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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 oflalPsurface. 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 spd&0163-182@09)01231-X]

[. INTRODUCTION to quantify diffusion are highly appreciated.
Vapor phase epitaxy is characterized by tracer diffusion,

Surface migration of single adatoms is one of the mossince for typical growth rates the density of diffusing mono-
fundamental processes in epitaxial growth and heterogemersn, is rather small(for D/F>10°, with F being the
neous catalysis. In molecular-beam epitaxy it determinesleposition raten;<10 3 ML). Therefore, an alternative
whether there is nucleation of islands on substrate terraces wray to quantify tracer diffusion is to measure island densities
step flow growth. In heterogeneous catalysis, surface diffuthat form during deposition onto a single-crystal surface as a
sion of reactants often is the rate limiting process. Predicfunction of temperature and deposition rate. The activation
tions on the growth mode and understanding of growth maenergyE,,,, and attempt frequency,, for surface diffusion
nipulation, e.g., by surfactants, as well as a fundamentaire then commonly extracted by comparison of measured
understanding of the kinetics of surface chemical reactiongsland densities with those predicted by mean-field nucle-
necessitate quantification of the surface diffusion coefficienation theory'*2 This nucleation methodaxperienced a re-
D. Precise experimental values of activation barriers for survival when densities for monolayer high, two-dimensional
face diffusion are also needed as benchmarks for theoreticiglands became accessible in real space by $T¥.Apart
calculations. from diffusion studies on isotropic substrates, the nucleation

One distinguishes theollective diffusion coefficierfalso  method was applied to study the effect @omogeneoys
Fickian or chemical diffusion coefficienbf an ensemble of strain on surface diffusiotf, to explore diffusion on in-
mutually interacting particles from theacer diffusion coef- homogeneous substrates with dislocatithd? it even per-
ficient (also intrinsic diffusion coefficient describing the mits diffusion studies in the presence of point defects, such
mean square displacement of one isolated random walker pas surfactants. Extensions of STM to varialflew) tem-
unit time. The first type of diffusion is commonly measured perature® 22 provide the basis on which to study any sys-
by the decay of concentration profiles or by looking at dentem in the irreversible growth regime where dimers are
sity fluctuations of a lattice gas caused by thermal motion oftable. These low temperature data can be analyzed in terms
the interacting particles.We focus on the second type of of a critical nucleus sizé=1, for which the only free pa-
diffusion. For refractory metals, tracer diffusion has tradi-rameters are
tionally been studied by means of field ion microscopythe barrier,E,, and the attempt frequency,, of surface
(FIM) where the migration of single atonfsr clusters, ad-  diffusion.
sorbed on single-crystal facets of the FIM tip, can be traced Island densities are also accessible to integrating surface
at low temperatures:* Tracer diffusion has also been fol- science techniques. They can be inferred for instance from
lowed by means of direct inspection with scanning tunnelingdiffraction scans under out of phase conditions in thermal
microscopy (STM).>® When quantifying diffusion rates helium atom scattering® and high-resolution low-energy
from direct STM inspection of diffusing particles, one has toelectron diffractiort* Since integrating techniques average
worry about possible tip-sample interactions, which mightover large areas, they facilitate acquisition of statistically sig-
yield apparent diffusion barriers that are systematicallynificant numbers. However, step effects cannot be discerned,
reduced”®1° For systems with large barriers, the tip influ- which is not a problem for samples with large terraces, but
ence can be suppressed by going to large gap widdtmy-  more importantly, assumptions on the island distance and
ever, for systems with small diffusion barrigrs situ STM  size distributions enter into the interpretation of diffraction
observations of diffusion might be perturbed, even by veryscans as number densitiés* The side bands in diffracted
small tip-sample interactions. Therefore, alternative methodtensities reflect thenost probablasland distance, whereas
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the island density, is correlated with theneanisland dis-  dendritic, and compact islands and coverages up to the per-

tance. Moreover, a single diffraction scan only reports a one¢olation threshold.

dimensional projection of island distances. A careful analysis

of diffraction spot profiles, however, can yield the true island Il. CRITICAL CLUSTER SIZE

densities in real spa¢@?® However, diffraction techniques _ _ _ oo
require usually coverages above the onset of saturation, Classical mean-field nucleation thedty’->° gives the

where coalescence becomes important. Coalescence effeé@owing expression for the saturated number density of
on density scaling are quite different for various islandStable islands, for the case of complete condensation and

shapes. two-dimensional2D) islands:

In the present paper, we discuss the measurement of the
surface diffusion coefficient by direct comparison of experi- (DX Ei
mental observations of low-temperature, irreversible island M= ”(0")(E> exr{(Hz)kT
growth with scaling theory, kinetic Monte Carl(KMC)
simulations that account for the lattice and island symmetrywhere the scaling exponegt=i/(i+2) i denotes the critical
and results obtained from integrating mean-field rate equacluster size, ané; its binding energy [E;=0). Critical clus-
tions within various approximations for the capture numbersters turn into stable ones upon incorporation of one extra
As an experimental example we will analyze AgMRtl).  atom. Stable refers to growing more rapidly than decaying in
Emphasis will be placed on the precision to whighandvy  the course of deposition. Accordingly, in thermodynamic
can be determined from experimental island densities upoferms, the critical cluster sizieis where the Gibbs free en-
applying the various theoretical calculations. Evidently, theergy as a function of cluster size has its maximum. In nucle-
precision can be increased in investigating the largest position theory,i has been obtained self-consistently through
sible temperature window. To the high temperature end, onginimization ofn, within a pair binding model foE; .*?
is limited by dimer instability and/or diffusion. Towards low  The application of Eq(1) for the measurement of activa-
temperatures B/F<10°) there is no intrinsic limitation, tion barriers requires a range of growth conditions in which
apart from the analysis becoming complicated, since detailghe critical size remains constant. In practice, this only oc-
such as attachment to islands, transient mobility of condenszurs for low temperatures wheinp which depends on the
ing atoms, and post deposition mobility begin to play a role.surface symmetry, is smafl-3?Values ofi=1 or 2 are ex-
We will show how to test for these effects experimentally pected for hexagonal surfaces dnrdl, 3, or 8(Ref. 33 for
and how to account for them in the analysis. Since meansurfaces with square symmetry. For larger temperatures the
field nucleation theory has difficulties in accounting for is- nonequilibrium critical size changes continuously with

land correlations, it fails to give a quantitative description ofgrowth conditiongincluding coverageand the utility of Eq.
coalescencéand island-size distributionsCoalescence ef- (1) is diminished.

fects are therefore studied by means of KMC for the relevant MeasuringD is most convenient when dimers are stable

island shapes appearing in metal growth on isotropic subsp thati=1 and Eq.(1) reduces ton,= 5(6,1)(D/F)~ 3.
strates. Without additional fit parameters, as, e.g., cluster binding
The outline of the paper is as follows. We first presentenergie<E; , this gives direct access &, and v, for surface
various experimental methods to determine the critical clusmigration of single adatoms via the slope and intercept of a
ter sizei and to test for dimer diffusion. Experimental satu- jine fit to the experimental island densities represented in an
ration island densities for Ag/Rt1]) (at #=0.12 ML) are  Arrhenius plot. We will analyze below the accuracy and the

then analyzed in comparison with the scaling law fromextent to which this approach is applicalee Sec. I). For
nucleation theory, self-consistent mean-field rate theoryexample, there are corrections to the precise value of the
mean-field rate theory applying various approximations forexponenty when the islands are ramifi&tand a small loga-
the capture rates, and KMC simulations. We show that &ithmic correction to the dependence &iF is needed to
straightforward scaling analysis, in terms of slope and intercorrectly account for the adatom collision raté® However,
cept of the Arrhenius plOt of saturation island densities, i%efore proceeding’ one must first Verify experimenta”y in
only valid if nucleation entirely takes plaaiuring deposi-  which temperature and flux range the dimers are stable. In

tion. This condition is fulfilled fOfD/F>105, which limits the current section various ways to test whetherl are
the precision to which migration barriers can be extracteqjjscussed.

from island densities by application of scaling laws. For
D/F<10° we find strong deviations from scaling due to
post-deposition mobility of monomers. Rate equations and
KMC simulations permit the analysis of island densities also A direct way to test whether=1 is to measure the tem-

in this regime. For our experimental example of AgIRt) perature threshold for the onset of Ostwald ripening for a
this enables one to address a rangddF of 10 orders of population of very small islands containing mostly dimers. A
magnitude, which significantly increases the precision tchigh abundance of such small islands is created by deposi-
which E, and vq can be determined. Then, the effect of tion of ~0.1 ML at low temperature such tha@y/F<10°.
island shapes is addressed by comparing KMC simulationeinder these conditions, monomers reach each otherainly

on square and hexagonal lattices performed with variouser deposition leading to a high density of small islands,
choices for diffusion of adatoms around the island edgesmostly dimers and trimers as well as very few larger islands.
With these simulations we investigate coalescence and quaithe same result is obtained when depositing at temperatures
tify density scaling for diffusion limited aggregatigbLA),  where diffusion is entirely frozen, followed by a gentle an-

: @

A. Dimer stability
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00— T T 3 stability should begin to affect island densities-at20 K,

. v ] where the lifetime of a dimer is only about one second.
@ deposition at 50 K Ve ]

4 1 B. Dimer mobility
100 | . e
: ] In addition to the dimer stability issue, it is important for
% ] nucleation studies to know when and how dimer diffusion, or
'Y, ] more generally, cluster diffusion affects island densities.
/ This subject has been treated in Refs. 11, 29, 36 and 37. As
10F ¥4 E mentioned above, the onset temperature for coarsening of
F 4 ] small islands serves to exclude both, dimer instabiihd
b ——o_s' ] diffusion, and thus the temperature and flux regime of irre-

- 1 versible growth {(=1) and immobile clusters is unambigu-
T A TP S SRR ously identified. If such information is missing, however, one
50 100 150 200 250 300 needs to know whether at all, and if yes, when dimer diffu-
annealing temperature T 4 [K] sion affectsi=1 density scaling.
o ) B o In the majority of systems investigated so far there was no
FIG. 1. Investigation of dimer stability and 2D Ostwald ripening jhfluence of dimer diffusion and= 1 density scaling per-
for Ag/Pt(111) through observation of the mean island sie@ith  gigted until termination by a transition te=2 through dimer
annealing temperature by means of STM. The island size staygisgqciatior?’ Despite this observation, dimers may start to
constant until it reveals an exponential increasd at100 K, the diffuse well below the threshold tém erature for their
onset of which is attributed to dimer dissociation. The initial distri- dissociatiorf¢2® Therefore. dimer diffusionpma well hapboen
bution of small islands was produced by deposition of 0.1 ML Ag . S ' : Y pDe
onto P{111) at 50 K in thei=1 regime, however, without perturbing the scaling
: | 6,13 ; ;
aw Eq. (1).>*° In simulations, on the other hand, one can

nealing to activate diffusion. The mean island size expecte@roduce a dimer diffusion regime with different scaling laws
from integrating rate equations for both cases is about d0cated between thie=1 and thei =2 regime®
atoms® in agreement with experiments on squiamnd hex- There are two reasons why this intermediate regime is not
agonal latticegsee Fig. 1 for Ag/Rl11)]. Although the oObserved in many experimental systeristhe energy bar-
mean island size is three, the population contains a substafi€r for dissociation of dimers is often close to that of dimer
tial fraction (~40%) of dimers—the stability of which is the translation, andii) cluster dissociation has an intrinsically
subject of our interest. greater effect on island densities than cluster diffusion. One

To investigate the dimer stability and to derive estimatestan estimate which conditions must be met for that dimer
on its dissociation barrie s, the densityn, of these smalll diffusion perturbs density _scalmg before dimer dis_sociation
islands, respectively, their average size 6/n,, is moni- does, pased on the following results that were de_rlve(_j from
tored by STM as a function of annealing temperature. In thé“?an"z,l?e'd theor¥? and that have been verified in simu-
experiment represented in Fig. 1 the surface was annealed fi#ions: . _ -
thirty minutes and than imaged before annealing at the next, (i) The scaling of island densities becomes only affected
higher temperature. One generally observes that the avera§¥ dimer diffusion if v,>vgiss/ny, wherew, is the dimer
island sizen stays constant, until it suddenly increases at gliffusion rate andvgss its dissociation rate.
well-defined threshold temperature. In the temperature re- (ii) The threshold temperature or fléi where dimer dif-
gime of constanh the most fragile objects in the population, fusion starts to reduce the island density below the value
namely the dimers, must neither dissociate nor diffuse. Théaused by pure monomer migration is given #/v>F,
increase in island size upon annealing beyond the thresholiherev, denotes the monomer hopping rate.
temperature marks the onset of dimer diffusion and/or disso- Conditions(i) and(ii) must both be met in order for dimer
ciation. In the course of further annealing also islands largeliffusion to affect nucleation island densities. Sinug is
than dimers become unstable. This leads to coarsening due typically of the order of 10° or smaller (i) requires consid-
more rapid diffusion and/or dissociation of smaller islandserably smaller barriers for dimer diffusion than for dimer
that hence disappear to the expense of large ones. The coafissociation,Eyss— E>>3 In10 kT. At the same time(ii)
ening is called 2D Ostwald ripening if dissociation is its requires E, being rather close toE,, E,<5In10 kT
cause. +2/3E,, for typical values of F=10"3 s! and v,

In Fig. 1 there is an abrupt transition from the regime of =102 s, (We assumed similar prefactors for all three
constant island size to the onset of Ostwald ripening locateg@rocesses.
at 100 K. From this threshold temperature and the employed For Ag/P{111) we have estimate#,;ss above,E,, will
annealing period an estimate OEgss=En+E,=320 be determined below, and f&, we can estimate from the
+20 meV for the barrier to dissociate a Ag dimer onannealing experiments th&t,=E;ss, therefore(i) and (ii)
Pt(112) can be inferredunder the assumption of equal pre- are not met and this system will have its 1 regime termi-
factors for dissociation and diffusipn With E,,=168 nated towards high temperatures by dimer dissociation. For
+5 meV (see below, the dimer bond energy evaluates to distinguished systems such as RtIR1), there are FIM re-
E,=150+20 meV. The value of;ss implies that on the sults that quantifyw,(T) andv,(T) thus enabling predictions
much shorter time scale of deposititk00 s for 0.1 ML), the  on the temperature and flux range in which dimer diffusion
Ag dimer is stable and immobile up to110 K. Dimer in-  starts to play a rolé® Typically, however, if one sets out to

n [atoms per island]
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measureE,,,, E, andEy;ss are also unknown, thus hamper- 14 T T T T T T
ing estimates with conditiongi) and (ii). Therefore we i=3
briefly discuss general trends of dimer diffusion on square 12 ¢
and hexagonal lattices that permit one to estintgtes E,,, . i=2
On surfaces with square symmetry monomer diffusion 1
can take place by exchange For such systems, dimer . i=1
diffusion may have a lower activation energy than monomer N@ 08 .
diffusion**?and if dimers are stable entities, their diffusion 4 . . 30K
. . . - \ [
will largely influence island densities. On the other hand, for F 06 g
square surfaces with ordinary hopping diffusfSithe barrier . = 95K
for dimer diffusion is significantly larger than for 04 |
monomers? thus violating condition(ii). Consequently, .
nucleation experiments on square surfaces with hopping dif- 02|
fusion show a regular=1 behavior without any signature of -
dimer diffusion®>4° 0 L 52w
On hexagonal lattices, dimers may spin around their cen- 0 05 1 15 2 25 3 35
ter with a barrier comparable t&,,.*®*’ However, since s/<S>

t_herg is no net translation aS.SOCIateq with this intracell rot.a- FIG. 2. Scaled island-size distributions extracted from a series
tion it does not affect density scaling. In contrast to this; g images obtained after deposition of 0.12 ML Ag onto

“easy” rotation, a center-of-mass translation of dimers iSpy111) at 80 K and 95 K in comparison with theoretical curves
typically associated with much higher barriers than monomefrom amar and Family(Ref. 32.

diffusion, as indicated by experiméft®and theory*>*’

These general trends suggest that for metal-on-metal sys- . . .
tems cluster diffusion does not affect density scaling _prqnounced dlffergnce between the thepretmal CUIVES 1S the
square lattices with exchange diffusion are possible Candihelght of the maxima and the peak width. The former in-

dates for an exception. However, care has to be taken witfreases with, the latter decreases due to conservation of the

these trends since often so-called chemical differences a}gFaI area under the curve. The experimental island sizes ob-

good for surprises. Therefore, we emphasize the value .|ne.d fpr Ag/P(111) at 80 anq 95 K 1all intp a common
simple annealing experiments as described in the previo stribution that agrees well with the theoretical curve ifor

subsection to experimentally exclude dimer mobility. :.1' This _is in accordance with the experimental result of
dimers being stable at these temperatures derived above.

Island-size distributions are sensitive indicators for dimer
C. Scaling of island sizes and, in general, cluster mobilitf.>>%6 They become sig-
. . . ) nificantly sharper through cluster motion. This change to
_The dimer annealing experiment discussed ab@fe e gjze distributions appears very early, already before
Fig. 1) establishes thé=1 temperature range without em- gimer giffusion could alter the density. In that sense,
ploying nucleation or scaling theory. Therefore, it supplieSihe eyperimental size distributions in Fig. 2 also serve to
information that serves to test predictions from these theogy | de dimer mobility for Ag/RL11) at 80 and 95 K. They
ries. One of the predictions of EQ) is the flux dependence naye 4 full widths at half maximum of 0.55, which is the
nyFXwith y=1/3 fori=1. For Ag/Pt111) we findx=0.32  aqicted value for ordinary=1 nucleation without cluster

: -5
i0.0753 by a flux series performed at 90 KX40 °<F<8  qtion, in agreement with the coarsening experiment de-
x10"° ML/s). This result confirms the theoretical scaling g¢rined above.

exponent; however, the error margin is too large to experi-

mentally pin down the precise value gf which is needed

for the precise analysis aof, (T) in terms ofD(T). The con- . ANALYSIS OF ISLAND DENSITIES

siderable error margin is due to the weak influence of the ) .

flux on island density often being close to statistical errors. In the following, we discuss several methods to analyze

Apart from on exception wheree could be determined temperature-dependent island densitigsT) acquired in the

by experiment with sufficient precisiorfy=0.32+0.01, =1 regime in terms o€, and v, of surface diffusion. the

see Ref. 3bprecise quantification of the exponent in ) discussion is in order of increasing precision, but also com-

is most conveniently done from kinetic Monte Carlo Plexity.

simulationd**84%allowing for as much statistics as computer

time permits(see below. Despite the experimental difficul-

ties in acquiring the flux dependencergf, it bears valuable

information as it enables one a clear distinction of the critical The simplest and most widely used approach is to apply

cluster sizes in the various regimesToandF (see Ref. 35  Eq. (1) to the linear part in the Arrhenius plot of,, where

and to determine the dimensionality of diffusion for the an-dimers are stablei 1), and extract the migration barrier

isotropic case®°! and the attempt frequency from the slope of the linear regres-
From scaling theories it is predicted that island-size dission to the data and its intersection with the ordinate. As we

tributions, when scaled properly, all fall onto common will see in detail below, thé=1 regime obeys linear density

curves that only depend ar?®*251=%Figure 2 shows these scaling to a good approximation only down @/F=1

curves obtained empirically far=1, 2, and 32 The most X 10°. Towards lower temperatures, or larger deposition

A. Scaling theory
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-1 - - ' ' ation within certain approximations for the capture numbers
o.18 This method overcomes several restrictions of scaling
theory. Rate theory enables one to account for post-
deposition mobility and therefore to analyze experimental
data also beyon®/F =10°. The wider range ob/F acces-
sible, in particular its extension towards lower temperatures,
considerably improves the precision with which parameters
of diffusion can be extracted. Furthermore, analysis with rate
theory opens up the investigation of densities taken at any
i=2, coverage within and below the “saturation” regime, whereas
—4r / 1 the scaling law expressed in E@) is strictly valid only for

/T the maximum island densities attained during deposition.
J/ The coverage where this maximum is located can vary with
- : : : : D/F and also with island shape. Therefore the scaling of
0.006 0.008 0010 0012 0.014 0016 densities acquired at fixed coverage can slightly differ from
/T Eq. (1). In this subsection we will investigate this variation
a@nd the strength and weakness of several classical approxi-
mations for the capture numbers in comparison to self-

FIG. 3. Arrhenius plot of saturation island densities measured
#=0.12 ML for Ag/P{111). A linear fit in that part of the foi

=1 regime, where Eq(1) is a good approximationd{/F=10°), consistent SOIUtiODg" .
yields a first estimate d&,, andv,. The dashed line far=2 shows The rate equations for monomers and stable islands read

the slope expected from a dimer bond energy Bf=150 for the case of metal epitaxy at low temperatures, i.e., dimers

+20 meV, as derived from the onset of dimer dissociation inP€iNg s_table and m_‘mOb"e: no re-evaporatioomplete con-

Fig. 1. densatiop and 2D island§compare Eqs(2.3), (2.5), (2.6),
and(2.8) in Ref. 27:

rates, nucleation no longer entirely takes place during depo- dn,

sition, which is the condition under which E¢l) was de- F—201an—oanlnX— kyF(Ft—nq)—2k.Fny

rived. a 2
Measured saturation island densitie#=0.12 ML) for

our example of Ag/RfL11) are shown in Fig. 3. The Arrhen- dn, )

ius plot shows two roughly linear regimes labeled1l and dt =o,Dni+ Kk Fn;. 3

i=2. In agreement with the dimer bond energy inferred

above from the onset of Ostwald ripening, the transition be- The terms on the right-hand side of E@) denote the
tween the two is located at 110 K. Taking the STM data inincrease of monomer density due to deposition with fijx

the part of the=1 regime to which Eq(1) can be applied, its decrease due to the encounter of two diffusing atoms un-
one obtainsE,,=170+ 15 meV andry=3x103%98 s71  der creation of a dimer — associated with the disappearance
(see line fit and shaded error region in Fig. Bo extract the of two atoms, the decrease occurring when a monomer is
attempt frequency from the intercept, the proportionality fac-captured by a stable island. The last two terms denote the
tor in Eq. (1) was set top(#=0.12 ML, i=1)=0.25; this decrease of; caused by direct impingement onte;=
value has been given by Venablgsge curve for=1 in Fig. =1), or into the immediate vicinity ofexpressed byk;,

6¢ of Ref. 27; it is confirmed by our self-consistent analysis «,>1), stable islands and monomers. For typical values of
and KMC simulations—see below. Notice, however, thatthese direct impingement terms are small with respect to the
care must be taken when selecting the data attributed to th@st three terms in Eq2). In Eq. (3) the terms on the right-
linear regime. From Fig. 3 it is not at all obvious that the lasthand side account for the increase of stable island dengity
two data points at 70 and 65 K fall beyond the applicability due to creation of dimers, first when two monomers meet by
range of Eq.(1). We obtained a slightly lower barrier of diffusion, and second upon direct deposition onto an adatom.
En=157+10 meV (ro=5x10"%0%7 s71) when we for- For sake of comparison with the self-consistent analysis
merly analyzed the data down to 65 K with a linear fit above, coalescence is neglected in [E8); incorporation
(DIF=2x10°) (see Ref. 15 would add a further term of the form 2n,(F —dn, /dt).?’

The dashed line for=2 shows the expected slope from  The capture numbers in Eq®) and (3) describe the ca-
the above values fdE, andE,, upon application of Eq(1). pability of islands or monomers to capture diffusing ada-
It describes well the island densities found fbr110 K. toms, i.e., they determine the island growth rate. They are
However, these densities are rather small and therefore suproportional to the gradient of the monomer concentration
ject to larger statistical and systematic errors. The latter arén,(r,t)/dr at the island edge, to the island radius, and in-
caused by the presence of steps which act as heterogeneagssely proportional to the mean monomer densityap-
sinks for diffusing monomers competing with homogeneougpearing in the rate equations. The capture numbers, there-
nucleation on terrace¥>° fore, generally imply the solution of a two-dimensional
diffusion problem involving spatial correlations between is-
lands. Approximate solutions to this problem were suggested
and discussed long adgb.There are basically two approxi-

Another common approach by which to analyze experi-mations for the diffusive loss of monomers towards islands.
mental island densities is to integrate rate equations of nucléFhe first one assumes that the islands are placed on a

B. Rate theory
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ters have a by~2% larger scaling exponent. Therefore, the
goal of the capture numbers is not to exactly reproduce the
classical scaling exponent gfbut rather to give the correct
exponents for the respective island shape.
One of the approaches t® that was pointed out in the
early literature is the geometric concéPtn this concept the
2D diffusion equation is not solved and capture rates are
interpreted as capture cross sections and therefore set propor-
tional to the island perimeter seen by the approaching mono-
Fs scaling law Eq. (1) mers. When applied to fractal islands, this yieldg=2
BSY S emeoimlioeT 1 +x¥17 with x being the island size in atoms; the constant of
#* +---+ fractal sigma . . . .
+_ lattice approximation 2 accounts for atoms diffusing towards sites adjacent to the
¥ e—= sclf-consistent compact island perimetet® It is seen from Fig. 4 and Table | that the
90 80 70 60 50 geometric concept is inconsistent, since it yields a signifi-
log,, (D/F) cantly larger slope in the Arrhenius representation of the is-
) ) o land densities than that expected from EL). The inconsis-
FIG. 4. Results from integrating rate Eq®) and (3) within  tency comes from disregarding the diffusion field towards

various approximations to the capture numbegsand oy Up 10 e jglands, which is driven by the gradient in the monomer
6#=0.12 ML. The approximations are compared to the scaling law

concentration.
Eqg. (1) (%#=0.25, y=1/3) and to the self-consistent solutions for . . . . . .
compact islands reported in Ref. 34. Fractal sigma stands for the. An alternative approximation, being even simpler while

geometric concept applied to fractal islands. In all cases coalesweldleqg much better_resglts, IS to assume constant capture
cence has been neglected. rates’™ This assumption is based on the fact that more so-

phisticated approximations for the capture rates show that
these do not change very much in the coverage range close to
LJssaturatior{see, e.g., Fig.(@) of Ref. 11]. Therefore, constant

-25¢t

=30t

log;o (ny)

periodic lattice. Since islands nucleated on a homogeneo

substrate are randomly distributed, this so-called Iattic%apture rates can be chosen such that they matckilEépr

; i h1,61 ; ; :
approximation”* overestimates island correlatlons af?d thusa small range of saturation coverages. From Fig. 4 and Table
represents an upper boundaoThe second approximation is lit is seen thair; =3 ande, =7 work very well for 6=0.12

the uniform depletion approximation representing a lower, . o .
bound too!! The uniform depletion approximation has been ML. The slope is by 2% below that produced by the classical

solved selfconsistently for all cluster sizes, and perfect agreeSCaIing exponent. Also, the absolute number densities come
ment of the density scaling with KMC simulations has been\?m exactly as predicted from classical scaling thesge
demonstrated! These self-consistent solutions are the mos
accurate approximations of the capture numbers to dat(?
Nevertheless, a comparison to the classical approximations
worthwhile since they significantly reduce the calculational
effort.

In Fig. 4 and Table I, we compare the density scaling

obtained with the various approximations fey to the scal- .

. oo - . Approaches that work for all coverages up to saturation

Ic?fgoli\g II\E/I?_.(%/)V\(;VIme)ﬁ\ E()lésair;(;g_%tztsh;?r ?Jifrll);(igaiot\r/]?arrzgiz Jare those where the 2D diffusion equation is solved. Numeri-
| ' y P ally integrating the rate equations within the lattice approxi-

small island shape effect on the scaling exponent. We find __> . o . i
from the KMC simulations to be discussed below that com- ation yields a slope which is 5% below the classical expo

act islands have a scaling exponeri% below the classi- nent of x=3 (see Table )l and therefore well suited for
gal one. whereas diffusiong-limilied a ?e atidLA) clus- compact islands(For simplicity o; was assumed to be con-
' ggreg stant, the value ofr; =3 was chosen since; varies from 2

to 4 in the coverage range of 19to 1071 ML.1}) Table |
shows that the larger scaling exponent of fractal islands can
be obtained in the lattice approximation when using the ex-

alue in Table ). However, constant capture rates do not
ive the correct coverage dependenceof as the real cap-

ure rates vary considerably from the beginning of deposition
lfp to saturation. The constants used above are only adequate
for reproducing the density at 0.12 monolayers, since con-
stant rate coefficients predict that the island density will in-
crease a®'? instead of saturating.

TABLE |. Prefactorsn and slopesy in Eq. (1) for #=0.12
and i=1 obtained from linear regression to mean-field calcula-
tions within several approximations fer(see also data displayed in

Fig. 4). pression proposed by Bales and Chrzanaf@r”‘.1
For the self-consistent solutions expressions have been

approximation 7 3% x derived_ for compact and fractal islanﬁ‘sThe calculation for_

fractal islands is seen from Table | to yield the appropriate
Eq. (1) 0.250 1.000 exponent, whereas the compact island exponent comes out
Fractal sigma 0.990.08 1.30:0.01 slightly too large compared to our KMC results.
01=3, 0,=7 0.25+0.01 0.98%0.003 The comparison in Fig. 4 and Table | shows that the lat-
o,=3, o, latt. appr. 0.22-0.01 0.9510.006 tice approximation and the self-consistent solutions yield re-
Self-consistent compact 0.20.02 0.99-0.01 sults that are consistent with each other within a small error
o, from Ref. 34, 0.30+0.01 1.025-0.002 margin of +1% for fractal islands, and af 2% for compact
o, lattice approximation islands. Unknown island shape, as e.qg., present in diffraction
Self-consistent fractal 0.270.01 1.027% 0.006 experiments, is a source of systematic errorstd®. The

precision of absolute number densities, i.e.,7pfis in the
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range of+=10% enabling determination of, within +=30%. D/F

This absolute precision is sufficient since often unknown de- 10° 107 10 100 100 107!
tails as attachment to islands may change absolute number T T T T T T T T T
densities within that range. The good agreemeny end » —15L ]

makes both the lattice and the uniform depletion approxima-
tion suitable for comparison to experimental island densities
for coverages up to saturation. On the other hand, a set of —201
constant capture rates reproduces the correct slope and inter-
cept only for a single coverage, and the geometric concept
yields to systematic errors.
The influence of the island shape can also be accounted

for by using Eq.(1) with the exponents and prefactors given =30

o Ag/Py111) T

for the respective cases in Table I. This procedure yields rate equations
sufficient precision; however, it is only valid aroudeF0.12 _asl ]
ML. For coverages below and slightly above, the rate equa- ) , , ,
tions have to be integrated, which is a straightforward task in 0.01 0.015 0.02
the lattice approximatiof? The precision of the analysis of 1T

island densities in terms of diffusion parameters within rate
theory can reack:-1% when the approximations used for the  FIG. 5. Comparison of experimental saturation island densities

capture rates are adapted to the island shape. (=0.12 ML, F=1x10"2 ML/s) for Ag/Pt(111) in the tempera-
ture regime where dimers are stable nucknd immobilg with
IV. LOW-TEMPERATURE EFFECTS self-consistent mean-field calculations for fractal islands. In these

calculations the rate Eq&2) and(3) have been integrated until 2 h
In addition to the analysis of=1 island densities for after deposition in order to account for post-deposition mobility of

D/F>10 in terms ofE,, andv,, supplementary information remaining monomers. Since at very IoW(D/F<10°) not only
can be inferred from island densities obtained at very lowstable islands but also Ag adatoms appear as immobile protrusions
temperatures /F<10°). As mentioned above, the preci- in the STM topograph¢Ref. 22, and due to tip convolution these
sion of diffusion parameters can be increased significantly bynonomers are hardly discernible from islands, the rate equation
analyzing densities over a larger rangeDofF, but also de- results shown,+n,. This distinction ton, only plays a role for
tails such as attachment to islands and transient mobility pIaP/F<105-

an increasing role for smal/F. This is an advantage and a . .
. consistent solutions of the capture numbers of fractal
drawback at the same time. It opens up the study of thesg

) . o . . 18lands* Taking into account post-deposition mobility, inte-
effects, but it also requires additional experimental informa-_""" . : )
tion to separate them out. gratlor.].of t3he rate equations was continued lubth after .
depositior® the typical time that also elapsed from deposi-
tion untii STM observation. The mean-field calculation
shows excellent agreement with experiment over almost 10
The Arrhenius plot of island densities for Ag(P1l) orders of magnitude iD/F. It has been performed with a
down toD/F=10"1 (T=50 K) is shown in Fig. 5. From migration barrier of E,,=168 meV and an attempt fre-
the experimental data it is seen that there is a linear regimguency ofvo=7x10" s 1. From a variation of these val-
for temperatures fronD/F=4x10° down to aboutD/F ues we derive a conservative estimation of the overall error
=1x10°, followed by a downward bending of the island (systematic and scattering of datef E,=168+=5 meV
densities measured for lower temperatures. The linear regimand vo=7x 10"**%2 571, For the interpretation of these dif-
reflects the power law expressed in Ef). The downward fusion parameters we note that diffusion between adjacent
bending to lower island densities is due to the fact that foifcc sites on an fod11) surface occurs by jumps via hcp
lower temperatures, or higher deposition rates, diffusion besites. Often there is a small binding energy difference be-
comes slow with respect to the incoming flux of adatoms. Asween both sited®®* If there is such a difference for Ag/
a consequence, only a fraction of the deposited adatoms cr@4111), as suggested from thedty,the E,, value deter-
ate nuclei or attach to islandsiring the course ofleposition  mined above signifies the rate limiting diffusion process, i.e.,
and a considerable monomer density is bter deposition  the one with the larger barrier. The attempt frequemgy
has been terminated. Rapid cooling would preserve these retands for jumps into any of the six possible directions. The
maining monomers and they would become detectable, fadiffusion constantD is defined in unit cells per second as
example in STM topographs or in the reflected He intensityD = 1/3v, exp(—E/KT).
Usually, however, the surface is examined at deposition tem- To further investigate post-deposition effects and the role
perature, and—particularly in the case of STM—also somef monomer attachment to islands and other monomers we
time after deposition. Therefore, monomers continue to difturn now to the analysis of island densities with KMC simu-
fuse, leading to island growth and/or nucleation after thdations. The KMC simulations discussed in this paper were
desired amount has been deposited. This evolution was lalone using two independently developed codes, one for a
beledpost-growthandpost-nucleatior(in the sense of island hexagonal lattic¥ and one for a square latti¢&In Fig. 6,
growth and nucleation taking place post-depositior® we compare experimental data for the A¢giRtl) system to
The solid line in Fig. 5 shows the best fit to the experi-KMC simulations that were performed for dendritic islands
mental data by mean-field rate equations with the selfon a hexagonal lattice and thus accounted for the lattice and

A. Post-deposition mobility and attachment to islands
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For D/F <10, first n, directly after deposition begins to
deviate significantly from the scaling behavior expressed in
Eqg. (1), and second, also the monomers left after deposition
reach a detectable amouisee deviation oh,+n; from n,
indicated as shaded area Note, however, tham, directly
after deposition stays congruent with the curve for KMC-
continued untilD/F~1x10?. This signifies that for 10
>D/F>10? the density of stable islands is determined im-
mediately after deposition stops, post-deposition mobility
only attaches monomers to existing islands without creating
new ones(post-growth. For smallerD/F, n, reaches a
maximum atD/F ~ 2 x 10%; afterwardsn, decreases towards
ee KMCny lower temperatures. This is due to diffusion becoming so
— KMCny+n slow that only very few islands can be created during depo-
35} - I;;"‘hf‘xgjrj‘téif‘l’;“i““ed ] sition and many monomers remain. Accordingly, post-
O Rl N I I deposition mobility is now responsible for the creation of
9 8 7 6 5 4 3 2 1 0-1 new islands(post nucleation raising the curve oh, (see

log,, (D/F) shaded area)2o yield the characteristic plateau of constant
island densities. This plateau is causedbypecoming suf-
ficiently small with respect té- that nucleation takes place
almost entirely in the absence of the deposition flux. The
diffusion rate, respectively, the substrate temperature, deter-
mine the time after deposition that it takes to form all nuclei.
Their final density, however, is temperature independent and
only a function of coverage, and their size distribution is
exponentially decreasing.

The KMC results in Fig. @) for post-deposition mobility
correctly describe the experiment for Ag/Ptl) in the
whole range ofD/F. The simulations were performed with
identical parameters for monomer diffusion as the analysis
within rate theory displayed above in Fig. 5. The agreement
+-=-+ KMC attachment with 60% En of both methods is striking. Here it is demonstrated for KMC
~—— KMC attachment with Eny simulations performed on a hexagonal lattice with dendritic
-35} ° STM, Ag/Pu111) - islands in comparison to rate theory for fractal islands. For a

e comparison of rate theory with KMC simulations on a square
987 6543210+ lattice, see Ref. 34.
log,o (D/F) There is an alternative way besides post-deposition mo-

bility to rationalize the small island densities observed in

FIG. 6. (a) KMC simulations showing deviations from scaling experiment for Ag/RtL11) for D/F<10. It is attachment of
appearing forD/F<10° and leading to smaller island densities monomers to island&® or other monomer? with a lower
than expected from Ed1). The experimental island densities for gctivation energy than for diffusion on a flat terrace. The
Ag/Pt(111) can be rationalized by post-deposition mobility appear-y \1c results reproduced in Fig.(B) demonstrate the effect
ing between deposition and inspection of the surface by $1M4 ) iqland densities when attachment towards islands and
t?ce the.eﬁeCt of .Cour.‘ting monomers as islands) KMC Sfimma' other monomers is performed with a reduced barrier of 60%
tions with the diffusion parameters for AG{BLY showing the ¢ y,0 torrace value. This amount is suggested from effective
effect of easy attachment to islands. The KMC simulationgan medium theorZ/l calculations for attachment towards two-
and (b) were performed with the parameteis,,=168 meV, . . 66
E 160 meV.E...=160 meV for collective dimer fold coordinated sites for Ag/Pt1l) and for Pt/P{L11).

corner—A—step » =coll . . . .
relaxation at A-tipgsee Ref. 6. A common attempt frequency of The island density detectable in the experiment{n,) be-
1o=7% 10" Hz was used. comes smaller due to th(—; effect of “(_aasy” gttachment over
one site. The most prominent effect is again located at low

. ] ) temperatures. The results in Figbp describe the experi-
island symmetry(see Sec. V.A To establish comparison yent for Ag/P€111) quite well without any need for post-

with the mean-field analysis above we first address the effeqfeposition mobility. It should be noted that easy attachment
of post-deposition mobility in Fig. @). The simulation re- s overestimated in the KMC simulations, since there was no
sults are represented by three curves, displayipgndn,  distinction between attachment towards onefold and twofold
+ny, both directly after deposition, and,+ny, 2 h after  coordinated edge sites, whereas a noticeable reduction of the
deposition. The curves coincide f@/F>10°, indicating  barrier is inferred from EMT only for attachment to twofold
that post deposition effects are absent or negligible in thasgites.

range, i.e., diffusion is fast enough that nucleation and The available low temperature data for A¢/Ptl) can be
growth take place entirely during deposition, and there arexplained either by post-deposition effects or by attachment
only very few monomers left when deposition stops. towards islands with a smaller barrier than for terrace

-1.0

1.5}

|

1%

=}
T

log,, (n,)

|
D
)

-30F

-1.0

-1.5 ¢

1
N
(=)

log,, ()

'
>
W

-30¢t




PRB 60 MEASURING SURFACE DIFFUSION FROM NUCLEATION . .. 5999

diffusion. The latter effect is expected to be more pro- (@ T=35K, ©=01ML
nounced for hexagonal than for square lattices since on the !
first there is attachment to laterally twofold coordinated sites.
A distinction of easy attachment and post-deposition mobil-
ity can be achieved by STM measurements where the sample
is quenched after deposition freezing post-deposition mobil-
ity and preserving monomers eventually remaining after
deposition. It is important to notice that post deposition ef-
fects and the details of the adsorption potential close to steps
(as long as there is no repulsjoare both irrelevant for
D/F>10°. These effects enter at lowBr/F and the data in
Figs. 5 and 6) and &b) show how they can be accounted
for.

B. Statistical growth

Statistical growth is deposition at temperatures where
thermally activated diffusion processes are frozen. STM
measurements in this temperature regimee Fig. 7a)] al-
low the determination of the mean island size as a quotient of
coverage and density. Both numbers are known with suffi-
cient absolute precision that conclusions on transient mobil-
ity can be reached. This is achieved by comparison of ex- — nodiffusion KMC L
periments, monitoring the mean island size as a function of e ?cgs?fﬁ‘a;z“mf;f%wc K
coverage, with theoretical models once with and once with- 40 F 4 ]
out transient mobility. The mean island size expected for
pure statistical growth can be estimated with percolation
theory existing for square and hexagonal latti€eBercola-
tion theories neglect deposition onto filled sites, however.
Consequently, they yield numbers that are slightly too small
compared to epitaxial growth experiments. These effects can
be accounted for either by integrating the rate Egs.and
(3), or in KMC simulations. Results from both methods ob-
tained for a hexagonal lattice are displayed in Figb),7
again showing that KMC is fully consistent with rate theory.
The mean island size expected for deposition of 0.1 ML
under conditions where atoms stick to their impact site, or 0;)0 0'10 0'20
roll down from another adatom onto which they were depos- ’ ) )
ited, is 1.48 atomgpercolation theory yields 1.35 atoims ® [ML]

However, if one permits transient mobility over 1 lattice site

the expected mean island size is 2.3 atdeee dashed line ~ FIG. 7. (&) Deposition of Ag onto RL11) at 35 K where terrace

in Fig. 7(b)]. The experimental value for the mean island sizediffusion is frozen D=4x10"** unit cells s *) shows predomi-
of 1.2+0.3 atoms obtained for 0.1 ML Ag deposited onto nantly m_onomers imaged as brlght dots of 4—7AW|dth. Due to_tlp
P(111) at 35 K clearly allows one to rule out transient mo- convolutlon,.monomers arg not d|§cern§d from dlmer§. Comparison
bility for that system. of the experimental mean island size with the theoretical cuitves

Note that easy attachment to islands over one site an]:?r statistical growth ar_u_j transient mobility over one site clearly
. i~ . . . rules out transient mobility for the system Ag/Pt1).
transient mobility over one site yield the same mean island
size. Transient jumps of condensing atoms increase the mean
island size only in those cases where they proceed towards
other monomers or islands ending up with attachment. |In this section, we investigate density scaling for cover-
Therefore, the data presented in Fig. 7 also serve to excludgges up to coalescence that is particularly important for dif-
easy attachment with an extremely small barrier, as was olfraction techniques requiring a minimum coverage of typi-
served for Ir/If111).% Generally, transient mobility can be cally 0.3 ML. We analyze results from kinetic Monte Carlo
discerned from easy attachment to islands and monomers g#nulations that establish density scaling for the most com-
the first is nonthermal whereas the latter is assumed to bgon island shapes in the range 0£@<0.4 ML.
thermally activated. Therefore, decreasing the deposition
temperature is expected to freeze in easy attachment,
whereas transient mobility, if there is any, should persist
down to lowest temperatures. Similarly to the present case of The islands formed by Ag on @tll) have dendritic
Ag/Pt(111), transient mobility was also ruled out for Ni and shape as displayed in Fig. 8. Dendritic in this context denotes
AU/Au(110), based upon comparison between measured an@mified islands with preferred growth directiéfsn con-
simulated island sizes for low-temperature depositibn. trast to DLA clusters, where branches grow in random

30

mean island size

V. DENSITY SCALING AND COALESCENCE

A. Island shapes
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directions’® The preferential growth directions are the three
crystallographic(112) directions, leading toY shapes for
small islandg[Figs. §a) and &b)] while larger islands re-
semble snowflakes with a triangular enveldég. 8(c)].

The atomic process giving rise to this particular shape is the
asymmetry in diffusion of atoms from corner sit@mnefold
coordinated towards the two nonequivalent step sitéso-

fold coordinatedl and from terraces a andB steps>’ gen-
erally present on a hexagonal surfdé&® For Ag/P(111),
Ag/Ag(11l), and presumably also for Pt(R11) (Ref. 76
corner diffusion toward#\ steps is activated as soon as ter-
race diffusion is, since it requires a comparable energy bar-
rier. Theoretical calculations suggest that this is a general
trend for close packed surfac®sThis implies that corner-
to-A-step diffusion is always active when aggregation is and
the classical hit-and-stick mechanism yielding DLA clusters
does not exist in low-temperature metal epitaxy. In addition
to the corner-to-step diffusion asymmetry, there is an asym-
metry in the direct attachment to steps always favorng
steps. This leads to asymmetric population of both steps and
to the observed branching into preferred directions, as dem-
onstrated by means of KMC simulatioffs’® The anisotropy

in corner diffusion and attachment generally characterizes
close packed substrates, implying that dendritic growth is the
rule rather than the exception on these lattiCes.

At higher temperatureqor low flux), the necessary
conditions for dendritic growthiE& 1 and no dislocations
are no longer fulfiled and branches grow in random
directions®®"* Although these islands have larger branches
due to edge diffusiof2’®3their shape and fractal dimension
closely resemble DLA cluster4:®! This renders DLA clus-
ters a relevant island shape, although the classical DLA clus-
ters with monoatomic branches are not expected to form. At
even higher temperatures corner crossing becomes activated,
finally leading to a transition to compact islands. Therefore,
dendritic, DLA clustergwith larger branchesand compact
islands can appear on close packed surfaces. On square sur-
faces there are only laterally onefold coordinated edge sites.
This generally implies fast edge diffusion and slightly slower
but still fast corner crossing generally leading to compact
islands(for an exception, where strain effects are believed to
interfere, see Ref. 84

For the present context of density scaling we investigate
the impact of the two types of ramified as well as compact
island shapes on the dependencapbn D/F. The specific
island shape was accounted for in realistic KMC simulations
incorporating the key diffusion processes taking place at the
edge. For DLA, edge diffusion was frozen in; for dendrites,
diffusion from corner sites tA steps was permittecthe
island shapes are exactly those observed in Fig. 8, see cap-
tion of Fig. 6 for KMC parametejs For compact islands on
a square lattice, the diffusion rate for an edge atom with one
lateral bond was set proportional 3% (see Ref. 88 In the
case of compact islands on a hexagonal lattice we have cho-
sen to simulate triangular islands, since this avoids diffusion

FIG. 8. Variation of the saturation island density with tempera-Of smaller clustergsee in more detail belowThe simulation

ture for deposition of 0.12 ML Ag onto Pit11) at 80, 95, and 110

results are sumarized in Table Il f@=0.12 ML. Variations

K, respectively F=1.11x10"3 ML/s). See also the evolution of in x for the different island shapes are evident. For dendrites
the dendritic island shape with size. The small dendrites at 80 K arg iS 3 within the statistical error of the simulation. The ex-
Y's whereas the large islands at 110 K begin to branch several timggdonent for DLA islands is increased by 2%, that for compact

and resemble snowflakes.

islands on a square lattice is by 4% below the classical one,
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TABLE II. Prefactorsn and slopesy for 6=0.12 andi =1 [see 0.006 T T
Eq. (1)] obtained from linear regressions to KMC simulations in the o .j__'""'—RT-nocoaL
range of IX10°<D/F<4x10® for dendritic, DLA, and compact 0.005 . ""Exgj:gaf’“l‘}ﬁ“"’l ]
triangular islands on a hexagonal lattice, and compact islands S % —--RT-coal }Compm
placed on a square lattice. N\ KMC-coal.
_ 0.004 \\\\ E
Island shape n 3xy = \\\
= 0.003 N .
Eq. () 0.250 1.000 & \\‘\
Compact islands, square 0:28.01 0.96:0.01 0002 L \ \\ i
Compact islands, triangular 0.2@.01 0.94£0.01 NN
Dendrites 0.230.01 0.994-0.006 Y ~
Dendrites easy attachment 020.01  0.982-0.007 0.001F \ |
DLA cluster 0.23-001 1.016-0.007 N
000 602 04 06 o8 10
whereas the scaling exponent for compact triangular islands @) O [ML]
on a hexagonal lattice is by 6% belofv The finding that 0.006 : : :

DLA islands have a larger scaling exponent than compact
islands agrees well with earlier resutfs’>*Dendrites are in
between the compact and DLA cases, which is expected

(I) DF=1.0x10°

(2) DF=53x105 ]

(3) DF=22x10%

. . . - 7
since they spread out less isotropically and therefore have a (4) DF=25x10

smaller variation of the capture cross section with size than
DLA clusters. =

It becomes obvious upon comparison of Tables | and Il 2. 0,003
that the scaling exponengg and the prefactors; obtained &
from KMC agree well with those from rate theory—when

0.002 3
performed with the adequate approximations for the capture
numbers. Therefore, Monte Carlo simulations and rate theory
. \ ; : 0.001 3
both yield an equally valid analysis of the experiment.
Attachment to islands via a lower barrier than terrace dif- 0.000 \
fusion reduces the overall island densities by 10%. As 00 02 04 06 08 10

pointed out above, easy attachment lowrsnore strongly (b)
at smallD/F; thereforey also becomes slightly decreased.

Notice that the KMC simulations and the rate thegsge FIG. 9. (a) Coalescence investigated for fractal and compact
Figs. 5 and €a)] both show the slight bending in Imj) ver-  islands by means of rate theory and KMC simulations on a square
sus InD/F) with respect to the straight line suggested fromlattice performed forD/F=1x10°. Coalescence begins to affect
Eqg. (1). This deviation from linear scaling is intrinsic; its island densities a#>0.1 ML. Notice the agreement between rate
magnitude is expressed in the errors given forhalues in theory and KMC for the curves without coalescence. The coales-
Tables | and Il. The nonlinearity implies that thep@alues ~ cence term of mean-field theory overestimates coalescence effects
are only valid when analyzing island densities in the inves2t early times while it does not drap, to 0 até=1 ML. (b) Island
tigated regime of X 10°<D/F<1x 10°. Systematic errors denspes for threg types of islands that can be realized ona hexago-
of up to twice the error given in Tables | and Il arise upon nal Iattlce_. KMC simulations show that coalescence_sets in abruptly
linearly analyzing island densities in only one side of thisfor dendrites and DLA clusters, whereas compact islands show an

regime. The prefactor; in Eq. (1) giving the absolute num- extended coalescence regime.
ber densities is seen from Table Il to remain largely unaf-

Density scaling for any fixed coverage below saturation
fected by the island shape. y g y g

can very well be accessed within mean-field nucleation
theory (see above Coalescence, however, is less well de-
scribed within that theory. The curves for compact islands in
Above, we have analyzed island densities at a constaritig. 9a) show that adding the coalescence term in &).

coverage of 0.12 ML corresponding to the experimental datgields island densities that are too small at low coverages,
on to which we based our theoretical discussion. There arehereas coalescence is underestimated at higher coverages.
several reasons for looking at density scaling also outside th€herefore, the island density does not drop to 0 even long
“saturation” regime. Most of the experimental techniquesafter KMC shows percolation. The failure of nucleation
working in reciprocal space require a minimum coveragetheory in describing coalescence is well known. Spatial cor-
above saturation. The side bands in diffraction scans obrelations between islands become increasingly important
tained with LEED clearly emerge only at and above 0.3once the islands approach each other and there are efforts to
ML.8 Also He diffraction experiments were performed atimprove the coalescence description in mean-field th&ory.
coverages as high as 0.5 ME.To enable a precise analysis Also, island size distributions are affected by island correla-
of island densities acquired at any coverage we investigate itions and therefore they come out wrong in mean-field
the present subsection the density scaling over the wholtheory, to0® These two weak points of mean-field theory
coverage regime up to percolation. are intrinsic and improvement can only evolve by abandon-

B. Coalescence and density scaling at larger coverages
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ing the mean-field approach, e.g., by combination with simu-
lation results. The onset of coalescence becomes evident
when comparing the curve from KMC simulations neglect-
ing coalescencécoalesced islands were still counted sepa-
rately) with those taking coalescence into accolinactal
island curves in Fig. @]. Coalescence becomes discernible
already at 0.1 ML, but the effects remain small until 0.2 ML;
up to this coverage mean-field theory yields reliable results.
The effect of island shape on coalescence is addressed in
Fig. 9b) showing results from KMC simulations performed
on a hexagonal lattice for deposition of up to 1 ML. For
ramified islands it is seen that coalescence sets in suddenly,
leading to a steep decrease of the island density, reaching its . . . :
half maximum at 0.43 ML for DLA, but somewhat later, at 90 80 70 60 50
0.48 ML, for dendritic growththese values are for the case (@ log,, (D/F)
of D/F=10). The earlier coalescence observed for DLA ‘ ‘ , . ,
aggregates is due to the wide and isotropically spread P R

branches of these aggregates, facilitating coalescence. For 10| 4= .
dendrites coalescence is delayed, since there are only three
growth directions. Thinking of ther-shaped dendrites in 08 | ]

Figs. 1a) and 7b), for coalescence, these branches have to e dendites
grow towards the center of the neighboring island, which is #——x DLA hex

0.6 [ »——= compact square

=251

o
o
.

log; (ny)

-35F

well screened against random walkers by two of its branches. s v ompaat i
In contrast to the ramified islands, compact islands start to =2 « compact hexagonal (cluster diffusion
coalesce early and then the island density slowly diminishes o4} r—
over an extended coverage regime. This difference is due to ” i e .
the fact that for compact islands there is no screening of the 02} Jﬁﬁ:::;*?t:\
narrow spacing between adjacent islands, since the atoms T e

. . . . v S a0
necessary to fill up this space can be supplied by edge diffu- oy L ‘ ‘ , vy
sion from parts of the edge that are fully exposed to the 00 01 02 03 04 05
terrace diffusion field. Note that these general trends for the (b) 8

h nden f I n re largely in ndent of ) . . .
shape dependence of coalescence are largely independent o FIG. 10. Density scaling as a function of coverage and island

D/F, respectively, temperature. ) ; . .
' L7 h fi f KM | Arrh | f
Cuts at various coverages through the types of curves fop ope as i erred from C simulationg@ Arrhenius plot o

. o L .~ island densities for different coverages as obtained from KMC
island number densities shown in FigbPare represented in g

. S . - simulations for dendritic island¢b) The exponenjy and the pref-
an Arrhenius plot in Fig. 1@. The KMC simulations for actor 7 (see full and dashed lingappearing in the scaling law Eq.

dendrites were performed with the diffusion parameters fofy) a5 4 function of coverage for various island shagesas scaled
Ag/PY(111) (see caption Fig. 6 and Ref. 57t becomes 0b- gy that deviations from the classical vajue2 become apparent.
vious that the island densities obtained for Gs¥0<0.30  The KMC simulations for dendrites, DLA clusters, and two types of
ML all fall into a very narrow regime, whereas the densitieScompact islands were performed on a hexagonal lattice. We also
at 0.05 and those fo#>0.30 ML lie below; finally, the data show KMC results for compact islands on a square lattice.
for 6=0.50 ML show strong deviations from linearity in
In(n,) vs In(D/F). For coverages below 0.50 ML the island  As briefly addressed above, a simulation generating com-
densities exhibit to a good approximation an exponential lawpact islands on a hexagonal lattice may involve cluster dif-
of the form of Eq.(1). The exponenj and prefactorp ob-  fusion. In order to generate hexagonal compact islands, edge
tained from linear regressions to the data in Figal@re  diffusion and corner crossing have to be allowed with equal
shown in Fig. 10b). It is seen that for dendrites the scaling rates forA andB steps. When this is is done, however, small
exponent is within 1% of being identical to the classical oneclusters begin to move by edge diffusion. In order to main-
in an extended coverage regime from 0.1 to 0.25 ML. Out+ain compact hexagonal islands downDéF = 10°, the bar-
side this regime the scaling exponent drops by up to 12% aters for edge — and by this also cluster — diffusion have to
0.45 ML. This change in scaling is caused by coalescencbke close tcE,,. Density scaling then becomes perturbed by
appearing at slightly different coverages for e@xtr. cluster mobility(see Sec. Il B

Figure 1@b) also shows results from KMC simulations ~ We have tried two approaches to addressing compact hex-
for DLA clusters on a hexagonal lattice as well as for com-agonal islands in KMC simulations. In the first, we have set
pact islands on hexagonal and square lattices. The scalirfgr all edge diffusion processdsorner to step, step to step,
exponent for DLA islands is above that of dendrites untilstep to corngrat A and B steps an identical barrid,qge,
6#=0.30 ML. At higher coverageg drops more rapidly for which was selected such that islands remained compact and
DLA-clusters than for dendrites due to the earlier coaleshexagonal down toD/F=10 (Eedge=200 meV vs E,
cence. The scaling exponent for compact islands on a square168 meV). This simulation shows a scaling exponent up
lattice stays well below. to 10% above the classical opgee Fig. 1(b)]. This increase
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of x is caused by cluster diffusion becoming more rapid at VI. DISCUSSION AND CONCLUSION

higher temperature where it reduces island densities more . .
o . Our results show that the straightforward analysis of satu-
strongly. In this first approach, we find that the degree to ..~ . . . . .
) . " " ration island densities with mean-field nucleation theory by
which y increases due to cluster mobility critically depends o
- _ . means of Eq(1), when performed fob/F> 10 and a criti-
0N Egqge (for E¢qqe= 180 meV vsE,,=168 meV it reaches . . .
. cal nucleus size af=1, allows one to determine the energy
20%. In a second approach we have varied the COMMON - rrier and attempt frequency for surface diffusion with an
edge diffusion barrier with temperature, such that the edge b q Y

1m0 SN . .
diffusion processes were allowed with a rate proportional ggrecuracy 0f~10%. Increased precision is obtained in the

the laeral impingement rate onto the isiand edgeb/n, 2 ENEE AT TR S B B MR O S e
times the mean edge length defined $¥§/n,. By this we y y '

maintained compact hexagonal islands throughout the wh Idone above in extended KMC simulations that give scaling
P Xag er ghout the who Sxponents and prefactors for the principle island shapes that
temperature range, while cluster diffusion was less effectiv

%an be realized on hexagonal and square lattices. The island
at higher temperatures. This moves up the island densitie g g '

ssnape effect is to increasg by 2% for DLA islands; it is
. . 0 ’

for large P/F and yields scaling expgnents py 10% below exactly the classical one for dendrites, whergds smaller
the classical one. We note that varyikgqqe With T saves

ter time in simulations: h will hardlv b by 4% for compact islands on a square lattice and by 6% for
c?m%u_er ime Im m;nu a 13:15, _owle\:_er, it wi it arf y g rle- compact triangular islands on a hexagonal lattice. Compact
allzed In a real system. 1he simusation resufts of modets 1nexagonal islands on a hexagonal lattice are a peculiar case
and 2 show the degree to which the scaling exponecén

b frected by clust bilitv induced by edae diff in which edge diffusion induces cluster motion with the re-
ecome afiected by cluster mobility iInduced by edge diliu-g, ;4 convoluting edge diffusion barriers witfy,,. Cluster

sion. On the other hand, the results imply that if a real SYSyiffusion also increases the bending ofip(vs INO/F),

tem has compact hexagonal islands with straight steps dowpich makes hexagonal islands escape from simple scaling
to D/F= 10°, cluster diffusion will play a role in its density of the form of Eq.(1). For all other island shapes, the correct
scaling. values for the coefficients in Eql) are given in Fig. 1(b)

In order to access density scaling for compact islands on gs a function ofg, and in Table Il for§=0.12 ML. This
hexagonal lattice without the complication of cluster diffu- information enables accurate analyisisl %) of total number
sion, we have done simulations generating triangular islandgensities in terms o, and v,. That way the error is basi-
on a hexagonal lattice. For this purpose, edge and corneally defined by the scatter of the experimental data.
diffusion at A and B steps are discerned, and a common We showed that self-consistent rate theory and KMC
barrierEqqeis associated with some of thefmorner to cor-  simulations are fully consistent with each other. Since both
ner atB step, corner taB step, corner toA step and the methods require appreciable computational effort, we also
reverse process, diffusion alodgstep, while all other pro- showed that some of the classical approximations for the
cesses along the island ed@m®rner to corner afA step,B  capture numbers yield good agreement with the more costly
step to corner, diffusion alonB step are turned off. This calculations. The agreement between KMC and rate theory
choice of parameters produces compact, triangular islands average quantities establishes application of rate theory
bound by straighA steps. In these simulations, we find that for extracting precise parameters of surface diffusion from
density scaling is independent of the choicéegfi,e, as long island densities. For coverages below saturation this analysis
as it is small enough to generate compact islands throughogein be done by integration of rate equations within approxi-
the considered scaling regime of>5D/F<10°. The den- mations foro adequately chosen for the respective island
sity scaling obtained that way for triangles on a hexagonashape. For saturation coverage, analysis in terms of(Hq.
lattice almost coincides with the one derived for compactwith the values ofy and » given in Tables | and Il suffices.
square islands on a square lattice. The shapes of the curvBsie to difficulties in the coalescence description of mean-
for x and » represented in Fig. 1b) reflects the extended field theory one has to rely on KMC simulations for cover-
coverage regime in which compact islands coalesce. Thages above saturation.
early onset of coalescence leads to a clear maximumaif The island-shape-dependent character of coalescence is
6#=0.1 ML, followed by a rather weak decrease. We mentionreflected in the variations of and » with 6. y decreases
also that the scaling for compact islands & 0.2 ML  earlier for both types of compact islands and later but more
generally depends on whether restructuring of two coalesceabruptly for dendrites and DLA clusters. With the informa-
islands into a single-compact one is permitted. The proces$on given in Fig. 1Qb) it is possible to extend Eq1) also to
required for this is corner breakup. First results indicate thatoverages below 0.1 ML and as high as 0.5 ML, which
there is continued scaling with smaller variationsyinvhen ~ should encourage application of the nucleation method also
rapid restructuring is allowed. to data from diffraction techniques. The He scattering data

The results presented in this section enable one to take tifer Cu/Cu100) (Ref. 23 were formerly analyzed with a
effect of island shape into account and to analyze island derwrong scaling exponent. Redoing this analysis with the
sities taken at any coverage. This is useful for LEED andoroper value fory inferred from Fig. 10b) for compact is-
He-diffraction studies, but it also enables one to estimate thkands on a square lattice yields,,=0.34+0.07 eV. This
error when analyzing island densities with the classical valvalue compares very well to the experimental values pub-
ues fory and 7, as was formerly done. The data representedished for that system by other authors using different tech-
in Fig. 10b) allow one to considerably improve this analy- niques,E,=0.36+0.06 (Ref. 89 and 0.39 e\?°
sis; they extend the applicability of E@l) to a variety of The precision of the analysis of(T) data in terms oE,,
island shapes and to coverages outside the saturation reginend v, of surface diffusion can be enhanced by extension to
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a largerD/F range than the one given by the linear scalinglands are small and therefore compact no matter what the
regime. Towards larg®/F values the end of the=1 re-  details of edge diffusion are, and they are far too small to
gime sets a natural limit; however, one can extend densitgoalesce. The authors of Ref. 8 also performed measure-
measurements towards lower temperature. The results reaents of saturation island densitieg for i=1, thus en-
ported above show how information on atomic details, suctabling a test of their method against nucleation theory. A
as attachment to islands via a lower barrier, post-depositiofinear regression to their log() vs 1/T data and application
and transient mobility can be gained from island densitieof Eq. (1) yields exactly the same result within the error
collected at low temperatures. Such effects are details whichmargin E,,=0.26 eV, v,=3%x10'? s1) as the one ob-
although appearing similarly at higher temperatures, only aftained from the nucleation curve. This agreement between
fect islands densities d@/F <10°. We showed how to ac- nucleation method and the nucleation curve method is due to
count for post-deposition mobility and “easy” attachment, the fact that(i) deviations from scaling are extremely small
both in mean-field theory and in realistic KMC simulations. for the range ofD/F addressed here an@) coalescence
This way we obtain E,,=0.168-0.005 eV y=7 effects become important only well after 0.1 ML. In fact, the
x 101303 s71) for the diffusion of Ag monomers on a method of Bottet al. resembles very closely the nucleation
Pt(111) surface upon analyzing, data in a range odb/F of = method extended to lovl (see, e.g., Fig. 5 As such it
almost 10 orders of magnitudecompare the theoretical represents an alternative way to extract quantitative informa-
value of 200 meV for that system, Ref.)91 tion on diffusion from nucleation data.

A similar way to get increased precision &g, andvq by We conclude that care has to be taken when diffusion
extending island density measurements towards lower tenbarriers are extracted from statistical analysis of island num-
peratures was pointed out by Bet al® In their nucleation  ber densitieS® In experiment one has to worry aboiut 1
curve methodrery small amounts (4103 ML) are depos- and in a few systems also about dimer mobility. In KMC
ited at a temperatur€ subsequently, the substrate is rapidly simulations one has to be aware of finite size effétthe
quenched to very low temperature to freeze in diffusionpoor quality and limited depth of random number
while characterizing the island density by means of STM.generators? and one also has to incorporate randomness in
The Arrhenius plot of the island densities shows a lineaitime and space. However, if experiments and analysis are
slope being clearly separated from a regime of a constarttarefully done, quite precise values fay, and vq can be
“island” density towards low temperatures. This plateauinferred from island number densities acquired in kel
corresponds to statistical growth with immobile monomersregime. The precision of the nucleation method can reach
as islands. Bott et al. analyzed the slope and the onset terthat of careful FIM measurements. Current cross checks be-
perature of diffusion for Pt/Pt11) by KMC. Their result is  tween FIM and nucleation method underscore the validity of
E=0.26+0.01 eV (vo=5%X10%*%% s71), again repre- the latter as a reliable source of diffusion parameters. The
senting a value with remarkable precision. This STM resulinucleation method is applicable to many more epitaxial sys-
compares very well to the recent FIM result Bf,=0.260 tems than FIM. It enabled diffusion studies for systems with
+0.003 eV (The former FIM value of,,=0.25 eV also extremely small diffusion barriet$% and the mechanism of
agrees very well. However, it was based upon measuring therdering on dislocation networks could be inferf8druture
onset temperature of diffusion and assuming a generaubjects that can be addressed via the nucleation method are
prefactor’?) diffusion and nucleation on surface alloys, or surfactant pre-

The main differences between measuring a nucleatiogovered substrates.
curve as opposed to the measurement of saturation island
densitiegnucleation methodare the following. At the onset
temperature of monomer diffusion, dimers are normally
stable and immobile, hence no additional information on the The work by G.S.B. was performed under the auspices of
critical cluster size and cluster mobility are required. Effectsthe U.S. Department of Energy by Lawrence Livermore Na-
of island shape and coalescence are excluded, since the t#nal Laboratory under Contract No. W-7405-Eng-48.
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