Ref. 4 and references therein!:

h5
3p2m~n I !4

MnD
3

, ~6!

wherenD denotes the Debye frequency, andm andM are the
masses of the adsorbed particle and the lattice atoms, res
tively. For Al/Al~111! and Al/Au~111!, for which extremely
small prefactors have been reported,h5531013 s21 and
531014 s21, respectively. With these estimates, thus, b
systems are in the high-friction regime, but applying Eq.~5!
changesn0 by less than an order of magnitude from the TS
value.

Admittedly, the appropriate friction regime is in gener
difficult to identify from first principles, so claims of anoma
lous prefactors cannot be dismissed completely on
grounds of Kramer’s theory. However, the suggested tren
rapidly decreasing diffusion prefactors with activation e
ergy for weakly corrugated surfaces would be in conflict a
with basic statistical mechanics. This can be understoo
the following gedanken experiment: Consider an interfa
between two metals,A and B, at a surface, that may b
crossed by a single adatom. The diffusivity as well as
binding energy of the adatom differ between the two s
systems in such a way that the transition state but not
binding sites are aligned in energy. The systems have
equal number of sites. The site-to-site jump rates,nA andnB,
depend only on the barrier heights and the temperature. I
spatial probability distribution of the adatom is assumed
be stationary and in agreement with detailed balance—a
quired by microscopic reversibility—it can be shown that

PB

PA
5

nA

nB
, ~7!

wherePA andPB denote the probability of the adatom resi
ing on surface A and B, respectively. On the other hand,
canonical distribution, evaluated within the harmonic a
proximation, yields

PB

PA
5e2DEAB /kBT

n0
A

n0
B

, ~8!

where the values ofv0
A and n0

B are given by the fraction in
Eq. ~2! for the two surfaces, respectively. As a result,

nA

nB
5

n0
A

n0
B

e2DEAB /kBT. ~9!
12542
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Now, if surface A is ‘‘weakly corrugated’’ and surface B i
not, the suggested anomaly in diffusion prefactors~which
does not affect the exponentials! would be in conflict with
Eq. ~9!, and thus violate a constraint imposed by basic s
tistical mechanics. Note that this argument does not in
way refer to the actual passage of a transition state; it th
fore does not depend on the efficiency of equilibration, b
only assumes that thermal equilibrium is eventually est
lished.

To conclude this section, theoretical arguments appea
exclude the possibility of anomalous diffusion behavior
weakly corrugated surfaces. We now turn to critically ass
the analysis methods of experimental data.

B. Island-density analysis

The anomalous prefactors reported in Ref. 7 have b
determined from STM island-density analyses using
nucleation-curve method~NCM!.6,33 With this method,
Arrhenius parameters for surface diffusion are determined
gathering island-density data using STM, and then analyz
these data within mean-field nucleation theory~MFNT!.17

The basic assumptions of MFNT are that~i! the density of
isolated adatoms attains its mean value at every point on
terrace, i.e., the spatial dependence introduced by the p
ence of islands is neglected, and that~ii ! the monomer diffu-
sivity is constant. According to MFNT, the island densi
~the number of islands per surface unit cell!, nx , is under
certain circumstances~see below! related to the monome
diffusivity, n, through ascaling law:17

nx5Ch~Q,i !S F

DN0
2D x

expS Ei

~ i 12!kBTD . ~10!

Here i denotes thecritical cluster size, i.e., the number o
atoms in the smallest stable nucleus minus one,Ei its bind-
ing energy,x5 i /( i 12), h(Q,i ) a universal function of the
coverageQ, andC a geometry factor of order unity. If the
smallest stable cluster at a given set of experimental co
tions is the dimer, as is often the case, theni 51 andEi50,
so Eq.~10! simplifies to

nx5Ch~Q!S F

DN0
2D 1/3

. ~11!

Together with Eq.~1!, this expression yields an Arrheniu
relation for the temperature dependence of the island den
nx . For the experimental deduction of the two rate para
eters, the values ofC and h can be calculated in a fairly
straightforward fashion,17 and the parametersEd andn0 then
obtained from an analysis of the measured temperature
pendence ofnx . Compared with more direct methods, th
advantages of this method are that the measurements ar
plagued by tip-sample interactions, and that they can be
ried out over a wide temperature range. The disadvant
lies in the necessity to explicitly or implicitly make assum
tions about microscopic processes involved in the nuclea
and growth processes. In particular, the effects of sm
cluster mobility34 and instability35 have been shown to com
3-3
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TABLE I. Comparison betweenab initio and experimental values for the activation energies and pre
ponential factors of monomer diffusion for various metal systems. The experimental values are take
Ref. 7, the theoretical values for Ag/Ag~111! and Ag/s-Ag(111) from Ref. 26. Thes in s-Ag~111! denotes a
strained system@1 ML of Ag on Pt~111!#.

Experimenta Theory
System Ed ~meV! n0 (s21) Ed ~meV! n0 (s21)

Ag/Ag~111! 97610 23101160.5 82 831011

Ag/s-Ag(111) 60610 1310960.6 60 131012

Al/Al ~111! 4264 8310660.25 42 431012

Al/Au ~111! 3065 23103 120 731012

aSee Reference 63.
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plicate the analysis considerably when present. For most
tems, however, a temperature window can be identi
where single-adatom diffusion is activated but clusters
immobile and stable with respect to dissociation.33

The NCM has been successfully applied to a wide ra
of epitaxial metal systems.36 However, for certain system
with small activation energies to surface diffusion, th
method has yielded extremely small diffusion prefactors,
viating up to ten orders of magnitude from expected valu
and in disturbingly pronounced disagreement with theor
cal state-of-the-art calculations~Table I!. Barth and
coworkers7 have interpreted this anomaly to involve a nov
regime of temperature-activated diffusion for weakly cor
gated systems. The question is whether mean-field nuclea
theory as expressed in Eq.~11! applies to those systems.

In the context of the NCM, an~apparent! low prefactor
corresponds to a high island density. The inclusion of dim
mobility and instability, as well as long jumps~i.e., events
where an atom crosses several saddle points without re
ation! in the analysis therefore cannot resolve the puzzle
they all lead to lower island densities.33

The significance of small activation energies may lie
the relative sensitivity of the jump rate to small fluctuatio
in Ed . Possible sources of such fluctuations include inter
tions with step edges,37,27,38surfactants,39 and adatoms of the
same kind. The first two effects can be made arbitrarily sm
in an ideal experiment, but the latter is an inherent feature
nucleation. Adatom-adatom interactions are completely
carded in MFNT, and actually also in all previous models
homogeneous nucleation. It is then appropriate to ask h
strong such interactions can be and if their character ma
them prone to affect nucleation.

III. ADSORBATE INTERACTIONS

The strongest interaction between adsorbed atoms is
covalent chemical bond. Since thisdirect interaction origi-
nates in the energy gained from the overlap of atomic or
als, its strength decays exponentially with the adato
adatom separationd. This interaction thus dominate
energetically only for the very shortest adsorbate separati
i.e., d/a&1 (a being one surface-atomic lattice spacing!.
Similarly, adatoms can sense each other through direct C
lomb interactions between the various multipole mome
that arise due to surface-induced charge redistribution on
12542
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adsorbates. These interactions decay asymptotically as 1d3,
and are typically relatively weak.27

Of potentially greater importance, then, are indirect int
actions originating in the adsorbate-induced polarization
the surface-electron gas.40–43 These interactions decay a
cos(2qFd)/d5 ~Refs. 41 and 42! if mediated through bulk
bands, and as2 sin(2qFd)/d2 ~Refs. 41–43! in the presence
of a semifilled surface band. In addition to these electro
interactions, an elastic interaction arises from adsorbate
substrate relaxations mediated via the atomic lattice,44 which
falls off as 1/d3 for asymptotically large separations.45 A
paramount problem with these asymptotic limits is that ve
little is known about the relative strength of all these inte
actions, and how large the adsorbate separations need
for the power laws to be valid. As we will show below, th
asymptotic laws are often not valid in the intermediate
gime where most of the perturbation to the mean-field
proach takes place. These contributions thus have to be g
ered from full electronic structure calculations, or fro
correspondingly demanding experimental analyses.

A. Computational details

In this study, direct and indirect adatom-adatom inter
tions are quantified from first principles for three metal sy
tems: Al/Al~111!, Cu/Cu~111!, and Al/Al~100!. The calcula-
tions are based on density-functional theory~DFT!,46,47using
a pseudopotential method to describe core-valence inte
tions, as implemented in the highly efficientVASP ~Ref. 48!
and DACAPO ~Ref. 49! codes. For the exchange-correlatio
functional, the local-density approximation~LDA ! ~Ref. 50!
is used for Al~111!, and the generalized gradient approxim
tion ~GGA! ~Ref. 51! for Cu~111! and Al~100!. The choice of
exchange-correlation functional has previously been sho
to affect only the quantitative details of the adsorba
interactions.44 The one-electron wave functions are expand
in a plane-wave basis with an energy cutoff of 9.0, 17.2, a
11.0 Ry for Al~111!, Cu~111!, and Al~100!,52 respectively,
using ultrasoft Vanderbilt pseudopotentials.53 The Brillouin
zone is sampled via the Methfessel-Paxton scheme.48 The
Kohn-Sham equations are solved self-consistently, and
atomic structure is optimized until residual forces on all u
constrained atoms are less than 0.03 eV/Å, which yie
total-energy convergence down to the 1-meV level.
3-4
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To reduce image interactions, the periodic supercells u
in the calculations span at least twice the maxim
adsorbate-adsorbate distance examined in a specific d
tion. Our supercells contain 143436 ~336! atoms in the case
of Al ~111!, 123434 ~192! atoms for Cu~111! ~computer
memory constraints prohibit bigger cells for Cu!, and
53438 ~160! atoms for Al~100!. The smaller lateral cell size
for Al ~100! is motivated by the rapid convergence of t
adsorbate interaction energy with increasing separation~see
below!. Above an additional surface layer containing the a
sorbate atoms,54 there is.9 ~13! Å of vacuum for Al ~Cu!.
The Brillouin zone is sampled using a 632, 331, 636
k-point mesh for Al~111!, Cu~111!, and Al~100!, respectively.
The dense sampling and large cells yield excellent ene
convergence; atomic diffusion barriers and dimer binding
ergies for Al~111! on both unrelaxed and relaxed surfaces
within 2 meV of previous calculations using a 63536 atom
supercell and 636 k-point mesh.44

To separate electronic and elastic adsorbate interacti
all calculations are performed at two levels of relaxation.
one case, the slab~without adsorbates! is first fully relaxed,
and the atomic coordinates then kept frozen in subseq
calculations. In the other case, all atoms are allowed to re
save for the bottom two layers, which in both cases are fi
at bulk coordinates. In both instances, two atoms are
sorbed on top of the slab, and~always! allowed to fully relax.
For Al/Al ~111!, one atom is placed in an hcp site~the pre-
ferred binding site at low coverage37!, and the other atom is
placed at consecutive hcp, bridge, and fcc sites along
^110& direction. In the Cu/Cu~111! calculations, one atom is
placed in an fcc site, and the other in alternating bridge
fcc sites along thê110& direction. The maximum adatom
adatom separation is 17~13! Å for Al ~Cu!, slightly less than
half the length of the 41~31! Å super cell so that image
interactions should never exceed half the interaction ene
at maximum separation. Saddle points for atomic diffus
are located by mapping out the total energy on a dense
near bridge sites; in this case one or two of the lateral ad
bate coordinates are locked at each point on the mesh.
super cell geometries are illustrated in Figs. 1@Al ~111! and
Cu~111!# and 2@Al ~100!#.

B. Results

The computed adatom-adatom interaction energetics
Al/Al ~111!, Cu/Cu~111!, and Al/Al~100! are displayed in
Figs. 1 and 2. The adsorbate-adsorbate binding energ
defined with respect to two isolated adatoms,Eaa52E2
2E012E1, where the subscript denotes the number of a
toms in the cell. The respective characteristics conform v
well to the general magnitude of adsorbate interaction o
lined above. In all three systems, the adsorbate-adsor
binding energy is an order of magnitude larger for the sh
est ~dimer! bond than at larger separations@Eaaud5a50.52,
0.26, and 0.26 eV for Al/Al~111!, Cu/Cu~111!, and Al/
Al ~100!, respectively#.

For Cu~111!, the elastic energy is fairly constant withi
the range of adatom separations considered here, and
variationsin Eaa ~beyond the direct dimerization regime! are
12542
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mainly electronic. These long-range variations are attribu
to the existence of a surface band, which has very conv
ingly been observed experimentally~STM! to result in the
periodic ordering of sulphur55 and copper56 atoms on
Cu~111!. While we do note a long-range variation in th
binding energy here as well, the supercell is too small
discern how well the periodicity agrees with the expec
value of half the Fermi wavelengthp/qF515 Å measured
by Crommieet al.57 In the case of Al~111!, the electronic
part of the interaction energy varies less, which is expec
as the surface has no occupied surface-band states. How
the elastic energy is comparably large, and does not appro
zero at the largest separations considered in this study.

In passing, we note that similar long-range interactio
have also been noted recently for adsorption of nonmetal
close-packed metal surfaces,58 where repulsive interaction
between the fragments of dissociated O2, NO, and N2O spe-
cies have been found to extend several lattice sites away.
strength of these indirect interactions increases along the
ries Pt~111!, Au~111!, Cu~111!, corresponding to increasin
surface-band occupancy.58 Similar conclusions have recentl
been drawn in STM studies of oxygen diffusion o
Ru~0001!, where oxygen atom residence times have be

FIG. 1. Top view of adsorption geometries in the DFT calcu
tions for Al/Al~111! and Cu/Cu~111!. One adatom is placed at it
preferred binding site~hcp for Al and fcc for Cu; midsize circles!,
and another atom is then placed at successive binding sites
saddle points~tiny circles! along thê 110& direction~half the length
of the Al supercell is shown!. The energy is defined asE5E2

1E022E1, where the subscript denotes the number of adatom
the cell, and is shown as a function of adsorbate separationd/a, a
being a surface lattice parameter. Both frozen~middle graph! and
relaxed~bottom graph! cases are truncated at short separations
enhance resolution.
3-5
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FIG. 2. Adsorption geometry for Al~100!. One adatom is fixed
~black!, and the other one~yellow! is placed at sites 1–5. Th
dashed line in the top figure marks the size of the supercell.
binding energy is defined as in Fig. 1 and shown as of adsor
separationd in angstroms for the cases of frozen~middle graph! and
relaxed~bottom graph! substrates. Some of the values for the
laxed case have been reported previously~Ref. 63!.
12542
found to vary by more than an order of magnitude, depe
ing on the local O coverage.59

For Al~100!, the electronic part of the indirect interactio
energy is very small~virtually zero beyondd.2a) and the
adatom-adatom repulsion is predominantly elastic. In
next-nearest-neighbor configuration, some remaining~direct!
chemical bond amounts to a slightly positive binding ene
in the unrelaxed case,60 whereas the relaxed surface exhib
repulsive interaction. The adsorbate interaction at the
largest separations in this study~6.4 and 8.1 Å, respectively!
are exclusively elastic, as measured by computing adsor
interactions while freezing lattice relaxations. The decre
in the elastic interaction energy between these two po
~labeled ‘‘4’’ and ‘‘5’’ in Fig. 2! is much too large to be
consistent with a 1/d3 falloff of the elastic energy. Conse
quently, the asymptotic limit,45 which only accounts for sur-
face relaxations and not adsorbate relaxations,44 is reached at
even larger distances, where almost all of the binding ene
has already decayed. Hence, it is generally unreliable
separate electronic and elastic interactions by postulatin
1/d3 dependence for the latter, as attempted in Ref. 61.

We now turn to discuss how indirect adsorbate inter
tions affect adatom diffusion. The total-energy variations
binding sites and saddle points lead to variations in
atomic diffusion barrier in the proximity of another adatom
In the next-nearest-neighbor positions, the barriers to dim
ization are so low that nucleation is spontaneous at even
low temperatures.62,63 For that reason, the following discus
sion focuses on monomer diffusion at larger separations.
note first that for the close-packed surfaces, indirect inter
tions lead to fluctuations in the activation energy of 20–
meV ~Table II!. When the elastic surface response is froz
out, this amounts to no more than a fourth of the ‘‘unp
turbed’’ activation energy, which sets the relevant ene
scale. Once substrate relaxations are allowed, the sur
corrugation is smoothened out, so that theuEd* 2Edu/Ed

ratios—Ed* (Ed) being the atomic diffusion barriers with
~without! adsorbate interactions—are tripled and approa
unity.

For the open Al~100! surface, the fluctuations inEd ~Ref.
64! are of the same magnitude as on the~111! surfaces, but
the ~relaxed! adatom diffusion barrier is more than an ord
of magnitude larger. Hence, the present study does not
port the notion7 that the strength of adatom interaction
should scale with the amplitude of the surface corrugation
fact, the same observations have also been made in
principles calculations for a wide variety of chalcogen co
pounds on various metals.58

e
te

-

TABLE II. DFT values for the atomic diffusion barrier in the case of an isolated adatom (Ed) and the
range of variation in barriers produced by the presence of another adatom (Ed* ) on the frozen and relaxed
substrates. All values are in meV.

Frozen Relaxed
System Ed Ed* Ed Ed*

Al/Al ~111! 115 110–126 42 24–53
Cu/Cu~111! 134 110–146 50 41–69
Al/Al ~100! 569 570 ;540–570a

aSee Reference 63.
3-6
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IV. GROWTH SIMULATIONS

In order to assess the effects of indirect adsorbate inte
tions on the surface morphology, we perform a set of kine
Monte Carlo ~KMC! ~Ref. 30! simulations of the low-
temperature growth of Al~111!.

A. The KMC model

By describing elementary atomic processes in terms
discrete reaction events instead of explicitly calculating
trajectories, the KMC method renders the time and len
scales of typical growth experiments accessible to mate
theorists. In each algorithmic step, an atomic process
picked at random from a list of possible processes, so
the probability for each process is weighted by its TST ra
In contrast to equilibrium Monte Carlo methods, the KM
method is meant to reflect the actual time evolution o
system, and its predictive power has been demonstrated
wide range of epitaxial systems.6,66,67

The activation energy for the diffusion of isolated Al a
oms on Al~111! is 42 meV within DFT-LDA.37,16 In the ki-
netic simulations, this value is subject to adjustments fr
interactions with nearby adatoms, as inferred from Fig. 1
contrast to the simplified approach in Ref. 15, these mod
cations are all derived from DFT-computed variations at b
binding sitesand transition states, i.e., no empiricala priori
presumptions are made about the energy variations at
saddle points. Possible angular dependencies of interac
energies are unknown, and therefore neglected, i.e., the
ergy shift of an adatom due to the presence of another
tom is assumed to be constant on regular hexagons cen
on the latter. Interactions between more than two adato
are assumed to be described by pairwise summation. T
retical studies41 and a recent STM study61 suggest that this is
a good approximation at a distance beyond the shortest
tom separations.

Ideally, the DFT results should extend to the adato
adatom distances where all interactions have died out
practice, though, some binding energy of the adatom
remains even at the largest separations attainable in the
supercells used in this study. For Al/Al~111!, the binding
energy remainder is as large as 17 meV~repulsive!, and has
to be accounted for. As we surmise below, adatom-ada
repulsion affects the island density more, the more lo
range it is. We therefore choose a conservative setting for
cutoff separation,dcutoff /a56, so that all of the remaining
binding energy falls off to zero in going fromd/a56 ~the
largest separation in the DFT calculations! to d/a57 lattice
spacings~see Fig. 3!.

For atomistic processes at kinks, corners, and edge
islands, we use exclusively first-principles-computed acti
tion energies for Al/Al~111! reported in Ref. 65. However, a
the relatively low temperatures considered here, these
cesses are so rare that they only marginally affect the is
density.

In the simulations, atoms are deposited at random on
initially clean surface and allowed to diffuse on a clos
packed lattice with periodic boundary conditions. The de
sition flux, F, is 0.01 ML/s, and the coverage 5%. Conve
12542
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gence with respect to lattice dimensions is tested extensi
using lattice areas of 2003200, 3003300, and sometimes
120031200 sites. Diffusion rates are assigned according
TST with DFT-computed activation energies~for exceptions,
see below! and a common prefactor of 631012Hz. As nx

}n0
2x , with x& 1

3 ~as further discussed below!, the choice of
n0 will have only a minor effect onnx , as long as it lies
within the range of normal prefactor values.

B. Results

The results for the calculated Al/Al~111! island densities
at T550–75 K appear in Fig. 4 together with experimen
data from Ref. 7. Without adatom interactions, the simula
island density exhibits normal scaling behavior, but it is co
sistently more than two orders of magnitude smaller th
experimental values. With adsorbate interactions, howe
nx is enhanced tremendously, and the discrepancy betw
theory and experiment is virtually removed. However, as

FIG. 3. Schematic of potential-energy landscape for an Al at
on the Al~111! surface at a distance ofd/a lattice sites from another
Al atom, as employed in the KMC simulations. Energies from tw
or more close adatoms are added pairwise.

FIG. 4. Island density as a function of inverse temperature fr
STM experiments7 and from KMC simulations performed with an
without adatom interactions. To account for the somewhat low
coverage and higher growth rate in the simulations (QKMC /QSTM

55%/15%, FKMC /FSTM50.01/0.000 64), the experimental dens
ties are shifted to10log(nx)10.40, as prescribed by nucleatio
theory.
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accuracy of the island-density data presented in Ref. 7
been questioned recently,19 this agreement should not be co
sidered to be proof of the quantitative predictive power
the theory. The decrease ofnx with increasingT is somewhat
slower in the KMC simulations than in the experiments.
interpreted by means of MFNT, it would correspond to
computed apparent activation energy of;30 meV, slightly
less than the 42 meV measured in the experiment. Howe
the values are so close that the previously noted7 similarity
of Ed

STM to Ed
LDA for Al/Al ~111! can hardly be brought for

ward as an argument against adsorbate interactions a
origin of alleged anomalous diffusion prefactors. The app
ent prefactor, deduced from the same MFNT interpretation
the KMC-computed nucleation curve, would be
3106 s21, i.e., close to the experimental value,
3106 s21.7

The augmentation of the island density originates in
repulsive character of the adatom-adatom interactions.
suming pairwise additive interactions, this repulsion hamp
single adatoms from attaching to monomers and existing
lands. Nucleation is thus postponed~see Fig. 5!, and the
monomer density increases markedly68 ~by more than an or-
der of magnitude at 50 K!, compared with the same simula
tion devoid of indirect interactions. Consequently, the pro
ability of island nucleation via dimer formation instead
island growth via adatom attachment to an existing islan
greatly enhanced. This is the origin of the greatly increa
island density, when indirect interactions are correctly
counted for.

Fichthorn and Scheffler15 have rationalized this augmen
tation of the island density by a simple empirical mod
where the interaction is replaced by a uniform repulsive r
around each adatom. At the lowest temperatures, nuclea
occurs only when adatoms happen to land within such a r
The island density is then maximal and independent ofT. As
the temperature is raised, adatoms become increasingly m
able to penetrate the rings to form nuclei in the earli
stages. However, the present system is far from the satur
low-temperature regime. When at 50 K deposition is proh

FIG. 5. Island densitynx as a function of coverageQ from
KMC simulations with adatom interactions present~diamonds! and
absent~squares!, both normalized tonx(Q55%).
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ited within the ‘‘repulsive area,’’~whereEaa,0), the island
density does not change. Insteadnx increases with the rang
of the repulsive interaction. If the repulsive area is decreas
so thatdcutoff54 with the maximum binding-energy differ
ence,DEmax ~as defined in Fig. 3!, fixed, the island density a
50 K is decreased by a factor of;40. Adatoms that have
entered the repulsive area have higher chances of reac
another adatom to form a stable dimer bond before it lea
the area thesmaller the area. Apparently, the entire range
possible behaviors in a system cannot be spanned by sim
varying the strength of the repulsion, as assumed in Ref.
A detailed microscopic model thus has to include also
range of the interaction.

How can effects of interactions be distinguished from
fects of anomalous prefactors, given a nucleation curve?
fact, the simulated island density at 50 K obtained with a
sorbate interactions can be reproduced without interact
but with a prefactorn0 for monomer diffusion of;106 s21,
with the activation energy fixed. However, analyzing t
nx(T) curve with this value ofn0 with Eq. ~11! yields a
diffusion barrier of 62 meV. This deviates from the inp
value 42 meV for two reasons:~i! the high island density
puts the system slightly outside the linear-scaling regim33

and ~ii ! nx is lowered by dimer diffusion@with a barrier of
130 meV~Ref. 62!#, which is not accounted for in Eq.~11!.
If dimer diffusion is assumed to be frozen out, the deduc
barrier is lowered to 35 meV, and low prefactors and ads
bate interactions would explain experimental results alm
equally well.

In general, activation energies for monomer and dim
diffusion are not known prior to the analysis, so violations
the mean-field assumptions may be hard to detect this w
However, according to MFNT there is a wide range of isla
densities within which the scaling ofnx with F does not
depend on any internal parameters.33 The usual scaling law is
nx}Fx with x5 1

3 , but at the quite high island densities co
sidered here, the exponent is somewhat lower.33 Table III
shows that the scaling exponent is consistently and sig
cantly smaller than that of an anomalous prefactor in
rangeF50.01–0.1 ML/s21 for the case of repulsive inter
actions. Indeed, values ofx significantly below the predic-
tions of MFNT have been observed experimentally for t
Al/Al ~111! system.69 We thus suggest that whether expe
mentally found high island densities originate in low prefa

TABLE III. Scaling exponent,x, for KMC-simulated growth of
Al/Al ~111! with adatom interactions present and absent, determi
from the increase ofnx with deposition flux,F, in the range 0.01–
0.1 ML/s. ‘‘Low prefactor’’ refers to the case where interactions a
absent, butnx is augmented by a very small monomer diffusio
prefactor.

T ~K! 50 60 75

With interactions 0.06 0.07 0.14
Without interactions 0.37 0.36 0.42
Low prefactor 0.19 0.28 0.32
Low prefactor, no dimer mobility 0.19 0.25 0.28
3-8
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tors or repulsive adsorbate interactions can be settled by
termining the scaling exponent.

As for the quantitative agreement with experiment, n
much can be said at this point, due to the difference betw
the results presented in Refs. 7 and 19. Comparing with
latter, our KMC-simulated results for the island density
about an order of magnitude too large when accounting
adsorbate interactions and an order of magnitude too s
when neglecting them. However, our ability to make quan
tative predictions is limited by a number of approximation
as outlined above, and even if the results of Michelyet al.
turn out to be closer to those of a perfect experiment, t
would not overthrow our main conclusions.

Finally, it should be pointed out that all anomalous pr
actors in surface diffusion cited here7–10,13~Ref. 12 being an
exception18! have been obtained with indirect methods a
analyses that require adsorbate interactions to be small.

V. CONCLUSIONS

Extensive DFT calculations of short- and long-range
sorbate interactions at both binding sites and transition st
are used to study the effect of adsorbate interactions on
epitaxial growth of Al~111! by means of kinetic Monte Carlo
simulations. When the DFT-computed adsorbate interact
are invoked into the KMC calculations, the simulated isla
density is in good agreement with experimental data. If lo
range interactions are neglected, i.e., the atomic diffus
barrier is assumed to be unaffected by neighboring adat
beyond the dimerization regime, the simulated island den
is found to decrease by more than two orders of magnitu
Since experimental analyses within the mean-field fram
work neglect to account for adatom interactions, whereas
island density they measure inherently include such con
butions, too-low prefactor values are systematically dedu
for systems, where interactions raise the island density. In
particular case of Al/Al~111!, a mimicking of the experimen
tal MFNT analysis of the correct island-density data~includ-
ing adsorbate interactions! gives a prefactor that is artificially
lowered by more than six orders of magnitude. Of cour
there is no question that this deduction process yields
incorrect value, as the prefactor is an input parameter in
KMC simulations~preset atn05631012 s21).

To summarize, an oversimplified analysis of islan
density data can result in such anomalous values of the
fusion prefactors that have been reported in STM grow
studies. By correctly accounting for medium- and long-ran
adsorbate interactions in a weakly corrugated adsorbate
tem, we show that the prefactor anomaly is lifted to yield
value in good agreement with direct theoretical calculatio
and the expected universal prefactor value of about 1
THz. We show that interactions modify the scaling of t
island density with deposition flux, which could be used
an experimental signature of adsorbate interactions.
magnitude of the indirect interactions do not generally sc
with the adatom diffusion barrier, which explains why th
allegedly anomalous prefactors have been observed ex
sively in systems with a weak surface corrugation. We a
review the present theoretical view of adsorbate diffusion
12542
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metallic substrates, and show that extremely small diffus
prefactors actually are inconsistent with basic diffusi
theory and statistical mechanics. A theoretical framework
developed to deal with weakly corrugated adsorbate syste

In our view, whenever anomalous diffusion behavior
observed in the classical regime, alternative interpretati
of experimental data should be sought. Specifically,
nucleation-curve method could be complemented with
more direct method for observing surface diffusion wh
both activation energies and prefactors come out very sm
As an important corollary, once we accept that these pre
tor anomalies are misconstrued, and that to date we know
no convincing evidence that highly anomalous prefactors
ist in condensed-matter systems, then we also need to
very critical of kinetic models whose functionality relies o
use of nonstandard prefactors.
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APPENDIX AL ÕAU„111…

In this appendix, the theoretical determination of t
Arrhenius parameters for the Al/Au~111! system appearing in
Table I is presented, and the interpretation of experime
data is briefly discussed.

The atomic diffusion of Al atoms on Au~111! has been
studied experimentally by Fischeret al.70,9 A nucleation-
curve analysis of the STM-measured island-density d
yields an activation energyEd530 meV, and a preexponen
tial factor n0523103 s21. The prefactor value is highly
anomalous in that it is extremely small~at ten orders of mag-
nitude below what is considered normal, it is to our be
knowledge the smallest prefactor ever reported in a surf
diffusion study7! and thus at great variance with the prese
view of surface diffusion outlined in this paper. Here w
show that the measured values of bothEd and n0 disagree
severely with our first-principles calculations.

We use DFT within the GGA, applying a pseudopotent
method and a plane-wave basis set with a cutoff energy o
Ry. The supercell contains a slab of five~232! atomic layers,
one adatom, and a 12-Å vacuum region. The surface B
louin zone is sampled with a dense 838 k-point mesh. For
convergence tests and dimer calculations a~333! slab with a
535 k-point mesh is used, as indicated below. The bott
two atomic layers are kept at bulk positions, while the
maining layers are allowed to relax until the residual forc
on all unconstrained atoms are less than 0.03 eV/Å.

Experimentally, the Au~111! surface is found to exhibit a
long-range stacking-fault-domain structure with alternat
regions of fcc and hcp termination and a (21

22
2
0) surface unit

cell.71,72 In our calculations, all barriers and binding energi
are computed for both fcc and hcp termination, and thus b
3-9
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environments experienced by the diffusing Al atoms are s
veyed, save for the actual stacking-fault boundaries.

The calculated activation energies and binding energ
are summarized in Table IV. The most unexpected resu
that the computed value for the atomic diffusion barrier, 0
eV for both fcc and hcp termination, is more than four tim
larger than the value reported in Ref. 9. For a 33335 unit
cell the barrier is 0.12 eV, implying excellent convergen
The DFT-computed prefactor for this process~fcc termina-
tion! is 731012 s21 @calculated using Eq.~2! with N51],
i.e., quite normal and over nine orders of magnitude lar
than the experimental value reported in Ref. 9.

TABLE IV. Total energies in meV for the Al/Au~111! system.
The stacking is labeled ‘‘ABCAB’’ and ‘‘ABCAC’’ for fcc and hcp
termination, respectively.

Top layer A B C Bridge

fcc 26 0 129
hcp 23 0 127
.

s

rn

e,

s

c

H.

f 3
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In accordance with experiments,70,9 we find surface-atom
exchange with the substrate to be energetically favora
with an energy gain of 0.67 eV. The Au atom ending up
the adsorbate layer is bound to the Al atom in the surf
layer with a binding energy of about 0.4 eV, which confirm
the experimental observation that single Au atoms are imm
bile and serve as nucleation sites.

The assumption of dimer stability below 230 K~Ref. 9! is
not corroborated in the present study; the binding energ
the fcc-terminated surface is only 0.05 eV, implying an ac
vation temperature for dimer dissociation of less than 100

The medium-range adatom-adatom repulsion discusse
the main text exists for this system also: at two surface lat
sites separation, the binding energy of the Al dimer on
fcc-terminated Au~111! surface is20.10 eV, which is of the
same magnitude as the monomer diffusion barrier. Consi
ing the substantial disagreement between the experimen
deduced and DFT-calculated values of activation energy
prefactor for monomer diffusion and the dramatic effect
adatom-adatom interaction on the island density, we c
clude that adsorbate interactions are likely to lie behind
tremely high island densities in this system as well.
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