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Relevance of nonlocal adatom-adatom interactions in homoepitaxial growth
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~Received 24 February 2003; published 28 May 2003!

The relevance and strength of nonlocal adatom-adatom interactions and their importance for nucleation is
critically discussed. Focusing on homoepitaxial growth on Al~111!, the analysis indicates that the strength of
nonlocal adatom-adatom interactions is overestimated byab initio calculations.
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Adatom-adatom interactions extending beyond
nearest-neighbor site have received considerable experim
tal and theoretical interest during recent years.1–8 Nonlocal
adatom-adatom interactions have long been known in fi
ion microscopy ~FIM!.9,10 For example, the orientation
dependent, oscillatory interaction between Pd and W a
toms on W~110! is strongly repulsive at next-neares
neighbor sites with an energy of about 40 meV, but rapi
decays to amplitudes of a few meV beyond distances of th
nearest neighbors~nn!.10

In recent scanning-tunneling microscopy~STM! experi-
ments, due to the larger field of view and the presence
wider terraces resulting in much better statistics compare
FIM, the adatom-adatom interactions could be determi
even for distances up to 70 Å.1,7 Due to the existence of a
partially filled surface-state band, a weak but long-range
cillatory electronic adatom-adatom interaction exists
Cu~111! and Ag~111! surfaces. At short distances, howev
the nonlocal adatom-adatom interaction is dominated b
rapidly decaying repulsive part, including an elas
contribution.3 Experimentally, the maximum nonloca
adatom-adatom interaction for Cu adatoms on Cu~111! is
found at second nn distances, is repulsive, and amoun
about 15 meV.1 Independent STM experiments essentia
confirmed this picture, finding a lower bound of 13 meV f
the maximum interaction energy.7 Ab initio density-
functional theory~DFT! calculations were performed to in
vestigate the magnitude of adatom-adatom interactions f
number of systems. For Cu/Cu~111!, the maximum repulsive
interaction energy is found for adatoms at second nn s
amounting to 46 meV.3 A binding-energy variation of abou
17 meV is found for Al adatoms on Al~111! due to indirect
interactions.3 For Ag adatoms on strained Ag~111! the maxi-
mum repulsive interaction is found at a distance of ab
four nn and amounts to 50 meV approximately.2

Island density analysis within the nucleation theory is
major tool for the determination of the fundamental para
eters of adatom diffusion: its activation barrierEd,1 and its
attempt frequencyn0,1.11 However, classical theory neglec
nonlocal adatom-adatom interactions and it is thus a ques
of fundamental importance to find out to which extent th
negligence invalidates the usual island density analysis.
key issue of the present paper is to contribute to the solu
of this question.

Kinetic Monte Carlo~kMC! simulations taking into ac-
count the repulsive interactions—calculated according
DFT—result in significant increases of the island densit
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compared to interaction-free systems.2,3,5,6 As an example,
for the Al/Al~111! system these increases range from a fac
of 3 at 25 K~Ref. 3! up to a factor of about 100 at 50 K.5 A
mean-field nucleation theory including the adatom-adat
interactions has been developed and is in good agreem
with the kMC simulations.6 One key finding of the simula-
tions is that the usual island density analysis neglect
adatom-adatom interactions is likely to yield adatom attem
frequenciesn0,1 orders-of-magnitude lower than the expec
tions of transition state theory~TST!,12 which predicts pre-
exponential factors of the order of 1012 Hz.13–15

Is there any experimental evidence for the failure of t
classical mean-field island density analysis due to nonlo
adatom-adatom interactions? To this end, low-temperatur
land density measurements for Cu adatoms on Cu~111!
would be ideal, since the strength and range of the adat
adatom interaction are known experimentally. In the lack
these, we discuss island density measurements and sim
tions for Al adatoms on Al~111!.

Figure 1 displays two different island density measu
ments and two sets of kMC simulations. The experimen
island densities are renormalized to the deposition rateF of
the corresponding simulations in order to allow better co
parison. The renormalization was performed by assumin
relationnx5nx8(F/F8)1/3, which is valid if the island densi-
ties develop according tonx}(F/D)1/3, i.e., assuming a
stable and immobile dimer.16

The first published data set~EXP-I! for Al island densities
on Al~111! ~Ref. 17! is represented by filled circles in Fig. 1
The mean-field island density analysis applied to this d
resulted inEd,15(4264) meV and an extraordinarily sma
attempt frequencyn0,158310660.25 s21. The analysis of
two additional systems by the same group also resulted
unexpected low attempt frequencies.17 These results stimu
lated the hypothesis that the extraordinarily small preex
nential factors obtained for low corrugation potential-ener
surfaces indicate some hidden physics.17 Later on, kMC
simulations, taking into account interaction energies cal
lated by DFT, found enhanced island densities for Al
Al ~111! in the presence of nonlocal adatom-adatom inter
tions compared to the system neglecting these interaction3,5

The results of Ref. 5 including adatom-adatom interactio
~KMC-I ! are displayed in Fig. 1 as open circles. Apparen
the data EXP-I and simulated island densities KMC-I ma
perfectly in the overlapping temperature range. To see
influence of the assumed adatom-adatom interactions,
kMC simulation data without adatom-adatom interactio
©2003 The American Physical Society05-1
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yielding island densities two orders-of-magnitude low
(KMC-I 8) are also reproduced in Fig. 1 as down triangle
The agreement between EXP-I and KMC-I seemed to b
striking confirmation for the relevance of adatom-adatom
teractions in the nucleation theory island density analy
The enhanced island densities due to adatom-adatom in
actions imply an explanation for the extraordinarily sm
n0,158310660.25 s21. This value could be understoo
knowing that n0,1}(1/nx,`)3 in the usual island density
analysis. Herenx,` is the intercept of the linear fit of the
relevant data with they axis. Thus, an enhancement of th
island density by a factor of 100 causes a decrease ofn0,1 by
factor of 106, explaining just the difference between th
measured value 106 and the TST estimate of about 1012 s21.

The filled squares in Fig. 1 display a second experimen
data set~EXP-II! measured by us and published in Ref. 1
Preliminary data belonging to the same experimental se
were published as a comment19 to EXP-I.17 Apparently the
island number densities of EXP-II are one order-o
magnitude lower than those of EXP-I. Renormalizing bo
experimental data sets to the same flux would even incre

FIG. 1. Comparison of the temperature dependence of the
island density on Al~111! derived from different works. Down and
up triangles correspond to island densities computed by kMC si
lations without adatom-adatom interactions in Ref. 5 and Ref. 6
a flux of F50.01 ML/s, andF50.03 ML/s respectively. Open
circles and squares correspond to kMC-computed island dens
with adatom-adatom interactions: open circles are derived fr
Ref. 5 (F50.01 ML/s) and open squares are derived from Ref
(F50.03 ML/s). Filled symbols correspond to experimental da
circles correspond to STM data measured in Ref. 17@F56.2
31024 ML/s# renormalized toF50.01 ML/s for comparison~see
text!, and squares correspond to the experimental data of Ref
@F5(7.260.6)31023 ML/s# renormalized toF50.03 ML/s for
comparison. The dotted line corresponds to an extrapolation of
island density curve represented by filled squares~see text!.
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this difference. The explanation is straightforward: f
EXP-II the deposition rate (F5(7.260.6)31023 ML/s)
was one order-of-magnitude larger and the background p
sure (P55310211 mbar) one order-of-magnitude lowe
than for EXP-I (F56.231024 ML/s, P55310210 mbar).
Both factors thus decrease the rate at which unwanted im
rity atoms adsorb on the surface in EXP-II compared
EXP-I. This difference influences decisively the probabil
of island nucleation by impurities for a system as reactive
Al. Therefore, in our opinion EXP-II is a much better repr
sentation of the island density for a clean homoepitaxial
land density on Al~111!. Thus the agreement between EXP
and KMC-I becomes questionable as support for the
evance of adatom-adatom interactions on Al~111!. We note
here that the rapid decrease of the island density for temp
tures above 200 K in EXP-II is due to the onset of dim
dissociation, as analyzed in detail in Ref. 18. Later, anot
set of kMC simulations for the island density taking in
account adatom-adatom interactions~KMC-II ! was
published6 ~reproduced as open squares in Fig. 1!. An ana-
lytical expression for the interaction potential represent
the elastic contribution calculated by DFT for the Al/Al~111!
system was used in order to compute the interaction ene
The resulting data set KMC-II fits much better to EXP-II
the narrow-temperature range around 75 K where they
most overlap, though the simulated island densities are la
than the experimental ones for low temperatures.

At this point one might stop the discussion with the sta
ment that, after some experimental and calculational se
ments, a reasonable agreement between measured island
sities and those obtained from kMC simulation taki
adatom–adatom interaction into account is achieved. H
ever, we want to extend the discussion a little further and
two questions:~i! Are there any inconsistencies if the sta
dard island density analysis neglecting adatom-adatom in
actions is applied to EXP-II, inconsistencies similar to t
extraordinarily small prefactor resulting from the analysis
EXP-I? ~ii ! Are there any inconsistencies in the assumptio
underlying the kMC simulations?

As discussed in Ref. 18, by assuming a stable immo
dimer the island densities of EXP-II yield an activation ba
rier Ed,15(0.0760.01) eV andn0,1553101160.5 s-1. Thus,
within the limits of error, the prefactor coincides with th
universal TST estimate forn0,15kT/h which amounts to 2
31012 s-1 at 100 K. The activation energy is nearly twice
large as the adatom activation energy of 0.04 eV calcula
by all DFT studies,20–23but in view of the experimental erro
and of the small absolute calculated value, emphasizing
rors of the calculation, the agreement is satisfying. Howev
one has to consider the possible influence of dimer diffus
on the island density. In Ref. 22 an activation energy
dimer diffusionEd,250.13 eV is found by using DFT with
both the local-density approximation~LDA ! and generalized
gradient approximation for the exchange-correlation fu
tional, while in Ref. 23 a value ofEd,250.08 eV results by
using DFT with the LDA. Based on these two calculat
values and assuming the TST estimaten0,25kT/h, dimers
reach a jump frequency of 1 s-1 at temperatures between 3
and 54 K. In order to influence island formation, dimers ne
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not only to be mobile, but also to be able to reach sta
nuclei at a rate comparable to or faster than the rate at w
dimers combine with single atoms. According to Villa
et al.16 this condition prevails if the jump ratesn1 and n2
for adatoms and dimers, respectively, satisfy the requirem
n2

3/n1
2.F. By using the calculated energy barrier f

monomer diffusionEtd,150.04 eV and a value in the rang
Ed,250.08-0.13 eV for dimer diffusion, the temperature
which dimer diffusion becomes relevant for island formati
is within the range 57–108 K. On the basis of the expe
mental data it is not possible to unambiguously distingu
scaling regimes without and with dimer diffusion@as it is
possible for Pt on Pt~111! or Ir on Ir~111! ~Ref. 18!#. There-
fore, besides the no-dimer-mobility scenario discus
above, we consider here two additional scenarios. First
assume dimer mobility to be irrelevant below 100 K a
relevant above 130 K, establishing its own scaling behav
We then obtainEd,150.06 eV, Ed,250.09 eV, andn0,158
31010 s-1. Second we assume the entire measurement be
200 K to be located within the dimer diffusion regime a
choose, for lack of better knowledge, the theoretical va
Ed,150.04 eV to be the correct adatom diffusion barri
Then Ed,250.08 eV andn0,1523109 s-1 is obtained. The
latter has been deduced by assuming a slope consistent
Ed,150.04 eV, as indicated by the dotted line in Fig. 1. A
parently, the quality of the data and the lack of island den
data at temperatures below 60 K prevent unambiguous
clusions. Nevertheless, the resulting activation energies a
reasonably well with the available DFT calculations and
possible attempt frequencies, which range from 23109 s-1 to
531011 s-1, do not indicate adatom-adatom interactions
the strength assumed in KMC-I and KMC-II. If present at a
adatom-adatom interactions might have caused an increa
island density by a factor of 10. An island density enhan
ment by a factor of 100 appears to be inconsistent with
lower-bound estimate of the apparent prefactor of
3109 s-1. We believe that the island density enhancemen
even lower~see below!.

Next we ask for inconsistencies within the assumptio
underlying the simulations. A first point of concern is th
negligence of dimer diffusion in the simulations. This is on
justified if the upper value calculated by DFT,Ed,2
50.13 eV,22 is in fact correct~which, if valid, forces to as-
sumen0,1'1011 s-1 from the island density analysis!. Sec-
ond, it must be considered that the DFT calculations mi
overestimate the strength of the adatom-adatom interacti
Indeed, for Cu adatoms on Cu~111! the experimental value
of 13 meV and 15 meV~Refs. 1 and 7! for the maximum
repulsive strength of the adatom-adatom interactions do
compare favorably with the corresponding DFT result of
meV.3 The directness and independence of the experime
measurements leave little doubt that DFT fails this time a
overestimates the strength of the adatom-adatom interac
19340
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by more than a factor of 3. There is no reason to rule ou
similar overestimation of the adatom-adatom interaction
DFT for Al adatoms on Al~111!, which could explain the
difference between the kMC-computed and experimenta
land densities.

Due to their generic origin, the short-range repulsi
adatom-adatom interactions should be relevant also for o
metallic, homoepitaxial systems. In order to obtain an e
mate for their possible strength and their effect on the va
ity of the standard island density analysis, it is useful
briefly consider experimental results for Ir/Ir~111! and Pt/
Pt~111!. For these two systemsEd,1 , Ed,2 , andn0,1 obtained
from the standard island density analysis neglecting adat
adatom interactions match perfectly with the correspond
results from field-ion microscopy.18 By field-ion microscopy
the quantities were derived through direct observation of
mean-square displacement of single adatoms and dim
thus ruling outa priori the influence of adatom-adatom in
teractions. The agreement of the two methods is so tight
within the limits of error there is no space for the relevan
of adatom-adatom interactions. The values forEd,1 agree
within 10 meV or less and the attempt frequenciesn0,1 within
a factor of 4 or less. The deviation in the attempt frequen
by a factor of 4 allows thus at most for island density e
hancement by a factor of 1.6 due to adatom-adatom inte
tions, and not 100 as proposed for Al/Al~111!. It would thus
be a good test for the reliability, with which the strength a
consequences of adatom-adatom interactions for isl
nucleation can be predicted, to perform kMC simulatio
with DFT values as an input for one of the two experimen
cornerstone systems. The scaling of the Al~111! island den-
sities with those of Ir~111! and Pt~111! ~Ref. 18! makes the
relevance of the adatom-adatom interactions for Al~111!
even less likely.

In conclusion, from the analysis of Al island densities
Al ~111! and the arguments presented above, it seems lik
that the effect of nonlocal adatom-adatom interactions
nucleation is weaker than currently assumed on the bas
kMC simulations with DFT values as an input. Presen
two pathways might be choosen to clarify the role
adatom-adatom interactions in nucleation. First, lo
temperature island density measurements for Cu island
Cu~111! are desirable, the only homoepitaxial system
which the strength and range of these interactions are kno
Second, measurements and calculations for the strengt
adatom-adatom interactions for Ir/Ir~111! or Pt/Pt~111! are
desirable, systems for which their effect on nucleation
pears to be negligible.

The authors acknowledge support by the Deutsche F
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