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Growth shapes of Ag islands formed on Ags111d during submonolayer deposition at different temperatures
were studied with scanning tunneling microscopy, and analyzed via kinetic Monte Carlo simulation of a
suitable atomistic lattice-gas model. Distinct shape transitions can be observed, from dendrites with triangular
envelopes at low temperaturessbelow 140 Kd to more isotropic fat fractal islands at intermediate temperatures,
and then to distorted hexagonal shapes with longerB steps and shorterA steps at higher temperaturessabove
170 Kd. In contrast, the equilibrium island shapes in this system are almost perfect hexagons displaying a
near-sixfold symmetry. Modeling reveals that the broken symmetry of growth shapes at low and high tem-
peratures derives from the interplay of diffusion-mediated aggregation with different aspects of a corner
diffusion anisotropy. The broken symmetry is less clear at intermediate temperatures, where the near-isotropic
fractal shapes reflect in part a kink Ehrlich-Schwoebel effect.
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I. INTRODUCTION

Ag/Ags111d provides a classic example of a homoepi-
taxial growth system where multilayer growth exhibits rapid
kinetic roughening and the formation of “wedding cakes,”
i.e., multilayer stacks of two-dimensional islands.1–3 Both
features are associated with a large Ehrlich-SchwoebelsESd
step-edge barrier inhibiting downward interlayer transport,
although its magnitude for Ag/Ags111d is still uncertain.4–7

These features are regarded as characteristic of other
metals111d homoepitaxial systems, as is “reentrant smooth
growth” at lower temperatures. The latter has been associ-
ated with development of irregular islands having lower ef-
fective ES barriers.8–10

Somewhat surprisingly, there has been no comprehensive
real-space characterization of the temperature dependence of
either submonolayer island formation or multilayer growth
morphologies in this system. Some earlier studies focused on
room temperature behavior, where the characteristic lateral
length scale is so large that the morphology is influenced by
defects sdislocationsd in the substrate.1 Thus, the primary
goal of this contribution is to provide a systematic study of
the dependence of submonolayer island growth shapes on
deposition temperaturesTd. This knowledge is a prerequisite
to detailed analysis and modeling of multilayer growth. In-
deed, it is well recognized that for systems with large ES
barriers, submonolayer islands form the bases of multilayer
mounds. Thus, island structure strongly impacts multilayer
morphologies.11

For metals111d systems, straight low-energy steps at is-
land edges with orientations differing by 60° alternate be-
tween so-calledA- andB-type steps. These differ in the local
atomic geometry, as will be illustrated explicitly below. A
convenient feature of the Ag/Ags111d system as regards is-
land morphologies is that energies ofA- andB-type steps are

almost identical.12–14 Thus, the equilibrium island shape is
almost perfectly hexagonal, and any deviations from this
shape or reduction from sixfold to threefold symmetry reflect
kinetic effects related to growth. In contrast, other well-
studied systems such as Pt/Pts111d and Al/Als111d display
clear reductions from sixfold to threefold symmetry, e.g.,
compact triangular island growth shapes, due in large part to
a difference inA- andB-step-edge energies.11

For low-T epitaxial growth on fccs111d and hcps0001d
surfaces, one often observes fractal or dendritic islands.15

Here, the term fractal refers to the case where the irregular
structure is isotropic, and dendritic implies some overall
symmetry related to that of the underlying substrate. These
irregular shapes derive from restricted periphery diffusion
sPDd of adatoms at the island edges. Specifically, PD-
mediated island shape relaxation is not efficient enough to
quench the instability in island shapes which arises as a natu-
ral consequence of terrace-diffusion-mediated island growth.
This instability is often referred to as the Mullins-Sekerka
instability16 in the context of continuum models of interface
propagation, or as the diffusion-limited-aggregationsDLA d
instability in the context of atomistic models where aggre-
gating atoms stick at the impact sites.17

Island growth structure in metals111d homoepitaxy invari-
ably differs from simple DLA models.17 This is because even
at the lowestT studied, adatoms at the island edges can typi-
cally move locally from singly to higher coordinated sites in
these systems,18 and for mostT some longer-range PD is
operative. Actually, for moderateT, even the simplest “tai-
lored model” with a single PD rate for all edge atoms not
trapped at kink sites does a reasonable job of describing ex-
perimental observations made in several systems of fractal
islands with “fat” arms.19

In addition, more detailed modeling has been performed
for various specific systems by including numerous PD bar-
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riers obtained from electronic structure calculations.20 Of
particular importance for this study is a “corner diffusion
anisotropy” phenomenon discovered in these previous
studies.21,22 This phenomenon reflects the feature that ada-
toms which are singly coordinated or singly bonded to other
adatoms at the island edge can more easily undergo edge
diffusion “around the corner” in one directionswhere the
diffusion path is through a bridge sited than in the opposite
directionsthrough an on-top sited. One consequence for low-
T growth is that terrace adatoms which aggregate by forming
a single bond with isolated adatoms along step edges can less
readily relax to higher-coordinated sites atA steps than atB
steps. Thus, outward growth atA steps is more rapid, result-
ing in dendrites with triangular envelopes having sides
aligned along the direction ofB steps. This low-T growth
phenomenon has been analyzed in detail for Ag/Pts111d by
Brune et al.,21 for Pt/Pts111d by Hohageet al.,22 and for
Al/Al s111d by Ovessonet al.23 It is also expected to occur in
other metals111d systems, such as Ag/Ags111d.

In Sec. II, we briefly describe our experimental proce-
dures, and then in Sec. III present our observations on island
structure utilizing variable-temperature scanning tunneling
microscopysVTSTMd. In Sec. IV, we present the atomistic
lattice-gas model for island growth. Extensive comparison
between experiments and modeling is also provided in Secs.
III and IV. Next, in Sec. V we discuss in more detail the
atomistic mechanisms underlying the observed growth. Fi-
nally, our conclusions are presented in Sec. VI.

II. EXPERIMENTAL DETAILS

The Ag sample used in these studies was prepared by
Princeton Scientific using a chemical etching process and

was oriented to thes111d direction. Subsequent polishingsaf-
ter sample degradationd was performed at Ames Laboratory
using 6, 1, and 0.25mm diamond pastes, with a final polish
using 0.025mm colloidal silica.

All experiments were carried out in ultrahigh vacuum
sUHVd with a typical base pressure,1310−10 Torr. Thin
film deposition of Ag on the Ags111d single-crystal surface
between 120 and 200 K was performed using an Omicron
EFM3 UHV evaporator containing Ags99.994% pured as the
deposition source. The flux was held fixed atF
=0.003–0.004 monolayerssMl d/s in all experiments. Film
morphology was examined using an Omicron variable-
temperature scanning tunneling microscope. Large flat ter-
races were observed, sometimes up to 0.5mm in width. The
height of monatomic steps bordering these terraces was con-
sistent with the known value of 0.235 nm for Ag.

Cooling of the sample was achieved using liquid nitrogen.
Temperature measurements for the sample were taken by
means of a silicon diode at the coupling stage. The accuracy
of the sensorsLakeshore Temperature Controllerd is ±1 K
below 100 K s±1% above 100 Kd. The temperature differ-
ence between the coupling stage and the sample depends on
the absolute temperature and the sample mounting. As a
guideline, when Tdiode,100 K, the offset is roughly 15 K,
and Tsample=Tdiode+offset, with a reliability of ±5 K. We
have used this type of adjustment to determine sample tem-
peratures, and henceforth only these will be reported.

III. EXPERIMENTAL OBSERVATIONS
ON ISLAND SHAPES

Below, we describe in detail our observations on the
growth shapes of Ag islands formed by deposition on
Ags111d at different temperatures. To facilitate the compari-
son of experiment and modeling, we present STM images of
island shapes together with those from simulations of our
atomistic model. The details of this model and the associated
parameter choices will be described in subsequent sections.
We should note that the STM images typically show second-
layer populationsthe lightest regionsd. This is associated
with atoms depositing on top of islands where they likely
remain due to the large ES barrier and nucleate second-layer
islands. The same phenomenon occurs in our simulation
model swhere there is no interlayer transportd, but the
second-layer islands are not shown in the simulation images.
In addition, in this section, we provide some comments on
previous experimental observations for this system.

Figure 1 presents experimental island shapes for deposi-
tion at 120, 135, 150, 165, 180, and 200 K, and Fig. 2 shows
the corresponding kinetic Monte CarlosKMCd simulation
results. Island shape transitions with increasing temperature
can be clearly observed. At lowT s 120 and 135 Kd, den-
dritic islands with triangular envelopes are visible and char-

acterized by preferential branch growth in thek1̄1̄2l direc-
tions, i.e., perpendicular toA steps. At intermediateT s150
and 165 Kd, islands are more compact than those at lowT,
but still exhibit some degree of fractal shape instability with
thicker arms, and with fairly isotropic overall structure. At
high T s180 and 200 Kd, islands with somewhat distorted

FIG. 1. STM images of island distributions formed after depo-
sition of 0.3 ML Ag on Ags111d with a deposition rate of 3.5
310−3 ML/s at different temperatures:sad 120,sbd 135,scd 150,sdd
165, sed 180, andsfd 200 K. Each image size is 3003300 nm2.
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hexagonal shapes are observed. There is generally good
agreement between experiment and simulations.

Dendritic shapes of Ag/Ags111d islands formed by depo-
sition at low T<110 K were also reported in one previous
experimental study,21 consistent with our observations. No
detailed analysis was performed of this previous image.
However, it was argued that the corner diffusion anisotropy
experienced by aggregating adatoms plays the key role in the
formation of the triangular envelope of the dendrites.21 Our
modeling supports this claim, as discussed in more detail in
Sec. V.

One other image of an irregular fractal-like island formed
by deposition at 150 K has been reported previously.24 The
arms in that island were somewhat more prominent than in
our 150 K STM images, but similar to our simulated shapes.
Indeed, it is possible that the temperature for our STM image
is slightly above 150 K, and that for the previous image is
slightly below 150 K, explaining the apparent discrepancy.
The focus of this previous study was on assessing the thick-
ening of the fractal arms due to enhanced edge diffusion with
increasingT within the framework of a model with a single
PD barrier.19 Our more detailed studies in Sec. V demon-
strate the key role that inhibited kink rounding plays relative
to edge diffusion, thus requiring a more complex modeling
and analysis than suggested in that previous work.

There seem to be no previous growth studies of the spe-
cific higher-T regime where edge diffusion and kink round-
ing become sufficiently facile to produce a transition to com-
pact distorted hexagonal shapes. Thus, our observation that
this transition occurs at around 180 K provides particularly
valuable input for modeling. One unexpected observation is
that even at 190 or 200 K where islands are large and com-
pact, there is still significant breaking of sixfold symmetry in

both experiment and simulation. Specifically, islands are dis-
torted hexagons with longerB steps thanA steps. This could
be a consequence of a corner diffusion anisotropysalthough
the density of corners is quite low at highTd, or perhaps due
to other kinetic anisotropies. We explore this issue further in
Sec. V.

Next, rather than discussing shapes of individual islands,
we explore related phenomena including growth at extended
step edges, and the interference effect on island growth of
nearby islands and ascending steps. In Fig. 3, we show STM
images and corresponding simulations at 135 K of growth
due to aggregation at ascending extendedA- andB-type step
edges on Ags111d. Similar to the growth behavior observed
in the Pt/Pts111d system,22 while the A step grows very
rough, theB step remains relatively smooth. The behavior is
consistent with and expected from our observations of
growth of individual islands:A steps tend to grow out in
favor of B steps.

Finally, in our experiments, the influence of the diffusion
field on island growth is dramatic. Figure 4sad shows that
growth of nearby islands is greatly distorted during deposi-
tion of 0.3 ML Ag at 135 K. The islands labeled by 1 and 2
have nucleated quite close together, and apparently almost
simultaneouslysgiven their roughly equal sized. The growth
of their tips pointing toward each other is strongly screened
due to interaction of their diffusion fields. Similar situations
arise in kinetic Monte Carlo simulations as shown in Fig.
4sbd. For islands growing nearby ascending extended steps,
there is no strong perturbation on shape despite the signifi-
cant influence of the step on the diffusion field.

IV. ATOMISTIC LATTICE-GAS MODEL
FOR ISLAND GROWTH

In this section, we describe the details of our atomistic
lattice-gas modeling of island nucleation and growth during
deposition for metals111d homoepitaxial systems. Below,c,
e, andk will denote one-, two-, and three-coordinated corner,
edge, and kink sites, respectively, wheree=A- or B-type
steps. See Fig. 5, which also illustrates the distinct structure
of A- and B-type steps. First, we describe in some detail
those features of the modeling which pertain to growth of an
individual island.

sid Adatoms reside only at fcc sites, and hop directly be-
tween such sites, although rates or barriers reflect the diffu-

FIG. 2. Island shapes obtained from KMC simulations of a re-
alistic atomistic model after deposition of 0.3 ML with a rate of
3.55310−3 ML/s at temperatures ofsad 120, sbd 135, scd 150, sdd
165, sed 180, andsfd 200 K. The image sizes are 1353135 nm2 in
sad,sbd, and 2023202 nm2 in others.

FIG. 3. STM images comparing growth of extendedA-type sad
andB-type scd steps at 135 K. Corresponding KMC simulation im-
ages are shown insbd andsdd. The image sizes are 2303100 nm2 in
sad, 144384 nm2 in scd, and 138368 nm2 in sbdand sdd.
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sion pathway, e.g., through intervening hcp sites. As an
aside, we note that only a small fraction of hcp or “stacking
fault” islands are observed in our experimental studiessrela-
tive to the population of fcc islandsd. This feature will be
discussed in more detail elsewhere.

sii d Deposited atoms diffuse across the surface and aggre-
gate irreversibly with the edge of a nearby island.sIslands
effectively just accumulate adatoms that land within “capture
zones” surrounding them.25d Detachment or evaporation
from island edges is not significant for temperatures consid-
ered here. The effective barrier for evaporation is given by
the barrier for detachment from kinks.26 The embedded-atom
methodsEAMd value of 0.76 eV for this barrier is consistent

with observed rates for Ostwald ripening.27 The correspond-
ing detachment rate is negligible compared with the aggre-
gation rate.

siii d Step-edge atoms undergo PD hopping between one-,
two-, and three-coordinated sites. Triply coordinated kink
sites effectively act as irreversible trap sites for the time scale
and temperatures of relevance in our study. This follows
since the EAM barriers for escape from kinks to step edges
are Ek→A=0.47 eV andEk→B=0.54 eV. These are signifi-
cantly higher than the PD barriers included in Table I. The
corresponding escape rates of,10−4/s at 150 K, and
,100.4/s at 200 K are far below the aggregation rate, so kink
escape is not significant. Thus, the islands generated by the
model have nonequilibrium growth shapes, since true equili-
bration requires escape from kinks.

sivd The key model parameters are PD barriers describing
edge diffusione→e, corner to edge hoppingc→e, kink
rounding e→c→k, and corner roundinge→c→e sfor e
=A andBd. Effective barriers are determined by the highest
energy on the overall diffusion path relative to the initial
energy, so corner rounding in either direction,A→c→B and
B→c→A, has the same effective barrier. See the Appendix
and Fig. 6sad. To reduce the number of parameters in our
modeling, we set the three effective barriers for kink and
corner roundingsA→c→k, B→c→k, ande→c→ed to be
equal. Other constraints are imposed by equality ofA- and
B-step energies, and by detailed balance. We choose a com-
mon prefactor for all PD processes ofv=1013/s.

Selected values for barriers shown in Fig. 6 are guided at
least in part by a previous effective medium theorysEMTd
study,21 and by our own more extensive embedded-atom
method studies. Table I compares our chosen barriers for
KMC simulation with those predicted by the EAM and EMT.
Note that values quoted for corner and kink rounding are for
a conventional single-atom-hopping mechanism. We have
checked with the EAM that barriers associated with a two-
atom exchange process are higher by about 0.2 eV for the
Ag/Ags111d system.

Note that the corner diffusion anisotropy, mentioned
above, is reflected in the different values forEc→A
=0.075 eV andEc→B=0.15 eV. See Fig. 6sad. This aniso-
tropy is felt by adatoms which aggregate at the corners of
distorted hexagonal islands at higherT, and influences the
associated growth shapes. See Sec. V for further discussion.
Furthermore, we note that corner diffusion anisotropy is also
operative in so-called corner to kinkc→k hopping where it
is harder to reach kinks atA stepsfFig. 6sbdg than those atB

FIG. 4. Illustration of the influence of the diffusion field on the
growth of nearby pairs of islands at 135 K.sad STM image,sbd
KMC simulation. Each image size is 2023202 nm2.

FIG. 5. Illustration of theA- andB-type steps on fccs111d sur-
faces, and the elementary diffusion processes.t, c, e, andk denote
terrace, corner, edge, and kink sites, respectively. The white, gray,
and black circles denote the substrate, island, and mobile atoms,
respectively. The balls colored dark gray are corners of the island.

TABLE I. Values for key PD barriers in meVsrounded to the
nearest 5 meVd, where KMC indicates values chosen in our mod-
eling. In addition, the EAM predicts thatEA→c→k=380 meV and
EB→c→k=380 meVswhich are both set to 360 meV in KMCd. EMT
indicates the effective medium theory.

EA→A EB→B Ec→A Ec→B Ee→c→e

EMT sRef. 21d 220 300 75 140 330

EAM 295 340 75 150 390

KMC 275 310 75 150 360
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stepsfFig. 6sddg. Of particular significance for low-T growth
is the situation where an aggregating atom attaches to a
single atom on a straight step edge. One such configuration is
illustrated in the far right side of Fig. 5. Here, the barrier to
relax to the kink site is chosen as 0.15 eV for theA stepfFig.
6scdg and 0.075 eV for theB step fFig. 6sedg. This feature
produces dendrites with a triangular envelope at lowT as
noted above and in previous work,21,22 and discussed further
in Sec. V. Finally, we remark that the same relaxation aniso-
tropy will be operative when aggregating atoms attach to
sites at the corners of strings of atoms atA- andB-step edges
swhich are typically short at lowTd.

As an aside, we note that for the most part singly coordi-
nated corner adatoms can hop essentially instantaneously to
higher-coordinated sites, since there is usually a pathway to
reach such doubly or triply coordinated sites with a barrier of
only 0.075 eV. However, one exception is where a single-
atom-thick finger of sites develops, and the atom attached at
the corner has a higher barrier of 0.15 eV to hop in either

direction to reach anA step. See Fig. 6scd. Then, the singly
coordinated atom is temporarily trapped making rapidc→c
hops with low barrier of 0.075 meV as shown in the far right
side of Fig. 5. These configurations are not uncommon for
the lowestT of interest here.

Given the sensitivity of island shapes to certain key bar-
riers, and given the limitations in accuracy of semiempirical
sand evenab initiod methods, our ultimate choice of param-
eters is primarily driven by the requirement of agreement
with experiment. Specifically, optimization of the choice of
barriers in our KMC modeling was achieved through a three
stage process. First, we focused on adjusting the anisotropy
in the corner to edgesor kinkd barriers in order to recover the
dendritic island shapes at lowT. Then, we adjusted the edge
diffusion barriers in order to obtain appropriate thickening of
fractal arms of islands upon increasingT. Finally, we ad-
justed the edge to corner barrierssand thus the effective bar-
rier for kink or corner roundingd to achieve a transition to
compactification around 180 K. Of course, there is some un-

FIG. 6. Potential energy surface for periphery diffusion associated with corner rounding betweenA andB stepssad; kink rounding on an
A sbd and aB stepsdd; relaxation to a kink site of an atom singly coordinated to another isolated atom on anA scd and aB stepsed. The unit
of energy barriers is eV.
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certainty in the values of these parameters. For example, by
slightly decreasing edge diffusion and kink rounding barri-
ers, simulated island shapes at 150 K would become some-
what more regular, certainly consistent with our datasbut
less like those in Ref. 24d.

Next, we discuss the additional features incorporated into
our simulations for nucleation and growth of multiple is-
lands. The key factor controlling island structure is the rela-
tive magnitude of rates for PD and for aggregation of single
atoms with islands. See Sec. V. The latter is given byF /Nisl
whereF=0.0035 ML/s is the deposition flux, andNisl is the
island densitysper sited. Thus, one can reasonably assess
island structure using simulations of growth of a single is-
land in a system of size selected to give the correctNisl sand
using the experimentalFd. However, in deposition processes,
islands are not periodically distributed, and shapes of indi-
vidual islands are strongly affected by the positions of sur-
rounding islands due to diffusion field effects. Thus, to cap-
ture this feature, we perform simulations of nucleation and
growth of many islands during deposition, where we fine-
tune terrace diffusion parameters to recover the experimen-
tally observed island density for each temperature of interest.
These densitiessper fcc sited vary from ,1310−4 at
120–135 K, to ,5310−5 at 150–165 K, to ,2310−5 at
180–200 K. See the Appendix for further discussion.

There is one feature of the Ag/Ags111d deposition pro-
cess which allows for a convenient simplification in our
modeling. There is little contribution to island growth from
atoms landing on top of islands at the submonolayer cover-
ages and temperatures considered here.2,10 This is expected
due to the presence of a large Ehrlich-Schwoebel barrier, and
due to the lowT considered here. Consequently, this contri-
bution is neglected in our modeling. Our analysis of popula-
tions of different layers, in more extensive studies focused on
multilayer growth, supports this claim.10

The KMC simulations of the atomistic lattice-gas model
were performed on a larges,106 sited six-coordinated trian-
gular lattice representing the fcc sites on a fccs111d surface.
Periodic boundary conditions were imposed. A Bortz-type
algorithm11 was used which tracked different classes of dif-
fusing terrace and step-edge adatoms.

V. DISCUSSION AND ADDITIONAL
MODELING ANALYSIS

A. Basic analysis of island shape stability

Formation of compact or regular island shapes requires
that adatoms aggregating at the island edge have enough
time to reach kink sites between aggregation events, thus
avoiding capture by other aggregating atoms to form new
outer rows. Thus, it is natural to compare the characteristic
time between aggregation events,tagg,Nisl /F, with the
characteristic timetPD to reach a kink via periphery diffu-
sion for a typical kink-free step-edge length ofL. HereL is
measured in lattice constants,Nisl is the island density per fcc
site, andF=0.0035 ML/s is the deposition flux. IftPD is
controlled by diffusion along straight steps, thentPDse→ed
,L2/ s12he→ed.11,19 If it is controlled by kink rounding, then
tPDse→c→kd,L / s2he→c→kd, where the factor ofL reflects

a probability of 1/L for the edge atom to be adjacent to the
kink. Here, h denotes hop ratessper secondd for PD
processes.28,29 In general, one hastPD=tPDse→ed+tPDse
→c→kd. In Table II, we compare values of these character-
istic times at variousT using parameters appropriate for the
Ag/Ags111d system. One can see that shape instability is
driven predominantly by limited kink rounding, and should
occur at 135 and 165 K for expected values ofL,10 swhere
tagg,tPDd or above, but not at 200 K forL,50 swhere
tagg.tPDd.

B. Analysis of the effect of corner diffusion anisotropy

As noted above and in previous studies,21,22 one manifes-
tation of this anisotropy is to produce dendritic islands at low
T. Specifically, aggregating adatoms attaching to single ada-
toms or the corners of short strings of adatoms at step edges
can more readily relax to kink sites atB steps than atA steps.
Compare Fig. 6sed with Fig. 6scd. As described in Sec. IV,
this leads to faster growth orthogonal toA steps.

For high enoughT, islands become distorted hexagons
bordered by fairly straightA- and B-step edges having a
quite low density of corner and kink sites at their edges.
Thus, one might expect the effect of the anisotropy to be-
come insignificant. However, our experimental observations
and simulations suggest that even around 200 K, the weak-
ened anisotropy still affects island shape. In this regime, the
anisotropy can exert its influence in the following way. Ada-
toms diffusing across a terrace to a corner site separatingA-
andB-step edges of an island tend to subsequently hop to the
A step more often than to theB step due to an asymmetry in
the potential energy surface for PD at the corner. The effect
of corner diffusion anisotropy is to causeA steps to propa-
gate faster thanB steps, thus causing theA steps to disappear
or “grow out,” leaving islands with predominantlyB steps.
We should caution that anisotropy in edge diffusion could
also produce distorted hexagons at higherT, although this
does not seem to be the case for the Ag/Ags111d systemssee
belowd.

In order to unambiguously assess this affect of corner
diffusion anisotropy, we performed additional simulations
without anisotropy of corner rounding aggregation at 120
and 200 K, respectively. Clearly, at lowT s120 Kd, removal
of the anisotropy produces isotropic fractal shapes. Compare
Figs. 7sad and 7sbd. At high T s200 Kd, removal of the an-
isotropy produces on average near-hexagonal islands, in con-
trast to the preference for longerB steps with the anisotropy.
Compare Figs. 7scd and 7sdd.

C. Analysis of island shapes at moderateT:
Kink Ehrlich-Schwoebel effect

At moderateT of 150 or 165 K, it seems that any break-
ing of sixfold symmetry is somewhat hidden by the irregular

TABLE II. Comparison of characteristic times for aggregation,
tagg, and for transport to kinks,tPD.

TsKd taggssd tPDsB→Bdssd tPDse→c→kdssd

135 10−1.5 L2310−2.5 L3100.1

165 10−2.0 L2310−4.6 L310−2.3

200 10−2.2 L2310−6.3 L310−4.2
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island shapes. It is appropriate to ask, what is the main factor
producing the shape instability at these temperatures? The
simple analysis in Sec. V A above suggests that limited kink
rounding30 may be more significant than limited edge diffu-
sion. To test this assertion, we have performed simulations
with a reduced kinksor cornerd rounding barrier to compare
against those with our previously selected barriers. Indeed,
we find that as the kink rounding barrier is reduced, the
islands become significantly more compact, and in fact adopt
strongly symmetry-broken distorted triangular shapes. See
Fig. 8.

D. Symmetry breaking and mass transport between step edges

The broken sixfold symmetry clearly can result from cor-
ner diffusion anisotropy, but it can also derive from edge
diffusion anisotropies.31,32Subtleties with regard to the latter
have caused some confusion even in the simplest case of
equal A- and B-step energies. Initially, it was argued that
slower edge diffusion alongB steps would lead to rougher,
more rapidly advancingB steps, causingB step edges to
grow out. In fact, as discussed in Ref. 11, the opposite is true.
Slower B edge atoms are less efficiently captured by kinks
sdespite the enhanced kink densityd, so the population of
adatoms on theB edge is higher than on theA edge. This

leads to a net mass flow fromB to A edges, which causesA
edges to grow out. Hence, this edge diffusion anisotropy
would act in the same direction as corner aggregation aniso-
tropy for the Ag/Ags111d system.

One way to quantify these phenomena is to augment
simulations to monitor the relative fluxes of atoms which
have aggregated at corner sites separating straightA and B
steps and then hop to theA-versusB-step edges. For such
adatoms, we compare the flux going toA steps with that toB
steps at 200 K in Fig. 9sad and at 150 K in Fig. 9scd. As
expected, with corner diffusion anisotropy, the former flux is
far higher. In refined simulations without this anisotropy, the
two fluxes become almost equal. See Figs. 9sbd and 9sdd.

In addition, we examine the PD flux betweenA- and
B-step edges at 200 K in Fig. 9sed and at 150 K in Fig. 9sgd.
One finds that these fluxes roughly balance at 200 K with or
without corner diffusion anisotropy. See Figs. 9sed and 9sfd.
However, at 150 K, the presence of corner diffusion aniso-

FIG. 7. Demonstration of effect of the corner diffusion aniso-
tropy on island growth shapes for 0.3 ML deposition. Simulations
with sad and withoutsbd this anisotropy at 120 K. Corresponding
results for 200 K are shown inscd and sdd. The system size is
2023202 nm2.

FIG. 8. Illustration of kink Ehrlich-Schwoebel effect on island
growth shapes for 0.3 ML deposition atT=150 K. sad EA→c

=0.285 eV,EB→c=0.36 eV; sbd EA→c=0.275 eV,EB→c=0.33 eV;
scd EA→c=0.275 eV, EB→c=0.31 eV. In all cases, EA→A

=0.275 eV andEB→B=0.31 eV. The image size is 81381 nm2.

FIG. 9. Simulation results at 200 K for corner to edge fluxes of
aggregating adatoms withsad and withoutsbd corner diffusion an-
isotropy. Corresponding results are shown inscd andsdd for 150 K.
Simulation results at 200 K forA- to B-step-edge PD fluxes, andB-
to A-step-edge fluxes withsed and withoutsfd corner aggregation
anisotropy. Corresponding results are shown insgd and shd for
150 K. The system size in simulation is 2703270 nm2.
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tropy significantly enhances the population of adatoms onA
steps relative toB steps. Thus, one expects a net flow of
adatoms fromA to B steps to counter this imbalance as con-
firmed in Fig. 9sgd. TheA-step edges still grow out since the
effect shown in Fig. 9scd still dominates. If one removes this
corner diffusion anisotropysbut maintains the edge diffusion
anisotropyd, then one finds a net mass flow fromB to A steps.
This is due to the edge diffusion anisotropy, for reasons de-
scribed above. See Fig. 9shd. However, the magnitude of this
net flux is fairly small, and it does not have much effect on
island shapes. As already indicated in Sec. V B, while the
edge diffusion anisotropy is operative in this system, it has a
relatively minor effect on island shapes compared to corner
diffusion anisotropy.

VI. CONCLUSIONS

We have systematically studied the temperature depen-
dence of island growth shapes in submonolayer deposition of
Ag on Ags111d surface between 120 and 200 K. Island
shapes progress from dendrites with triangular envelopes at
low T to more isotropic fractals at intermediateT, and then to
distorted hexagons at highT. Since energies forA and B
steps are almost identical, observed reduction from sixfold to
threefold symmetry must reflect kinetic anisotropies. KMC
simulations of a realistic atomistic model provide detailed
insight into the underlying microscopic mechanics. The
choice of activation barriers for PD in the modeling is guided
by EMT and EAM calculations, but fine-tuned to match ex-
perimental observations. Corner diffusion anisotropy has a
strong influence on shapes at both high and lowT. The effect
of small additional barriers for kink rounding is significant at
moderateT. Our successful development of a predictive ato-
mistic model for submonolayer island shapes is a necessary
precursor to our planned development of a realistic
multilayer growth model.10
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APPENDIX: FURTHER DETAILS OF ISLAND
NUCLEATION AND GROWTH

Below, we comment further on two specific issues related
to island formation.

sid The effective rate for corner rounding from a straight
B-step edge to a straightA-step edgehB→c→A is controlled by
the slow ratehB→c,n exps−0.36 eV/kBTd to reach the cor-
ner. HerekB is the Boltzmann constant. The rate forA- to
B-step corner rounding ishA→c→B=hc→Brc, whererc is the
population of cornersrelative to edged sites. Herehc→B

,exps−0.15 eV/kBTd and rc,exps−dE/kBTd where dE
=0.21 eV is the difference between corner and edge energy.
Thus, effective corner rounding rates in both directions are
identical, as stated in Sec. IV. This is a consequence of the
equality ofA- andB-step energies.

sii d Our observed island densities for coverage,0.3 ML
and 120–200 K are reasonably consistent with results from
Brune et al.33 at 50–130 K. The latter, which are for much
lower coverage and lower flux, are fit by simulations for
irreversible island formation with terrace diffusion barrier
Ed=0.10 eV andn=1011/s. The “low” value ofn likely re-
flects some influence of longer-range repulsive
interactions.11,34 Early experiments suggested that some type
of transition occurs at about 130 K.35 If this is the onset of
reversible island formation, standard analysis implies an ada-
tom pair bond energy of,0.15 eV,36 which is quite plau-
sible although significantly lower than a recentab initio
estimate.34 However, one should also consider other sce-
narios, e.g., dimer mobility.
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