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The interpretation of island-within-island decay experiments is commonly based on a quasiequilibrium
analysis with the island evaporation rate related to the inverse of its curvature, i.e., the Gibbs-Thompson
chemical potentialmsrd, wherer is the island size. However, it has been suggested that the quasiequilibrium
analysis fails for sufficiently small island sizes because the distribution of atoms, with different coordination
and detachment barriers at the island perimeter controls the evolution. With realistic Monte Carlo simulations
that use calculated barriers for Ags111d, published in the literature and consistent with measured equilibrium
island shapes, we have examined the island decay law. Deviations of the decay law of an adatom island from
the expected quasiequilibrium analysis for the case of diffusion-limited kinetics are observedNstd=sN0−ctda

with a<1 sinstead of the expecteda<2/3d. In addition, the decay of a corresponding vacancy island for the
same island-within-island geometryswithout a step edge barrierd, which is expected to be the same as the
adatom island decaysin the quasiequilibrium analysisd is found to be faster. This also signals independently the
failure of the quasiequilibrium analysis.

DOI: 10.1103/PhysRevB.71.125415 PACS numberssd: 68.35.Fx

I. INTRODUCTION

The time evolution of nanostructures can reveal informa-
tion about microscopic mechanisms and energetic barriers
that control nanostructure stability.1 As the nanostructures
become smaller in size, the discreteness in their structure
implies a large variation in their shape, with different types
of atoms at the boundary, which in turn changes the effective
controlling barrier. The ratio of the number of atoms with
lower coordinationswhich are the ones easier to detachd to
the ones with higher coordination increases as the structure
size decreases. The measured macroscopic time of the island
decay can be used as a probe to identify the controlling mi-
croscopic detachment barriers and changes in the barrier dis-
tribution with reduced nanostructure size.

Many important processes, which involve collective
changes of the nanostructuresi.e., nanostructure coarsening,
nanostructure decay, etc.d are built from individual atomistic
events, i.e., the detachment of single atoms. For example, in
sintering processes an initial size distribution of catalytic par-
ticles coarsens in time to larger sizes, which degrades the
particle catalytic function.2 It is still not clear how the single-
atom detachment, determines the overall time in sintering.
Since the catalytic particle size distribution changes, it is
important to know the dependence of the detachment rate on
size.

The need to know the connection between single-atom
detachment rate and the evolution time of the composite
structure is also evident in the diffusion of adatom or va-
cancy clusters.3 Although the cluster diffuses as a collective
entity with a well-defined diffusion coefficientD and the
dependenceD vs N sthe cluster sized obeys simple scaling, it
is essential to understand the origin of these universal results
in terms of single-atom events, which is related to the previ-
ous question, i.e., how the single-atom detachment rate de-
pends on cluster size.

One expects that for nanostructure sizes above some mini-
mum, a thermodynamic description of the evolution4 by
means of an average detachment ratesin terms of a uniform
chemical potential across the perimeterd is applicable. How-
ever, as the nanostructure decreases in size the atoms at the
few sites of lower coordination become a larger fraction of
the barrier distribution and have a larger proportionate con-
tribution to the evolution. The presence of different types of
binding sitessi.e., corner atoms, straight step atoms, kink
atoms, etc.d and the larger role of fluctuations for smaller
systems imply that it is not possible to use a single curvature-
dependent value for the chemical potential to describe the
adatom energy cost along the nanostructure perimeter. It is
the purpose of this paper to study with realistic Monte Carlo
simulations the failure of the thermodynamic analysis for the
decay of sufficiently small island sizes. These results have
general implication as to whether the physics applicable on
the mesoscopic scale can be safely extrapolated to the nano-
scale and more specifically are relevant to island-within-
island scanning tunneling microscopysSTMd experiments
monitoring the decay of a small islandsadatom or vacancyd
versus time located at the center of a larger vacancy island.5

II. THERMODYNAMIC QUASIEQUILIBRIUM ANALYSIS
OF CLUSTER EVOLUTION

A standard analysis of the island evolution is based on
classical theory which was developed earlier for mesoscopic
size islands.4 This approach assumes that steady state holds
between atom detachment versus atom diffusion from the
island. In such a description the energy cost of an atom at-
tached to an island of radiusr is given by the Gibbs-
Thompson chemical potentialmsrd−ms`d=2g /nr fwhereg
is the surface tension,msrd the chemical potential of an is-
land of radiusr, ms`d the chemical potential of a straight
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step, andn the atomic density of the islandg. Atoms detach
from the island faster with decreasing island size sincemsrd
increases as 1/r. In the quasiequilibrium description the bal-
ance between atom detachment and atom diffusion estab-
lishes a monomer concentrationrsrd outside the island, dif-
ferent from the equilibrium monomer concentrationreqsrd.
This difference in concentrationfrsrd−reqsrdg is the driving
force for the island to either grow or shrink depending on its
size. Since a larger driving force is present for smaller size
islands the net effect is the growth of larger islands at the
expense of smaller ones.

This approach was developed when the available imaging
techniques lacked atomic resolutionsand it was only possible
to observe sufficiently large islands so a coarse-grained av-
erage was implicitly performed, which justifies the applica-
tion of the Gibbs-Thompson analysisd. With recently devel-
oped atom-resolving techniquessSTMd, it is possible to
observe nanoscale size islands consisting of a small number
of atoms. A natural question is under what conditions does
the quasiequilibrium description in terms ofmsrd fail and is a
new type of analysis necessary?

Evidence suggesting that the thermodynamic analysis
fails for small clusters has been already presented for sinter-
ing processes2 and cluster diffusion simulations.3 In the first
case it was shown with microcalorimetry that the heat of
adsorption of Pb three-dimensionals3Dd clusters adsorbed
on MgO is smaller than the one expected from the thermo-
dynamic relationmsrd−ms`d=2g /nr si.e., the clusters are
less stable than expectedd. Using the Pb bulk value forg
=0.36 eV/nm2 the difference in measured and expected val-
ues of the energy can be as high as 0.7 eV for clusters less
than 2 nm in radius. Calculation of the adsorption energy by
taking into account the binding of the lower coordination
atoms at the perimetersi.e., not assuming an idealized
spherical shaped was used to deduce a value of the adsorption
energy closer to the experimental one. Using these lower
values of the adsorption energy as a function of size, better
agreement was found between the observed and predicted
change in the cluster size distribution, after annealing an ini-
tial cluster distribution generated at lower temperature.

Deviations from the thermodynamic description of island
shapes were also noted in the equilibrium studies of Ag is-
land shapes grown epitaxially on Ags111d.6 The shape of
these islands was determined with STM as a function of
temperature to contain two kinds of segments: straight and
kinked. The ratio of the two types of segments was measured
and compared to a simple thermodynamic analysis based on
the free energy for the two types of segments expected from
Ising model. Deviations from this modelsand the need to
treat the exact shape of the island perimeter with realistic
simulationsd were noted for islands containing less than 5000
atoms, which is four times the island size of interest in the
present study and in the island decay Ags111d experiments.5

Similarly, simulations3 to deduce the adatom and vacancy
cluster diffusion coefficientsD frelevant to Xe/Pts111d ex-
perimentsg have shown that the dependence ofD on cluster
sizeN is not consistent with theN−1 expected for periphery
diffusion prediction and the quasiequilibrium analysis; in-
stead the diffusion coefficientD is determined only by the

most “active” atoms, i.e., the ones with two nearest neigh-
bors that have the lowest detachment barrier. A simple
nearest-neighbor attractive interaction« was assumed in the
model with the detachment barrier given by the initial energy
at a given site, i.e., the number of nearest-neighborsNNd
bondsz times the NN enegyz«. Depending on how the num-
ber of these most “active” atoms varies with cluster size,
different scaling forms forD are obeyedsi.e., it was found
that the number of the most “active” atoms scales asN−1/3

for the adatom andN−3/4 for a vacancy clustersd. More im-
portantly the diffusion activation energy for vacancy cluster
is higher than the one for an adatom clustersi.e., by approxi-
mately 15%d, as a result of the essential asymmetry between
adatom and vacancy cluster shapesi.e., convex for adatom
versus concave for vacancy clusterd. This asymmetry will be
discussed below in the context of adatom versus vacancy
island decay experiments.

Deviations from the thermodynamic analysis were also
found in the coarsening of homoepitaxial islands grown on
Ags100d.7 The coalesescence of two separate islands of size
L meeting at a corner to form a single island was monitored
in time for different island sizes. The key microscopic pro-
cess operating is the diffusion of atoms along the island pe-
rimeter. Both STM experiments and Monte Carlo simula-
tions show deviations from the expected thermodynamic
dependence of the timet for the process to be completed
si.e., the time scales likeL3 instead ofL4d. This deviation
was accounted for by a kink rounding barrier, which be-
comes the rate limiting step at sufficiently low temperature
or smallL sand not the diffusion process along the perimeter
Ld. The simulations in Ref. 7 were also based on nearest-
neighbor bond counting with a termz« added to the total
barrier encountered by the diffusing atom. In both Refs. 3
and 7 the hopping algorithm involves only the initial energy
of the diffusing atom. Since the algorithm in the current
study is different and the breakdown of the thermodynamic
analysis depends on the algorithm applied, the physical sig-
nificance of the chosen algorithm will be discussed below.

III. ADATOM AND VACANCY ISLAND DECAY
EXPERIMENTS

These considerations apply to STM experimentssmostly
on homoepitaxial metal systemsd in a widely used island-
within-island geometry to deduce microscopic barriers, i.e.,
the detachment barrier, the line tension, the step edge barrier,
etc. The experiments are based on the comparison between
the decay rates of small adatom versus vacancy islands of
radius r located in the center of larger vacancy islands of
radiusR. It has been observed that the small vacancy island
decays over a longer time than the decay of the adatom is-
land sby approximately a factor of 25 at 300 Kd.5

In the standard analysis4 of island decay it is assumed that
the steady state holds, i.e., the number of atoms detached is
balanced by the diffusion current away from the island. The
detachment rate depends on island size according to the
Gibbs-Thompson dependence. The decay rate of the adatom
island involves two processes, i.e., atoms released by the
island to the terrace that eventually attach atR sa positive
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termd and atoms emitted by the island atR that diffuse back
and are adsorbed at the small islandsa negative termd,

dAa

dt
= − fs2pradPrEsrd − s2pRadPREs− Rdg, s1d

whereAa=Na/n is area of the adatom islandsNa the number
of sites andn the 2D density of the islandd, Esrd and
Es−Rd are the detachment rates defined as the inverse
of the timesta and tv for all perimeter atoms to detach
Esrd=1/ta and Es−Rd=1/tv for the adatom island and the
larger vacancy island, respectively,Pr is the fraction of the
detached atoms fromr that attach atR si.e., 1−Pr is the
fraction returning back tord, andPR is the fraction of atoms
detached atR and attached atr. SinceEsrd and Es−Rd are
averaged over the island perimeter, they need to be multi-
plied by 2pra with a the lattice constant.

In the quasiequilibrium approach the atom detachment
rate4 Esrd is related to the terrace diffusionDt and req, the
equilibrium concentration in front of the island via the steady
state conditionreqsrd=Esrd /Dt. The equilibrium concentra-
tion in front of an island of radiusr is determined from its
curvaturereqsrd=r` expfg /kTnrg, where r` is the equilib-
rium concentration in front of a straight step andg the 1D
“surface” tension. Using these relations, Eq.s1d leads to

dAa

dt
= − Dtr`Fs2pradPr expS g

kTnr
D

− s2pRadPR expS−
g

kTnR
DG . s2d

The expressions for the probabilitiesPr and PR are
Pr >a/ r lnsR/ rd and PR>a/R lnsR/ rd.8 If we approximate
exps−g /kTnRd<1 becauseR@ r and linearize the other
terms expsg /kTnrd<1+sg /kTnrd and exps−g /kTnrd<1
−sg /kTnrd, respectively, we have

dAa

dt
= − Dtr`

2pa2

lnsR/rd
g

kTnr
< −

c1

r
s3d

with c1=Dtr`s2pa2dg /kTn.
Since r is proportional toAa

1/2 the integration of the
above equation leads to a time-dependent decay law
Aa=sA0−c1td2/3. This is how the experiment was analyzed
in Ref. 5 to extract the step edge barrierDEs=0.13 eV,
prefactor ratio ns/nt,1, and 1D “surface” tension
g=0.22 eV/atomfwhich justifies the linearization of the ex-
ponential expsg /kTnrd since g /kTnr=0.1 for Ref. 5. One
additional implication of the steady state assumption is that
the ratio of the detachment ratesEsrd /Es−Rd of the adatom
versus vacancy islands is slightly larger than 1fi.e., using
the extracted parameters for Ag/Ags111d under the condition
of quasiequilibrium, this ratio is expfg / skTnds1/r +1/Rdg
<1.57 for r =7 nm andR=70 nmsRef. 5dg.

The quasiequilibrium description assumes a circular is-
land shape and that all perimeter atoms are equivalent. How-
ever, the shape of the island is not circular, but it shows 1D
facets because free energy minima exist in preferred high-
symmetry orientations. For well-equilibrated islands in con-

tact with a “sea” of monomers on the terrace, the shapes
were determined with STM.6 Because of the threefold sym-
metry of the fccs111d crystal the shape is hexagonal with six
straight segments separated by kinked segments. At the tem-
peratures of interestT,300 K, the ratio between straight
and kinked segment is approximately 1.

An alternative way was proposed to analyze island decay
experiments in terms of an independent detachment model,9

which takes into account the experimentally determined is-
land shapes. This model does not assume that the island is at
equilibrium with the monomers, but the detachment rate of
an atom with a given coordination simply depends on the
corresponding local barrierz«, i.e., the number of nearest-
neighbor bonds times the NN energy. Atoms at the kinked
segments that have lower coordination of three nearest-
neighbor bonds evaporate first while atoms at the straight
segments that have four bonds evaporate slower. If the goal
is to determine the island shape at equilibrium, it is possible
to reformulate the difference in the local barriers at the pe-
rimeter in terms of a position-dependent chemical potential
as carried out for the relaxation of a “groove” in Ref. 10. But
as stated in Ref. 10 such a description will not be applicable
on the nanoscale, when the atomic structure of the decay
groove should be taken into account, which is the primary
objective of the current study.

There is a basic asymmetry between atom evaporation
from straight segments for adatom versus vacancy islands
already noted in Ref. 3. Since straight segments on adatom
islands have end atoms that have three nearest neighbors
fi.e., kinked atoms and corner atoms have the same coordi-
nation on fccs111d surfacesg, the atoms can detach sequen-
tially as the straight segment “unzips” from its corners. This
process is faster than the detachment of atoms from straight
segments on vacancy islands, since the islands are concave
and corner atoms have five nearest neighbors so they cannot
initiate the unzipping. It is necessary for an atom on a
straight segment to evaporate but this requires a longer time
than the evaporation of a corner atom by approximately a
factor of exps« /kTd ssince it involves the breaking of one
more bondd.

We can now write expressions for the adatom island de-
cay within the independent detachment model:

dAa

dt
= − fs2pradEsrdPr − s2pRadEs− RdPRg

< − s2pradEsrdPr = − s2prads1/tadPr = − c2 s4d

with c2=−s2pads1/tadfa/ lnsR/ rdg, essentially a constant,
since rEsrdPr @REs−RdPR, the second term, is neglected.
This gives a decay growth law different from the one de-
duced from the quasiequilibrium analysisAa=A0−c2t. Simi-
lar expressions are derived for the vacancy island decay with
PRs the probability for an atom detached fromR to attach at
r after overcoming the barrier with interlayer probability
s=ns/nt exps−DEs/kTd with DEs the step edge barrier:

dAv

dt
= s2paRdEs− RdPRs.

The functional relation betweenPRs and r depends on
the strength ofs. For strong barrierss! Pr PRs simplifies
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to sr/R, and leads to a proportionality between the decay
rate dAv /dt and r fwhich implies a decrease in time as
Av=sA0−c3td2 with c3=s4pasd /tvg. On the other hand, for a
weak barriers@ Pr the barrier is irrelevant andPRs< PR,
which leads to a linear decay growth lawAv=A0−c4t, with
c4=s2pa2d / ftv lnsR/ rdg.

The main conclusion from this analysis is that depending
on the details of the microscopic mechanism controlling is-
land decay, different time-dependent laws are possible. An-
other experimental parameter that can be used to differentiate
between different modelsswhich is easily measurabled is the
ratio of the average adatom to vacancy island decay rates.
For the detachment model this is given by

Esrd
Es− Rd

=
r

R

tv

ta

and can be larger than 1 since it depends on the two timestv,
ta, which can be very different depending on the nearest-
neighbor bond energy« and for hopping algorithms that de-
pend on the initial site energy.3,7,9 On the other hand, for the
quasiequilibrium analysis this number is closer to 1 as noted
above.5

It is interesting to point out other differences between the
two ways of analysis. In the quasiequilibrium analysis it is
not possible to separate out the two contributions, i.e., the
line tensiong and the detachment rateEsrd since they enter
in a combined way to the decay ratedAa/dt, while in the
independent detachment model onlyEsrd, but not g, is the
relevant quantity.

Earlier simulations with the island-within-island geometry
were carried out in an Ising-like model to test the condition
of applicability of the quasiequilibrium analysis.11 Although
the goal of the study is similar to the work described here
and most of the conclusions reached are consistent, there are
also differences. The study in Ref. 11 was carried out on a
square lattice with an initial circular shape, so there were no
clear 1D facets of straight and kinked segments as for the
triangular lattice. The temperature of the simulation was
higher than the one used in the current simulation or, more
importantly, since different barriersEif from initial site i to
final site f were used, the ratios ofEif /kT were on average
2.5 times larger in the current simulation than in Ref. 11. The
algorithm was based both on initial and final site energies
with the barrier for detachment from straight step sites
sz=3d versus detachment from corner sitessz=2d slightly
increased. Conditions for the power law validity of the island
decayAstd swhich for the diffusion-limited case implies that
the decay exponent isa=2/3d are as follows: first, the line
tensiong is sufficiently smallfso the expansion in Eq.s2d is
justifiedg, and second, a larger differenceR@ r between the
radii of the large vacancy islandR and the small island at its
centerfso the monomer densityrsrd can reach equilibriumg.
The sizes used in the simulation of Ref. 11 werer =15 and
R=40, slightly worse for the quasiequilibrium analysis con-
dition to hold sthan the sizes in the current simulation
r =20 andR=70d, but the expansion in Eq.s2d is better jus-
tified in Ref. 11. Two cases were used, corresponding to very
low terrace and very high terrace diffusion. Despite the

higher temperature and lowerEif /kT sand therefore the re-
duced importance of different types of sites at the island
perimeterd deviations from the expected exponenta=2/3
were observed, indicating failure of the quasiequilibrium
analysis. However, the main test in the study was to check
whether the full decay curve can be obtained from the nu-
merical solution of Eq.s2d with the controlled phenomeno-
logical parametersD sthe terrace diffusiond and detachment
rates Esrd and Es−Rd measured independently in separate
simulations of different quantities, i.e., the frequency of hop-
ping on the terrace and the time constant of the autocorrela-
tion of the interface fluctuations respectively.

IV. MONTE CARLO SIMULATIONS OF THE ISLAND
DECAY PROCESS

Since different methods lead to different decay laws, we
have performed Monte Carlo simulations to monitor the de-
cay both of the adatom and the vacancy island to test
whether the assumptions in each method are justified. These
simulations are more realistic than other models since all the
microscopic barriers are based on independent information in
the literature and without any preconditions imposed. Addi-
tional input to the simulations is the initial island shape. The
initial shape was the one determined by the equilibrium is-
land shape at 300 K,6 i.e., a hexagonal island with straight
and kinked segments of equal number of atoms. No assump-
tion was made that the barriers should follow simple bond
counting, as assumed in the independent detachment model.
The barriers were based on the calculated ones by two dif-
ferent groups for Ags111d,12,13 since the ultimate goal in the
future is to understand the energetics of Ags111d. This paper
discusses the applicability of the Gibbs-Thompson analysis
while future work will concentrate on the prefactor question
for Ag/Ags111d. For the diffusion prefactors we made the
common assumption1 that all the different processes have the
same prefactor. This should not affect the main conclusion of
the current study concerning the island decay mechanism at
the low temperature 300 K, since the variation of the hop-
ping probabilities due to differences in the local barriers is
larger than prefactor variations by 2–3 orders of magnitude.

The first column of Table I lists the type of microscopic
processes and the next two columns denote the literature bar-
riers from Refs. 12 and 13. The last column lists the barriers
used in this study. The microscopic processes are described
by the number of neighbors in the initialsnid and the final
snfd position. Since the two Refs. 12 and 13 do not include
all the required barriers we have extended the table by add-
ing the missing barriers so the island shape observed in the
simulation is consistent with the shape from Ref. 6.

Figure 1 shows visually the microscopic processes of
Table I with both the initial and final state of the hopping
atom indicated. In addition from Ref. 6, it is found that es-
sentially there is no difference between the formation ener-
gies of A- and B-type steps and both types of steps occur
with the same probability. This implies that all the micro-
scopic barriers for the A-and B-steps for Ag/Ags111d are the
same, although the calculations show differences between
the two types of barriers.12,13
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The algorithm used does not depend only on the initial
site energy defined by the number of nearest-neighbor bonds
as in Refs. 3, 7, and 9. In the initial site energy algorithms
there are only five different hopping configurations to be
considered, since the final site the atom is jumping into is
irrelevant, while for the algorithm used in this work, both the
initial and final configurations are relevant. In principle there

are 28 independent processes, but since this number is so
high the same rate was assigned to processes with the same
number of initial and final nearest neighborssas in Ref. 11d.
With this algorithm the two detachment ratesEsrd and
Es−Rd become closersfor r =20 andR=70, the ratio is 1.6
for the set of interactions used hered but with the initial en-
ergy algorithm the ratio is much larger than 1. As argued in
Ref. 9 and also observed in Ref. 3 the asymmetry between
the shapes of the adatomsconvexd versus vacancy island
sconcaved requires the detachment of atoms from straight
segments in the case of the vacancy island, which is slower
by a factor of exps« /kTd. Part of the reason for the reduced
ratio is the similarity of the barriers from kinkeds3→0d and
from straight segmentss4→1d than the barriers of the algo-
rithm in Refs. 3, 7, and 9. In addition, with the algorithm
used here, there are many intervening processes that can
transfer material across the island perimetersi.e., fast edge
diffusion, smaller barriers for 4→2, 4→3, etc.d such that
once a fluctuation generates one of these configurations that
has lower barrier, they act as intermediate processes. These
processes lead to the eventual detachment of the atom, thus
allowing atoms from straight segments to be released more
easily and bringing the two detachment ratesEsrd and
Es−Rd closer.

Inspecting Table I we can summarize the physical signifi-
cance of the chosen barriers and how they are related to
experimental results about Ag/Ags111d:

sid Terrace diffusion on Ag/Ags111d is very fast,14 with a
ratio between the average detachment time to the terrace
hopping time of a single Ag atom 109 at 300 K, which is
reflected in the very low terrace diffusion barrier 0.061 eV.

sii d The detachment from a kinked segmentswhere the
atom has three neighborsd is easier than the detachment from
a straight segmentswhere the atom has four nearest neigh-
borsd although this difference is smaller than the expected
one from simple bond counting with an algorithm based on
the initial site energy. Within the current algorithm, the de-
tachment is not direct but through a two-step process. De-
tachment from a kinked segment first involves the process
3→1 swith barrier 0.650 eVd followed by the process
1→0 swith barrier 0.315 eVd and detachment from a straight
segment first involves the process 4→1 swith barrier 0.780
eVd followed by the process 1→0 swith barrier 0.315 eVd.
The difference between detachment from a kinked segment
and from a straight segment is effectively only 0.13 eV while
with the bond counting algorithm it would be«=0.22 eV.9

siii d Edge diffusion 1→nf s0.290 eVd and 2→2 s0.3 eVd
is very fast compared with the average detachment since its
barrier is less than half the lowest detachment barrier.

The island shape is sensitive to the chosen barriers since
the higher effective barrier determines the slowest process
and the most stable orientation. For example, if the detach-
ment barriers for A- and B-type steps are different, then an-
isotropic island shapes are observed with the step of the low-
est detachment barrier being the one with the shortest
segment. The barriers are more complex than the simple
bond counting barriers, but more realistic, since they are de-
termined from the optimal diffusion pathway and substrate
relaxation is included.

TABLE I. A list of the microscopic barriers calculated theoreti-
cally for Ags111d and available in the literature, column 2 from Ref.
12, column 3 from Ref. 13, and column 4, the adjusted barriers used
in the simulation. The adjustment was based on the experimentally
determined island shapes from Ref. 6 and the absence of anisotropy
between A- and B-type steps.

Type of process
Ref. 12 Ref. 13

Used in MC
step A step B step A step B

0→0 0.061 0.067 0.061

1→0 — — 0.315 0.315

1→1 — — j 0.077 0.132
0.077

1→nf .1 — — 0.290

2→0 0.758 0.691 — — 0.520

2→1 — — 0.257 0.317 0.317

2→2 0.294 0.338 j 0.221 0.296
0.300

2→nf .2 — — 0.290

3→0 — — — — 0.650

3→1 — — 0.423 0.478 0.478

3→2KR 0.579 0.582 — — 0.582

3→2 0.471 0.540

j 0.387 0.457

0.540

3→3 — — 0.382

3→nf .3 — — 0.290

4→1 0.571 0.527 — — 0.780

4→2 — — — — 0.580

4→3 — — — — 0.400

4→4 — — — — 0.550

4→nf .4 — — — — 0.290

Descent down 0.130 0.240 variable

FIG. 1. Schematic illustration of the different microscopic pro-
cesses used in the simulation with the number of initial and final
nearest neighbors also indicated. The barriers shown in Table I are
based on the calculated ones for Ags111d available in the literature.
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For the simulations initially a small adatom or vacancy
island of radius 20 lattice constants is positioned at the center
of the larger vacancy island of radius 70 lattice constants.
This larger vacancy island is smaller than the one in the
experiments,200 lattice constantsd to speed up the program,
since it only affects the geometric parameters, i.e., capture
probabilitiesPr andPR but not the energetics and the detach-
ment rates. Both islands initially have hexagonal symmetry
with straight and kinked segments of equal length alternating
at the perimeter as found experimentally.6 The initial concen-
tration in the region between the adatom and vacancy islands
is zero as in the island experiment.5

Since the barriers in the simulation differ by a factor of
two, which implies that the corresponding rates differ by
orders of magnitude, a kinetic Monte CarlosKMCd simula-
tion was chosen within the Bortz-Kalos-Lebowitz
implementation15 to optimize code efficiency. The KMC fol-
lows changes on the surface after each hop; the time between
hops is not constantsas in classical MCd but depends on the
barrier distribution. The time for the KMC step we obtain is
Dt=lnsjd /oi=0

number of classnipi, where j is a random number
within s0,1d, ni is the number of atoms with the same hop-
ping barrieri, andpi is probability of jump per time unit of
one atom from this classi. Essentially the time for a KMC
step is given by the inverse of the total sum of probabilities
for each atom on the surface and it is independent of the kind
of movement chosen. As a time unit we use the average time
for jumps on the terrace so the relative probabilitypi of jump
within class i can be written aspi =expf−sEi −E0→0d /kTg,
whereEi is the diffusion barrier for classi andE0→0 is the
barrier terrace diffusionsE0→0=0.061 eVd. As the atoms
with the lowest barrier are reduced, this is manifested as an
increase in the time intervals between successive hops. The
temperature of the simulations wasT=300 K, the same as in
Refs. 5 and 6, where the equilibrium Ags111d island shapes
were determined. The absolute value of the temperature is
not essential as long as it is sufficiently low so the island
develops different facetssi.e., straight vs kinked segmentsd
which have drastically different detachment barriers. With
increasing temperature the island shape becomes rounded
and the conditions for applying the steady state analysis
should be better met. With increasing temperature the break-
down of the Gibbs-Thompson analysis should occur at
smaller island sizes

Figure 2 shows pictures of the island decay for different
times, Fig. 2sad for time t=0 t.u., when the central
adatom island has 1700 atoms, and Fig. 2sbd for time
t=5.731010 t.u., when the smaller adatom island has 300
atoms. The island orientation is such that a kinked segment is
at the island top and the other five equivalent kinked direc-
tions are rotated bynp /3 sn=1,2,3,4,5d radians while the
straight segmentssalong thek110l directiond arep /6 radians
off these directions. The B-type segment is the straight seg-
ment to the right side of the island and the two equivalent
B-type steps are rotated by 2np /3 sn=0,1,2d.

The initial island shape is seen in Fig. 2sad with both
kinked and straight segments marked. With time the island
decreases and at the same time both straight and kinked seg-
ments develop considerable roughness. Although these

changes are also visible in the small decaying island they are
better recognizable at the perimeter of the large vacancy is-
land. At its perimeter the kinked segments are more visible
and better preserve their orientation, with smaller roughness
than the straight segments. Part of the roughness on the
straight segments is caused by well-developed nanofacets
built from a small number of atomssless than,20d with
their side 1D facets oriented along the originalk110l direc-
tions. Faster edge diffusion on a straight stepsi.e., processes
1→nfd moves single atoms from the straight to the kinked
segment, or promotes the nucleation of 1D islands which
grow into nanofacets. These nanofacets are stable and reduce
the transfer of material from the straight to the kinked seg-
ments of the large vacancy island. The dynamic balance be-
tween all the processes results in rough but rounded shapes,
where atoms of lower coordinationskinked atomsd and at-
oms of higher coordinationsstraight step atomsd are still
present on both the original kinked and the straight seg-
ments. On the other hand, with the initial energy bond count-
ing algorithm the straight step segments will grow at the
expense of the kinked segments.

Figure 3 shows the dependence of the number of atoms of
the small adatom island as a function of time. As discussed
before, the steady state predicts that the decay will follow a
dependence on time with an exponent 2/3 because the decay
ratedAa/dt is inversely proportional to the island radius 1/r.
As seen in Fig. 3 the best fit to the data is
Nstd=sN0−ctda with a=1. Only at the end, when the island
size is less than,15% its original size and the adatom island
shape is irregular, a smaller exponenta<3/4 is consistent
with the tail of the decay. This indicates the change of the
decay mechanism.

Figure 4 shows the termfEsrd−Es−Rdg / lnsr /Rd versus
time, which as seen in Eqs.s1d and s2d defines the depen-
dence of the decay rate onr and can account for the linearity
in the time dependence of the island size with time in Fig. 3.
This term in Fig. 4 is practically constant in time instead of
following an increase according to the increasing 1/r ex-

FIG. 2. sad Snapshot of the system att=0 for an adatom island
with r =20 andR=70. The number of atoms in the adatom island is
1700. Kinked segmentssalong k211ld, A-type steps along
hf101g ,f110g ,f011gj, and B-type steps alonghf101g ,f011g ,f101gj
are marked. sbd The adatom island evolution after
t=5.731010 t.u. with rounded shapes as in Ref. 6. Both the adatom
island and the large vacancy island perimeter show considerable
roughness. Along the large vacancy island boundary kinked seg-
ments are still visible.
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pected from steady statefsince Esrd@Es−Rdg. The island
size has dropped by approximately a factor of 2.3 during this
interval. One should expect an increase in the plotted param-
eter by the same factor. Although the data are noisy and there
is a slight increase with time, this increase is much less than
the expected one.

Scaling analysis has also been applied to the decay of the
2D layers, which are parts of initial metastable 3D nanostruc-
tures in different initial geometries.16 Different decay expo-
nents are observed that are functions of the nanostructure
geometry swhether it has a cone or a paraboloid shaped.
However, recent simulations to describe the decay of 3D
nanostrutures have shown deviations from the expected uni-
versal power laws and have been attributed to the breakdown
of the quasiequilibrium analysis. A phenomenological fit to
the decay was still possible if the dependence ofdA/dt on A
includes a second term that decreases with decreasingA.17

Such a term can be related to the changing shape of the

nanostructure and the increasing role in the decay of sites
with lower coordination. The presence of both terms can lead
to nonuniversal values of the decay exponents. As discussed
before in Ref. 11 the time dependence of the island decay is
shown for slow terrace and fast terrace diffusion. Because of
the higher temperature used no facets develop at the island
perimeter and no large variation in the local detachment bar-
riers occurs, so the effects motivating this work are less pro-
nounced. However, the decay curves shown are consistent
with a decay law faster thana=2/3 expected for the
diffusion-limited decay, especially at very long times when
the island decreases to less than 10% of its original size.
Even at such high temperatures when no distribution of bar-
riers is expected at the island perimeter, deviations from its
initial decay rate are observed when the island reaches suf-
ficiently small size and develops considerable roughness.

Figure 5 shows stronger evidence against the quasiequi-
librium analysis. The simulation was run with a small va-

FIG. 3. N vs t, the number of atoms in the
small adatom island vs time. Initially the radius is
r =20, R=70 and the shape consists of straight
and kinked segments of equal number of atoms.
Data were fitted toNstd=sN0−ctda with a<1
different from the value expected for the
“diffusion-limited” quasiequilibrium analysis
a<2/3.

FIG. 4. fEsrd−Es−Rdg / lnsr /Rd vs t for the
small adatom island of radiusr =20. Although the
data are noisy they do not show the expected 1/r
dependence from the quasiequilibrium analysis.
The much weaker dependence onr is consistent
with the valuea<1 found in Fig. 3.
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cancy island of the same sizesas the adatom islandd at the
center of the large vacancy island, but zero step edge barrier
at its perimeter. This barrier controls the hopping of atoms
from the terrace into the small vacancy island.fSimulations
that show how the refilling depends on a finite step edge
barrier and how to extract the step edge barrier for Ag/
Ags111d will be presented in the future.18g The case of zero
step edge barrier is still “diffusion limited”saccording to the
classification based on the steady-state analysis4d so one ex-
pects an identical growth law to holdsas for the adatom
island decayd since in both cases one obtains exactly the
same decayfEq. s3dg. However, the results of the simulation
do not confirm this as shown in Fig. 5. The decay law for the
small adatom and the small vacancy island are different. The
decay exponent for the small vacancy island is 1.2sslightly
larger than 1, which implies that the decay ratedAv /dt de-
creases asr decreasesd. More surprisingly, the time needed
for the small vacancy island to evaporate is shorter by a
factor of 2.8 from the evaporation time of the small vacancy
island. Part of the reason for this different factor is that for
the case of the small vacancy island the decay rate is simply
proportional to the negative termEs−Rd fsince theEs−rd
term releases atoms at the small vacancy island perimeter,
which are readsorbed somewhere else on its perimeterg and
impliesEs−rd<0. For the small adatom island the decay rate
is proportional to the differenceEsrd−Es−Rd. Because in the
chosen algorithmEsrd andEs−Rd are close, their difference
is smaller in absolute value thanEs−Rd, the rate of the va-
cancy island.

V. CONCLUSIONS

We have presented realistic simulations of island-within-
island decay processes that show that for sufficiently small
structures the thermodynamic quasiequilibrium analysis fails

and there is a need of an alternating approach that takes into
account explicitly the distribution of energetic barriers at the
island perimeter. Similar conclusions have been reached in
other time-dependent processes that involve nanostructure
evolution, i.e., sintering in Pb nanoclusters and nanocluster
diffusion. The results of the simulation are based on a model
that inputs calculated barriers for Ags111d available in the
literature and adjusts them to be consistent with experiments
on equilibrium island shapes. Initially the island shape has an
equal mixture of straight and kinked segments as observed
experimentally. These barriers and the hopping algorithm are
not equivalent with simple nearest-neighbor bond models,
which take into account only the initial site energy. The re-
sults show that for the case of small adatom or vacancy is-
lands the decay law deviates from the expected diffusion-
limited exponenta=2/3 sand insteada<1 is foundd. The
decay of a small adatom versus small vacancy islandswith-
out a step edge barrierd is equivalent in the quasiequilibrium
analysis, but the simulation shows that vacancy decay is 3
times faster, which also confirms the limitations of the qua-
siequilibrium. For these reasons the quasiequilibrium analy-
sis should be applied with care in the interpretation of the
island-within-island decay experiments.
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FIG. 5. N vs t for the small vacancy island
swith zero step edge barrierd showing that the
time of the vacancy island to evaporate is less by
a factor 2.8 than the decay time of the adatom
island, while the quasiequilibrium analysis pre-
dicts the times to be the same. A slightly larger
exponenta<1.2 is found for the small vacancy
island evaporation, indicating a decreasing rate
dA/dt with decreasingr.
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