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Effects of mobility of small islands on growth in molecular-beam epitaxy

Itay Furman* and Ofer Biham†

Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel
~Received 18 September 1996!

The effects of mobility of small islands on island growth in molecular-beam epitaxy are studied. It is shown
that mobility of small islands affects both the scaling and morphology of islands during growth. Three micro-
scopic models are considered, in which the critical island sizes arei *51, 2, and 3~such that islands of size
s< i * aremobile, while islands of sizes> i *11 areimmobile!. As i * increases, islands become more com-
pact, while the exponentg, which relates the island density to deposition rate, increases. The morphological
changes are quantified by using fractal analysis. It is shown that the fractal dimensions are rather insensitive to
changes ini * . However, the prefactors provide a quantitative measure of the changing morphologies.
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I. INTRODUCTION

The growth of thin films in molecular-beam epitaxy in
volves atom diffusion on the surface and nucleation of
lands, followed by aggregation and coalescence. The re
ing morphology is found to depend on the detailed nature
microscopic diffusion processes on the substrate, as we
the deposition rate and substrate temperature. Scanning
neling microscopy~STM! has revealed a variety of mor
phologies in the submonolayer regime. Compact islands
nearly square shape have been observed for homoepit
growth on fcc~001! substrates such as Ni~001! and
Cu~001!.1,2 Fractal-like islands that resemble diffusio
limited aggregation3 ~DLA ! clusters have been observed
systems such as Au on Ru~0001!,4 while Pt on Pt~111! was
found to exhibit both fractal-like shapes and more compa
nearly triangular shapes.5,6 Experimental studies and theore
ical work using Monte Carlo simulations have shown that
submonolayer morphology depends on the rates of var
diffusion processes on the substrate. In particular, syst
that exhibit high atom mobility along island edges~typically
on square substrates! tend to form compact islands. Low
edge mobility gives rise to islands with DLA-like shap
~typically on hexagonal substrates!. These morphologies ar
important beyond the submonolayer since they affect
multilayer growth mode of the film. The island morpholog
also affects the Schwoebel barrier7 for an atom deposited on
top of an island to hop down the step. When this barrie
large islands tend to nucleate on top of islands, resulting
three-dimensional growth mode, while a small barrier giv
rise to layer-by-layer growth.

Scaling properties of island growth have been studied
perimentally using statistical analysis of STM data and
lium beam scattering.8–14 Theoretical studies have applie
rate equations15–21 as well as Monte Carlo ~MC!
simulations.22–35 It was found that for a broad class of sy
tems a short transient regime is followed by a quasi-stea
state where a scaling relation of the form

N;S F4hD
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applies, whereN is the island density,F is the flux or depo-
sition rate, andh is the adatom diffusion coefficient~note
that the hopping rate for an isolated adatom is 4h due to the
four possible directions for hopping!. The exponentg de-
pends on microscopic properties such as the stability32 and
mobility17,36 of small islands, isotropic vs anisotropi
diffusion,2,8,34 and the existence of magic islands~namely,
islands that are stable, while larger islands are unstable!.31 It
was found that for systems in which the smallest stable
land is of sizei *11 ~where islands of sizes< i * dissociate!,
in the asymptotic limit of slow deposition rate, for isotrop
diffusion, g5 i * /( i *12). Experimentally, it was found tha
g may depend on temperature.10,13For example, for fcc~001!
surfaces a transition fromi *51 to i *53 due to temperature
increase was characterized, where the transition tempera
is determined by the ratio between the aggregation and
sociation rates of dimers and trimers.37 The island size dis-
tribution was also studied and found to depend oni * . These
studies revealed that scaling properties can be used to i
tify microscopic processes at the atomic level and to estim
various activation energies that are difficult to measure.
perimental measurements of some diffusion processes a
atomic level are possible using field ion microscopy. Th
technique was used to identify diffusion modes for sm
islands such as dimers and trimers on fcc~001! metal surfaces
and to measure their diffusion coefficients.38

In this paper we consider the relation between the sca
and morphology of the growing islands and trace them
properties of the microscopic model. In particular, we exa
ine the effect of themobility of small islands on island mor
phology and scaling. To this end we introduce a class
three microscopic models on a square substrate that diffe
their diffusion properties. In model I only single atom
~monomers! are mobile@which means that the energy barri
for breaking a nearest-neighbor~NN! or a next-nearest-
neighbor ~NNN! bond is practically infinite#. In model II
both monomers and dimers~clusters of two atoms! are mo-
bile, while in model III monomers, dimers, and trimers~clus-
ters of three atoms! are mobile. An island is defined as
cluster of adatoms connected by NN or NNN bonds. T
island sizes is the number of atoms in the island. In th
paper we do not consider island instability, but only isla
7917 © 1997 The American Physical Society
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7918 55ITAY FURMAN AND OFER BIHAM
mobility. Therefore, we define the critical island sizei * as
the size for which all islands of sizes< i * are mobile, while
islands of sizes> i *11 are immobile. Thusi *51, 2, and
3 for models I, II, and III, respectively. Note that in th
models considered here islands are stable even fors< i * in
the sense that there is no detachment of atoms from isla
However, due to their mobility these small islands tend
collide and merge into other islands.

The models we consider involve only local~NN and
NNN! interactions such that the hopping rate for an atom
each of the four possible directions is determined by
occupancy in a neighborhood of 333 sites around it. We
show that in this type of model there is a correlation betwe
mobility of small islands and edge mobility. In model I, on
an adatom attaches to an island edge as a NN it cannot m
and therefore edge mobility is completely suppressed. Mo
II allows very limited edge mobility, while model III allows
more moves, including hopping around a corner of an isla
As the edge mobility increases islands become more c
pact because it tends to suppress narrow fingers and al
the atoms to find more stable positions with more nearest
next-nearest neighbors.

The correlation between mobility of small islands a
edge mobility gives rise to a relation between the scal
properties determined by the critical island size and the m
phology that depends on the edge mobility. To quantify t
relation we first obtain the scaling exponentg for the three
models using both rate equations and MC simulations.
then examine the island morphology for the three models
apply a fractal analysis using the box-counting algorithm a
mass dimension evaluation.39 The box-counting function, in
the scaling regime, can be described by

NB~ l !5ABl
2DB, ~2!

where l is the box size,NB( l ) is the number of boxes tha
contain at least one atom,DB is the box-counting fracta
dimension, andAB is the prefactor. We find that the fracta
dimensionDB is rather insensitive to the differences betwe
the models. The prefactorAB , however, provides a quant
tative measure of the different morphologies. Similar conc
sions are obtained for the mass dimensionDM and its pref-
actorAM .

The paper is organized as follows. The models are in
duced in Sec. II. Scaling properties of island growth a
their dependence on the microscopic model are presente
Sec. III. The morphologies are examined in Sec. IV, f
lowed by a discussion in Sec. V and a summary in Sec.

II. MODELS

To study the scaling and morphology during isla
growth we introduce three models of diffusion on the squ
lattice. Submonolayer thin-film growth during deposition
molecular-beam epitaxy is then studied using kinetic M
simulations.40 In these simulations atoms are deposited r
domly on the square substrate at a rateF @given in monolay-
ers ~ML ! per second# and hop according to the microscop
model. The hopping rateh ~in units of hops per second! for
a given atom to each unoccupiedNN site is given by

h5n exp~2EB /kBT!, ~3!
ds.
o

n
e

n

ve
el

d.
-
ws
nd

g
r-
s

e
d
d

-

-
d
in
-
I.

e

-

wheren51012 s21 is the attempt frequency,EB is the en-
ergy barrier,kB is the Boltzmann factor, andT is the tem-
perature. The coverage after timet is thenu5Ft ~in ML !.

In our MC simulations moves are selected randomly fro
the list of all possible moves at the given time with th
appropriate weights. The time is then advanced accordin
the inverse of the sum of all rates. In the models used h
the energy barrierEB for hopping is determined by the loca
environment in a 333 square around the hopping atom~Fig.
1!, where the occupancy of seven adjacent sit
k50, . . . ,6, istaken into account. Each one of these si
can be either occupied (Sk51) or vacant (Sk50), giving
rise to 275128 barriers. To index them we use the bina
representation where the energy barriers areEB

n ,
n50, . . .,127 andn5(k50

6
Sk2

k. Using this indexing, we
introduce three models of nearest-neighbor hopping on
surface~Fig. 2!. In model I only monomers are mobile, i
model II dimers are also mobile, and model III includes m
bility of trimers as well. To simplify the analysis, our mode
include only one hopping rate, obtained by assigning
same activation energy (EB50.5 eV! to all the allowed
moves and a very high~practically infinite! energy barrier for
all moves that are not allowed in the given model. The mo
els are minimal in the sense that they include only the m
mal set of moves required to achieve the specified isl
mobility. Some more moves can be added without modify
i * ~see Sec. V!. Note that in our models there is no add
tional barrier for hopping down a step, which is justified f
small islands and especially for fractal-like ones.30 Atoms
deposited on top of an island hop until they hit the edge a
hop down to be incorporated into the island. Nucleation o
second layer is thus suppressed. The models are used to
form a systematic study of the effects of mobility of sma
islands on the scaling and morphology of the growing
lands. The three models are introduced below.

A. Model I

In this model only monomers can move@Fig. 2~a!#. At-
oms cannot move away from NN or NNN atoms, while th
can move towards a NNN atom, making it a NN~moves 4,
64, and 68 in Fig. 2!. The latter moves are included to en

FIG. 1. Local environment of a hopping atom. Each one of
seven adjacent sitesk50, . . . ,6 can beeither occupied (Sk51) or
unoccupied (Sk50), giving rise to 275128 local environments
with activation energiesEB

n , n50, . . .,127, wheren5(k50
6

Sk2
k.
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55 7919EFFECTS OF MOBILITY OF SMALL ISLANDS ON . . .
hance adatom association and the creation of islands.~Note
that in this model none of the allowed moves involve bo
breaking.!

B. Model II

Here both monomers and dimers are mobile. In addit
to the moves included in model I two new moves are add
@Fig. 2~b!#. Dimer mobility is now possible via a combina
tion of a bond-breaking~move 2 or 32) and a bond-building
move ~move 4 or 64). These additional moves introdu
more channels for island rearrangements, which lead t
more compact island shape@Fig. 3~a!#.

C. Model III

In this model trimers are mobile too. Four moves a
added to those present in model II~moves 3, 6, 48, and
96), which are required for trimer mobility@Fig. 2~c!#. They
also enhance the mobility of atoms on island edges and
particular allow for an edge adatom to move around a cor
@Fig. 3~b!#. Note, however, that edge mobility in this mod
is still highly limited. For example, an atom adjacent to
straight long edge is immobile even in model III.

D. Diffusion coefficients

To confirm that the critical island size is indee
i *51,2,3 for models I, II, and III, respectively, and to obta
the diffusion coefficients of mobile islands in each model w
have done simulations of single cluster diffusion. To obta
the statistics required for a precise determination of the
fusion coefficients we performed 1000 runs for monome
dimers, trimers, and tetramers~islands of four atoms! in each
of the three models. Each run was carried out to time eq
to 0.6 s, which is about 200 times larger than the time sc
for hopping at the given temperature (T5250 K!. The diffu-
sion coefficients were obtained from the relatio

FIG. 2. Moves included in the three models. Model I includ
only the moves in~a!. Model II includes the moves in~a! and ~b!,
while model III includes all the moves in~a!, ~b!, and ~c!. All the
allowed moves have the same activation energyEB , while the ac-
tivation energy for all other moves is practically infinite.
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^r 2&54hst, s51,2,3,4, wherer is the distance between the
initial position of the center of mass of the cluster and i
position after timet, hs is the diffusion coefficient for a
cluster of sizes, and^& represents an average over the 100
runs. The diffusion coefficients for monomers, dimers, trim
ers, and tetramers in each of the three models are shown
Table I.41 Our expectations are confirmed, namely, that
model I only monomers are mobile, in model II dimers ar
mobile as well, and in model III also trimers are mobile.

III. SCALING PROPERTIES

The submonolayer growth is typically divided into thre
stages: the early stage is dominated by island nucleation
lowed by an aggregation-dominated stage until coalesce
sets in. In the aggregation stage the density of stable isla
N exhibits power-law behavior as a function of the rati
between the deposition rate and the adatom hopping rate
the formN;(F/4h)g. The exponentg is determined by the
microscopic processes that are activated on the surface d
ing growth. In the case where all clusters of sizes< i * are
mobile, while larger clusters are immobile, the asymptot

TABLE I. Diffusion coefficients of small islands as measure
from MC simulations of single islands for the three presented mo
els atT5250 K. It is shown thati *51, 2, and 3 for models I, II,
and III, respectively.

Cluster
size

Diffusion coefficients~hops/s!

Model I Model II Model III

1 8262 8262 8462
2 0.0 2161 2161
3 0.0 0.0 7.760.5
4 0.0 0.0 0.0

FIG. 3. Effect of allowing more moves on island morphology
making islands more compact.~a! The effect of allowing moves 2
and 32 on the structure of a six-atom island.~b! The effect of
allowing moves 3, 48, 6, and 96 on the structure of a four-ato
island.
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7920 55ITAY FURMAN AND OFER BIHAM
value ofg in the limit whereF/h→0 is given by17

g5
i *

2i *11
. ~4!

This result is exact if all mobile islands have the same d
fusion coefficient, namely,hs5h, s51, . . . ,i * . Still, it is a
good approximation if all the diffusion coefficients are of t
same order of magnitude and the ratios between them
independent of the temperature, as is the case for the mo
studied in this paper.

To study the scaling properties of island growth with m
bility of small islands, for experimentally relevant depositio
rates, we introduce a set of rate equations that describe
time evolution of the densities of mobile and immobile
lands. In these equations, islands includings atoms are mo-
bile for 1<s< i * with diffusion coefficienths and immobile
for s> i *11. The density of mobile islands of sizes is given
by xs , 1<s< i * , while the total density of immobile island
is given byN. Both densities are normalized per lattice s
and the lattice constant is taken to be 1. The rate equat
take the form

ẋ15F2(
i51

i*

4~h11hi !x1xi24h1x1N, ~5a!

ẋs5(
i51

i*

2~hi1hs2 i !xixs2 i2(
i51

i*

4~hi1hs!xixs24hsxsN,

2<s< i * ~5b!

Ṅ5(
i51

i*

(
j5 i*112 i

i*

2~hi1hj !xixj , ~5c!

where the density of immobile islandsN is given by

N[ (
s5 i*11

`

xs . ~6!

The first term in Eq.~5a! describes the deposition of ne
atoms, while the first term in Eq.~5b! describes the building
of mobile islands by merging of two mobile islands
smaller sizes. The second and third terms in Eqs.~5a! and
~5b! describe the reduction in the number of mobile islan
of sizes due to their collision with other mobile and immo
bile islands, respectively. Equation~5c! describes the rate o
nucleation of immobile islands due to collision of two m
bile islands.

A rate equation representation of models I, II, and III c
be obtained from Eqs.~5! when i *51, 2, and 3, respec
tively, and with the diffusion coefficientshi given in Table I.
Note that the rate equations provide a mean-field descrip
ignoring spatial correlations. Moreover, since we concent
here on the effects of mobility of small islands, other pr
cesses such as atom detachment from islands, atoms d
ited on top of islands, and coalescence are not included in
equations. Also, for simplicity, the capture number is tak
as a constant. In general, it is found to depend on both
island size and the coverage.27
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We have examined Eqs.~5! in the aggregation regime
using asymptotic analysis of the type described in Ref. 19
this analysis Eqs.~5! are written in dimensionless form usin
x̂s5 l 1

2xs , N̂5 l 1
2N, and t̂5t/t1, where l 15(4h/F)1/4 and

t15(4hF)21/2. We then consider the aggregation sta
( t̂@1) assuming thatN̂@ x̂1@•••@ x̂i* Since at this stage
the density of mobile islands is approximately constant

solve Eqs. ~5! in its dimensionless form forx̂s
˙50,

1<s< i * . This is done using the ansatz thatx̂s; t̂as1b and
N̂; t̂ d, wherea, b, and d are constants to be determine
from the solution. Solving for the leading order in each equ
tion, we find scaling relations for the densities of immob
and mobile islands as a function ofF/4h andu:42

xs;~F/4h!~ i*1s!/~2i*11!u2~2s21!/~2i*11!, s51,2, . . . ,i *
~7a!

N;~F/4h! i* /~2i*11!u1/~2i*11!. ~7b!

For models I, II, and III we findg51/3, 2/5, and 3/7, re-
spectively. It is important to note that these results are o
asymptotically exact in the limitF/4h→0. Numerical inte-
gration of the rate equations shows slow convergence
these results as the deposition rate is lowered. In Table II
present the values forg obtained from numerical integratio
of Eq. ~5! with diffusion coefficientshi , taken from Table I,
together with the asymptotic values.

To complement these results we have also examined
scaling of island densityN vs deposition rateF, using MC
simulations~Fig. 4!. The island density obtained in thes
simulations for the three models, as a function of deposit
rate, is shown in Fig. 4 for coverage ofu50.2 and substrate
temperatureT5250 K. Each data point in this figure repre
sents an average over 100 runs and the lattice siz
2503250 in all the runs. The values ofg for the three mod-
els, obtained from the MC results in Fig. 4, are summariz
in Table II. It is observed thatg increases asi * is increased
and this trend appears in all three columns of Table II r
resenting the asymptotic result, rate equations, and
simulations. This can be intuitively understood from the fo
lowing qualitative argument. In the limit of very fast depo
sition rate ~say, F/4h>1) the effect of island mobility is
negligible and the island density is very large and nea
independent ofi * . As F/4h is decreased the mobility o
single atoms and islands of sizes< i * gives rise to nucle-
ation of fewer and larger islands. This process is enhance

TABLE II. Comparison ofg obtained from asymptotic analysi
and numerical integration of rate equations and from MC simu
tions, for models I, II, and III. The numerical results for both th
rate equations and MC simulations were obtained at the same
erage u50.2 and for the same range of deposition ra
F5102621022 ML/s at T5250 K.

Rate equations
Model Asymptotic Numerical Simulation

I 1/350.333 0.3160.01 0.3660.01
II 2/550.400 0.3660.01 0.3860.01
III 3/750.430 0.3760.01 0.4160.01
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55 7921EFFECTS OF MOBILITY OF SMALL ISLANDS ON . . .
i * increases since it adds more channels for collision
merging of islands. This results in a faster decrease ofN as a
function ofF/4h.

The values ofg for rate-equation integration at a finit
rate are found to be lower than the asymptotic value. T
g values for MC simulations are higher than the correspo
ing rate-equation values, which can be attributed to spa
correlations and coalescence, which are not taken into
count in the rate equations. Wolf31 proposed an alternativ
formula for the exponentg, which takes into account th
fractal dimension of the islands denoted byDf . Adapted to
our case, it takes the form

g5
2i *

4i *1Df
, ~8!

which coincides with Eq.~4! for compact islands (Df52).
Note that Eq.~8! implies thatg for fractal islands is larger
than for compact islands with the samei * , giving rise to
lower densities of islands.31 This is reasonable since fract
islands have a larger effective area per given mass. Thus
inhibit more efficiently new nucleation events, which resu
in a smaller island density,N. Since the numerical simula
tions generate fractal-like islands while the rate equati
assume pointlike~and thus compact! islands this might pro-
vide a further explanation for the tendency of the MC exp
nents to be larger than the exponents obtained from num
cal integration of the rate equations.

FIG. 4. Island densityN ~islands/site! plotted vs deposition rate
F ML/s on a log-log scale for MC simulations of models I (s), II
(h), and III ~1! ~with i *51, 2, and 3, respectively! at coverage of
u50.2 and substrate temperatureT5250 K. The exponentg, given
by the slope, increases asi * is increased. The results forg are
summarized in Table II.
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The scaling properties of the island size distribution ha
been studied both experimentally12 and theoretically.18,24,31,32

These studies indicated that the island size distribut
strongly depends on the stability and mobility of small
lands and is modified in the case of magic islands.31 The
scaled island size distributions for models I, II, and III a
presented in Figs. 5~a!–5~c!. Here s̄ is the average island
size. For all three models the deposition rates areF51023

1024, and 1025 ML/s. We observe that asi * increases the
peaks rise more slowly on the left-hand side~smalls/ s̄) due
to the depletion of the mobile islands. They also fall off mo
sharply on the right-hand side and thus become narrow
This trend is qualitatively similar to previous results for th
case where small islands are unstable. Note that the p
height increases considerably asF decreases. This may b
due to coalescence, which is found to become more p
nounced as the deposition rate decreases. Coalescence c
s̄ to increase, pushing up the scaled island size distribut
which includes the factors̄2/u.

FIG. 5. Scaled island size distribution vs scaled size for~a!
model I, ~b! model II, and~c! model III. The deposition rates ar
F51023 ML/s (s), F51024 ML/s ~j!, andF51025 ML/s (3)
and the coverage isu50.2. Note that the peak narrows asi * in-
creases.
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FIG. 6. Top view of the surface layer under growth conditions specified by models I~a!, II ~b!, and III ~c! for deposition rate of
F51026 ML/s, coverageu50.2, and substrate temperatureT5250 K. The deposited atoms and islands are represented by the dark
and the exposed substrate is white. Lattice size: 2503250 sites.
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IV. MORPHOLOGY

To examine the relation between mobility of small islan
and island morphology we have performed extensive M
simulations of island growth using the three models
scribed above. The morphology of the growing islands
shown in Fig. 6 for deposition rateF51026, coverage
u50.2, andT5250 K. The morphology obtained for mode
I @Fig. 6~a!# best resembles the shape of small DLA clust
grown on the square lattice, due to the suppressed edge
bility. The islands of models II and III@Figs. 6~b! and 6~c!,
respectively# exhibit wider arms and have more compa
shapes due to edge mobility associated with the increa
i * . To quantify these observations we have performed fra
analysis of the island morphology using the box-count
algorithm and mass dimension evaluation for the three m
els. In the box-counting technique one divides the lattice i
-
s

s
o-

t
ed
al
g
d-
o

boxes of linear sizel and counts the number of boxe
^NB( l )& ~averaged over a series or runs! that intersect the se
of islands. The box-counting dimensionDB is then given by

log10̂ NB~ l !&5 log10AB2DBlog10l , ~9!

whereAB is a prefactor. The box-counting functionNB( l )
for the three models is shown in Fig. 7 on a log-log sca
The fractal dimensions are presented in Table III and
prefactors in Table IV. It is shown that although the thr
models generate different looking morphologies, the b
counting dimensionDB for a given deposition rate and cov
erage is practically independent of the model. The b
counting dimensions are found to be typically lower than
DLA dimensionDDLA>1.72 and increase as the depositi
rate decreases. A significant difference between the mo
is reflected in the coefficientAB . It is shown~Table IV! that
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55 7923EFFECTS OF MOBILITY OF SMALL ISLANDS ON . . .
as i * increases and islands become more compact,AB de-
creases by almost a factor of 2. It also decreases when d
sition rate is increased~which also results in more compa
islands!. The behavior ofAB can be understood from the fa
that as islands become more compact each occupied
tends to include more atoms~and still it is counted only
once!. Since the coverage is maintained the number of oc
pied boxes must decrease.

Unlike the box-counting analysis, which is done on t
entire system, the mass dimension analysis is done on
island separately. In this analysis one finds the center of m
of the island and measures the total mass of the at
M (r ) bounded by a circle of radiusr around it as a function
of r . The mass dimensionDM is then obtained from~Fig. 8!

log10̂ M ~r !&5 log10AM1DM log10r , ~10!

TABLE III. Box-counting dimensionDB , for models I, II, and
III at three deposition ratesF, coverageu50.2, andT5250 K. The
dimensions are typically lower than the DLA dimension and
only weakly dependent on the model.

Model F51026 ~ML/s! F51027 ~ML/s! F51028 ~ML/s!

I 1.6260.01 1.6660.01 1.6860.02
II 1.5960.01 1.6460.01 1.6660.02
III 1.5960.01 1.6760.01 1.7260.02

FIG. 7. Box counting function that counts the numberNB( l ) of
occupied boxes vs box sizel shown for the island morphology
obtained from models I (s), II (h), and III ~1! at deposition rate
F51027 ML/s, coverage u50.2, and substrate temperatu
T5250 K. Note that the slopes are found to be the same for
three models, indicating that the fractal dimensionDB in insensitive
to the small island mobility~Table III!. However, the intercept~de-
termined by the prefactorAB) is different for the three models
~Table IV!.
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where the average is over a large number of islands.
values of the mass dimensionDM obtained for the three
models are summarized in Table V and the prefactorsAM in
Table VI. The mass dimension is found to be in the ran
between 1.83 and 1.91, significantly larger than the D
dimension. This larger dimension reflects the enhanced c
pactness of the islands; however, its dependence on
model is rather weak. The morphological differences
strongly reflected in the coefficientAM , which increases as
i * is increased. This trend ofAM results from the fact that a
the islands become more compact the mass included
circle of radiusr around their center must increase. We co
clude that the scaling properties reflected inDB andDM are
weakly dependent on the models, while the prefactorsAB
andAM are strongly model dependent. In all the three mo
els we considered, edge mobility is limited and allows on

e

TABLE IV. PrefactorAB in Eq. ~9! for the three models for
various deposition ratesF, coverageu50.2, andT5250 K. Entries
are in units of 103 boxes. The prefactor is strongly dependent on
model reflecting the morphological changes.

Model F51026 ~ML/s! F51027 ~ML/s! F51028 ~ML/s!

I 18.760.5 19.460.5 20.260.5
II 14.760.5 15.660.5 15.9060.5
III 10.960.5 11.960.5 12.060.5

FIG. 8. MassM (r ) within a circle of radiusr around the center
of mass of an island vsr for islands obtained from models I (s), II
(h), and III ~1! at deposition rateF51027 ML/s, coverage
u50.2, and substrate temperatureT5250 K. The mass dimension
is given by the slope on the log-log scale. It is shown that the m
dimensionDM is insensitive to the different morphologies obtain
from these models~Table V!. However, the prefactorAM shows
significant differences~Table VI!.
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local rearrangements of the structure. The prefactors~which
are related to the curve intercept, i.e., to small scales! are
sensitive to such changes. In contrast, the fractal dimens
that are determined over a range of scales are rather ins
tive to the small-scale behavior.

Note that in model I the diffusion is similar to the DLA
model. However, unlike DLA, atoms are added at a fin
rate, nucleating a finite density of islands. Also, these ato
are deposited randomly from above rather than from bou
aries located far away from the cluster as in DLA. Therefo
some of the atoms fall between~or on top of! the arms of the
island. For these atoms the aggregation process is not d
sion limited. The DLA limit can be approached only whe
bothF/4h→0 andu→0. The first limit is required in order
to keep islands far away from each other. The second lim
required in order to ensure that the islands are very sm
compared to the area from which they draw atoms.

V. DISCUSSION

The fractal analysis can provide useful information ab
processes and rates in island growth systems. It is acces
experimentally and can be done using either STM data4 or
helium beam scattering.43 In the latter case, one possibility i
to obtain the fractal dimension of contours of constant el
tron density of the monolayer from measurements of
specular peak intensity as a function of helium inciden
energy.

Note that the models studied here, in particular model
and III, are minimal in the sense that they include the mi
mal number of allowed moves for the giveni * . One can add
some more moves to each of these models without chan
i * . For example, movesn5 6 ~96!, 36 ~66!, and 70~100!
can be added to model II. These moves are obtained by
ing the moves shown in Fig. 2~b! and placing atoms at sit
k52 or k56 or both~see Fig. 1!. The moves appear in pair
due to the horizontal mirror symmetry such that the move
parentheses is the mirror image of the one that precede
Similarly, movesn5 7 ~112!, 52 ~67!, 70 ~100!, and 71

TABLE V. Mass dimensionDM , for models I, II, and III at
various deposition ratesF, coverageu50.2, andT5250 K. The
dimensions are considerably higher than the DLA dimension,
only weakly dependent on the model.

Model F51026 ~ML/s! F51027 ~ML/s! F51028 ~ML/s!

I 1.8460.02 1.8960.02 1.8360.02
II 1.8960.02 1.9460.02 1.8360.02
III 1.9160.02 1.9060.02 1.8860.02

TABLE VI. PrefactorAM in Eq. ~9! for the three models for
various deposition ratesF, coverageu50.2, andT5250 K. The
prefactor is strongly dependent on the model and sensitive to
different morphologies.

Model F51026 ~ML/s! F51027 ~ML/s! F51028 ~ML/s!

I 2.160.1 1.960.1 2.360.1
II 2.560.1 2.060.1 2.960.1
III 3.360.1 3.160.1 3.560.1
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~116! can be added to model III. These additional mov
have no significant effect on the scaling properties~since
i * remains unchanged!, but they enhance edge mobility
making the islands more compact. In particular, move
~112! allows atom mobility along straight island edge
which is not possible otherwise. However, we find th
highly compact islands of nearly square shape observed
fcc~001! metal substrates such as Cu~001! and Ni~001! can-
not be obtained with models that include only one hopp
rate such as the models studied here. Such highly com
islands are obtained only when the hopping rate for mo
along island edges such as 7~112! are much larger than othe
hopping rates in the system, including the hopping rate of
monomer.26,32,35In contrast, systems in which atoms can d
tach from island edges and reattach elsewhere exhibit ra
compact island shapes even when the detachment rate is
siderably smaller than the hopping rate of the monomer.28,44

In the models studied here diffusion occurs via the mot
of one atom at a time. Other diffusion mechanisms that
volve concerted motion of two atoms have also been
served. In particular, the exchange move in which a subst
atom is displaced by an adatom and pops out into a NNN
of the original adatom position. On surfaces such as Al~001!
~Ref. 45! and Pt~001! ~Ref. 46! it was found that the energy
barrier for exchange is lower than for hopping, indicati
that this is the dominant diffusion mechanism on these s
faces. In a different type of concerted move, two atoms m
together along the edge of an island. When the barrier
such a move is lower than moves involving single atoms
the island they may drive island diffusion.47 Recent STM
experiments indicate that for Ag~001! even large islands may
diffuse as a result of the high edge mobility in the
systems.48

Models related to those studied in this paper appear in
cluster-cluster aggregation problem, where DLA-like clust
aggregate at a finite density.49,50Jensenet al.51 have recently
studied a model of island growth in which edge mobility
suppressed while islands of all sizes can move rigidly~and
thus i *5`) while their diffusion coefficients decay accord
ing to hs;1/sp. In this model the simple relation betwee
edge mobility and island mobility, which exists in the mo
els of local interactions studied here, is broken. Due to
lack of edge mobility islands maintain their DLA-like shap
while the exponentg, which depends onp, is varied.

VI. SUMMARY

In summary, we have performed a systematic study of
effect of mobility of small islands on the scaling and mo
phology in island growth on surfaces. The exponentg, which
describes the dependence of island density on depos
rate, was examined, for experimentally relevant deposit
rates, using both numerical integration of the rate equati
and MC simulations. It was found thatg increases as the
critical island sizei * is increased. This reflects the decrea
in island density, which results from the possibility of sma
islands to move and merge. The asymptotic value ofg in the
limit of slow deposition rate is given byg5 i * /(2i *11).
However, convergence to this asymptotic value by decre
ing the deposition rate turns out to be slow for MC simu
tions and even for rate equations. In addition,g exhibits a
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rather slow dependence oni * as it increases and is limited t
the range 1/3<g<1/2. This indicates that using this scalin
law to extract microscopic information on mobility of sma
islands from experimental results is hard and requires v
precise measurement ofg.

The island morphology was found to become more co
pact asi * is increased. This reflects a general relation
tween edge mobility and small island mobility in models
short-range interactions. To quantify the morphologi
changes we have performed a fractal analysis of the is
u

v.

t

.

v

o

t-

-

ry

-
-

l
d

morphology using the box counting and mass dimensions
both cases it was found that the fractal dimension is rat
insensitive to changes ini * ; however, the morphologica
change is reflected in the value of the prefactors.
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