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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.

DOI: 10.1103/PhysRevB.64.125423 PACS nuniber68.43.Bc, 68.43.De, 68.43.Hn, 68.43.Jk

[. INTRODUCTION (which by the way always fairly well reproduce experimen-
tally measured activation energies
The concept of thermally activated processes represents a Quite recently, Barth and coworkéreeported a remark-

cornerstone of modern materials physics. Almost all attemptable trend in a compilation of experimental diffusion studies:
at understanding the kinetics of chemical reactions, diffu\whereas in systems with diffusion barriers in excess of
sion, and growth from an atomistic viewpoint assume—.1 eV the prefactor is always near the expected value, i.e.,
expl:fitl¥|0r "t“p”Ci“yt—reaC“O”d rates that are Va”it,Shli”QWt vo=vg , it declines drastically as the activation energy
small at low temperatures, and increase exponentially wi L * : :
temperature. Quantitatively, the rate for a thermally activate%:gsv?hbi!ﬁmggfglI?Sf‘;ﬁ:&ggg: tr?;ve IS:;?ZSS) :)nvzzlgls
process is given by transition-state thelory(TST) in the have been de;juce d also with gther tepchni d8e¥. No

form of th lebrated Arrhenius law: . .

orm of the celebrated enius fa such trend is observed theoretically, where prefactors al-

Eq/kT 1) ways come out “normal,” in stark disagreement with the
' experimental conclusions. As a radical reconciliation of

where E4 is the activation energykg the Boltzmann con- this severe discrepancy, it has been suggédteat the har-
stant, andv, the prefactor, which can be thought of @gmit ~ Monic approximation of TST, a pillar of modern rate theory,
not identified with, see belowa vibration frequency charac- i invalid for diffusion processes on weakly corrugated
teristic of the system. Once the two parametggsand v,  surfaces.
have been deduced for all relevant elementary processes, the In two recent paper§,*® theoretical state-of-the-art tech-
time evolution of a system can be predicted within the broadiiques have been used to critically evaluate the origin of
validity regime of TST. anomalous diffusion prefactors. Both studies independently
Of the two parameters determining the rate of a processonclude that it is the customary way of interpreting experi-
within TST, E4 and v, the activation energy is unquestion- mental data rather than TST itself that fails for weakly cor-
ably the more important one because it enters(Egexpo-  rugated systems: In Refs. 15 and 16, density-functional cal-
nentially. Less attention is generally paid to the prefactorculations for a total of three different metal-on-metal systems
primarily because it enters the same equation only linearlyreveal long-range adsorbate interactions that, when ac-
The justification for this uneven balance of attention comesounted for in kinetic simulations, considerably distort the
from a vast amount of accumulated data for a wide variety ohucleation process. These indirect adatom-adatom interac-
materials systems, which indisputably show that prefactorsions form a repulsive barrier to cluster nucleation, which
in single reaction steps, with few exceptions, assume a uniesults in an appreciable augmentation of the island density.
versal value ofyf ~1013*1 g 143 When this surface morphology is interpreted in terms of a
In the past few years, however, highly anomalous diffu-mean-field approacH, artificially low prefactors are incor-
sion prefactors have been reported in experimental scanningectly deduced. This conclusion is supported by the fact that
tunneling microscopySTM) studies. Since STM is one of in basically every instance where anomalous prefactors have
the primary atomic-resolution probes in modern surface scibeen reported, the deduction process has relied on use of a
ence, and these deviations from standard values are of suahean-field approach neglecting adsorbate interactfons.
enormous(up to ten orders of magnitudeproportions, a In a very recent publication, Michelgt al. have argued
rationalization of these observations is of critical importancethat the AlI/A(111) growth experiment reported in Ref. 7
If exceedingly low prefactors are indeed a rare physicamay have been distorted by contaminaiitBy reducing the
manifestation of certain materials systems, it remains to espressure of contaminants, this team was able to lift a large
tablish the origin of this anomaly, and explain why it is com- portion of the discrepancy between the data of Ref. 7 and
pletely missed by state-of-the-art theoretical calculationsnean-field theoretical predictions with normal prefactors, al-
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though their results still show a lack of reproducibility. While  Our first concern is whether it is reasonable to expect very
at present it is unclear how reliable any island-density datdarge prefactor deviations in thermally activated rate pro-
for Al/AlI (111) really are and whether contaminants couldcesses. In one sense, variations in the activation energy are
have been present in the other systems considered as wedctually coupled to variations in the prefactor. The frequen-
there is still great incentive to study the effect of first- cies v} that are most strongly coupled to the motion of the
principles-calculated adsorbate interactions on the islanddatom are roughly proportional to the harmonic-vibration
density under perfect growth conditions. frequency of the potential-energy minimum at the binding

In this study, we critically assess experimental and theosite, which should scale linearly wits}?. The same can be
retical methods, including transition-state theory itself, in or-g3id of the frequencies' , but there will always be one more
der to determine the likelihood of different explanations forgch frequency in the binding site entering E2). Hence, in
the experimentally deduced anomalies in diffusion prefacyeneral, a small activation energy is expected to be accom-
tors. . _ . . panied with a diminished prefactor via this so-callesin-

The paper is organized as follows: Section Il contains &ensation effed® However, this is a quite weak effetd?®
theoretical description of transition-state theory and its cong,¢ nearly strong enough to explain reported anomalieg.in
nections to diffusion prefactors, as well as a brief summaryn aqgition, it is hard to conjecture that several of the vibra-
of the nucleation-curve approach for determining atomic dif-op frequencies entering in Eq2) should somehow con-
fusivities. Section Il describes extensive first-principles Ca"spire to raise or lower the prefactor so drastically, simply

culations of adatom-adatom interaction energetics for threggcause the system dependencegis suppressed by the
metal systems—AI/AlL11), Cu/Cy11]), and Al/AI(100— T

’ \ , - cancellation of the/|’s by thev"s. Indeed, if the substrate is
and includes comparisons with existing models for adsorbatﬁot strongly perturbed by the motion of the adatom, the de-

letelrfi:tlons. Kinetic Zlmu:jatcljpns and dre_zsuslts foIthhehgerV\S/th Ofhendence of, on all frequencies other than those associated
(11D are presented and discussed in Sec. IV, while Sec. Vi, the adatom may be neglected, as corroborated by

contains our main conclusions. In the appendix, we preser&emiempiricazﬁ and DFT-baséd evaluations of the prefac-

density-functional theoryDFT) calculations for the diffu- tor from Ea.(2). This amounts to the approximation tHt
sion of Al on Au111) and compare these results with experi- _; - Eq ?2§ ) PP

mental data. If the motion of the adatom does perturb the substrate

considerably, as in concerted motion or exchange with sub-
Il. SURFACE DIFFUSION strate atoms, the prefactor may differ from the universal

To get an idea of how experimental values for adsorbat&/@lué by one or two orders of magnitude. In all such cases,
diffusivities can disagree so patently with theoretical resultg’o IS increaseddue to a relatively flat potential-energy

in certain systems with exceedingly low activation energiesl@ndscape—i.e., involving much entropy—at the transition

7 . . . . . .
we first identify several error sources—experimental as welptate’” A similar degeneracy at the binding site, required to

as theoretical ones. In the remainder of this section, we de2XPlain a very small prefactor, is hard to imagine, and has
never been demonstrated. For the same reason, anharmonic

scribe these deficiencies, and single out the most likely ex- , ;
planations for the observed discrepancies. effects are expected to increase the prefactor in some cases,
but never to decrease it.
Then the possibility remains that TST itself breaks down
under certain circumstances. TST assumes that thermal equi-
Thermally activated diffusion is quantitatively described librium is established in binding sites between successive

by TST! Assuming a classical, harmonic solid, the reactionjumps, which excludes time correlation effects like long

A. Diffusion theory

rate is given by Vineyard’s product formuf: jumps®29and multiple crossings of the saddle point between
an equilibrations. The validity of TST has been rigorously tested
| in molecular-dynamics simulatioi$?* and the TST rate
iﬂl Vi turns out to reproduce the dynamically measutadtua)
v=ay—1—eXp(—E4/kgT), (2) rate very well even up to temperatures whé@re E4/Kg.
H T However, those studies have not considered systems with
oy very small activation energies<(0.1 e\),*! where anoma-

lous diffusion behavior has been suggested to otcur.
where vi' and viT are the harmonic-vibration frequencies in  |n the early 1940s, Kramers showed that the TST rate
the initial and transition states, respectively, dddienotes represents an upper bound to the true escape rate, and that
the number of particles in the systéiThe diffusion pref-  TST is valid for friction coefficientsy of intermediate
actorvg, then, can be identified as the fraction in E2), and  strength®
is a measure of the entropy at the transition state, as com-
pared to that of the initial state. Usually these frequencies lie v'kgT T
in the range 1-10 Thz, and the prefactor is therefore ex- E, =7<2mv. ©)
pected to lie in that range, as well. As an alternative to Eq.
(2), the prefactor can be expressed in terms of integrals ovefhe parameters' and»' represent the geometric means of
the local phonon density of states in the equilibrium andthe »''s and »™’s, respectively. For the low- and high-
transition states, respectively, as outlined in Ref. 22. friction limits he deduced
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vo=nEq/(kgT) (4) Now, if surface A is “weakly corrugated” and surface B is
not, the suggested anomaly in diffusion prefactoshich
and does not affect the exponentiplwould be in conflict with
- LT Eqg. (9), and thus violate a constraint imposed by basic sta-
vo=2mv v/, (® tistical mechanics. Note that this argument does not in any
respectively. way refer to the actual passage of a transition state; it there-

The boundaries of the intermediate-friction regime can bdOré does not depend on the efficiency of equilibration, but
estimated as follows: if friction is assumed to be dominateq‘,’nIy assumes that thermal equilibrium is eventually estab-

by phononsy can be evaluated within the Debye motgse  sned-

Ref. 4 and references thergin To conclude this section, theoretical arguments appear to
exclude the possibility of anomalous diffusion behavior at
3m2m(v') weakly cor_rugated surfaces. We now turn to critically assess
n= , (6)  the analysis methods of experimental data.

M V3D

wherevy denotes the Debye frequency, an&ndM are the B. Island-density analysis

masses of the adsorbed particle and the lattice atoms, respec-The anomalous prefactors reported in Ref. 7 have been

tively. For AlI/AI(111) and Al/Au(111), for which extremely determined from STM island-density analyses using the

small prefactors have been reporteg=5x 103 s and  nucleation-curve methodNCM).%33 With this method,

5x 10" s !, respectively. With these estimates, thus, bothArrhenius parameters for surface diffusion are determined by

systems are in the high-friction regime, but applying Exj.  gathering island-density data using STM, and then analyzing

changes/ by less than an order of magnitude from the TSTthese data within mean-field nucleation thedFNT).Y’

value. The basic assumptions of MFNT are that the density of
Admittedly, the appropriate friction regime is in general isolated adatoms attains its mean value at every point on the

difficult to identify from first principles, so claims of anoma- terrace, i.e., the spatial dependence introduced by the pres-

lous prefactors cannot be dismissed completely on thence of islands is neglected, and tfiatthe monomer diffu-

grounds of Kramer’s theory. However, the suggested trend d$ivity is constant. According to MFNT, the island density

rapidly decreasing diffusion prefactors with activation en-(the number of islands per surface unit gefi,, is under

ergy for weakly corrugated surfaces would be in conflict alsacertain circumstancetsee below related to the monomer

with basic statistical mechanics. This can be understood inliffusivity, », through ascaling law*’

the following gedanken experiment: Consider an interface

between two metalsA and B, at a surface, that may be ) F o\ E;

crossed by a single adatom. The diffusivity as well as the ny=Cn(0,i) W) eXF{m)- (10)

. . . B

binding energy of the adatom differ between the two sub- 0

systems in such a way that the transition state but not theiere i denotes theeritical cluster size, i.e., the number of

binding sites are aligned in energy. The systems have agtoms in the smallest stable nucleus minus dets bind-

equal number of sites. The site-to-site jump rat€sand»®,  ing energy,y=i/(i+2), 7(©,i) a universal function of the

depend only on the barrier heights and the temperature. If theoverage®, andC a geometry factor of order unity. If the

spatial probability distribution of the adatom is assumed tosmallest stable cluster at a given set of experimental condi-

be stationary and in agreement with detailed balance—as rgpns is the dimer, as is often the case, therl andE;=0,
quired by microscopic reversibility—it can be shown that 5o Eq.(10) simplifies to

F 1/3

—=—, () n,=C (@)(—) 11)

A B X 7 .
P DN3
whereP” andP® denote the probability of the adatom resid- Together with Eq.(1), this expression yields an Arrhenius
ing on surface A and B, respectively. On the other hand, thee|ation for the temperature dependence of the island density
canonical distribution, evaluated within the harmonic ap-n . For the experimental deduction of the two rate param-
proximation, yields eters, the values of and » can be calculated in a fairly
straightforward fashioh! and the paramete, and v, then

P® _ A~ AEpg /kgT Vo 8 obtained from an analysis of the measured temperature de-
ﬁ_e V_g' (8) pendence oh,. Compared with more direct methods, the

advantages of this method are that the measurements are not
where the values ofjy and vy are given by the fraction in plagued by tip-sample interactions, and that they can be car-

Eq. (2) for the two surfaces, respectively. As a result, ried out over a wide temperature range. The disadvantage
lies in the necessity to explicitly or implicitly make assump-
A vé tions about microscopic processes involved in the nucleation
—-= —ge AEmslkel, (99 and growth processes. In particular, the effects of small-
Ve Vo cluster mobility* and instability® have been shown to com-
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TABLE |. Comparison betweeab initio and experimental values for the activation energies and preex-
ponential factors of monomer diffusion for various metal systems. The experimental values are taken from
Ref. 7, the theoretical values for Ag/&l]) and Aghk-Ag(111) from Ref. 26. The in s-Ag(111) denotes a
strained systerhil ML of Ag on P{111)].

Experiment Theory
System E4 (MeV) vo (571 E4 (MeV) vo (571
Ag/Ag(112) 97+10 2x 101105 82 8x 10
Ag/s-Ag(111) 60+ 10 1x 10°=06 60 1x 10"
Al/AI (110 42+4 8x 10f+0-25 42 4x10'?
Al/Au (112) 30=5 2x10° 120 7x 10'?

8See Reference 63.

plicate the analysis considerably when present. For most sysdsorbates. These interactions decay asymptoticallydss 1/
tems, however, a temperature window can be identifiecind are typically relatively weaK.
where single-adatom diffusion is activated but clusters are Of potentially greater importance, then, are indirect inter-
immobile and stable with respect to dissociation. actions originating in the adsorbate-induced polarization of
The NCM has been successfully applied to a wide rangghe surface-electron g&%:*® These interactions decay as
of epitaxial metal systent$. However, for certain systems cos(2yd)/d® (Refs. 41 and 42if mediated through bulk
with small agtivation energies to Sl_Jrfaqe diffusion, thisbands, and as- sin(2ged)/d? (Refs. 41—4Bin the presence
method has yielded extremely small diffusion prefactors, deqt 4 semifilled surface band. In addition to these electronic
viating up to ten orders of magnitude from expected Valuesinteractions, an elastic interaction arises from adsorbate and

and in disturbingly pronounce_d disagreement with theoretl'substrate relaxations mediated via the atomic laffaghich
cal state-of-the-art calculationgTable . Barth and 3 . )
falls off as 16° for asymptotically large separatiofisA

coworkers have interpreted this anomaly to involve a novel aramount oroblem with these asvmptotic limits is that ver
regime of temperature-activated diffusion for weakly corru-P P ymp y

gated systems. The question is whether mean-field nucleaticlpiﬂ,e is known about the relative strength of a!l these inter-
theory as expressed in E@.1) applies to those systems. actions, and how large the adsorbate separations need to be

In the context of the NCM, aitapparent low prefactor for the power laws to be valid. As we will show below, the
corresponds to a high island density. The inclusion of dime@SYmPptotic laws are often not valid in the intermediate re-
mobility and instability, as well as long jumgée., events 9iMe where most of the perturbation to the mean-field ap-

where an atom crosses several saddle points without rela®f0ach takes place. These contributions thus have to be gath-

ation) in the analysis therefore cannot resolve the puzzle, a§™€d from full electronic structure calculations, or from

they all lead to lower island densitié. correspondingly demanding experimental analyses.
The significance of small activation energies may lie in
the relative sensitivity of the jump rate to small fluctuations
in E4. Possible sources of such fluctuations include interac-
tions with step edge¥;?"*8surfactants® and adatoms of the  In this study, direct and indirect adatom-adatom interac-
same kind. The first two effects can be made arbitrarily smaltions are quantified from first principles for three metal sys-
in an ideal experiment, but the latter is an inherent feature ofems: Al/Al(111), Cu/Cy111), and Al/Al(100. The calcula-
nucleation. Adatom-adatom interactions are completely distions are based on density-functional thet®¥T),*¢*” using
carded in MFENT, and actually also in all previous models ofa pseudopotential method to describe core-valence interac-
homogeneous nucleation. It is then appropriate to ask howons, as implemented in the highly efficiemsp (Ref. 48
strong such interactions can be and if their character makesnd DACAPO (Ref. 49 codes. For the exchange-correlation
them prone to affect nucleation. functional, the local-density approximati¢ghDA) (Ref. 50
is used for A(111), and the generalized gradient approxima-
tion (GGA) (Ref. 5] for Cu(111) and A100). The choice of
exchange-correlation functional has previously been shown
The strongest interaction between adsorbed atoms is the affect only the quantitative details of the adsorbate
covalent chemical bond. Since thirect interaction origi- interactions!* The one-electron wave functions are expanded
nates in the energy gained from the overlap of atomic orbitin a plane-wave basis with an energy cutoff of 9.0, 17.2, and
als, its strength decays exponentially with the adatomi1.0 Ry for A(111), Cu(111), and A(100),>? respectively,
adatom separationd. This interaction thus dominates using ultrasoft Vanderbilt pseudopotentiaisThe Brillouin
energetically only for the very shortest adsorbate separationgpne is sampled via the Methfessel-Paxton sch®&nihe
i.e., d/a<1 (a being one surface-atomic lattice spading Kohn-Sham equations are solved self-consistently, and the
Similarly, adatoms can sense each other through direct Co@tomic structure is optimized until residual forces on all un-
lomb interactions between the various multipole momentsonstrained atoms are less than 0.03 eV/A, which yields
that arise due to surface-induced charge redistribution on thital-energy convergence down to the 1-meV level.

A. Computational details

IIl. ADSORBATE INTERACTIONS
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To reduce image interactions, the periodic supercells use(
in the calculations span at least twice the maximum
adsorbate-adsorbate distance examined in a specific direg
tion. Our supercells contain ¥4 6 (336) atoms in the case
of Al(111), 12x4x4 (192 atoms for C¢lll) (computer
memory constraints prohibit bigger cells for Cuand
5X4x8 (160 atoms for A[100). The smaller lateral cell size
for AlI(100 is motivated by the rapid convergence of the
adsorbate interaction energy with increasing separdten E  (meV)

below). Above an additional surface layer containing the ad- L 5,
sorbate atom?? there is=9 (13) A of vacuum for Al (Cu). B f R R
The Brillouin zone is sampled using ax@, 3x1, 6x6 T 75 S :l"‘\ S I
k-point mesh for A{111), Cu(111), and A100), respectively. 4 5 $ "~\sf ev\d,' S LN Al
The dense sampling and large cells yield excellent energy ’ ] ‘e Cu
convergence; atomic diffusion barriers and dimer binding en- E j(meV) "
ergies for A[111) on both unrelaxed and relaxed surfaces are - 75 %
within 2 meV of previous calculations using &6X6 atom 1o ,&—"s o-q e-e
: 4 -T- 50 PR Ny \

supercell and &6 k-point mest: ; % / \ \b,,'\ Y e

To separate electronic and elastic adsorbate interactions —+ 25 - % o \\‘é \‘OAl
all calculations are performed at two levels of relaxation. In | 0 H ‘\., ‘e Cu

one case, the slafwithout adsorbatgss first fully relaxed, 1
and the atomic coordinates then kept frozen in subsequer [ 1 | | 1 1
calculations. In the other case, all atoms are allowed to relax 1 ) 3 4 5' 6| dla
save for the bottom two layers, which in both cases are fixed
at bulk coordinates. In both instances, two atoms are ad- FIG. 1. Top view of adsorption geometries in the DFT calcula-
sorbed on top of the slab, afa@way9 allowed to fully relax.  tions for Al/Al(111) and Cu/C@111). One adatom is placed at its
For Al/Al(111), one atom is placed in an hcp sitdhe pre-  preferred binding sitéhcp for Al and fcc for Cu; midsize circlgs
ferred binding site at low Covera&:, and the other atom is and another atom is then placed at successive binding sites and
placed at consecutive hcp, bridge, and fcc sites along théaddle pointstiny circles along the(110) direction(half the length
(110 direction. In the Cu/C(111) calculations, one atom is ©f the Al supercell is shown The energy is defined as=E,
placed in an fcc site, and the other in alternating bridge and” Eo— 2E1, where the subscript denotes the number of adatoms in
fcc sites along thé110) direction. The maximum adatom- thg cell, and is shov_vn as a function of adsorbf?\te separdtiana
adatom separation is 113) A for Al (Cu), slightly less than being a surface lattice parameter. Both froZzemddle graph apd
half the length of the 4131) A super cell so that image relaxed (bottom grapm cases are truncated at short separations to
interactions should never exceed half the interaction energ‘yl/nh"’mCe resolution.
at maximum separation. Saddle points for atomic diffusion
are located by mapping out the total energy on a dense grithainly electronic. These long-range variations are attributed
near bridge sites; in this case one or two of the lateral adsoto the existence of a surface band, which has very convinc-
bate coordinates are locked at each point on the mesh. Thirgly been observed experimentall$TM) to result in the
super cell geometries are illustrated in FigdAL(111) and  periodic ordering of sulph@? and coppef atoms on
Cu(111)] and 2[AI(100)]. Cu(111). While we do note a long-range variation in the
binding energy here as well, the supercell is too small to
discern how well the periodicity agrees with the expected
value of half the Fermi wavelength/qg=15 A measured
The computed adatom-adatom interaction energetics fdsy Crommieet al>’ In the case of All11), the electronic
Al/Al (111), Cu/Cu11l, and Al/AI(100 are displayed in part of the interaction energy varies less, which is expected
Figs. 1 and 2. The adsorbate-adsorbate binding energy &s the surface has no occupied surface-band states. However,
defined with respect to two isolated adatoris,=—E, the elastic energy is comparably large, and does not approach
—Eq+2E4, where the subscript denotes the number of adazero at the largest separations considered in this study.
toms in the cell. The respective characteristics conform very In passing, we note that similar long-range interactions
well to the general magnitude of adsorbate interaction outhave also been noted recently for adsorption of nonmetals on
lined above. In all three systems, the adsorbate-adsorbatdose-packed metal surfac&swhere repulsive interactions
binding energy is an order of magnitude larger for the shortbetween the fragments of dissociateg) @0, and NO spe-
est(dimen bond than at larger separatiof§,,/4-,=0.52, cies have been found to extend several lattice sites away. The
0.26, and 0.26 eV for Al/A1l), Cu/Cyl1ll), and Al/  strength of these indirect interactions increases along the se-
Al(100), respectively. ries P{111), Au(111), Cu(111), corresponding to increasing
For Cu111), the elastic energy is fairly constant within surface-band occupant¥/Similar conclusions have recently
the range of adatom separations considered here, and theen drawn in STM studies of oxygen diffusion on
variationsin E,, (beyond the direct dimerization regiisnge  Ru(0001, where oxygen atom residence times have been

B. Results
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FIG. 2. Adsorption geometry for ALO0O. One adatom is fixed
(black), and the other ondyellow) is placed at sites 1-5. The

dashed line in the top figure marks the size of the supercell. Th
binding energy is defined as in Fig. 1 and shown as of adsorbat]e

separatiord in angstroms for the cases of frozeniddle graph and

relaxed (bottom graph substrates. Some of the values for the re-

laxed case have been reported previoBgf. 63.
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found to vary by more than an order of magnitude, depend-
ing on the local O coverag¥.

For Al(100), the electronic part of the indirect interaction
energy is very smalfvirtually zero beyonddl=2a) and the
adatom-adatom repulsion is predominantly elastic. In the
next-nearest-neighbor configuration, some remaisdtgct
chemical bond amounts to a slightly positive binding energy
in the unrelaxed cas8,whereas the relaxed surface exhibits
repulsive interaction. The adsorbate interaction at the two
largest separations in this stu®.4 and 8.1 A, respectively
are exclusively elastic, as measured by computing adsorbate
interactions while freezing lattice relaxations. The decrease
in the elastic interaction energy between these two points
(labeled “4” and “5” in Fig. 2) is much too large to be
consistent with a B falloff of the elastic energy. Conse-
quently, the asymptotic limft> which only accounts for sur-
face relaxations and not adsorbate relaxatf$iis reached at
even larger distances, where almost all of the binding energy
has already decayed. Hence, it is generally unreliable to
separate electronic and elastic interactions by postulating a
1/d® dependence for the latter, as attempted in Ref. 61.

We now turn to discuss how indirect adsorbate interac-
tions affect adatom diffusion. The total-energy variations at
binding sites and saddle points lead to variations in the
atomic diffusion barrier in the proximity of another adatom.
In the next-nearest-neighbor positions, the barriers to dimer-
ization are so low that nucleation is spontaneous at even very
low temperature8®3 For that reason, the following discus-
sion focuses on monomer diffusion at larger separations. We
note first that for the close-packed surfaces, indirect interac-
tions lead to fluctuations in the activation energy of 20—30
meV (Table 1. When the elastic surface response is frozen
out, this amounts to no more than a fourth of the “unper-
turbed” activation energy, which sets the relevant energy
scale. Once substrate relaxations are allowed, the surface
corrugation is smoothened out, so that tH& —E4|/Eq
ratios—E} (Eq) being the atomic diffusion barriers with
(without) adsorbate interactions—are tripled and approach
unity.

For the open AIL00 surface, the fluctuations By (Ref.

64) are of the same magnitude as on thél) surfaces, but

the (relaxed adatom diffusion barrier is more than an order
of magnitude larger. Hence, the present study does not sup-
ort the notiofh that the strength of adatom interactions
hould scale with the amplitude of the surface corrugation. In
act, the same observations have also been made in first-
principles calculations for a wide variety of chalcogen com-
pounds on various metals.

TABLE II. DFT values for the atomic diffusion barrier in the case of an isolated adath énd the
range of variation in barriers produced by the presence of another ad&pyo( the frozen and relaxed

substrates. All values are in meV.

Frozen Relaxed
System Eq E} Eq E}
Al/Al (111 115 110-126 42 24-53
Cu/Cu11) 134 110-146 50 41-69
Al/Al (100 569 570 ~540-57¢

aSee Reference 63.
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IV. GROWTH SIMULATIONS

In order to assess the effects of indirect adsorbate interac
tions on the surface morphology, we perform a set of kinetic
Monte Carlo (KMC) (Ref. 30 simulations of the low- 40
temperature growth of AL11). E(eV)
20
A. The KMC model

By describing elementary atomic processes in terms of 0
discrete reaction events instead of explicitly calculating the
trajectories, the KMC method renders the time and length
scales of typical growth experiments accessible to materials
theorists. In each algorithmic step, an atomic process is FIG. 3. Schematic of potential-energy landscape for an Al atom
picked at random from a list of possible processes, so thain the A(111) surface at a distance dfa lattice sites from another
the probability for each process is weighted by its TST rateAl atom, as employed in the KMC simulations. Energies from two
In contrast to equilibrium Monte Carlo methods, the KMC or more close adatoms are added pairwise.
method is meant to reflect the actual time evolution of a
system, and its predictive power has been demonstrated forgence with respect to lattice dimensions is tested extensively
wide range of epitaxial systerfig®%’ using lattice areas of 200200, 300< 300, and sometimes

The activation energy for the diffusion of isolated Al at- 1200x 1200 sites. Diffusion rates are assigned according to
oms on Al111) is 42 meV within DFT-LDA3"%®|n the ki-  TST with DFT-computed activation energiéisr exceptions,
netic simulations, this value is subject to adjustments fromsee below and a common prefactor of 610?Hz. As n,
interactions with nearby adatoms, as inferred from Fig. 1. Inxy X, with y=<3 (as further discussed belgvihe choice of
contrast to the simplified approach in Ref. 15, these modifi-,,o will have only a minor effect om,, as long as it lies
cations are all derived from DFT-computed variations at bothyithin the range of normal prefactor values.
binding sitesand transition states, i.e., no empiricalpriori
presumptions are made about the energy variations at the
saddle points. Possible angular dependencies of interaction
energies are unknown, and therefore neglected, i.e., the en- The results for the calculated Al/AI11) island densities
ergy shift of an adatom due to the presence of another ad&t T=50—-75 K appear in Fig. 4 together with experimental
tom is assumed to be constant on regular hexagons centerdata from Ref. 7. Without adatom interactions, the simulated
on the latter. Interactions between more than two adatomisland density exhibits normal scaling behavior, but it is con-
are assumed to be described by pairwise summation. Thegistently more than two orders of magnitude smaller than
retical studie' and a recent STM stu@¥suggest that this is €xperimental values. With adsorbate interactions, however,
a good approximation at a distance beyond the shortest ad8x iS enhanced tremendously, and the discrepancy between

dla

B. Results

tom separations. theory and experiment is virtually removed. However, as the
Ideally, the DFT results should extend to the adatom-
adatom distances where all interactions have died out. In -2.0 T T T T S

practice, though, some binding energy of the adatom pair

remains even at the largest separations attainable in the large
supercells used in this study. For Al{ALl), the binding !
energy remainder is as large as 17 me&pulsive, and has =30
to be accounted for. As we surmise below, adatom-adatom
repulsion affects the island density more, the more long
range it is. We therefore choose a conservative setting for the
cutoff separationd./a=6, so that all of the remaining -4.0 |

binding energy falls off to zero in going from/a=6 (the
largest separation in the DFT calculatipns d/a=7 lattice
spacinggsee Fig. 3.
For atomistic processes at kinks, corners, and edges of -5.0 L . L .
0.010 0.012 0014 0016 0.018 0.020

islands, we use exclusively first-principles-computed activa- TAK
tion energies for AlI/A(112) reported in Ref. 65. However, at 1T (/K)

the relatively low temperatures considered here, these pro- gig_ 4. Island density as a function of inverse temperature from
cesses are so rare that they only marginally affect the islandti experimentsand from KMC simulations performed with and
density. without adatom interactions. To account for the somewhat lower

In the simulations, atoms are deposited at random on agoverage and higher growth rate in the simulatiosgc /O sy
initially clean surface and allowed to diffuse on a close-=5%/15%, Fc/Fsty=0.01/0.000 64), the experimental densi-
packed lattice with periodic boundary conditions. The depoties are shifted to%og(n,)+0.40, as prescribed by nucleation
sition flux, F, is 0.01 ML/s, and the coverage 5%. Conver- theory.

©—@ Experiment
=—a KMC - no Interactions
4—¢ KMC - with interactions

log(n,)

10,
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1.0 TABLE lIl. Scaling exponenty, for KMC-simulated growth of
Al/Al (111) with adatom interactions present and absent, determined
from the increase ofi, with deposition flux,F, in the range 0.01—
0.8 0.1 ML/s. “Low prefactor” refers to the case where interactions are
absent, buin, is augmented by a very small monomer diffusion
0.6 prefactor.
§ * =— No interactions T (K) 50 60 75
% +—+ With interactions
c 04 1 With interactions 006 007 0.4
Without interactions 0.37 0.36 0.42
02 | 4 Low prefactor 0.19 0.28 0.32
Low prefactor, no dimer mobility 0.19 0.25 0.28
0.0 L L L L
0.0 1.0 2.0 3.0 4.0 5.0
(%) ited within the “repulsive area,{whereE,,<0), the island

density does not change. Insteadincreases with the range
of the repulsive interaction. If the repulsive area is decreased,
so thatdg =4 with the maximum binding-energy differ-
ence AE, . (as defined in Fig. B fixed, the island density at

accuracy of the island-density data presented in Ref. 7 ha0 K is decreased by a factor 6f40. Adatoms that have
been questioned recem]_ﬁ/this agreement should not be con- entered the repulsive area have hlgher chances of reaching
sidered to be proof of the quantitative predictive power ofanother adatom to form a stable dimer bond before it leaves
the theory. The decrease f with increasingr is somewhat the area themallerthe area. Apparently, the entire range of
slower in the KMC simulations than in the experiments. If possible behaviors in a system cannot be spanned by simply
interpreted by means of MFNT, it would correspond to avarying the strength of the repulsion, as assumed in Ref. 15.
computed apparent activation energy-o80 meV, slightly A detailed microscopic model thus has to include also the
less than the 42 meV measured in the experiment. Howeverange of the interaction.
the values are so close that the previously nbwdhilarity How can effects of interactions be distinguished from ef-
of E3™ to ESP” for Al/Al (111) can hardly be brought for- fects of anomalous prefactors, given a nucleation curve? In
ward as an argument against adsorbate interactions as thact, the simulated island density at 50 K obtained with ad-
origin of alleged anomalous diffusion prefactors. The apparsorbate interactions can be reproduced without interactions
ent prefactor, deduced from the same MFNT interpretation obut with a prefactow, for monomer diffusion of~10° s,
the KMC-computed nucleation curve, would be 1 with the activation energy fixed. However, analyzing the
x10° s71, ie. close to the experimental value, 8 ny(T) curve with this value ofy, with Eq. (11) yields a
x10f s 17 diffusion barrier of 62 meV. This deviates from the input
The augmentation of the island density originates in thevalue 42 meV for two reasongi) the high island density
repulsive character of the adatom-adatom interactions. Agauts the system slightly outside the linear-scaling redime
suming pairwise additive interactions, this repulsion hampersnd (ii) n, is lowered by dimer diffusiofwith a barrier of
single adatoms from attaching to monomers and existing ist30 meV(Ref. 62], which is not accounted for in Eq11).
lands. Nucleation is thus postponésee Fig. 5, and the If dimer diffusion is assumed to be frozen out, the deduced
monomer density increases marké8igby more than an or- barrier is lowered to 35 meV, and low prefactors and adsor-
der of magnitude at 50 X compared with the same simula- bate interactions would explain experimental results almost
tion devoid of indirect interactions. Consequently, the prob-equally well.
ability of island nucleation via dimer formation instead of In general, activation energies for monomer and dimer
island growth via adatom attachment to an existing island isliffusion are not known prior to the analysis, so violations of
greatly enhanced. This is the origin of the greatly increasethe mean-field assumptions may be hard to detect this way.
island density, when indirect interactions are correctly acHowever, according to MFNT there is a wide range of island
counted for. densities within which the scaling af, with F does not
Fichthorn and Schefflét have rationalized this augmen- depend on any internal paramet&t3he usual scaling law is
tation of the island density by a simple empirical model,n,<FX with y= 13, but at the quite high island densities con-
where the interaction is replaced by a uniform repulsive ringsidered here, the exponent is somewhat Icttérable Il
around each adatom. At the lowest temperatures, nucleatishows that the scaling exponent is consistently and signifi-
occurs only when adatoms happen to land within such a ringcantly smaller than that of an anomalous prefactor in the
The island density is then maximal and independert.@s  rangeF=0.01-0.1 ML/S? for the case of repulsive inter-
the temperature is raised, adatoms become increasingly moaetions. Indeed, values of significantly below the predic-
able to penetrate the rings to form nuclei in the earliestions of MFNT have been observed experimentally for the
stages. However, the present system is far from the saturated/Al (111) system?® We thus suggest that whether experi-
low-temperature regime. When at 50 K deposition is prohib-mentally found high island densities originate in low prefac-

FIG. 5. Island densityn, as a function of coverag® from
KMC simulations with adatom interactions presédiemond$ and
absent(squarel both normalized ta, (® =5%).
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tors or repulsive adsorbate interactions can be settled by denetallic substrates, and show that extremely small diffusion
termining the scaling exponent. prefactors actually are inconsistent with basic diffusion
As for the quantitative agreement with experiment, nottheory and statistical mechanics. A theoretical framework is
much can be said at this point, due to the difference betweedeveloped to deal with weakly corrugated adsorbate systems.
the results presented in Refs. 7 and 19. Comparing with the In our view, whenever anomalous diffusion behavior is
latter, our KMC-simulated results for the island density isobserved in the classical regime, alternative interpretations
about an order of magnitude too large when accounting foof experimental data should be sought. Specifically, the
adsorbate interactions and an order of magnitude too smatiucleation-curve method could be complemented with a
when neglecting them. However, our ability to make quanti-more direct method for observing surface diffusion when
tative predictions is limited by a number of approximations,both activation energies and prefactors come out very small.
as outlined above, and even if the results of Michefyal. ~ As an important corollary, once we accept that these prefac-
turn out to be closer to those of a perfect experiment, thator anomalies are misconstrued, and that to date we know of
would not overthrow our main conclusions. no convincing evidence that highly anomalous prefactors ex-
Finally, it should be pointed out that all anomalous pref-ist in condensed-matter systems, then we also need to be
actors in surface diffusion cited héré®'3(Ref. 12 being an  very critical of kinetic models whose functionality relies on
exceptiod®) have been obtained with indirect methods anduse of nonstandard prefactors.
analyses that require adsorbate interactions to be small.
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density_ isin gqod agreement with experimental de_lta. I_f Iong— APPENDIX AL /AU (111)
range interactions are neglected, i.e., the atomic diffusion
barrier is assumed to be unaffected by neighboring adatoms In this appendix, the theoretical determination of the
beyond the dimerization regime, the simulated island densit@rrhenius parameters for the Al/All1) system appearing in
is found to decrease by more than two orders of magnitudelable | is presented, and the interpretation of experimental
Since experimental analyses within the mean-field framedata is briefly discussed.
work neglect to account for adatom interactions, whereas the The atomic diffusion of Al atoms on A@l11) has been
island density they measure inherently include such contristudied experimentally by Fischeat al.’®® A nucleation-
butions, too-low prefactor values are systematically deducedurve analysis of the STM-measured island-density data
for systems, where interactions raise the island density. In thgields an activation energlfy=30 meV, and a preexponen-
particular case of Al/Al111), a mimicking of the experimen- tial factor v,=2x10* s 1. The prefactor value is highly
tal MFNT analysis of the correct island-density déiteclud- ~ anomalous in that it is extremely smédit ten orders of mag-
ing adsorbate interactiongives a prefactor that is artificially nitude below what is considered normal, it is to our best
lowered by more than six orders of magnitude. Of courseknowledge the smallest prefactor ever reported in a surface
there is no question that this deduction process vyields agliffusion study) and thus at great variance with the present
incorrect value, as the prefactor is an input parameter in thegiew of surface diffusion outlined in this paper. Here we
KMC simulations(preset atvy=6x10'? s 1). show that the measured values of b@th and v, disagree

To summarize, an oversimplified analysis of island-severely with our first-principles calculations.
density data can result in such anomalous values of the dif- We use DFT within the GGA, applying a pseudopotential
fusion prefactors that have been reported in STM growthmethod and a plane-wave basis set with a cutoff energy of 25
studies. By correctly accounting for medium- and long-rangeRy. The supercell contains a slab of fi{&x 2) atomic layers,
adsorbate interactions in a weakly corrugated adsorbate sysne adatom, and a 12-A vacuum region. The surface Bril-
tem, we show that the prefactor anomaly is lifted to yield alouin zone is sampled with a dens&8 k-point mesh. For
value in good agreement with direct theoretical calculationsonvergence tests and dimer calculatiori8>a3) slab with a
and the expected universal prefactor value of about 1-16Xx5 k-point mesh is used, as indicated below. The bottom
THz. We show that interactions modify the scaling of thetwo atomic layers are kept at bulk positions, while the re-
island density with deposition flux, which could be used asmaining layers are allowed to relax until the residual forces
an experimental signature of adsorbate interactions. Then all unconstrained atoms are less than 0.03 eV/A.
magnitude of the indirect interactions do not generally scale Experimentally, the A(L11) surface is found to exhibit a
with the adatom diffusion barrier, which explains why the long-range stacking-fault-domain structure with alternating
allegedly anomalous prefactors have been observed excluegions of fcc and hcp termination and éf( g) surface unit
sively in systems with a weak surface corrugation. We als@ell.”>"2In our calculations, all barriers and binding energies
review the present theoretical view of adsorbate diffusion orare computed for both fcc and hcp termination, and thus both
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TABLE IV. Total energies in meV for the Al/AL11) system. In accordance with experiment$? we find surface-atom
The stacking is labeled “ABCAB” and “ABCAC” for fcc and hep  exchange with the substrate to be energetically favorable
termination, respectively. with an energy gain of 0.67 eV. The Au atom ending up in

the adsorbate layer is bound to the Al atom in the surface
Top layer A B C Bridge layer with a binding energy of about 0.4 eV, which confirms
the experimental observation that single Au atoms are immo-
fee 26 0 129 bile and serve as nucleation sites.
hep 23 0 127 The assumption of dimer stability below 230(Ref. 9 is

not corroborated in the present study; the binding energy at
the fcc-terminated surface is only 0.05 eV, implying an acti-
environments experienced by the diffusing Al atoms are survation temperature for dimer dissociation of less than 100 K.
veyed, save for the actual stacking-fault boundaries. The medium-range adatom-adatom repulsion discussed in
The calculated activation energies and binding energiethe main text exists for this system also: at two surface lattice
are summarized in Table V. The most unexpected result isites separation, the binding energy of the Al dimer on the
that the computed value for the atomic diffusion barrier, 0.13fcc-terminated A@l11) surface is—0.10 eV, which is of the
eV for both fcc and hcp termination, is more than four timessame magnitude as the monomer diffusion barrier. Consider-
larger than the value reported in Ref. 9. Fora3x5 unit  ing the substantial disagreement between the experimentally
cell the barrier is 0.12 eV, implying excellent convergence.deduced and DFT-calculated values of activation energy and
The DFT-computed prefactor for this procg$sc termina-  prefactor for monomer diffusion and the dramatic effect of
tion) is 7x 10" s~ ! [calculated using Eq2) with N=1],  adatom-adatom interaction on the island density, we con-
i.e., quite normal and over nine orders of magnitude largeclude that adsorbate interactions are likely to lie behind ex-

than the experimental value reported in Ref. 9. tremely high island densities in this system as well.
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