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Submonolayer homoepitaxy on Irs111d is studied by a refined kinetic lattice Monte CarlosKLMC d model
and compared to results obtained from scanning tunneling microscopy experiments. The KLMC model not
only considers individual atomic jumps on regular and stacking-fault sites, but also describes the cooperative
motion of small adatom clusters, which determines the temperature-dependent probability of stacking-fault
island formation. A complete catalog of diffusion processes at island edges is included that allows one to model
the variations of island shapes with temperature. By taking input parameters for cluster and edge diffusion from
experiments, calculated island densities as well as the probability of stacking-fault formation agree very well
with experimental results for different temperatures. The comparison of simulated and experimental island
shapes, however, reveals obvious differences. After systematic modifications of the event database for edge
diffusion processes, all features of island shape evolution are well reproduced.
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I. INTRODUCTION

During epitaxial growth on s111d surfaces of face-
centered cubicsfccd metals, an important defect is the forma-
tion of stacking faults, i.e., the nucleation of adatom islands
in hexagonal close-packedshcpd binding sites, which causes
a deviation from the perfectABC stacking sequence to a
faultedABAB stackingscompare Fig. 1d. The occurrence of
stacking faults has a significant influence on the properties of
the growing film. A prominent example is the epitaxial
growth of Co/Cu multilayers on Cus111d, where the forma-
tion of Co islands in hcp instead of fcc adsorption sites leads
to a destruction of the desired magnetic properties of the
layer system.1

Recently, an atomistic description of stacking-fault forma-
tion was provided based on experiments on Irs111d.2 It was
found that the probability of stacking-fault formation de-
pends on the diffusivity of adatom clusters. It is determined
by the probability that the largest mobile clusters reside in
hcp sites. By further attachment of adatoms the clusters are
then immobilized and islands grow in a fixed stacking se-
quence.

In this paper, we present details of a refined kinetic lattice
Monte Carlo sKLMC d model for simulations of homoepi-
taxial growth on fccs111d surfaces. By allowing adatoms to
occupy regular fcc as well as faulted hcp sites, the formation
of stacking faults on Irs111d is simulated. Furthermore, not
only individual atomic jumps are considered, but also the
cooperative motion of small adatom clusters. Based on these
additional features the KLMC model is able to reproduce the
temperature dependence of the stacking-fault probability as
determined experimentally and therefore gives full support
for the atomistic picture presented in Ref. 2.

Mechanisms of cluster diffusion, which cannot be under-
stood as simple sequences of single atomic jumps, have been

reported for several metal surfaces in the pastssee, e.g., Ref.
3d. In KLMC simulations of homoepitaxial thin film growth,
however, these cooperative processes have widely been ig-
nored and examples of their influence on macroscopic prop-
erties like island densities4 are still rare. In general it is a
challenging task to set up a complete event database for a
specific material system, which is required for realistic
growth simulations using the KLMC method. In the present
study, we therefore took advantage of the extensive amount
of experimental data for Irs111d measured by Ehrlich and
co-workers5–8 and by Tsong and co-workers,9–11 who care-
fully investigated the dynamics of Ir adatoms and clusters by
field ion microscopy. KLMC simulations based on an event
catalog constructed from these experimental data should in
principle deliver a consistent description of the island forma-
tion processes. While excellent agreement with experiment is

FIG. 1. Ball model of the fccs111d surface. The figure shows
two adatom islands nucleated on regularsfccd and stacking-fault
shcpd sites, respectively, both bounded predominantly byB steps. In
order to achieve equivalent step geometry, hcp islands are rotated
by 180° with respect to fcc islands.
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achieved for island densities and stacking-fault probabilities,
discrepancies arise regarding the island shapes. We find evi-
dence for inconsistencies in the experimental data and pro-
pose a modified potential energy diagram for diffusion along
island edges that leads to a very good agreement of simu-
lated and measured island shapes.

II. EXPERIMENTS

The experiments were performed in an UHV chamber
with a base pressureP,3310−11 mbar. The sample was
cleaned by repeated cycles of sputtering and annealing, re-
sulting in a clean surface and a terrace width of several
1000 Å. Prior to deposition the sample was flashed to a tem-
perature ensuring desorption of all species that might have
adsorbed from the background gas. Ir was evaporated with a
standard deposition rate ofF=1.3310−2 monolayerssML d/s
from a resistance-heated wire. Special care was exercised to
ensure clean deposition conditionssP,1310−10 mbard. Af-
ter deposition the sample was quenched to avoid changes of
island shapes. The resulting morphology was analyzed by
variable temperature scanning tunneling microscopysSTMd.

III. KLMC MODEL

In the past, island nucleation as well as homoepitaxial thin
film growth have been successfully studied by means of ki-
netic Monte Carlo schemes using solid-on-solid models that
allow for atomic jumps on ideal lattice sites. For studying the
case of stacking-fault nucleation, we developed a code with
two additional features, namely, stacking faults and cluster
diffusion by cooperative motion, which is described in detail
in this section.

A. Refined lattice

As illustrated in Fig. 1, adatoms on a fccs111d surface can
occupy two kinds of nonequivalent adsorption sites, namely,
regular sites corresponding to a fcc stacking sequencesABCd
and irregular sites that introduce a faulted, hcp stacking se-
quencesABABd. STM studies of Irs111d homoepitaxy re-
vealed that a significant fraction of adatom islands nucleate
in the faulted stacking. At temperatures below 230 K the

stacking-fault islands are even predominant.2 In order to
implement the formation of stacking faults in a lattice Monte
Carlo model, adatoms must be allowed to occupy regular fcc
as well as hcp sites. This is achieved by using a refined fcc
lattice with additional sites at all possible stacking-fault po-
sitions. On this lattice, terrace diffusion of adatoms is de-
scribed by jumps of an atom from a fcc binding site to one of
the three neighboring hcp binding sites and vice versa.

B. Cluster diffusion

The detailed diffusion mechanisms of adatom clusters can
be very complex, consisting of numerous single-atom and
concerted motion mechanisms,3,5,6,12–14and therefore cannot
be simply mimicked by a sequence of individual atomic
jumps. For clusters on Irs111d, diffusion processes are de-
scribed in some detail in Ref. 7, but there are not enough
data available to deduce all attempt frequencies and energy
barriers. However, for the phenomena studied here, one is
only interested in correctly reproducing the time intervals a
cluster spends in fcc or hcp binding sites. Therefore, the
detailed diffusion mechanisms can be neglected and cluster
diffusion can be described in a coarse grained way: Clusters
are treated as nonrotatable objects that diffuse as a whole by
jumps from fcc to hcp binding sites and vice versa. Also, no
distinction is made between compact clusters and chains of
atoms. We consider temperatures up to 400 K, where pen-
tamers are the largest mobile clusters. Therefore, diffusion of
larger clusters can be neglected. In order to determine the
rates of the processesni

f→h sjump of a cluster of sizei from
fcc to hcpd and ni

h→f svice versad, we employ effective at-
tempt frequenciessn0,i

f→h, n0,i
h→fd and effective energy barriers

sEd,i
f→h, Ed,i

h→fd. The values of these parameters are derived
from FIM data on diffusion barriersEd,i, attempt frequencies
n0,i, and differences in free binding energyDFb,i and binding
entropy DSb,i between fcc and hcp sites for Ir clusters on
Irs111d.6–8 A complete summary of the field ion microscopy
sFIMd data is given in Ref. 2; the left hand side of Table I
lists the data relevant for the present work. For clusters larger
than monomers,DSb,i is not known and we obtain the effec-
tive attempt frequencies by approximatingn0,i

f→h=n0,i
h→f =n0,i.

For monomers,DSb,i is included in the effective attempt fre-
quencies by setting

TABLE I. Parameters for Ir clusters of sizei on Irs111d. Left hand side: diffusion barrierEd,i and attempt frequencyv0,i; difference in
binding energyDEb,i =Eb,i

fcc−Eb,i
hcp, binding entropyDSb,i =Sb,i

fcc−Sb,i
hcp, and free energyDFb,i =Fb,i

fcc−Fb,i
hcp, between fcc and hcp clusters. Right

hand side: Effective energy barriersEd,i and effective attempt frequenciesn0,i used in the KLMC simulations for transitions of a whole
cluster of sizei from fcc to hcp binding sites and vice versa. The values are derived from the data given on the left as described in the text
ssee Sec. III Bd.

Experimental data KMC parameters

i
Ed,i

seVd
n0,i

ss−1d
DEb,i

seVd
DSb,i

skBd
DFb,i

seVd
Ed,i

f→h

seVd
n0,i

f→h

ss−1d
Ed,i

h→f

seVd
n0,i

h→f

s1/sd

1 0.290sRef. 6d 2.131012 sRef. 6d 0.023sRefs. 8 and 15d 0.64 sRef. 8d 0.017 0.267 1.531012 0.290 2.731012

2 0.447sRefs. 7 and 15d 1.431011 sRefs. 7 and 15d 0.0056 0.441 1.431011 0.447 1.431011

3 0.646sRefs. 7 and 15d 2.331012 sRefs. 7 and 15d 0 0.646 2.331012 0.646 2.331012

4 0.477sRefs. 7 and 15d 8.231010 sRef. 7d -0.031 0.477 8.231010 0.446 8.231010

5 0.685sRefs. 7 and 15d 3.331010 sRefs. 7 and 15d -0.086 0.685 3.331010 0.599 3.331010
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n0,1
f→h = n0,1 3

2

1 + expsDSb,1/kBd
s1d

and

n0,1
h→f = n0,1 3

2

1 + exps− DSb,1/kBd
, s2d

with n0,1 and DSb,1 from Table I. Equationss1d and s2d en-
sure thatsn0,1

f→h+n0,1
h→fd /2=n0,1. The rate-limiting energy bar-

rier maxhEd,i
f→h,Ed,i

h→fj of the two inequivalent hops is ap-
proximated by the diffusion barrierEd,i. In order to satisfy
the condition of detailed balance, the other diffusion barrier
minhEd,i

f→h,Ed,i
h→fj must then be equal toEd,i − uDEb,iu, where

DEb,i is the difference in binding energy between fcc and hcp
clusters. For monomers, this binding energy difference is ob-
tained by DEb,1=DFb,1+TmDSb,1sTm=106 K, the tempera-
ture at whichDFb,1 and DSb,1 have been determined8d. For
larger clusters,DSb,i is not known, andDEb,i is approximated
by DFb,i. The resultant cluster diffusion parameters are listed
on the right hand side of Table I.

C. Diffusion at island edges

In contrast to terrace diffusion, diffusion of atoms bound
to island edges is implemented by jumps from fcc to fcc
sites, if the whole island is nucleated on fcc sites. If the
island is nucleated on hcp sites, jumps are from hcp to hcp. A
vast amount of diffusion processes at island edges can be
distinguished, as depicted in Fig. 2. Their influence on the
kinetically controlled island shape has already been investi-
gated in a number of KLMC simulations.16–20An overview
of island shapes can be found in Ref. 22. High diffusivity at
island edges leads to the formation of compact islands sur-
rounded by close-packed steps. On a fccs111d surface, two
different kinds of close-packed steps exist, namely, the
h100j-microfacetedA steps and theh111j-microfacetedB
stepssfor an illustration see Fig. 1d. For many fccs111d sur-

faces, an anisotropy in free energy of these two step types
exists, leading to anisotropic potential energy landscapes for
diffusion along the island edges.21 In most cases, this results
in preferential growth ofA steps and islands with a triangular
envelope evolve, bounded predominantly by the more slowly
growing B steps.22 If the diffusivity at island edges is re-
duced, ramified fractal islands are formed. Again, anisotropic
diffusion will lead to triangular islands, as the branches ex-
hibit preferred growth directions perpendicular to eitherA or
B steps.20 Fractal islands with preferential growth directions
are commonly referred to as dendritic islands.

For describing the features of shape evolution during is-
land growth, all processes shown in Fig. 2 are distinguished
in our KLMC model. We determine the activation energies
for these processes by constructing a potential energy dia-
gram of diffusion around island steps on Irs111d based on the
following experimental data and observations. On Irs111d,
the B steps possess a lower step free energy thanA steps.21

As an effect, an extra atom at a densely packed step is bound
more strongly to anA than to aB step. By field ion micros-
copy, Fuet al.estimated the difference in binding energydAB
to be at least 0.21 eV.10 They also determined the activation
energies for diffusion along straightA andB stepssE2→2 in
Fig. 2: 0.82 and 0.76 eV, respectivelyd.10 Furthermore, they
found an anisotropy for diffusion from a corner site toward
an A or B step sC1→2d: The activation energy of a jump
toward aB step is 0.04 eV higher than the activation energy
of a jump toward anA step, which they found to be
0.36 eV.11 From the observation that even at high tempera-
tures no atoms detach from the islands during diffusion
around the corner from one step to a neighboring step, they
conclude that atoms diffuse around the corner via an ex-
change mechanismsEx2→2d, avoiding the only onefold coor-
dinated corner site position with the small binding energy.11

From the given onset temperature for diffusion around the
corner fromA to B stepss350 Kd and from B to A steps
s260 Kd, one can deduce the activation energies for these
processes to be 0.93 and 0.69 eV, respectively. The dimer
binding energyEb,2 on Irs111d, which allows one to estimate
the binding energy difference for atoms attached to corners,
edges, and kinks, has been determined by STMsEb,2
=0.88 eV for a diffusion prefactor of 1.131013 s−1d.23

From these data, we construct a potential energy diagram
by using a simple nearest-neighbor model, where all pro-
cesses with the same initial and saddle point nearest-
neighbor configurations possess the same activation energy.
In this nearest-neighbor model, it is consequent to assume
that exchange processes are also active for diffusion around
kinks sEx2→3 and Ex3→2d, since the configurations of Ex2→3
and Ex2→2 are identical within the nearest-neighbor distance.
Satisfying the detailed balance criterion, the difference be-
tween the activation energies of processes Ex2→2

A and Ex2→2
B

must equaldAB, which givesdAB =0.24 eV, in good agree-
ment with the experimentally determined value ofdAB
ù0.21 eV. The differences in binding energy for one-, two-,
and three-fold coordinated atoms atA andB steps are set to
values consistent withEb,2 anddAB: Because of the embed-
ding effect, the difference between the binding energy at a
corner site and the binding energy at an edge siteDE1,2 must

FIG. 2. Illustration of the diffusion processes at island edges
implemented in our KLMC model. The notation is adopted from
Ref. 18: The letters denote corner, edge, kink, and exchange; the
subscripts give the in-layer coordination numbers before and after
the process. All processes can take place atA andB steps of regular
as well as stacking-fault islands.
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be smaller, but still in the order ofEb,2. We chooseDE1,2
=0.84 eV for theA step. Using againdAB =0.24 eV we ob-
tain DE1,2=0.60 eV for theB step. Since nothing is known
about a difference between the binding energies at kink sites
on A and B steps, we set them both to equal values. The
resulting potential energy diagram for diffusion at fcc island
edges is shown in Fig. 3, the corresponding activation ener-
gies are listed in Table II.

For diffusion at hcp island edges, a modified catalog of
activation energies is used. The excess energy of an entire
stacking-fault layer is about 0.08 eV.24 One can now assume
that the binding energy of an atom in a potential energy
minimum at the edge of a hcp island is lowered by the same
amount compared to an atom at a fcc island. In contrast, the
energy of the saddle point of a diffusion process should only
weakly depend on the island type. Therefore, all activation
energies of diffusion processes at hcp islands are reduced by
0.08 eV with respect to the diffusion processes at fcc islands.

For all processes at island edges, the diffusion prefactor
n0 is set to 231012 s−1, which is consistent with the prefac-
tor D0=10−3 cm2/s used by Fuet al. for the determination of
activation energies from FIM.11

Atoms that are deposited on top of already existing is-
lands are treated the same way as atoms in the first mono-

layer. Since in the experiments a pure layer-by-layer growth
mode has been observed, these atoms can cross the island
edges with no additional barrier and will therefore be incor-
porated in the first monolayer.

IV. SIMULATIONS AND RESULTS

A. Island density and stacking-fault probability

For the studies on island density and stacking-fault prob-
ability, we simulated Ir island nucleation on Irs111d in a
temperature regime from 125 to 400 K. Atoms have been
deposited at random sites on the surface with a deposition
rate of F=1.3310−2 ML/s. The simulation time was 10 s,
resulting in a final coverage of 0.13 ML. In order to achieve
good statistics, the dimensions of the surface had to be cho-
sen large enoughsfrom 100031000 Å2 for low temperatures
up to 150031500 Å2 for the highest temperaturesd to guar-
antee the formation of a sufficient number of islands. In Fig.
4, the island densitiesfexpressed by the saturation island
density nsat=snumber of islands/number of sitesd obtained
from our simulations are compared to the experimental is-
land densities.23

The temperature dependence of the stacking-fault island
probability as obtained from our KLMC model is shown in
Fig. 5. For comparison, the experimental results from Ref. 2
were used, where the probability of stacking-fault formation
was explained by a simple atomistic model based on the
diffusion behavior of small adatom clusters: If at a given
temperature clusters of sizei are the largest mobile clusters
that contribute effectively to the surface diffusion, then the
ratio of regular to faulted islandsNhcp/Nfcc is governed by
the ratio of the average resident times in the hcp and fcc
adsorption sites, because by attachment of another adatom
the cluster is immobilized.

The agreement between experiment and simulation in
both island density and stacking-fault island probability that

TABLE II. Activation energies for diffusion processes at island
edges, as derived from the potential energy diagram in Fig. 3. The
notation of these processes is described in Fig. 2.

Activation energyseVd
fcc island hcp island

Process A step B step A step B step

C1→1 0.36 0.40 0.28 0.32

C1→2 0.36a 0.40a 0.28 0.32

C1→3 0.40 0.36 0.32 0.28

C2→1 1.20 1.00 1.12 0.92

C3→1 1.84 1.80 1.76 1.72

E2→2 0.82a 0.76a 0.74 0.68

K2→3 0.82 0.76 0.74 0.68

K3→2 1.42 1.60 1.34 1.52

Ex2→2 0.93a 0.69a 0.85 0.61

Ex2→3 0.93 0.69 0.85 0.61

Ex3→2 1.53 1.53 1.45 1.45

aReference 11.

FIG. 3. Potential energy diagram for adatom diffusion along fcc
island edges, as derived from a nearest-neighbor model using ex-
perimental data as input parametersssee textd. Solid lines denote
energy paths for diffusion via hopping processes, dashed lines en-
ergy paths for diffusion via exchange mechanisms. The potential
energy diagram for diffusion along hcp island edges is obtained by
raising all energy minima by 0.08 eV and keeping the saddle point
energies fixedssee textd.
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our model reproduces all processes relevant for the formation
of stacking-fault islands in the system Ir/ Irs111d and con-
firms that our coarse grained description of cluster diffusion
is adequate. Furthermore, it strongly supports the rate-
equation approach developed in Ref. 2. The good agreement
between the measurements and simulations with input from
independent experiments also rules out the presence of con-
taminations in the STM study.

From the methodical point of view, these results demon-
strate the importance of including concerted motion mecha-
nisms in a KLMC event catalog: With cluster diffusion sup-
pressed, the relative stacking-fault probability would be
determined by monomer diffusion alone and would therefore
tend toward the ration0,1

f→h/n0,1
f→h<0.556 with increasing tem-

perature, instead of continually decreasing toward zero. Also,
cluster diffusion influences the island density. The mobility
of larger adatom entities leads to a reduction of island den-
sities compared to the case where single atoms diffuse
exclusively.4,25

B. Island shapes

In order to compare experimental and simulated island
shapes over a wider temperature range, we also performed
simulations at 450, 500, and 600 K. At these high tempera-
tures also larger clusters like hexamers and heptamers be-
come mobile.2 Since we only include cluster diffusion for
sizes up to pentamers, island densities and stacking-fault
probabilities are too large in the simulations at these tem-
perature. The island density, for example, is about twice the
experimental value for the highest temperature considered.
In Fig. 6, we compare the experimentally observed island
shapessfirst columnd with those obtained from KLMC simu-
lations ssecond columnd, using the activation energies given
in Table II. In the experiments, dendritic islands with a tri-
angular envelope bounded predominantly byB steps are
found at 250 and 375 K. At higher temperatures, a transition
from dendritic to compact islands with broad arms perpen-
dicular toA steps can be observed. At 450 K, one can clearly
see that stacking-fault islands develop smoother edges than
regular islands, which is due to the reduced binding energy
of atoms at stacking-fault islands, as discussed in Sec. III C.
This effect can also be observed at 375 K. The regions
shown in the images at 500 and 600 K do not feature any
stacking-fault islands.

The simulations reproduce the transition from fractal to
compact islands and the triangular shape at higher tempera-
tures. However, they clearly deviate from the experimental
observations in the following points: At 250 K, the simulated
islands exhibit almost no preferential growth directions, most
of the islands are isotropic and possess no triangular enve-
lope. Also, the transition from fractal to compact islands oc-
curs at much lower temperatures: At 375 K, the island shape
is already in an intermediate state between fractal and com-
pact. The islands at 450, 500, and 600 K are almost perfect
compact triangles.

With all other diffusion processes at island edges almost
frozen in, the only active processes at 250 K are C1→1, C1→2,
and C1→3 scorner processesd and a preferential growth direc-
tion can only arise from a difference of the activation ener-
gies of these processes towardA andB steps. Therefore, the
loss of preferential growth directions at 250 K in the KLMC
simulations signifies that the anisotropy of the corner pro-
cesses of only 0.04 eVsi.e., the difference between C1→2

A and
C1→2

B d is too low. Furthermore, the shift of the transition
from fractal to compact islands to much lower temperatures
indicates that the mobility of atoms at island edges is gener-
ally too high in our model.

In order to improve the agreement between simulations
and experiments, we increased the anisotropy of the corner
jumps to 0.1 eV. We also decreased the mobility of atoms at
island edges by increasing all activation energies listed in
Table II according to the following procedure. The activation
energies in Ref. 11 are given byEa=2.6310−3 eV/K3T,
whereT is the experimentally determined onset temperature
for the diffusion process of interest. If one assumes an offset
DT in the temperature calibration of the experiments, it fol-
lows that all activation energies listed in Table II have to be
increased by 2.6310−3 eV/K3DT. We examined the effect
of various temperature offsets and found a very good agree-

FIG. 4. Island densities as obtained by experiment and KLMC
simulation with a deposition rate of 0.013 ML/s and a coverage of
0.13 ML.

FIG. 5. Temperature dependence of the stacking-fault island
probability Nhcp/Nfcc on Irs111d as obtained by experiment and
KLMC simulation.
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ment between simulations and experiments forDT=90 K, as
shown in the third column of Fig. 6. The increased corner
jump anisotropy now leads to the formation of triangular
shaped islands at 250 K. Also, the increase of all activation
energies shifts the transition from fractal to compact islands
to higher temperatures, reproducing the dendritic shape at
450 K, the intermediate shape at 500 K, and the triangles
with broad arms at 600 K. The potential energy diagram for
diffusion at island edges including the modifications de-
scribed above is shown in Fig. 7. We verified that the island
densities and stacking-fault probabilities are not influenced
significantly by the rescaled barriers.

One might argue that the compact shape of the islands in
the simulations with no temperature offset is due to the kink
exchange processessEx2→3 and Ex3→2d, since the process
Ex2→3 renders an incorporation of edge atoms into kinks

very likely and therefore efficiently causes the islands to de-
velop smooth edges. As described in Sec. III C, the kink
exchange processes have been included in the event catalog
in consistency with the nearest-neighbor model. However, no
experimental evidence either for or against diffusion around
kinks via exchange mechanisms exists in the system
Ir/ Ir s111d. In order to examine the influence of kink ex-
change processes on the island shape, we also performed
simulations using the initial potential energy diagramsFig.
3d, but suppressing the kink exchange processes. The results
of these simulations are shown in the fourth column of Fig.
6. Comparing them to the shapes of the islands obtained with
the initial potential energy diagramsFig. 6, column 2d, one
can observe that the suppression of kink exchange processes
indeed reduces the compactness of the islands visibly. How-
ever, in order to obtain a qualitative agreement of simula-

FIG. 6. Island shapes after deposition of 0.13 ML of Ir on Irs111d with a deposition rate of 1.3310−2 ML/s s250, 375, 500, and 600 Kd
and after deposition of 0.22 ML with a deposition rate of 4.9310−3 ML/s s450 Kd. First column: STM topographs. Second column: KLMC
simulations using the activation barriers listed in Table II. Third column: KLMC simulations with activation energies increased according to
a temperature offset of 90 K and increased corner anisotropyssee potential energy diagram Fig. 7d. Fourth column: KLMC simulations using
the activation barriers listed in Table II, processes Ex2→3 and Ex3→2 forbidden. Fifth column: KLMC simulations with increased activation
energies according to a temperature offset of 70 K, increased corner anisotropy, and processes Ex2→3 and Ex3→2 forbidden. The picture size
is 120031200 Å2. In column 1, the orientation of regular islands is indicated by white triangles. In columns 2 to 5, regular islands are
colored light gray, stacking-fault islands dark gray.
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tions and experiments a temperature offset ofDT=70 K and
an increased corner anisotropy has to be assumed also for the
case of suppressed kink exchange processes. This is demon-
strated in the fifth row of Fig. 6.

Starting from the diagram in Fig. 7, an even better agree-
ment between simulations and experiment could be achieved
by adjusting all activation energies independently from each
other. However, because of the large number of parameters,
finding one good fit is no guarantee that no other parameter
sets exist that produce equally good or even better results
and would therefore be of only minor relevance.

Finally, it should be noted that the modified catalog of
activation energies for hcp islands—namely the reduction of
the edge diffusion energy barriers by the stacking-fault en-
ergy per atom—adequately reproduces the experimentally
observed more compact stacking-fault island shapes. This is
apparent by comparison of the experimental data for 375 and
450 K with the corresponding simulation data with tempera-
ture offsetsthird and fifth columns of Fig. 6d. This proves an
enhanced step edge diffusion along stacking-fault islands. At
higher coverages the reduced binding energy of corner and
kink atoms at stacking-fault islands is supposed to be the
decisive factor in the effective assimilation of hcp islands by
fcc islands upon coalescence.26 At higher temperatures the
weaker binding of edge atoms might also lead to a preferen-
tial two-dimensional ripening of stacking-fault islands by
atom detachment.

V. DISCUSSION

The comparison of island shapes from KLMC simulations
and experiment reveals discrepancies between the presently
available experimental data on edge diffusion on the one
hand and experimentally observed island shapes on the other
hand. The simulations show that the activation energies ob-
tained from FIM experiments overestimate the mobility of
atoms at island edges. A possible cause for this discrepancy
can be the temperature calibration of the experimental setup.
This explanation is supported by different values published
for the adatom diffusion barrier on Irs111d obtained by FIM
studies: On the basis of a precise temperature calibration,

Wang and Ehrlich report a value of 0.29 eV for the adatom
diffusion barrier,6 while the value reported by Chen and
Tsong for the same process is 0.22 eV.9 This would point to
a temperature offset of<30 K, so an offset alone cannot lift
the discrepancy.

Another reason can be an island size dependence of acti-
vation energies. For example, for Pts111d, evidence from
density functional calculations exists that diffusion of an
atom along straight steps far away from a corner is different
from diffusion along a straight step close to a corner.28 A
further theoretical proof of a strong size dependence of acti-
vation energies and diffusion mechanisms can be found in
Ref. 27. The islands in the FIM studies are limited to sizes of
less than a hundred atoms,10 while the islands observed in
the present study consist of several thousand atoms.

Finally, it should be noted that although our model ac-
counts for a large number of diffusion processes at island
edges, the possibility of omitting an important mechanism in
the event catalog can never be ruled out. Therefore, it is
possible that a fraction of the observed temperature offset is
due to some missing process in the KLMC model.

From the comparison of island shapes from KLMC simu-
lations and experiment at 250 K, we conclude that the ex-
perimentally determined corner anisotropy of only 0.04 eV is
too small to explain the triangular shaped islands at low tem-
peratures. This may mean either that the corner anisotropy is
in fact higher than the measured value, or that other pro-
cesses, which are not included in our KLMC model, also
contribute to the preferential growth ofA steps. In the latter
case, the value for the anisotropy used in the KLMC simu-
lations is to be considered as a free parameter that can be
adjusted to reproduce the experimental results. In the follow-
ing, processes that can also lead to a preferred growth direc-
tion and that are not included in our KLMC model are dis-
cussed.

The anisotropy has only been measured for the C1→2 pro-
cess. Therefore, this anisotropy can be different for the C1→1
and C1→3 processes, while, according to the nearest-neighbor
model of our simulations, the anisotropy was set to the same
value for all corner processes. However, in order to cause the
formation of triangular islands, the difference would have to
be very large, which seems very unlikely.

Another effect that cannot be included in a simple nearest-
neighbor model has been suggested in Ref. 20. In summary,
it is proposed that the potential energy landscape of an ada-
tom approaching a fccshcpd island via a hcpsfccd site is
already influenced by the presence of the nearby adatom is-
land. In consequence, if the adatom approaches anA step, it
is more likely to attach to a twofold coordinated site than to
a onefold coordinated site, while no preference exists if the
adatom approaches aB step. Consequently, this effect can
also lead to a preferred growth ofA steps, independent from
corner anisotropies. However, we note that Fuet al. fre-
quently observed the attachment of adatoms at island
corners.11 Therefore, this effect seems to play only a minor
role in the system Ir/ Irs111d.

Finally, Wang and Ehrlich show that on Irs111d, an attrac-
tive interaction between steps and adatoms over a few
nearest-neighbor distances exists.29 Since atoms are bound
more strongly toA steps, the attraction between adatoms and

FIG. 7. Modified potential energy diagram for adatom diffusion
along fcc island edges, with increased activation barriers and in-
creased corner anisotropy. Positions are the same as in Fig. 3.
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A steps may be stronger than the attraction between adatoms
andB steps. Again, the effect would be a preferred growth of
A steps.

VI. CONCLUSIONS

In summary, a KLMC model of stacking-fault island for-
mation on Irs111d is presented that implements a refined lat-
tice for the representation of stacking-fault sites and that ex-
plicitly includes the diffusion of small adatom clusters. By
using experimentally determined cluster diffusion param-
eters, this model accurately reproduces the experimentally
observed temperature dependence of the island density as
well as the stacking-fault probability. The present simula-
tions show the importance of cluster diffusion and concerted
motion processes for simulating stacking-fault formation on
Irs111d. In general, these results suggest that cooperative
atomic motion might also be of importance in other material
systems and therefore should not be neglected in KLMC
simulations. The comparison of experimental island shapes
with those obtained by KLMC simulations shows that the
presently available experimental data on edge diffusion can-

not explain all features of island shape observed in Irs111d
homoepitaxy. The small corner anisotropy leads to a lack of
pronounced triangular islands at low temperatures. The tran-
sition from fractal to compact islands occurs at too low tem-
peratures, which signifies that the mobility of atoms at island
edges is overestimated. Based on these observations, a modi-
fied rate catalog with increased corner anisotropy and de-
creased mobility of atoms at island edges is proposed that
leads to a very close accordance between simulations and
experiments regarding island shapes. The comparison of the
simulated and observed island shapes shows also that the
more compact hcp islands are due to a reduction of the edge
diffusion activation barriers along hcp islands, which origi-
nates from a weaker binding of edge atoms at hcp islands. In
order to validate this rate catalog, further experimental or
theoretical studies using first principles calculations are de-
sirable.
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