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Measuring surface diffusion from nucleation island densities
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We present a critical view of the analysis of experimental island densities acquired as a function of tem-
perature in terms of barriers and prefactors for tracer diffusion at surfaces. We investigate the achievable
precision for methods ranging from simple application of scaling laws, via integration of mean-field rate
equations within various approximations for the capture rates, to kinetic Monte Carlo simulations that account
for the various island shapes realized on square and hexagonal lattices. The discussion of theoretical models
will be accompanied by variable temperature STM data for the nucleation of Ag on a Pt~111! surface. We
introduce experimental methods to test for dimer diffusion and dissociation, as well as for transient mobility of
monomers. Density scaling is analyzed in the presence of post-deposition mobility and easy adatom attachment
to islands and other monomers. From extended kinetic Monte Carlo simulations we establish density scaling
for the various island shapes on square and hexagonal lattices for coverages up to percolation, which is
particularly relevant for methods working in reciprocal space.@S0163-1829~99!01231-X#
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I. INTRODUCTION

Surface migration of single adatoms is one of the m
fundamental processes in epitaxial growth and hetero
neous catalysis. In molecular-beam epitaxy it determi
whether there is nucleation of islands on substrate terrace
step flow growth. In heterogeneous catalysis, surface di
sion of reactants often is the rate limiting process. Pred
tions on the growth mode and understanding of growth m
nipulation, e.g., by surfactants, as well as a fundame
understanding of the kinetics of surface chemical reactio
necessitate quantification of the surface diffusion coeffici
D. Precise experimental values of activation barriers for s
face diffusion are also needed as benchmarks for theore
calculations.

One distinguishes thecollective diffusion coefficient~also
Fickian or chemical diffusion coefficient! of an ensemble of
mutually interacting particles from thetracer diffusion coef-
ficient ~also intrinsic diffusion coefficient! describing the
mean square displacement of one isolated random walke
unit time. The first type of diffusion is commonly measur
by the decay of concentration profiles or by looking at de
sity fluctuations of a lattice gas caused by thermal motion
the interacting particles.1 We focus on the second type o
diffusion. For refractory metals, tracer diffusion has tra
tionally been studied by means of field ion microsco
~FIM! where the migration of single atoms~or clusters!, ad-
sorbed on single-crystal facets of the FIM tip, can be tra
at low temperatures.2–4 Tracer diffusion has also been fo
lowed by means of direct inspection with scanning tunnel
microscopy ~STM!.5–9 When quantifying diffusion rates
from direct STM inspection of diffusing particles, one has
worry about possible tip-sample interactions, which mig
yield apparent diffusion barriers that are systematica
reduced.5,8,10 For systems with large barriers, the tip influ
ence can be suppressed by going to large gap widths.9 How-
ever, for systems with small diffusion barriersin situ STM
observations of diffusion might be perturbed, even by v
small tip-sample interactions. Therefore, alternative meth
PRB 600163-1829/99/60~8!/5991~16!/$15.00
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to quantify diffusion are highly appreciated.
Vapor phase epitaxy is characterized by tracer diffusi

since for typical growth rates the density of diffusing mon
mers n1 is rather small~for D/F.105, with F being the
deposition rate,n1!1023 ML). Therefore, an alternative
way to quantify tracer diffusion is to measure island densit
that form during deposition onto a single-crystal surface a
function of temperature and deposition rate. The activat
energyEm , and attempt frequencyn0, for surface diffusion
are then commonly extracted by comparison of measu
island densities with those predicted by mean-field nuc
ation theory.11,12 This nucleation methodexperienced a re-
vival when densities for monolayer high, two-dimension
islands became accessible in real space by STM.13–15 Apart
from diffusion studies on isotropic substrates, the nucleat
method was applied to study the effect of~homogeneous!
strain on surface diffusion,16 to explore diffusion on in-
homogeneous substrates with dislocations,17–19 it even per-
mits diffusion studies in the presence of point defects, s
as surfactants. Extensions of STM to variable~low! tem-
peratures20–22 provide the basis on which to study any sy
tem in the irreversible growth regime where dimers a
stable. These low temperature data can be analyzed in te
of a critical nucleus sizei 51, for which the only free pa-
rameters are
the barrier,Em and the attempt frequency,n0 of surface
diffusion.

Island densities are also accessible to integrating sur
science techniques. They can be inferred for instance f
diffraction scans under out of phase conditions in therm
helium atom scattering,23 and high-resolution low-energy
electron diffraction.24 Since integrating techniques avera
over large areas, they facilitate acquisition of statistically s
nificant numbers. However, step effects cannot be discer
which is not a problem for samples with large terraces,
more importantly, assumptions on the island distance
size distributions enter into the interpretation of diffractio
scans as number densities.23,24 The side bands in diffracted
intensities reflect themost probableisland distance, wherea
5991 ©1999 The American Physical Society
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the island densitynx is correlated with themeanisland dis-
tance. Moreover, a single diffraction scan only reports a o
dimensional projection of island distances. A careful analy
of diffraction spot profiles, however, can yield the true isla
densities in real space.25,26 However, diffraction techniques
require usually coverages above the onset of satura
where coalescence becomes important. Coalescence e
on density scaling are quite different for various isla
shapes.

In the present paper, we discuss the measurement o
surface diffusion coefficient by direct comparison of expe
mental observations of low-temperature, irreversible isla
growth with scaling theory, kinetic Monte Carlo~KMC!
simulations that account for the lattice and island symme
and results obtained from integrating mean-field rate eq
tions within various approximations for the capture numbe
As an experimental example we will analyze Ag/Pt~111!.
Emphasis will be placed on the precision to whichEm andn0
can be determined from experimental island densities u
applying the various theoretical calculations. Evidently,
precision can be increased in investigating the largest p
sible temperature window. To the high temperature end,
is limited by dimer instability and/or diffusion. Towards low
temperatures (D/F,105) there is no intrinsic limitation,
apart from the analysis becoming complicated, since de
such as attachment to islands, transient mobility of conde
ing atoms, and post deposition mobility begin to play a ro
We will show how to test for these effects experimenta
and how to account for them in the analysis. Since me
field nucleation theory has difficulties in accounting for
land correlations, it fails to give a quantitative description
coalescence~and island-size distributions!. Coalescence ef
fects are therefore studied by means of KMC for the relev
island shapes appearing in metal growth on isotropic s
strates.

The outline of the paper is as follows. We first prese
various experimental methods to determine the critical c
ter sizei and to test for dimer diffusion. Experimental sat
ration island densities for Ag/Pt~111! ~at u50.12 ML! are
then analyzed in comparison with the scaling law fro
nucleation theory, self-consistent mean-field rate theo
mean-field rate theory applying various approximations
the capture rates, and KMC simulations. We show tha
straightforward scaling analysis, in terms of slope and in
cept of the Arrhenius plot of saturation island densities
only valid if nucleation entirely takes placeduring deposi-
tion. This condition is fulfilled forD/F.105, which limits
the precision to which migration barriers can be extrac
from island densities by application of scaling laws. F
D/F,105 we find strong deviations from scaling due
post-deposition mobility of monomers. Rate equations a
KMC simulations permit the analysis of island densities a
in this regime. For our experimental example of Ag/Pt~111!
this enables one to address a range ofD/F of 10 orders of
magnitude, which significantly increases the precision
which Em and n0 can be determined. Then, the effect
island shapes is addressed by comparing KMC simulat
on square and hexagonal lattices performed with vari
choices for diffusion of adatoms around the island edg
With these simulations we investigate coalescence and q
tify density scaling for diffusion limited aggregation~DLA !,
-
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dendritic, and compact islands and coverages up to the
colation threshold.

II. CRITICAL CLUSTER SIZE

Classical mean-field nucleation theory11,27–29 gives the
following expression for the saturated number density
stable islandsnx for the case of complete condensation a
two-dimensional~2D! islands:

nx.h~u,i !S D

F D 2x

expF Ei

~ i 12!kTG , ~1!

where the scaling exponentx5 i /( i 12) i denotes the critical
cluster size, andEi its binding energy (E150). Critical clus-
ters turn into stable ones upon incorporation of one ex
atom. Stable refers to growing more rapidly than decaying
the course of deposition. Accordingly, in thermodynam
terms, the critical cluster sizei is where the Gibbs free en
ergy as a function of cluster size has its maximum. In nuc
ation theory,i has been obtained self-consistently throu
minimization ofnx within a pair binding model forEi .12

The application of Eq.~1! for the measurement of activa
tion barriers requires a range of growth conditions in wh
the critical size remains constant. In practice, this only
curs for low temperatures wheni, which depends on the
surface symmetry, is small.30–32 Values ofi 51 or 2 are ex-
pected for hexagonal surfaces andi 51, 3, or 8~Ref. 33! for
surfaces with square symmetry. For larger temperatures
nonequilibrium critical size changes continuously wi
growth conditions~including coverage! and the utility of Eq.
~1! is diminished.

MeasuringD is most convenient when dimers are stab
so that i 51 and Eq.~1! reduces tonx5h(u,1)(D/F)21/3.
Without additional fit parameters, as, e.g., cluster bind
energiesEi , this gives direct access toEm andn0 for surface
migration of single adatoms via the slope and intercept o
line fit to the experimental island densities represented in
Arrhenius plot. We will analyze below the accuracy and t
extent to which this approach is applicable~see Sec. III!. For
example, there are corrections to the precise value of
exponentx when the islands are ramified34 and a small loga-
rithmic correction to the dependence onD/F is needed to
correctly account for the adatom collision rate.11,29However,
before proceeding, one must first verify experimentally
which temperature and flux range the dimers are stable
the current section various ways to test whetheri 51 are
discussed.

A. Dimer stability

A direct way to test whetheri 51 is to measure the tem
perature threshold for the onset of Ostwald ripening fo
population of very small islands containing mostly dimers.
high abundance of such small islands is created by dep
tion of ;0.1 ML at low temperature such thatD/F,103.
Under these conditions, monomers reach each other onlyaf-
ter deposition leading to a high density of small island
mostly dimers and trimers as well as very few larger islan
The same result is obtained when depositing at temperat
where diffusion is entirely frozen, followed by a gentle a
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PRB 60 5993MEASURING SURFACE DIFFUSION FROM NUCLEATION . . .
nealing to activate diffusion. The mean island size expec
from integrating rate equations for both cases is abou
atoms,35 in agreement with experiments on square35 and hex-
agonal lattices@see Fig. 1 for Ag/Pt~111!#. Although the
mean island size is three, the population contains a subs
tial fraction ~;40%! of dimers–the stability of which is the
subject of our interest.

To investigate the dimer stability and to derive estima
on its dissociation barrierEdiss, the densitynx of these small
islands, respectively, their average sizen5u/nx , is moni-
tored by STM as a function of annealing temperature. In
experiment represented in Fig. 1 the surface was anneale
thirty minutes and than imaged before annealing at the n
higher temperature. One generally observes that the ave
island sizen stays constant, until it suddenly increases a
well-defined threshold temperature. In the temperature
gime of constantn the most fragile objects in the populatio
namely the dimers, must neither dissociate nor diffuse.
increase in island size upon annealing beyond the thres
temperature marks the onset of dimer diffusion and/or dis
ciation. In the course of further annealing also islands lar
than dimers become unstable. This leads to coarsening d
more rapid diffusion and/or dissociation of smaller islan
that hence disappear to the expense of large ones. The c
ening is called 2D Ostwald ripening if dissociation is
cause.

In Fig. 1 there is an abrupt transition from the regime
constant island size to the onset of Ostwald ripening loca
at 100 K. From this threshold temperature and the emplo
annealing period an estimate ofEdiss5Em1Eb5320
620 meV for the barrier to dissociate a Ag dimer o
Pt~111! can be inferred~under the assumption of equal pr
factors for dissociation and diffusion!. With Em5168
65 meV ~see below!, the dimer bond energy evaluates
Eb5150620 meV. The value ofEdiss implies that on the
much shorter time scale of deposition~100 s for 0.1 ML!, the
Ag dimer is stable and immobile up to;110 K. Dimer in-

FIG. 1. Investigation of dimer stability and 2D Ostwald ripenin
for Ag/Pt~111! through observation of the mean island sizen with
annealing temperature by means of STM. The island size s
constant until it reveals an exponential increase atT.100 K, the
onset of which is attributed to dimer dissociation. The initial dist
bution of small islands was produced by deposition of 0.1 ML
onto Pt~111! at 50 K.
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stability should begin to affect island densities at;120 K,
where the lifetime of a dimer is only about one second.

B. Dimer mobility

In addition to the dimer stability issue, it is important fo
nucleation studies to know when and how dimer diffusion,
more generally, cluster diffusion affects island densiti
This subject has been treated in Refs. 11, 29, 36 and 37
mentioned above, the onset temperature for coarsenin
small islands serves to exclude both, dimer instabilityand
diffusion, and thus the temperature and flux regime of ir
versible growth (i 51) and immobile clusters is unambigu
ously identified. If such information is missing, however, o
needs to know whether at all, and if yes, when dimer dif
sion affectsi 51 density scaling.

In the majority of systems investigated so far there was
influence of dimer diffusion andi 51 density scaling per-
sisted until termination by a transition toi>2 through dimer
dissociation.37 Despite this observation, dimers may start
diffuse well below the threshold temperature for the
dissociation.46,38Therefore, dimer diffusion may well happe
in the i 51 regime, however, without perturbing the scalin
law Eq. ~1!.6,13 In simulations, on the other hand, one c
produce a dimer diffusion regime with different scaling law
located between thei 51 and thei 52 regime.36

There are two reasons why this intermediate regime is
observed in many experimental systems:~i! the energy bar-
rier for dissociation of dimers is often close to that of dim
translation, and~ii ! cluster dissociation has an intrinsical
greater effect on island densities than cluster diffusion. O
can estimate which conditions must be met for that dim
diffusion perturbs density scaling before dimer dissociat
does, based on the following results that were derived fr
mean-field theory29 and that have been verified in simu
lations.37

~i! The scaling of island densities becomes only affec
by dimer diffusion if n2.ndiss/nx , wheren2 is the dimer
diffusion rate andndiss its dissociation rate.

~ii ! The threshold temperature or fluxF, where dimer dif-
fusion starts to reduce the island density below the va
caused by pure monomer migration is given byn2

3/n1
2@F,

wheren1 denotes the monomer hopping rate.
Conditions~i! and~ii ! must both be met in order for dime

diffusion to affect nucleation island densities. Sincenx is
typically of the order of 1023 or smaller,~i! requires consid-
erably smaller barriers for dimer diffusion than for dim
dissociation,Ediss2E2.3 ln10 kT. At the same time,~ii !
requires E2 being rather close toEm , E2,5 ln10 kT
12/3Em for typical values of F51023 s21 and n0
51012 s21. ~We assumed similar prefactors for all thre
processes.!

For Ag/Pt~111! we have estimatedEdiss above,Em will
be determined below, and forE2 we can estimate from the
annealing experiments thatE2>Ediss, therefore~i! and ~ii !
are not met and this system will have itsi 51 regime termi-
nated towards high temperatures by dimer dissociation.
distinguished systems such as Pt/Pt~111!, there are FIM re-
sults that quantifyn1(T) andn2(T) thus enabling predictions
on the temperature and flux range in which dimer diffusi
starts to play a role.38 Typically, however, if one sets out to

ys
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5994 PRB 60BRUNE, BALES, JACOBSEN, BORAGNO, AND KERN
measureEm , E2 andEdiss are also unknown, thus hampe
ing estimates with conditions~i! and ~ii !. Therefore we
briefly discuss general trends of dimer diffusion on squ
and hexagonal lattices that permit one to estimateE2 vs Em .

On surfaces with square symmetry monomer diffus
can take place by exchange.39,40 For such systems, dime
diffusion may have a lower activation energy than monom
diffusion,41,42and if dimers are stable entities, their diffusio
will largely influence island densities. On the other hand,
square surfaces with ordinary hopping diffusion,43 the barrier
for dimer diffusion is significantly larger than fo
monomers,44 thus violating condition~ii !. Consequently,
nucleation experiments on square surfaces with hopping
fusion show a regulari 51 behavior without any signature o
dimer diffusion.35,45

On hexagonal lattices, dimers may spin around their c
ter with a barrier comparable toEm .46,47 However, since
there is no net translation associated with this intracell ro
tion it does not affect density scaling. In contrast to th
‘‘easy’’ rotation, a center-of-mass translation of dimers
typically associated with much higher barriers than monom
diffusion, as indicated by experiment38,46 and theory.42,47

These general trends suggest that for metal-on-metal
tems cluster diffusion does not affect density scaling
square lattices with exchange diffusion are possible ca
dates for an exception. However, care has to be taken
these trends since often so-called chemical differences
good for surprises. Therefore, we emphasize the value
simple annealing experiments as described in the prev
subsection to experimentally exclude dimer mobility.

C. Scaling of island sizes

The dimer annealing experiment discussed above~cf.
Fig. 1! establishes thei 51 temperature range without em
ploying nucleation or scaling theory. Therefore, it suppl
information that serves to test predictions from these th
ries. One of the predictions of Eq.~1! is the flux dependence
nx}Fx with x51/3 for i 51. For Ag/Pt~111! we findx50.32
60.05 by a flux series performed at 90 K (431025<F<8
31023 ML/s). This result confirms the theoretical scalin
exponent; however, the error margin is too large to exp
mentally pin down the precise value ofx, which is needed
for the precise analysis ofnx(T) in terms ofD(T). The con-
siderable error margin is due to the weak influence of
flux on island density often being close to statistical erro
Apart from on exception wherex could be determined
by experiment with sufficient precision~x50.3260.01,
see Ref. 35! precise quantification of the exponent in Eq.~1!
is most conveniently done from kinetic Monte Car
simulations34,48,49allowing for as much statistics as comput
time permits~see below!. Despite the experimental difficul
ties in acquiring the flux dependence ofnx , it bears valuable
information as it enables one a clear distinction of the criti
cluster sizes in the various regimes ofT andF ~see Ref. 35!
and to determine the dimensionality of diffusion for the a
isotropic case.50,51

From scaling theories it is predicted that island-size d
tributions, when scaled properly, all fall onto commo
curves that only depend oni.30,32,51–54Figure 2 shows these
curves obtained empirically fori 51, 2, and 3.32 The most
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pronounced difference between the theoretical curves is
height of the maxima and the peak width. The former
creases withi, the latter decreases due to conservation of
total area under the curve. The experimental island sizes
tained for Ag/Pt~111! at 80 and 95 K fall into a common
distribution that agrees well with the theoretical curve foi
51. This is in accordance with the experimental result
dimers being stable at these temperatures derived above

Island-size distributions are sensitive indicators for dim
and, in general, cluster mobility.37,55,56 They become sig-
nificantly sharper through cluster motion. This change
the size distributions appears very early, already bef
dimer diffusion could alter the density. In that sens
the experimental size distributions in Fig. 2 also serve
exclude dimer mobility for Ag/Pt~111! at 80 and 95 K. They
have a full widths at half maximum of 0.55, which is th
predicted value for ordinaryi 51 nucleation without cluster
motion, in agreement with the coarsening experiment
scribed above.

III. ANALYSIS OF ISLAND DENSITIES

In the following, we discuss several methods to analy
temperature-dependent island densitiesnx(T) acquired in the
i 51 regime in terms ofEm andn0 of surface diffusion. the
discussion is in order of increasing precision, but also co
plexity.

A. Scaling theory

The simplest and most widely used approach is to ap
Eq. ~1! to the linear part in the Arrhenius plot ofnx , where
dimers are stable (i 51), and extract the migration barrie
and the attempt frequency from the slope of the linear reg
sion to the data and its intersection with the ordinate. As
will see in detail below, thei 51 regime obeys linear densit
scaling to a good approximation only down toD/F51
3105. Towards lower temperatures, or larger deposit

FIG. 2. Scaled island-size distributions extracted from a se
of STM images obtained after deposition of 0.12 ML Ag on
Pt~111! at 80 K and 95 K in comparison with theoretical curv
from Amar and Family~Ref. 32!.
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PRB 60 5995MEASURING SURFACE DIFFUSION FROM NUCLEATION . . .
rates, nucleation no longer entirely takes place during de
sition, which is the condition under which Eq.~1! was de-
rived.

Measured saturation island densities (u50.12 ML) for
our example of Ag/Pt~111! are shown in Fig. 3. The Arrhen
ius plot shows two roughly linear regimes labeledi 51 and
i 52. In agreement with the dimer bond energy inferr
above from the onset of Ostwald ripening, the transition
tween the two is located at 110 K. Taking the STM data
the part of thei 51 regime to which Eq.~1! can be applied,
one obtainsEm5170615 meV andn05331013.060.8 s21

~see line fit and shaded error region in Fig. 3!. To extract the
attempt frequency from the intercept, the proportionality fa
tor in Eq. ~1! was set toh(u50.12 ML, i 51)50.25; this
value has been given by Venables~see curve fori 51 in Fig.
6c of Ref. 27!; it is confirmed by our self-consistent analys
and KMC simulations—see below. Notice, however, th
care must be taken when selecting the data attributed to
linear regime. From Fig. 3 it is not at all obvious that the la
two data points at 70 and 65 K fall beyond the applicabil
range of Eq.~1!. We obtained a slightly lower barrier o
Em5157610 meV (n05531013.060.7 s21) when we for-
merly analyzed the data down to 65 K with a linear
(D/F523103) ~see Ref. 15!.

The dashed line fori 52 shows the expected slope fro
the above values forEb andEm upon application of Eq.~1!.
It describes well the island densities found forT.110 K.
However, these densities are rather small and therefore
ject to larger statistical and systematic errors. The latter
caused by the presence of steps which act as heterogen
sinks for diffusing monomers competing with homogeneo
nucleation on terraces.57–59

B. Rate theory

Another common approach by which to analyze expe
mental island densities is to integrate rate equations of nu

FIG. 3. Arrhenius plot of saturation island densities measure
u50.12 ML for Ag/Pt~111!. A linear fit in that part of the fori
51 regime, where Eq.~1! is a good approximation (D/F>105),
yields a first estimate ofEm andn0. The dashed line fori 52 shows
the slope expected from a dimer bond energy ofEb5150
620 meV, as derived from the onset of dimer dissociation
Fig. 1.
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ation within certain approximations for the capture numb
s.15,8 This method overcomes several restrictions of scal
theory. Rate theory enables one to account for po
deposition mobility and therefore to analyze experimen
data also beyondD/F5105. The wider range ofD/F acces-
sible, in particular its extension towards lower temperatur
considerably improves the precision with which paramet
of diffusion can be extracted. Furthermore, analysis with r
theory opens up the investigation of densities taken at
coverage within and below the ‘‘saturation’’ regime, where
the scaling law expressed in Eq.~1! is strictly valid only for
the maximum island densities attained during depositi
The coverage where this maximum is located can vary w
D/F and also with island shape. Therefore the scaling
densities acquired at fixed coverage can slightly differ fro
Eq. ~1!. In this subsection we will investigate this variatio
and the strength and weakness of several classical app
mations for the capture numbers in comparison to s
consistent solutions.34

The rate equations for monomers and stable islands
for the case of metal epitaxy at low temperatures, i.e., dim
being stable and immobile, no re-evaporation~complete con-
densation! and 2D islands@compare Eqs.~2.3!, ~2.5!, ~2.6!,
and ~2.8! in Ref. 27#:

dn1

dt
5F22s1Dn1

22sxDn1nx2kxF~Ft2n1!22k1Fn1

~2!

dnx

dt
5s1Dn1

21k1Fn1 . ~3!

The terms on the right-hand side of Eq.~2! denote the
increase of monomer density due to deposition with fluxF,
its decrease due to the encounter of two diffusing atoms
der creation of a dimer – associated with the disappeara
of two atoms, the decrease occurring when a monome
captured by a stable island. The last two terms denote
decrease ofn1 caused by direct impingement onto (k15kx
51), or into the immediate vicinity of~expressed byk1,
kx.1), stable islands and monomers. For typical values ok
these direct impingement terms are small with respect to
first three terms in Eq.~2!. In Eq. ~3! the terms on the right-
hand side account for the increase of stable island densitnx
due to creation of dimers, first when two monomers meet
diffusion, and second upon direct deposition onto an adat
For sake of comparison with the self-consistent analy
above, coalescence is neglected in Eq.~3!; incorporation
would add a further term of the form22nx(F2dn1 /dt).27

The capture numbers in Eqs.~2! and ~3! describe the ca-
pability of islands or monomers to capture diffusing ad
toms, i.e., they determine the island growth rate. They
proportional to the gradient of the monomer concentrat
]n1(r ,t)/]r at the island edge, to the island radius, and
versely proportional to the mean monomer densityn1 ap-
pearing in the rate equations. The capture numbers, th
fore, generally imply the solution of a two-dimension
diffusion problem involving spatial correlations between
lands. Approximate solutions to this problem were sugges
and discussed long ago.11 There are basically two approxi
mations for the diffusive loss of monomers towards islan
The first one assumes that the islands are placed o
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periodic lattice. Since islands nucleated on a homogene
substrate are randomly distributed, this so-called lat
approximation11,61 overestimates island correlations and th
represents an upper bound tos. The second approximation i
the uniform depletion approximation representing a low
bound tos.11 The uniform depletion approximation has be
solved selfconsistently for all cluster sizes, and perfect ag
ment of the density scaling with KMC simulations has be
demonstrated.34 These self-consistent solutions are the m
accurate approximations of the capture numbers to d
Nevertheless, a comparison to the classical approximatio
worthwhile since they significantly reduce the calculation
effort.

In Fig. 4 and Table I, we compare the density scal
obtained with the various approximations fors, to the scal-
ing law Eq.~1! with x51/3 andh50.25 for a fixed coverage
of 0.12 ML. We mention already at that point that there is
small island shape effect on the scaling exponent. We
from the KMC simulations to be discussed below that co
pact islands have a scaling exponent;5% below the classi-
cal one, whereas diffusion-limited aggregation~DLA ! clus-

FIG. 4. Results from integrating rate Eqs.~2! and ~3! within
various approximations to the capture numberss1 and sx up to
u50.12 ML. The approximations are compared to the scaling
Eq. ~1! ~h50.25, x51/3! and to the self-consistent solutions fo
compact islands reported in Ref. 34. Fractal sigma stands for
geometric concept applied to fractal islands. In all cases coa
cence has been neglected.

TABLE I. Prefactorsh and slopesx in Eq. ~1! for u50.12
and i 51 obtained from linear regression to mean-field calcu
tions within several approximations fors ~see also data displayed i
Fig. 4!.

approximation h 33x

Eq. ~1! 0.250 1.000
Fractal sigma 0.9960.08 1.3060.01
s153, sx57 0.2560.01 0.98160.003
s153, sx latt. appr. 0.2260.01 0.95160.006
Self-consistent compact 0.2760.02 0.9960.01
s1 from Ref. 34,
sx lattice approximation

0.3060.01 1.02560.002

Self-consistent fractal 0.2760.01 1.02760.006
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ters have a by;2% larger scaling exponent. Therefore, t
goal of the capture numbers is not to exactly reproduce
classical scaling exponent of1

3 but rather to give the correc
exponents for the respective island shape.

One of the approaches tos that was pointed out in the
early literature is the geometric concept.60 In this concept the
2D diffusion equation is not solved and capture rates
interpreted as capture cross sections and therefore set pr
tional to the island perimeter seen by the approaching mo
mers. When applied to fractal islands, this yieldssx52
1x1/1.7, with x being the island size in atoms; the constant
2 accounts for atoms diffusing towards sites adjacent to
island perimeter.15 It is seen from Fig. 4 and Table I that th
geometric concept is inconsistent, since it yields a sign
cantly larger slope in the Arrhenius representation of the
land densities than that expected from Eq.~1!. The inconsis-
tency comes from disregarding the diffusion field towar
the islands, which is driven by the gradient in the monom
concentration.

An alternative approximation, being even simpler wh
yielding much better results, is to assume constant cap
rates.61 This assumption is based on the fact that more
phisticated approximations for the capture rates show
these do not change very much in the coverage range clo
saturation@see, e.g., Fig. 2~a! of Ref. 11#. Therefore, constan
capture rates can be chosen such that they match Eq.~1! for
a small range of saturation coverages. From Fig. 4 and T
I it is seen thats153 andsx57 work very well foru50.12
ML. The slope is by 2% below that produced by the classi
scaling exponent. Also, the absolute number densities c
out exactly as predicted from classical scaling theory~seeh
value in Table I!. However, constant capture rates do n
give the correct coverage dependence ofnx , as the real cap-
ture rates vary considerably from the beginning of deposit
up to saturation. The constants used above are only adeq
for reproducing the density at 0.12 monolayers, since c
stant rate coefficients predict that the island density will
crease asu1/2 instead of saturating.

Approaches that work for all coverages up to saturat
are those where the 2D diffusion equation is solved. Num
cally integrating the rate equations within the lattice appro
mation yields a slope which is 5% below the classical ex
nent of x51

3 ~see Table I! and therefore well suited fo
compact islands.~For simplicity s1 was assumed to be con
stant, the value ofs153 was chosen sinces1 varies from 2
to 4 in the coverage range of 1023 to 1021 ML.11! Table I
shows that the larger scaling exponent of fractal islands
be obtained in the lattice approximation when using the
pression proposed by Bales and Chrzan fors1.34

For the self-consistent solutions expressions have b
derived for compact and fractal islands.34 The calculation for
fractal islands is seen from Table I to yield the appropri
exponent, whereas the compact island exponent comes
slightly too large compared to our KMC results.

The comparison in Fig. 4 and Table I shows that the l
tice approximation and the self-consistent solutions yield
sults that are consistent with each other within a small e
margin of61% for fractal islands, and of62% for compact
islands. Unknown island shape, as e.g., present in diffrac
experiments, is a source of systematic errors of64%. The
precision of absolute number densities, i.e., ofh, is in the
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range of610% enabling determination ofn0 within 630%.
This absolute precision is sufficient since often unknown
tails as attachment to islands may change absolute num
densities within that range. The good agreement inx andh
makes both the lattice and the uniform depletion approxim
tion suitable for comparison to experimental island densi
for coverages up to saturation. On the other hand, a se
constant capture rates reproduces the correct slope and
cept only for a single coverage, and the geometric conc
yields to systematic errors.

The influence of the island shape can also be accou
for by using Eq.~1! with the exponents and prefactors give
for the respective cases in Table I. This procedure yie
sufficient precision; however, it is only valid aroundu50.12
ML. For coverages below and slightly above, the rate eq
tions have to be integrated, which is a straightforward tas
the lattice approximation.62 The precision of the analysis o
island densities in terms of diffusion parameters within r
theory can reach61% when the approximations used for th
capture rates are adapted to the island shape.

IV. LOW-TEMPERATURE EFFECTS

In addition to the analysis ofi 51 island densities for
D/F.105 in terms ofEm andn0, supplementary information
can be inferred from island densities obtained at very l
temperatures (D/F!105). As mentioned above, the prec
sion of diffusion parameters can be increased significantly
analyzing densities over a larger range ofD/F, but also de-
tails such as attachment to islands and transient mobility p
an increasing role for smallD/F. This is an advantage and
drawback at the same time. It opens up the study of th
effects, but it also requires additional experimental inform
tion to separate them out.

A. Post-deposition mobility and attachment to islands

The Arrhenius plot of island densities for Ag/Pt~111!
down to D/F51021 (T550 K) is shown in Fig. 5. From
the experimental data it is seen that there is a linear reg
for temperatures fromD/F543108 down to aboutD/F
513105, followed by a downward bending of the islan
densities measured for lower temperatures. The linear reg
reflects the power law expressed in Eq.~1!. The downward
bending to lower island densities is due to the fact that
lower temperatures, or higher deposition rates, diffusion
comes slow with respect to the incoming flux of adatoms.
a consequence, only a fraction of the deposited adatoms
ate nuclei or attach to islandsduring the course ofdeposition
and a considerable monomer density is leftafter deposition
has been terminated. Rapid cooling would preserve thes
maining monomers and they would become detectable,
example in STM topographs or in the reflected He intens
Usually, however, the surface is examined at deposition t
perature, and—particularly in the case of STM—also so
time after deposition. Therefore, monomers continue to
fuse, leading to island growth and/or nucleation after
desired amount has been deposited. This evolution was
beledpost-growthandpost-nucleation~in the sense of island
growth and nucleation taking place post-deposition!.15,35

The solid line in Fig. 5 shows the best fit to the expe
mental data by mean-field rate equations with the s
-
er

-
s
of
ter-
pt

ed

s

-
in

e

y

y

se
-

e

e

r
-

s
re-

re-
or
.
-

e
f-
e
la-

-
f-

consistent solutions of the capture numbers of frac
islands.34 Taking into account post-deposition mobility, inte
gration of the rate equations was continued until 2 h after
deposition,63 the typical time that also elapsed from depo
tion until STM observation. The mean-field calculatio
shows excellent agreement with experiment over almost
orders of magnitude inD/F. It has been performed with a
migration barrier of Em5168 meV and an attempt fre
quency ofn05731013 s21. From a variation of these val
ues we derive a conservative estimation of the overall e
~systematic and scattering of data! of Em516865 meV
andn0573101360.3 s21. For the interpretation of these dif
fusion parameters we note that diffusion between adjac
fcc sites on an fcc~111! surface occurs by jumps via hc
sites. Often there is a small binding energy difference
tween both sites.38,64 If there is such a difference for Ag
Pt~111!, as suggested from theory,65 the Em value deter-
mined above signifies the rate limiting diffusion process, i
the one with the larger barrier. The attempt frequencyn0
stands for jumps into any of the six possible directions. T
diffusion constantD is defined in unit cells per second a
D51/3n0 exp(2Em/kT).

To further investigate post-deposition effects and the r
of monomer attachment to islands and other monomers
turn now to the analysis of island densities with KMC sim
lations. The KMC simulations discussed in this paper w
done using two independently developed codes, one fo
hexagonal lattice66 and one for a square lattice.34 In Fig. 6,
we compare experimental data for the Ag/Pt~111! system to
KMC simulations that were performed for dendritic islan
on a hexagonal lattice and thus accounted for the lattice

FIG. 5. Comparison of experimental saturation island densi
(u50.12 ML, F5131023 ML/s) for Ag/Pt~111! in the tempera-
ture regime where dimers are stable nuclei~and immobile! with
self-consistent mean-field calculations for fractal islands. In th
calculations the rate Eqs.~2! and~3! have been integrated until 2
after deposition in order to account for post-deposition mobility
remaining monomers. Since at very lowT (D/F!105) not only
stable islands but also Ag adatoms appear as immobile protrus
in the STM topographs~Ref. 22!, and due to tip convolution thes
monomers are hardly discernible from islands, the rate equa
results shownx1n1. This distinction tonx only plays a role for
D/F!105.
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island symmetry~see Sec. V.A!. To establish comparison
with the mean-field analysis above we first address the ef
of post-deposition mobility in Fig. 6~a!. The simulation re-
sults are represented by three curves, displayingnx and nx

1n1, both directly after deposition, andnx1n1, 2 h after
deposition. The curves coincide forD/F.105, indicating
that post deposition effects are absent or negligible in
range, i.e., diffusion is fast enough that nucleation a
growth take place entirely during deposition, and there
only very few monomers left when deposition stops.

FIG. 6. ~a! KMC simulations showing deviations from scalin
appearing forD/F,105 and leading to smaller island densitie
than expected from Eq.~1!. The experimental island densities fo
Ag/Pt~111! can be rationalized by post-deposition mobility appe
ing between deposition and inspection of the surface by STM~no-
tice the effect of counting monomers as islands!. ~b! KMC simula-
tions with the diffusion parameters for Ag/Pt~111! showing the
effect of easy attachment to islands. The KMC simulations in~a!
and ~b! were performed with the parametersEm5168 meV,
Ecorner̃ A2step5160 meV,Ecoll5160 meV for collective dimer
relaxation at A-tips~see Ref. 67!. A common attempt frequency o
n05731013 Hz was used.
ct

at
d
e

For D/F,105, first nx directly after deposition begins to
deviate significantly from the scaling behavior expressed
Eq. ~1!, and second, also the monomers left after deposi
reach a detectable amount~see deviation ofnx1n1 from nx

indicated as shaded area 1!. Note, however, thatnx directly
after deposition stays congruent with the curve for KM
continued untilD/F'13102. This signifies that for 105

.D/F.102 the density of stable islands is determined im
mediately after deposition stops, post-deposition mobi
only attaches monomers to existing islands without crea
new ones~post-growth!. For smallerD/F, nx reaches a
maximum atD/F'23101; afterwardsnx decreases toward
lower temperatures. This is due to diffusion becoming
slow that only very few islands can be created during de
sition and many monomers remain. Accordingly, po
deposition mobility is now responsible for the creation
new islands~post nucleation! raising the curve ofnx ~see
shaded area 2! to yield the characteristic plateau of consta
island densities. This plateau is caused byD becoming suf-
ficiently small with respect toF that nucleation takes plac
almost entirely in the absence of the deposition flux. T
diffusion rate, respectively, the substrate temperature, de
mine the time after deposition that it takes to form all nucl
Their final density, however, is temperature independent
only a function of coverage, and their size distribution
exponentially decreasing.35

The KMC results in Fig. 6~a! for post-deposition mobility
correctly describe the experiment for Ag/Pt~111! in the
whole range ofD/F. The simulations were performed wit
identical parameters for monomer diffusion as the analy
within rate theory displayed above in Fig. 5. The agreem
of both methods is striking. Here it is demonstrated for KM
simulations performed on a hexagonal lattice with dendr
islands in comparison to rate theory for fractal islands. Fo
comparison of rate theory with KMC simulations on a squa
lattice, see Ref. 34.

There is an alternative way besides post-deposition m
bility to rationalize the small island densities observed
experiment for Ag/Pt~111! for D/F!105. It is attachment of
monomers to islands68,69 or other monomers70 with a lower
activation energy than for diffusion on a flat terrace. T
KMC results reproduced in Fig. 6~b! demonstrate the effec
on island densities when attachment towards islands
other monomers is performed with a reduced barrier of 6
of the terrace value. This amount is suggested from effec
medium theory71 calculations for attachment towards two
fold coordinated sites for Ag/Pt~111! and for Pt/Pt~111!.66

The island density detectable in the experiment (n11nx) be-
comes smaller due to the effect of ‘‘easy’’ attachment ov
one site. The most prominent effect is again located at
temperatures. The results in Fig. 6~b! describe the experi-
ment for Ag/Pt~111! quite well without any need for post
deposition mobility. It should be noted that easy attachm
is overestimated in the KMC simulations, since there was
distinction between attachment towards onefold and twof
coordinated edge sites, whereas a noticeable reduction o
barrier is inferred from EMT only for attachment to twofol
sites.

The available low temperature data for Ag/Pt~111! can be
explained either by post-deposition effects or by attachm
towards islands with a smaller barrier than for terra
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diffusion. The latter effect is expected to be more p
nounced for hexagonal than for square lattices since on
first there is attachment to laterally twofold coordinated sit
A distinction of easy attachment and post-deposition mo
ity can be achieved by STM measurements where the sam
is quenched after deposition freezing post-deposition mo
ity and preserving monomers eventually remaining a
deposition. It is important to notice that post deposition
fects and the details of the adsorption potential close to s
~as long as there is no repulsion! are both irrelevant for
D/F.105. These effects enter at lowerD/F and the data in
Figs. 5 and 6~a! and 6~b! show how they can be accounte
for.

B. Statistical growth

Statistical growth is deposition at temperatures wh
thermally activated diffusion processes are frozen. S
measurements in this temperature regime@see Fig. 7~a!# al-
low the determination of the mean island size as a quotien
coverage and density. Both numbers are known with su
cient absolute precision that conclusions on transient mo
ity can be reached. This is achieved by comparison of
periments, monitoring the mean island size as a function
coverage, with theoretical models once with and once w
out transient mobility. The mean island size expected
pure statistical growth can be estimated with percolat
theory existing for square and hexagonal lattices.72 Percola-
tion theories neglect deposition onto filled sites, howev
Consequently, they yield numbers that are slightly too sm
compared to epitaxial growth experiments. These effects
be accounted for either by integrating the rate Eqs.~2! and
~3!, or in KMC simulations. Results from both methods o
tained for a hexagonal lattice are displayed in Fig. 7~b!,
again showing that KMC is fully consistent with rate theor
The mean island size expected for deposition of 0.1 M
under conditions where atoms stick to their impact site,
roll down from another adatom onto which they were dep
ited, is 1.48 atoms~percolation theory yields 1.35 atoms!.
However, if one permits transient mobility over 1 lattice s
the expected mean island size is 2.3 atoms@see dashed line
in Fig. 7~b!#. The experimental value for the mean island s
of 1.260.3 atoms obtained for 0.1 ML Ag deposited on
Pt~111! at 35 K clearly allows one to rule out transient m
bility for that system.

Note that easy attachment to islands over one site
transient mobility over one site yield the same mean isla
size. Transient jumps of condensing atoms increase the m
island size only in those cases where they proceed tow
other monomers or islands ending up with attachme
Therefore, the data presented in Fig. 7 also serve to exc
easy attachment with an extremely small barrier, as was
served for Ir/Ir~111!.68 Generally, transient mobility can b
discerned from easy attachment to islands and monome
the first is nonthermal whereas the latter is assumed to
thermally activated. Therefore, decreasing the deposi
temperature is expected to freeze in easy attachm
whereas transient mobility, if there is any, should pers
down to lowest temperatures. Similarly to the present cas
Ag/Pt~111!, transient mobility was also ruled out for Ni an
Au/Au~110!, based upon comparison between measured
simulated island sizes for low-temperature deposition.73
-
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V. DENSITY SCALING AND COALESCENCE

In this section, we investigate density scaling for cov
ages up to coalescence that is particularly important for
fraction techniques requiring a minimum coverage of ty
cally 0.3 ML. We analyze results from kinetic Monte Car
simulations that establish density scaling for the most co
mon island shapes in the range of 0<u<0.4 ML.

A. Island shapes

The islands formed by Ag on Pt~111! have dendritic
shape as displayed in Fig. 8. Dendritic in this context deno
ramified islands with preferred growth directions74 in con-
trast to DLA clusters, where branches grow in rando

FIG. 7. ~a! Deposition of Ag onto Pt~111! at 35 K where terrace
diffusion is frozen (D54310211 unit cells s21) shows predomi-
nantly monomers imaged as bright dots of 4–7 Å width. Due to
convolution, monomers are not discerned from dimers. Compar
of the experimental mean island size with the theoretical curves~b!
for statistical growth and transient mobility over one site clea
rules out transient mobility for the system Ag/Pt~111!.
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FIG. 8. Variation of the saturation island density with tempe
ture for deposition of 0.12 ML Ag onto Pt~111! at 80, 95, and 110
K, respectively (F51.1131023 ML/s!. See also the evolution o
the dendritic island shape with size. The small dendrites at 80 K
Y’s whereas the large islands at 110 K begin to branch several t
and resemble snowflakes.
directions.75 The preferential growth directions are the thr
crystallographic^1̄1̄2& directions, leading toY shapes for
small islands@Figs. 8~a! and 8~b!# while larger islands re-
semble snowflakes with a triangular envelope@Fig. 8~c!#.
The atomic process giving rise to this particular shape is
asymmetry in diffusion of atoms from corner sites~onefold
coordinated! towards the two nonequivalent step sites~two-
fold coordinated! and from terraces atA andB steps,67 gen-
erally present on a hexagonal surface.77,78 For Ag/Pt~111!,
Ag/Ag~111!, and presumably also for Pt/Pt~111! ~Ref. 76!
corner diffusion towardsA steps is activated as soon as te
race diffusion is, since it requires a comparable energy b
rier. Theoretical calculations suggest that this is a gen
trend for close packed surfaces.85 This implies that corner-
to-A-step diffusion is always active when aggregation is a
the classical hit-and-stick mechanism yielding DLA cluste
does not exist in low-temperature metal epitaxy. In addit
to the corner-to-step diffusion asymmetry, there is an asy
metry in the direct attachment to steps always favoringA
steps. This leads to asymmetric population of both steps
to the observed branching into preferred directions, as d
onstrated by means of KMC simulations.67,76The anisotropy
in corner diffusion and attachment generally characteri
close packed substrates, implying that dendritic growth is
rule rather than the exception on these lattices.79,80

At higher temperatures~or low flux!, the necessary
conditions for dendritic growth (i 51 and no dislocations!
are no longer fulfilled and branches grow in rando
directions.81,74 Although these islands have larger branch
due to edge diffusion,82,83 their shape and fractal dimensio
closely resemble DLA clusters.74,81 This renders DLA clus-
ters a relevant island shape, although the classical DLA c
ters with monoatomic branches are not expected to form
even higher temperatures corner crossing becomes activ
finally leading to a transition to compact islands. Therefo
dendritic, DLA clusters~with larger branches! and compact
islands can appear on close packed surfaces. On square
faces there are only laterally onefold coordinated edge s
This generally implies fast edge diffusion and slightly slow
but still fast corner crossing generally leading to comp
islands~for an exception, where strain effects are believed
interfere, see Ref. 84!.

For the present context of density scaling we investig
the impact of the two types of ramified as well as comp
island shapes on the dependence ofnx on D/F. The specific
island shape was accounted for in realistic KMC simulatio
incorporating the key diffusion processes taking place at
edge. For DLA, edge diffusion was frozen in; for dendrite
diffusion from corner sites toA steps was permitted~the
island shapes are exactly those observed in Fig. 8, see
tion of Fig. 6 for KMC parameters!. For compact islands on
a square lattice, the diffusion rate for an edge atom with o
lateral bond was set proportional toF1/3 ~see Ref. 83!. In the
case of compact islands on a hexagonal lattice we have
sen to simulate triangular islands, since this avoids diffus
of smaller clusters~see in more detail below!. The simulation
results are sumarized in Table II foru50.12 ML. Variations
in x for the different island shapes are evident. For dendr
x is 1

3 within the statistical error of the simulation. The e
ponent for DLA islands is increased by 2%, that for comp
islands on a square lattice is by 4% below the classical o
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whereas the scaling exponent for compact triangular isla
on a hexagonal lattice is by 6% below13. The finding that
DLA islands have a larger scaling exponent than comp
islands agrees well with earlier results.28,30,34Dendrites are in
between the compact and DLA cases, which is expec
since they spread out less isotropically and therefore ha
smaller variation of the capture cross section with size t
DLA clusters.

It becomes obvious upon comparison of Tables I and
that the scaling exponentsx and the prefactorsh obtained
from KMC agree well with those from rate theory—whe
performed with the adequate approximations for the cap
numbers. Therefore, Monte Carlo simulations and rate the
both yield an equally valid analysis of the experiment.

Attachment to islands via a lower barrier than terrace d
fusion reduces the overall island densities by 10%.
pointed out above, easy attachment lowersnx more strongly
at smallD/F; thereforex also becomes slightly decrease
Notice that the KMC simulations and the rate theory@see
Figs. 5 and 6~a!# both show the slight bending in ln(nx) ver-
sus ln(D/F) with respect to the straight line suggested fro
Eq. ~1!. This deviation from linear scaling is intrinsic; it
magnitude is expressed in the errors given for thex values in
Tables I and II. The nonlinearity implies that thesex values
are only valid when analyzing island densities in the inv
tigated regime of 13105<D/F<13109. Systematic errors
of up to twice the error given in Tables I and II arise up
linearly analyzing island densities in only one side of th
regime. The prefactorh in Eq. ~1! giving the absolute num
ber densities is seen from Table II to remain largely un
fected by the island shape.

B. Coalescence and density scaling at larger coverages

Above, we have analyzed island densities at a cons
coverage of 0.12 ML corresponding to the experimental d
on to which we based our theoretical discussion. There
several reasons for looking at density scaling also outside
‘‘saturation’’ regime. Most of the experimental techniqu
working in reciprocal space require a minimum covera
above saturation. The side bands in diffraction scans
tained with LEED clearly emerge only at and above 0
ML.86 Also He diffraction experiments were performed
coverages as high as 0.5 ML.23 To enable a precise analys
of island densities acquired at any coverage we investiga
the present subsection the density scaling over the w
coverage regime up to percolation.

TABLE II. Prefactorsh and slopesx for u50.12 andi 51 @see
Eq. ~1!# obtained from linear regressions to KMC simulations in t
range of 13105<D/F<43108 for dendritic, DLA, and compact
triangular islands on a hexagonal lattice, and compact isla
placed on a square lattice.

Island shape h 33x

Eq. ~1! 0.250 1.000
Compact islands, square 0.2360.01 0.9660.01
Compact islands, triangular 0.2060.01 0.9460.01
Dendrites 0.2360.01 0.99460.006
Dendrites easy attachment 0.2160.01 0.98260.007
DLA cluster 0.2360.01 1.01660.007
ds
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Density scaling for any fixed coverage below saturat
can very well be accessed within mean-field nucleat
theory ~see above!. Coalescence, however, is less well d
scribed within that theory. The curves for compact islands
Fig. 9~a! show that adding the coalescence term in Eq.~3!
yields island densities that are too small at low coverag
whereas coalescence is underestimated at higher cover
Therefore, the island density does not drop to 0 even lo
after KMC shows percolation. The failure of nucleatio
theory in describing coalescence is well known. Spatial c
relations between islands become increasingly impor
once the islands approach each other and there are effor
improve the coalescence description in mean-field theor87

Also, island size distributions are affected by island corre
tions and therefore they come out wrong in mean-fi
theory, too.88 These two weak points of mean-field theo
are intrinsic and improvement can only evolve by aband

s

FIG. 9. ~a! Coalescence investigated for fractal and comp
islands by means of rate theory and KMC simulations on a squ
lattice performed forD/F513105. Coalescence begins to affec
island densities atu.0.1 ML. Notice the agreement between ra
theory and KMC for the curves without coalescence. The coa
cence term of mean-field theory overestimates coalescence ef
at early times while it does not dropnx to 0 atu51 ML. ~b! Island
densities for three types of islands that can be realized on a hex
nal lattice. KMC simulations show that coalescence sets in abru
for dendrites and DLA clusters, whereas compact islands show
extended coalescence regime.
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ing the mean-field approach, e.g., by combination with sim
lation results. The onset of coalescence becomes evi
when comparing the curve from KMC simulations negle
ing coalescence~coalesced islands were still counted sep
rately! with those taking coalescence into account@fractal
island curves in Fig. 9~a!#. Coalescence becomes discernib
already at 0.1 ML, but the effects remain small until 0.2 M
up to this coverage mean-field theory yields reliable resu

The effect of island shape on coalescence is addresse
Fig. 9~b! showing results from KMC simulations performe
on a hexagonal lattice for deposition of up to 1 ML. F
ramified islands it is seen that coalescence sets in sudd
leading to a steep decrease of the island density, reachin
half maximum at 0.43 ML for DLA, but somewhat later,
0.48 ML, for dendritic growth~these values are for the cas
of D/F5105). The earlier coalescence observed for DL
aggregates is due to the wide and isotropically spr
branches of these aggregates, facilitating coalescence.
dendrites coalescence is delayed, since there are only
growth directions. Thinking of theY-shaped dendrites in
Figs. 7~a! and 7~b!, for coalescence, these branches have
grow towards the center of the neighboring island, which
well screened against random walkers by two of its branch
In contrast to the ramified islands, compact islands star
coalesce early and then the island density slowly diminis
over an extended coverage regime. This difference is du
the fact that for compact islands there is no screening of
narrow spacing between adjacent islands, since the at
necessary to fill up this space can be supplied by edge d
sion from parts of the edge that are fully exposed to
terrace diffusion field. Note that these general trends for
shape dependence of coalescence are largely independe
D/F, respectively, temperature.

Cuts at various coverages through the types of curves
island number densities shown in Fig. 9~b! are represented in
an Arrhenius plot in Fig. 10~a!. The KMC simulations for
dendrites were performed with the diffusion parameters
Ag/Pt~111! ~see caption Fig. 6 and Ref. 67!. It becomes ob-
vious that the island densities obtained for 0.10<u <0.30
ML all fall into a very narrow regime, whereas the densiti
at 0.05 and those foru .0.30 ML lie below; finally, the data
for u >0.50 ML show strong deviations from linearity i
ln(nx) vs ln(D/F). For coverages below 0.50 ML the islan
densities exhibit to a good approximation an exponential
of the form of Eq.~1!. The exponentx and prefactorh ob-
tained from linear regressions to the data in Fig. 10~a! are
shown in Fig. 10~b!. It is seen that for dendrites the scalin
exponent is within 1% of being identical to the classical o
in an extended coverage regime from 0.1 to 0.25 ML. O
side this regime the scaling exponent drops by up to 12%
0.45 ML. This change in scaling is caused by coalesce
appearing at slightly different coverages for eachD/F.

Figure 10~b! also shows results from KMC simulation
for DLA clusters on a hexagonal lattice as well as for co
pact islands on hexagonal and square lattices. The sca
exponent for DLA islands is above that of dendrites un
u50.30 ML. At higher coveragesx drops more rapidly for
DLA-clusters than for dendrites due to the earlier coal
cence. The scaling exponent for compact islands on a sq
lattice stays well below1
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As briefly addressed above, a simulation generating co
pact islands on a hexagonal lattice may involve cluster
fusion. In order to generate hexagonal compact islands, e
diffusion and corner crossing have to be allowed with eq
rates forA andB steps. When this is is done, however, sm
clusters begin to move by edge diffusion. In order to ma
tain compact hexagonal islands down toD/F5105, the bar-
riers for edge – and by this also cluster – diffusion have
be close toEm . Density scaling then becomes perturbed
cluster mobility~see Sec. II B!.

We have tried two approaches to addressing compact
agonal islands in KMC simulations. In the first, we have
for all edge diffusion processes~corner to step, step to step
step to corner! at A and B steps an identical barrierEedge,
which was selected such that islands remained compact
hexagonal down toD/F5105 (Eedge5200 meV vs Em
5168 meV). This simulation shows a scaling exponent
to 10% above the classical one@see Fig. 10~b!#. This increase

FIG. 10. Density scaling as a function of coverage and isla
shape as inferred from KMC simulations.~a! Arrhenius plot of
island densities for different coverages as obtained from KM
simulations for dendritic islands.~b! The exponentx and the pref-
actorh ~see full and dashed lines! appearing in the scaling law Eq
~1! as a function of coverage for various island shapes.x was scaled
such that deviations from the classical valuex5

1
3 become apparent

The KMC simulations for dendrites, DLA clusters, and two types
compact islands were performed on a hexagonal lattice. We
show KMC results for compact islands on a square lattice.
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of x is caused by cluster diffusion becoming more rapid
higher temperature where it reduces island densities m
strongly. In this first approach, we find that the degree
which x increases due to cluster mobility critically depen
on Eedge ~for Eedge5180 meV vsEm5168 meV it reaches
20%!. In a second approach we have varied the comm
edge diffusion barrier with temperature, such that the e
diffusion processes were allowed with a rate proportiona
the lateral impingement rate onto the island edgeI 5F/nx

times the mean edge length defined byAu/nx. By this we
maintained compact hexagonal islands throughout the w
temperature range, while cluster diffusion was less effec
at higher temperatures. This moves up the island dens
for large D/F and yields scaling exponents by 10% belo
the classical one. We note that varyingEedge with T saves
computer time in simulations; however, it will hardly be r
alized in a real system. The simulation results of model
and 2 show the degree to which the scaling exponentx can
become affected by cluster mobility induced by edge dif
sion. On the other hand, the results imply that if a real s
tem has compact hexagonal islands with straight steps d
to D/F5105, cluster diffusion will play a role in its density
scaling.

In order to access density scaling for compact islands o
hexagonal lattice without the complication of cluster diff
sion, we have done simulations generating triangular isla
on a hexagonal lattice. For this purpose, edge and co
diffusion at A and B steps are discerned, and a comm
barrierEedge is associated with some of them~corner to cor-
ner at B step, corner toB step, corner toA step and the
reverse process, diffusion alongA step!, while all other pro-
cesses along the island edge~corner to corner atA step,B
step to corner, diffusion alongB step! are turned off. This
choice of parameters produces compact, triangular isla
bound by straightA steps. In these simulations, we find th
density scaling is independent of the choice ofEedge, as long
as it is small enough to generate compact islands throug
the considered scaling regime of 105<D/F<109. The den-
sity scaling obtained that way for triangles on a hexago
lattice almost coincides with the one derived for comp
square islands on a square lattice. The shapes of the cu
for x and h represented in Fig. 10~b! reflects the extended
coverage regime in which compact islands coalesce.
early onset of coalescence leads to a clear maximum ofx at
u50.1 ML, followed by a rather weak decrease. We ment
also that the scaling for compact islands atu> 0.2 ML
generally depends on whether restructuring of two coales
islands into a single-compact one is permitted. The proc
required for this is corner breakup. First results indicate t
there is continued scaling with smaller variations inx when
rapid restructuring is allowed.

The results presented in this section enable one to take
effect of island shape into account and to analyze island d
sities taken at any coverage. This is useful for LEED a
He-diffraction studies, but it also enables one to estimate
error when analyzing island densities with the classical v
ues forx andh, as was formerly done. The data represen
in Fig. 10~b! allow one to considerably improve this anal
sis; they extend the applicability of Eq.~1! to a variety of
island shapes and to coverages outside the saturation reg
t
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VI. DISCUSSION AND CONCLUSION

Our results show that the straightforward analysis of sa
ration island densities with mean-field nucleation theory
means of Eq.~1!, when performed forD/F.105 and a criti-
cal nucleus size ofi 51, allows one to determine the energ
barrier and attempt frequency for surface diffusion with
accuracy of;10%. Increased precision is obtained in t
analysis ofnx in terms ofEm andn0 when the island shape
and lattice symmetry are taken into account. This has b
done above in extended KMC simulations that give scal
exponents and prefactors for the principle island shapes
can be realized on hexagonal and square lattices. The is
shape effect is to increasex by 2% for DLA islands; it is
exactly the classical one for dendrites, whereasx is smaller
by 4% for compact islands on a square lattice and by 6%
compact triangular islands on a hexagonal lattice. Comp
hexagonal islands on a hexagonal lattice are a peculiar
in which edge diffusion induces cluster motion with the r
sult of convoluting edge diffusion barriers withEm . Cluster
diffusion also increases the bending of ln(nx) vs ln(D/F),
which makes hexagonal islands escape from simple sca
of the form of Eq.~1!. For all other island shapes, the corre
values for the coefficients in Eq.~1! are given in Fig. 10~b!
as a function ofu, and in Table II foru50.12 ML. This
information enables accurate analysis~61%! of total number
densities in terms ofEm andn0. That way the error is basi
cally defined by the scatter of the experimental data.

We showed that self-consistent rate theory and KM
simulations are fully consistent with each other. Since b
methods require appreciable computational effort, we a
showed that some of the classical approximations for
capture numbers yield good agreement with the more co
calculations. The agreement between KMC and rate the
in average quantities establishes application of rate the
for extracting precise parameters of surface diffusion fr
island densities. For coverages below saturation this ana
can be done by integration of rate equations within appro
mations fors adequately chosen for the respective isla
shape. For saturation coverage, analysis in terms of Eq~1!
with the values ofx andh given in Tables I and II suffices
Due to difficulties in the coalescence description of me
field theory one has to rely on KMC simulations for cove
ages above saturation.

The island-shape-dependent character of coalescenc
reflected in the variations ofx and h with u. x decreases
earlier for both types of compact islands and later but m
abruptly for dendrites and DLA clusters. With the inform
tion given in Fig. 10~b! it is possible to extend Eq.~1! also to
coverages below 0.1 ML and as high as 0.5 ML, whi
should encourage application of the nucleation method a
to data from diffraction techniques. The He scattering d
for Cu/Cu~100! ~Ref. 23! were formerly analyzed with a
wrong scaling exponent. Redoing this analysis with t
proper value forx inferred from Fig. 10~b! for compact is-
lands on a square lattice yieldsEm50.3460.07 eV. This
value compares very well to the experimental values p
lished for that system by other authors using different te
niques,Em50.3660.06 ~Ref. 89! and 0.39 eV.90

The precision of the analysis ofnx(T) data in terms ofEm
andn0 of surface diffusion can be enhanced by extension
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a largerD/F range than the one given by the linear scali
regime. Towards largeD/F values the end of thei 51 re-
gime sets a natural limit; however, one can extend den
measurements towards lower temperature. The results
ported above show how information on atomic details, su
as attachment to islands via a lower barrier, post-deposi
and transient mobility can be gained from island densi
collected at low temperatures. Such effects are details wh
although appearing similarly at higher temperatures, only
fect islands densities atD/F,105. We showed how to ac
count for post-deposition mobility and ‘‘easy’’ attachmen
both in mean-field theory and in realistic KMC simulation
This way we obtain Em50.16860.005 eV (n057
3101360.3 s21) for the diffusion of Ag monomers on a
Pt~111! surface upon analyzingnx data in a range ofD/F of
almost 10 orders of magnitude~compare the theoretica
value of 200 meV for that system, Ref. 91!.

A similar way to get increased precision onEm andn0 by
extending island density measurements towards lower t
peratures was pointed out by Bottet al.8 In their nucleation
curve methodvery small amounts (431023 ML) are depos-
ited at a temperatureT; subsequently, the substrate is rapid
quenched to very low temperature to freeze in diffus
while characterizing the island density by means of ST
The Arrhenius plot of the island densities shows a lin
slope being clearly separated from a regime of a cons
‘‘island’’ density towards low temperatures. This plate
corresponds to statistical growth with immobile monom
as islands. Bott et al. analyzed the slope and the onset
perature of diffusion for Pt/Pt~111! by KMC. Their result is
E50.2660.01 eV (n0553101260.5 s21), again repre-
senting a value with remarkable precision. This STM res
compares very well to the recent FIM result ofEm50.260
60.003 eV.38 ~The former FIM value ofEm50.25 eV also
agrees very well. However, it was based upon measuring
onset temperature of diffusion and assuming a gen
prefactor.92!

The main differences between measuring a nuclea
curve as opposed to the measurement of saturation is
densities~nucleation method! are the following. At the onse
temperature of monomer diffusion, dimers are norma
stable and immobile, hence no additional information on
critical cluster size and cluster mobility are required. Effe
of island shape and coalescence are excluded, since th
or
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lands are small and therefore compact no matter wha
details of edge diffusion are, and they are far too sma
coalesce. The authors of Ref. 8 also performed mea
ments of saturation island densitiesnx for i 51, thus en-
abling a test of their method against nucleation theory
linear regression to their log(nx) vs 1/T data and applicatio
of Eq. ~1! yields exactly the same result within the er
margin (Em50.26 eV, n05331012 s21) as the one ob
tained from the nucleation curve. This agreement betw
nucleation method and the nucleation curve method is d
the fact that~i! deviations from scaling are extremely sm
for the range ofD/F addressed here and~ii ! coalescenc
effects become important only well after 0.1 ML. In fact,
method of Bottet al. resembles very closely the nucleat
method extended to lowT ~see, e.g., Fig. 5!. As such it
represents an alternative way to extract quantitative info
tion on diffusion from nucleation data.

We conclude that care has to be taken when diffu
barriers are extracted from statistical analysis of island n
ber densities.93 In experiment one has to worry abouti 51
and in a few systems also about dimer mobility. In KM
simulations one has to be aware of finite size effects,49 the
poor quality and limited depth of random numb
generators,94 and one also has to incorporate randomnes
time and space. However, if experiments and analysis
carefully done, quite precise values forEm and n0 can be
inferred from island number densities acquired in thei 51
regime. The precision of the nucleation method can re
that of careful FIM measurements. Current cross check
tween FIM and nucleation method underscore the validit
the latter as a reliable source of diffusion parameters.
nucleation method is applicable to many more epitaxial
tems than FIM. It enabled diffusion studies for systems w
extremely small diffusion barriers19,95 and the mechanism o
ordering on dislocation networks could be inferred.18 Future
subjects that can be addressed via the nucleation metho
diffusion and nucleation on surface alloys, or surfactant
covered substrates.
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82H. Röder, K. Bromann, H. Brune, and K. Kern, Phys. Rev. Le
74, 3217~1995!.

83G. S. Bales and D. C. Chrzan, Phys. Rev. Lett.74, 4879~1995!.
84B. Müller, L. Nedelmann, B. Fischer, H. Brune, J. V. Barth, a

K. Kern, Phys. Rev. Lett.80, 2642~1998!.
85A. Bogicevic, J. Stro¨mquist, and B. I. Lundqvist, Phys. Rev. Let

81, 637 ~1998!.
86Q. Jiang, A. Chan, and G. C. Wang, Phys. Rev. B50, 11 116

~1994!.
.

87S. Liu, L. Bönig, and H. Metiu, Surf. Sci.392, L56 ~1997!.
88M. C. Bartelt and J. W. Evans, Phys. Rev. B54, R17 359~1996!.
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