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Aggregation mechanisms in the adsorption of metals on Si„111…7Ã7
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Several mechanisms have been revised to explain the aggregation of metal adsorbates on a 737 recon-
structed Si~111! surface. Some of them are based on the high mobility of incident particles, while others collect
the nonlocal weak or moderate interactions among adsorbates. The adsorbate aggregation, which has been
characterized via the temporal evolution of the surface occupation and monomer to cluster density ratios, has
been studied for each mechanism through kinetic Monte Carlo simulations as well as by approaches to the
corresponding rate equations. The cooperative diffusion is revealed as the unique mechanism that is able to fit
fairly the existing data related to the adsorption of metals on the Si(111)737 surface.
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I. INTRODUCTION

In the last decade, scanning tunneling microscope~STM!
studies concerning the nucleation processes on metal
faces have reported densities of nucleated islands of or
of magnitude higher than those predicted by the mean-fi
theory,1 taking into account the established diffusion para
eters for these metal-on-metal systems. These quite sur
ing observations have taken place in homoepitaxial grow
@Al on Al ~111! ~Ref. 2!# as well as in heteroepixatial ones@Al
on Au~111! ~Ref. 3! and Ag on 2-ML-Ag/Pt~111! ~Ref. 4!#
where ML stands for monolayer. The discrepancy betw
the experimental data and the theoretical predictions
been approached by many groups, providing several ex
nations or models, some of which, according to the curr
state of the art, come from a misinterpretation of the resu
For instance, some authors2 have connected the phenomen
to an apparent anomalous reduction of the preexpone
factor in weakly corrugated surfaces. This hypothesis t
has been also supported by data achieved by o
techniques,5,6 although not theoretically reproduced, is
forthright disagreement with that postulated by t
transition-state theory7,8 for a thermally activated process
which predicts a preexponential factor in the THz range.8.9 In
the Al epitaxed on Al~111! case, this disagreement has be
related to the uncontrolled presence of impurities dur
growth.10 However, for the heteroepitaxial systems, the
land density increment has been ascribed to a heterogen
nucleation process controlled by the repulsive nature of
surface dislocations.3,4 Recent theoretical studies11,12 com-
bining kinetic Monte Carlo~kMC! simulations and first-
principles investigations have suggested the presence of
local interactions between adsorbates to be responsibl
this discrepancy by significantly acting upon in the surfa
diffusion processes and, consequently, upon the resu
morphology of the epitaxial thin films. Thus, the influence
these nonlocal interactions on the separations between a
bates for Cu/Cu~111! has been demonstrated.13,14 Neverthe-
less, the real magnitude of the changes induced by th
nonlocal interactions in the nucleated island density is stil
be elucidated.15 The current controversy created around t
topic inspires an increasing number of studies about the
0163-1829/2003/67~23!/235412~10!/$20.00 67 2354
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fluence of the nonlocal interactions between adatoms an
clusters on the nucleation and growth processes on m
surfaces.

The nature and range of the interactions among adsorb
as well as the possible substrate mediations, which prov
indirect interaction mechanisms, are issues that have b
extensively studied for homoepitaxial metal systems. Beyo
the chemical bonds between adsorbates, the presence o
types of electrostatic long-range interactions for adsorb
pairs has been established:~i! attractive interactions driven
by the van der Waals forces and~ii ! repulsive interactions
between multipoles that arise in each adsorbate due
surface-induced charge redistribution in each one of th
On the other hand, two kinds of substrate mediations h
been considered for these systems:~a! An oscillatory indirect
electronic interaction originated by the scattering of the tw
dimensional nearly free electron gas on the substrate sur
for the adsorbates, which generates standing-wave patter
the electron density that gives rise to interactions betw
scatterers; and~b! a repulsive elastic interaction that aris
from adsorbate and substrate relaxations mediated via
atomic lattice.

On the contrary, there is very little information about th
nonlocal interactions between adsorbates on semicondu
surfaces and, in particular, concerning the nature
substrate-mediated interactions. In contrast with met
semiconductor materials usually present a highly corrug
potential energy surface for adsorbates due to the presen
localized electronic states. In particular, the Si(111)737
surface characterized by high-energy hopping barr
(;0.7–1.0 eV)~Ref. 16! at the borders of the large triangu
lar half cells constitutes an example of it. In spite of the fa
that the high hopping barriers should sensibly reduce
diffusion rate, an unexpected tendency~unexplainable under
a hit-and-stick model!17,18 of the adsorbates to aggregate i
side the half cells at room temperature~RT! at relatively
short times has been previously described a
established.17–20 Then, this surprising behavior for adso
bates on reconstructed semiconductor surfaces suggest
presence of attractive nonlocal interactions between ad
bates promoting the cluster formation via the reduction of
hopping barriers.

Several direct experimental evidences for the adsorp
©2003 The American Physical Society12-1
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of Pb,19 Sn,20 and Y ~Ref. 18! atoms on the Si(111)737
surface reinforce the nonlocal interaction suggestion. In
three inspected systems, the single adatoms~monomers!,
which constitute the unique mobile species at RT, diffu
preferably toward the occupied nearest-neighboring h
cells. In the case of the Pb atoms,19 it has been demonstrate
by real time STM movies how monomers jump faster towa
a neighboring half cell occupied by other adatoms than
ward empty half cells. The difference between hopping ra
is maximized for the Sn atom adsorption,20 in which mono-
mers jump at RT only to the occupied neighboring half ce
and no jumps to free halves were detected in spite of l
periods of observation~2–3 h!. In the Y atom adsorption
case,18 STM images show that most of the half cells occ
pied by monomers are surrounded by empty triangular c
pointing out to the fact that whenever an atom lands in a f
half cell with at least an occupied neighboring half cell,
tends to diffuse toward this neighboring half cell, and th
only those adatoms surrounded by empty half cells remai
individual atoms during the whole measurement time. Fr
these three independent observations, it is derived that
diffusive behavior of monomers and, therefore, their stro
tendency to agglomerate are influenced~but governed! for
some kind of effective interaction of attractive nature amo
adsorbates localized in the nearest-neighboring halves.

In the frame of the preceding controversy, the aim of t
work is to study the atomic mechanisms that can promote
fast aggregation, controlled or not by nonlocal interactio
of the metal adsorbates inside the half cells of the 737
reconstructed Si~111! surface at RT. The aggregation capa
ity of the adsorbates for each mechanism will be exami
through kMC simulations as well as by approaches to
corresponding rate equations. The independent model
for the kinetic Monte Carlo simulations is presented in S
II. In Sec. III, the aggregation rate equations are introdu
and progressively modified in order to include the effects
each mechanism. The behavior of the proposed equatio
investigated through the numeric solutions feasible of be
computed and is estimated for all mechanisms by mean
the kMC-simulated curves. Further, the existent experime
data concerning the adsorption of Pb,19 Ag,17,21,22 and Y
~Ref. 18! atoms on the Si(111)737 surface are reproduce
by kMC simulations in a way alternate to the proposal by
corresponding authors. Finally, the fair fitting of the expe
mental data by using a unique aggregation mechanism
discussed, suggesting for the existence of a common m
that is generalizable for similar systems.

II. MODELING THE POTENTIAL ENERGY OF THE 7 Ã7
RECONSTRUCTED SI„111… SURFACE

The Si(111)737 surface is formed by a honeycomb la
tice of large triangular unit half cells with alternate stacki
faults ~fault f and unfaultu cells! separated by dimer row
and advacancies. It is experimentally observed that
metal-adatom adsorption at RT occurs preferably inside
half cells without being strongly trapped, in many cases23

into the inner adsorption sites of the half cell; i.e., the mon
mers move quasifreely inside the half cell, only confined
23541
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the dimer rows. This kinetic behavior confers to the mon
mer a rather fuzzy or noisy aspect~see Fig. 1!, which has
been ascribed to the oscillation of the adatom among
different adsorption sites at much faster rates than the S
scanning frequency.18,19The fuzzy appearance of a monom
reveals that the intracell hopping energy barriers among
sorption sites are lower than the intercell ones, and thus,
surface diffusion will be governed by these latter barrie
Consequently, the potential-energy diagram of this surf
can be simplified neglecting the intracell diffusion barriers
shown in Fig. 2~a!. Then, the aggregation of several adato
inside one half cell can be considered as a ‘‘nucleation’’ p
cess. Thus, our simulation scheme, which is schematic
represented~superimposed! in Fig. 1, uses the unit half cel
as the basic unit of the surface lattice and ignores all p
cesses operating at smaller length scales.

In the model, the atoms are deposited with a rate ofF;
diffused at a rate ofD; and agglomerated in the half cells o
the Si(111)737 surface at a rate of]O/]t, where the occu-
pation O represents the ratio of the number of half ce
occupied during the growth experiment to the total num
of half cells on the surface, so that 0<O<1. To every lattice
site that is used to model the reconstructed surface, two
rameters are assigned: an indicator of the presence of s
ing fault (f or u) and the number of atomsn adsorbed inside
it which forms the ‘‘nucleated cluster’’. The nucleation
simulated by considering the diffusion process between
cells, while the detailed description of an adatom movem
inside the half cell is omitted. Only hops of monom
through the dimer rows of the 737 reconstruction between
adjacent half cells are allowed. These thermally activa
hops take place at a frequency given byn5n0exp
(2xij /kBT); x i j being, the diffusion activation energy to jum

FIG. 1. Fuzzy appearance of an oscillating Y monomer trap
inside a faulted half cell~taken from Ref. 18!. The point lattice
employed to model the Si(111)737 surface is superimposed to th
image.
2-2
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AGGREGATION MECHANISMS IN THE ADSORPTION OF . . . PHYSICAL REVIEW B 67, 235412 ~2003!
from site i to j; kB the Boltzmann’s constant;T the substrate
temperature; andn0 the preexponential factor.n0 is assumed
to be the same for faulted and unfaulted unit half cells.

If in the first approach, any nonlocal interaction betwe
adatoms and/or clusters is neglected,x i j will depend on the
energy barrierEd to jump among half cells as well as th
energy barrier to detach the adatom from the source clu
Ei ; such thatx i j 5Ed1Ei . This first case corresponds to th
random-walk diffusion in which the probability of an adato
to diffuse to any of the three neighboring half cells of t
source half cell is the same, independent of the occupa
state of them.Ei is coupled to intracell adatom-adatom inte
action Ehuc as a linear function of the number of bond
among the adatoms that form one cluster. The model
sumes that all the adatoms inside a half cell interact w
each other to form a maximum number of bonds (nsat) so
that in ann-size cluster~with n<nsat) each atom hasn21
bonds. If Eb represents the ‘‘effective’’ binding energy pe
bond, the detachment energy of an adatom from ann-size
cluster is given byEi52Ehuc5(n21)Eb for n<nsat and
Ei5nsatEb , otherwise. Whereas each half cell has a ma
mum capacity for adsorbed adatoms, as pointed out by
experimental results,17,18 a repulsive regime with Ei
52Ehuc→2` is included in the intracell interaction energ
curve in order to simulate the unstability of the clusters w
sizes larger thannmax. Figure 3 shows a representative ou
line of the dependence of intracell interaction energy on
number of inner adatoms.

To simulate the nonlocal attractive interaction betwe
adatoms adsorbed on different half cells, the occupa
states of the initial and final positions before$Ei
52Ehuc(ni)% and after$Ej5Ehuc(nj11)% the jump must
be considered. Thus, the presence of adatoms in the nea
neighbor half cells leads to the reduction of the diffusi
activation energy, which favors the aggregation of the a
toms. In the cooperative diffusion, as we name this dif

FIG. 2. ~a! Schematic representation of the potential-energy d
gram of a unit cell~solid line! and its approximation to a diagram
simplified to two adsorption sites~dotted line!. ~b! Diagram~solid
line! and two-site approximation~dotted line! of the potential en-
ergy of a unit cell taking into account the energy asymmetry
escape from faulted and unfaulted half cells.~c! Cross section of the
Si(111)737 unit cell in the dimer-adatom staking fault~DAS!
model.
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sion hereafter, the surface migration is modeled as a hop
process with an activation energy given byx i j 5Ed1(Ei
1kEj )5Ed1(ni212knj )Eb , (ni21) and nj being the
number of effective bonds in the source and target half c
before and after the jump, respectively.k represents a spatia
attenuation factor of the substrate-mediated non-local in
actions, which contains information about the interatomic
traction potential between adsorbates on the 737 recon-
structed Si~111! surface. In the extreme case wherek→0,
the behavior of the cooperative diffusion tends to t
random-walk diffusion. Note that the cooperative diffusio
is, in principle, anisotropic, since the jump direction is det
mined by the occupation states of the possible destina
half cells.

A tendency to the agglomeration with a preference
faulted half cells has been previously observed in sev
systems.17,18 These results suggest a difference between
hopping energy barriers to escape from the fault and unf
half cells. In order to include this experimental evidence
our model, different surface contributions for the fault (Ed

f )
and unfault (Ed

u) half cells have been contemplated, being,
general,Ed

f ÞEd
u . Then, the potential surface diagram show

in Fig. 2~a! has been modified@Fig. 2~b!# to incorporate the
asymmetry between the fault and unfault half cells.

The kMC simulations were performed on a 1503150
half-cell lattice with periodic boundary conditions. To sim
plify our diffusion model, a spatial attenuation factork51
has been chosen. The parameters used to shed light o
model ~i.e., F50.01 ML/s, Ed

f 5Ed
u50.8 eV, Eb50.1 eV,

n0553109 s21, andT5300 K) are included, as it will be
shown further in Sec. IV, in the range of characteristic valu
of the diffusion and aggregation of metal adsorbates on
Si(111)737 surface. The simulation of the diffusion pro
cesses includes the relaxation during 4 h of thepreviously
grown surface in order to take into account the experime
delay between the phases of thermal evaporation and S
measurements. In the model, only the single-atom movem
is allowed, while the displacement of the whole cluster
inhibited, and the aggregation becomes irreversible only
clusters with sizes larger than the critical sizei * . The simu-
lated data were averaged over more than 20 runs.

-

o

FIG. 3. Dependence of the potential energy of a half cell on
number of adatoms trapped on it.
2-3
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III. RANDOM INCIDENCE

In the following, we are going to develop the rate equ
tions that describe the evolution of the surface occupa
driven by different aggregation/desaggregation mechanis
The random incidence, in which the incident atom remain
the landing half cell without relaxing, is the simplest
them. The temporal evolution of the surface occupat
driven by the random incidence presents the following for

]O

]t
5gF~12O!⇒O~ t !512exp~2t/^t&!

[O~u!512exp~2gu!, ~1!

such that fort@^t&, O→1; ^t&51/gF being the average
time among the successive arrival of two atoms to the sa
half cell;F the deposition rate~ML/sec!; g524.5 the number
of atoms of a 131 structure per half cell of the Si(111)
37 surface; andu5Ft the fractional coverage referred t
the 131 layer. Thus, the incident particle has a probabil
of (12O) to impinge on a free half cell, and the landin
process occursgF times per second on a half cell.

Since the experimental evidences demonstrate that
half cells have the maximum capacity to accommod
adsorbates,17,18 Eq. ~1! must be modified as follows. Ifrmax
represents the maximum-size cluster density and^t&max
5nmax/gF5nmax̂ t&, the average time of formation of suc
clusters from random incidence; then the probability of o
incident particle to land on a half cell occupied by
maximum-size cluster~saturated half cell! becomesrmax.
This particle will bounce back from the saturated half c
either toward those (12O) empty half cells, or toward thos
(O2rmax) half cells occupied by clusters with sizes low
thannmax ~submaximum-size cluster!, or toward those'rmax
remaining half cells that are saturated by the maximum-s
clusters. These bounce-back processes occur with proba
ties (12O)rmax, (O2rmax)rmax, and rmax

2 , respectively,
around an average coverage^u&max5F^t&max5nmax/g. As a
result of the bounce-back to a saturated half cell, a sec
bounce-back process takes place toward an empty half
@with a probability (12O)rmax

2 ], a submaximum-size cluste
@(O2rmax)rmax

2 #, or a maximum-size cluster (rmax
3 ). Thus, by

developing the probability series for infinite bounce-ba
processes and adding all the favorable contributions to
increment of the occupation, Eq.~1! becomes

]O

]t
5gF~12O! (

p50

`

rmax
p 5gFS 12O

12rmax
D . ~2!

In the same way, the rate equation that describes
monomer density,r1, evolution driven by random incidence
taking into account the maximum capacity of the adsorba
per half cell is given as

]r1

]t
5gFS 12O2r1

12rmax
D , ~3!

where the term2r1 included in the upper parentheses
linked to the direct landing on the half cells occupied
23541
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monomers. Note that the bounce-back process has bee
cluded in Eqs.~2! and~3! as a part of the random incidenc
which means that this has been assumed as an instantan
process without interfering in the deposition rate.

In order to solve numerically Eqs.~2! and~3!, the tempo-
ral dependence of the maximum-size cluster density sho
be known. By including the incidence redistribution throu
bounce backs,rmax(t) can be approached tormax(t)}12(1
2gFnmax

21 t)1/2, which is the solution of the rate equatio
]rmax/]t5gF@2nmax(12rmax)#

21. The nontendency to the
saturation of the functionrmax(t) is due to considering the
arrangement of the impinging atoms on the surface throug
physically unlikely infinite series of successive boun
backs. If the number of successive bounce backs is limite
a physical-meaning valuep ~for instancep52, as it has been
implemented in our simulation code!, a saturation tendency
appears as a result of the appearance of compact group
ten or more maximum-size clusters. These groups block
bounce backs from their central positions, making feasi
the formation of clusters~overclusters! with size larger than
nmax. The formation probability of such overclusters is th

}rmax
3p

. In the frame of these approaches,rmax evolves ac-

cording to]rmax/]t5gF(12rmax
3p

)@2nmax(12rmax1rmax
3p

)#21.
The bounce-back process constitutes a desaggreg

mechanism that tends to spread out the particles on
Si(111)737 surface, increasing its occupation for a giv
coverage. Nevertheless, the particle redistribution capacit
these processes is slightly even for annmax as low as three
atoms per half cell, (̂u&max'0.12). The moderate effect o
the bounce backs on the occupation evolution~represented
vs coverage! for different maximum capacities is shown i
Fig. 4~a!. The bounce-back processes produce an influe
more significantly on the monomer to cluster densities ra
r1 /(O2r1), as revealed in Fig. 5~a!. As nmax decreases, the
r1 /(O2r1) ratio also decreases as a result of the part
redistribution from the random incidence. Bowing deviatio
@i.e., changes in ther1 /(O2r1) decreasing slope# appear
after the first bounce backs. This behavior suggests th
significant fraction of the bounced-back particles beco
monomers once they are adsorbed on its final state, cou
balancing partially to the aggregation process.

IV. AGGREGATION MECHANISMS

A. Capture area versus transient mobility

Each cluster is surrounded by an area for the capture
incident particles, or the impinging particle is able to trav
an average distance ofR half cells ~thermalization path! be-
fore accommodating on the substrate surface, transfer
progressively its excess of kinetic energy to the substrate

The major difference between these two mechanisms
while the capture area assures the aggregation to a cente
corresponds to the global energy minimum of the attach
area, in the transient mobility, the local and global ene
minima compete between them for the landing particle a
function of their proximities to the land site. Thus, the ne
2-4
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AGGREGATION MECHANISMS IN THE ADSORPTION OF . . . PHYSICAL REVIEW B 67, 235412 ~2003!
est local minima are more favorable than the most dis
global ones. Taking into account that the aggregation to th
local minima can be irreversible, this difference justifies
aggregation capacity for transient mobility lower than that
the capture area. Nevertheless, the capture of the impin
particles by the clusters is better understood in the fram
the diffusion mechanisms, since this is probably linked
noninstantaneous mobility oriented by attractive interactio
Then, we prefer to approach the capture area mechan
further in the section devoted to diffusions.

In the transient mobility, the path and thermalization tim
of the impinging particles depend on their kinetic energies
well as the energy dissipation rate, which is mainly media
by coupling to the substrate phonons.24 This mechanism is
favored by using nonthermodynamic equilibrium deposit
techniques, such as sputtering, pulsed laser deposition,
ionic implantation in which very energetic particles a
generated.25 On the other hand, the directional nature
characteristic bonds of the semiconductor reconstructed
faces can delay the energy transference between the imp
ing particles and the substrate connecting with the incide
angle. So, this aggregation mechanism enhanced by the

FIG. 4. Dependence of the surface occupation on the cove
for different mechanisms. The symbols correspond to the kM
simulated data and the lines represent the numerical solution o
corresponding rate equations.~a! Behavior of the random diffusion
for different maximum capacities of adsorbates per half cell (nmax:
h, 20; s, 10; n, 5; and 1, 3!. ~b! Behavior of the transien
mobility for several thermalization radii~open symbols correspon
to different combination ofR and r with nmax55: h, R5r 50
~random incidence!; s, R5r 51; 1, R52 and r 51; andn, R
5r 52; while . identifies to the data forR5r 51 and nmax

510). ~c! Behavior for different diffusion types assumingnmax

55: h, random incidence;s, random diffusion;n, oriented dif-
fusion; and1, cooperative diffusion. Inset in~c!: Dependence of
surface occupation on the critical size (i * ) for the cooperative dif-
fusion.
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thermalization of incident energetic particles can be sign
cantly faster than the typical diffusive mechanisms operat
in quasiequilibrium regimes.

A thermalization path ofR half cells means that the im
pinging particle can, in principle, attach to any cluster nuc
ated in the areaA(R) around the land site. However, th
does not imply that the clusters nucleated inside and/or
side theA(R) produce an influence, in the same way, on t
instantaneous jump direction of the mobile particles. Then
an energetic impinging particle is able to jump up to theR
neighboring half cells but during each hop its jump directi
is biased by ther neighboring half cells, an effectiveA(R)
for the Si(111)737 surface can be defined asA(R,r )
5(q51

R 3q(1/3)f (q2r )11, where f (x)5x for x>0 and
f (x)50 otherwise; such that ifR<r , A(R)53R(R11)/2
11. Then, Eq.~1! takes the form

]O

]t
5gF~12A~R!O!⇒O~ t !5

1

A~R!
@12exp~2t/^t& t!#,

~4!

such that fort@^t& t , O→1/A(R). As a result of this mecha
nism, the nucleation area is not more than the half cell bu
becomesA(R) half cells with a shorter nucleation averag

ge
-
he

FIG. 5. Dependence of the monomer to cluster densities ratio
the coverage for different mechanisms. The symbols correspon
the kMC-simulated data and the lines represent the numerical s
tion of the corresponding rate equations.~a! Behavior of the random
diffusion for different maximum capacities of adsorbates per h
cell (nmax: h, 20; s, 10; n, 5; and1, 3!. ~b! Behavior of the
transient mobility for several thermalization radii~open symbols
correspond to different combination ofR and r with nmax55: h,
R5r 50 ~random incidence!; s, R5r 51; 1, R52 and r 51;
and n, R5r 52; while . identifies to the data forR5r 51 and
nmax510). ~c! Behavior for different diffusion types assumin
nmax55: h, random incidence;s, random diffusion;n, oriented
diffusion; and1, cooperative diffusion.
2-5
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E. VASCO, C. POLOP, AND E. RODRI´GUEZ-CAÑAS PHYSICAL REVIEW B 67, 235412 ~2003!
time ^t& t51/A(R)gF. By introducing the maximum capac
ity per half cell, Eq.~4! is modified to

]O

]t
5gF

$12A~R!O2rmax@12A~R!#%

~12rmax!
, ~5!

andr1 evolves according to

]r1

]t
5gF

$12A~R!~O1r1!2rmax@12A~R!#%

~12rmax!
. ~6!

Note that there is not a nucleation area around
maximum-size clusters, and that the tendency to the m
mum occupationO→1 is a consequence of the bounce-ba
processes. By considering the incidence as to a determin
process, the number of maximum-size clusters would ris
a step function of the deposition time according tormax(t)
5q/A(R) for any t ranged in qnmax̂ t&t,t,(q11)nmax̂ t&t ,
with q taking integer valuesq50,1,2, . . . ,A(R)21. In this
case, an approach to a linearrmax(t) dependence asrmax(t)
5t/^t&max is appropriate.

The transient mobility represents an efficient aggrega
mechanism whose magnitude is modulated by the incorp
tion radio, as shown in Fig. 4~b!. Two different increased
regimes are observed in the evolution of the occupation w
the coverage: for very low coverages, an exponential
behavior, which is governed by the incidence and format
of new nucleation centers on the free-substrate surface,
lowed by a linear increased regime controlled by the agg
gation to the previously established clusters and creatio
the new ones from the bounce-back phenomenon. There
in the second regime the occupation follows a coverage
pendence similar to thermax(u) dependence. The transie
mobility powers the quick appearance of the bounce-b
processes by reducing the coverage in which the bou
back process appears in anA(R) factor @i.e., ^u&max
5nmax/gA(R)]. All occupation curves with the samenmax
reach the saturation value for a similar coverageusat
'nmax/g due to the lack of nucleation area around t
maximum-size clusters.

Figure 5~b! shows thatr1 /(O2r1) ratio decreases for a
given coverage asA(R) increases~for R.0) due to the en-
hancement of the aggregation process. Three regimes
different decreasing slopes are isolated: The first regim
characterized by an abrupt reduction of monomer den
that can be ascribed to the formation of initial clusters, wh
become the first aggregation centers. Subsequently, thr1
decrease rate is reduced as a result of the appearance o
monomers from the bounce-back phenomenon. Once al
half cells are occupied (O51), the bounce back ceases pr
ducing new monomers, originating again an increase in
r1 decrease rate.

B. Random diffusion

In this mechanism, the probability of the diffusing partic
to jump toward any of its three nearest-neighboring half c
is the same~i.e., 1/3! with the independence of their occup
tion states. It originates a net isotropic diffusion process
the Si(111)737 surface. Thus, the nucleation process in t
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regime is only achieved as a function of the ability of t
adatoms confined inside the same half cell to be bo
among them. Fori * 51, O andr1 evolve according to

]O

]t
5gF

~12O!

~12rmax!
2Dsr1 (

n51

nmax21

rn[gF
~12O!

~12rmax!

2Dsr1~O2rmax! ~7!

and

]r1

]t
5gF

~12O2r1!

~12rmax!
2Dsr1~O1r12rmax!, ~8!

whereD5D0exp(2x/kBT) being the monomer diffusion co
efficient for the hop between adjacent half cells;x
5 f (Ed ,Ei) the process activation energy that reduces tox
5 f (Ed) for i * 51; ands, the capture number that describ
the probability per time and diffusivity unit of monomer ca
ture by other monomers or existing clusters. In principle,
the point-island model proposed in this work, the captu
probability does not depend explicitly on the cluster size a
thus s can be moved outside the sum over cluster sizes
Eq. ~7!.

C. Cooperative diffusion

In this second diffusion type, the probability of the diffu
ing particle to hop toward a neighboring cell becomes dep
dent on the occupation state of the target position. Thus,
isotropic nature of the diffusion process vanishes, originat
diffusive surface currents toward the nucleation centers
this case, the aggregation rate fori * 51 can be rewritten as

]O

]t
5gF

~12O!

~12rmax!
2sr1 (

n51

nmax21

DnPn* rn . ~9!

The subindexn is associated to the diffusion of a monom
to an n-size cluster, thenDn5D0exp(2xn /kBT) being the
diffusion coefficient of this process; andPn* , its normalized
directional capture probability that is differentiated by t
size of the target cluster in the following form:

Pn* }
exp~2xn /kBT!

(
m51

nmax21

exp~2xm /kBT!

5F (
m51

nmax21

exp~Dxnm /kBT!G21

,

~10!

where Dxnm5xn2xm . Consequently, an effective ‘‘size
dependent’’ capture number for the point islands can be
fined assn5sPn* . In general, the activation energy ascrib
to a cooperative diffusion is given asxn5 f (Ed ,Ei ,Ej ), sim-
plified to xn5 f (Ed ,Ej ) for i * 51. Afterwards, according to
our model:x5Ed1(Ei1kEj ). As a consequence of the co
operative diffusion, the monomer density decreases, bia
by the aggregation centers according to

]r1

]t
5gF

~12O2r1!

~12rmax!
22D1s1r1

22sr1 (
n52

nmax21

DnPn* rn .

~11!
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D. Oriented diffusion

Note that when an additive approach to the jump acti
tion energy of the formxn5Ed1(aEi1bEj ) is assumed,
the dependence between the jump probability and the co
sponding activation energyPn* } exp(2xn /kBT) can be re-
duced toPn* } exp(2bEj /kBT). This is a consequence of th
fact that for the same source cell,Dx i j ( i 5const, j
51, . . . ,3) becomes only a function ofEj . The additive
form of the activation energy matches our simulation~with
a51 and b5k) as well as the assumption proposed
Fichthorn and Scheffler11 based on considering a linear p
tential of repulsion between adjacent adsorption sitesa
5b51/2). On the other hand, if the system satisfies
condition bEj!Ed1aEi , which can be fulfilled for weak
nonlocal interactions, the jump activation energy reduce
xn'Ed1aEi5x random_di f f usion. This implies that the dif-
fusion coefficient does not depend onEj ~i.e., Dn5D).
Then, the created decoupling among the energetic de
dences of the jump probability and the diffusion coefficie
for a given hop direction would originate a paradoxical si
ation unable of being reproduced through the standard k
simulation algorithms. Thus, this diffusion type in which th
particles move, biased by the aggregation centers hop
between adjacent half cells at the jump frequency co
sponding to the random diffusion, is hereafter termed as
entated diffusion. The rate equation that describes this c
can be deduced by considering a unique diffusion coeffic
in Eq. ~10!, such that fori * 51,

]O

]t
5gF

~12O!

~12rmax!
2Dsr1 (

n51

nmax21

Pn* rn . ~12!

In the same way, the monomer density evolution can
modified to gather this diffusion type:

]r1

]t
5gF

~12O2r1!

~12rmax!
22Ds1r1

22Dsr1 (
n52

nmax21

Pn* rn .

~13!

E. Generalized cooperative diffusion

In order to generalize Eq.~9! to any critical size value
i * .1, a second indexm should be introduced:

]O

]t
5gF

~12O!

~12rmax!
2s (

n51

i*

rn (
m51

nmax21

DnmPnm* rm

1~12O! (
n52

i*

Dn0Pn0* rn . ~14!

The nm index considers the diffusion of an adatom fro
a subcriticaln-size cluster tom-size cluster, so that then0
index refers to the dissociation of a subcriticaln-size cluster
always larger than a monomer.

Figure 4~c! shows the occupation dependence on the c
erage for every diffusion mechanism described above and
comparison with the random incidence. It is observed t
how the aggregation capacity is meaningfully increased
23541
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the diffusion coefficient and directional capture probabil
are spread out in the corresponding size-differentiated c
tributions. The figure inset displays how the dimer dissoc
tion enhances the aggregation in a narrow coverage ra
~0.05–0.15 ML! in which the dimer density becomes impo
tant.

The r1 /(O2r1) ratio evolutions for the different diffu-
sion mechanisms are showed in Fig. 5~c!. As the system
aggregation capacity is improved, the monomer to clus
density ratio deviates from the random incidence behav
and gets closer to the dependence previously observe
Fig. 5~b!, that was characterized by three regimes. This e
lution is due to the appearance and enlargement of a se
regime driven by an aggregation-enhanced bounce-back
fect, which is able to counterbalance totally or partially t
aggregation mechanism. Then, a self-sustained equilibr
between aggregation and desaggregation by bounce ba
established during this regime. Contrary to the transient m
bility, the bounce back promoted by the cooperative dif
sion compensates totally the aggregation, so thatr1 /(O
2r1) ratio remains constant. The decreasing rate of mo
mer to cluster density ratio depends on the growth dynam
of the clusters. Thus, while the growth rate of a cluster coa
ening from transient mobility does not depend on its size;
growth rate of a cluster growing from cooperative diffusio
in a nondepleted surrounding area increases exponent
with the cluster size. Consequently, the cluster size distri
tions produced by these two aggregation mechanisms
different, as well as the magnitudes of their respect
bounce-back processes.

V. EXPERIMENTAL DATA FITTING

Once defined and characterized the aggregation me
nisms, it proceeds to fit the previously reported experimen
data about metal adsorption on Si(111)737 surface
@Ag,17,21,22Pb,19 and Y ~Ref. 18!# by using a kinetic Monte
Carlo algorithm implemented to collect the different mech
nisms. The experimental data fitted in each case, which
vide the adjustment physical-meaning parameters, co
spond to occupation, preference, and cluster size distribu
vs coverage for Ag and Y adsorption, and cluster size dis
bution at a coverage ofu50.01 ML for the Pb case. A single
aggregation mechanism, the cooperative diffusion, with a
of parameters varying within a narrow value range~see Table
I! was found to be enough to get the best fits of the exp
mental data corresponding to the three systems.
coverage-dependent occupations fitted for Y and Ag, and
produced from the fitting parameters for Pb are plotted
Fig. 6.

On the other hand, the nonlocal interactions included
the cooperative diffusion model explain the set of expe
mental evidences summarized in the Introduction of t
work. It should be noted that in spite of these evidences
the case of Ag adsorption, the authors17 have discarded the
cooperative diffusion influence~termed by them as biase
thermal diffusion! and have assumed the transient mobil
as the operating mechanism on the basis of the nondete
of jumps of a single adatom to its neighboring clusters a
2-7
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15 min of observation. However, a calculation from th
own parameters abridged in Table I shows that even for
random diffusion with an average jump rate for monomers
RT of n51.1931023 sec21'1/14 min21, at least one of
each five monomers surrounded by clusters hops to the
sition of one of its neighboring clusters after 15 min. Th
points out to the fact that the reported conclusion could
the result of a lack of experimental statistic.

The value of the preexponential factor of metal adato
hopping on the Si(111)737 surface used to fit the cooper
tive diffusion model to the experimental data is orders
magnitude lower than those deduced by the transition-s
theory (;1013 s21) Refs. 8 and 9 for the adatom diffusio
on metal surfaces. Whereas each lattice site of the m

TABLE I. Set of parameters proposed by the groups provide
the experimental data of Y~Ref. 18!, Pb ~Ref. 19!, and Ag ~Refs.
17,21 and 22! adsorptions~left field of each column! and those used
to fit the data to the cooperative diffusion model~right field!. For Y
adsorption both sets coincide.

Y Pb Ag

n0(s21)a 53109 106 53109 53109 53109

i * 1 1 5 1
Ed

u ~eV! 0.92 0.64 0.84 0.75 0.75
Ed

f ~eV! 0.96 0.64 0.84 0.75c 0.79
Eb ~eV! 0.10 0.07 0.05 0.12
nmax 5 18 14
R 0 1 0 1 0
F ~ML/s! 0.005 0.001 0.01
Mechanismb CD CA CD TM1RD CD

aBased on previous works~Refs. 17 and 18!, n0 was fixed to 5
3109 s21 for the three systems.

bThe mechanism acronyms correspond to CD, cooperative d
sion; CA, capture area~i.e., transient mobility withR5r ); TM,
transient mobility; and RD, random diffusion.

c
Ed

f 'Ed
u with Ed

f 2Ed
u<0.05 eV~Ref.17!.

FIG. 6. Coverage dependence of occupation for the three fi
experimental systems@s, Y;18 n, Pb;19 and h, Ag ~Refs. 21 and
22!# calculated from parameters in Table I.
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corresponds to a lateral length of 26.8 Å, a reinterpretation
the physical meaning of the attempt frequency on this mo
is needed. Based on our model, a feasible explanation for
experimental value as low as 106 s21, reported19 for the Pb
adatoms, is proposed. Anomalies available from the dyna
STM studies have been ascribed to the tip influence26 on the
dynamics of the diffusing adatoms. In this case,19 the tip
influence on the dynamics of Pb adatoms adsorbed on
Si(111)737 surface was minimized during the experimen
procedure of counting the number of jumps per atom and
unit time, and thus, the origin of this disagreement should
looked for elsewhere. Taking into account that monomers
the unique mobile species in this system, characterized
the irreversible aggregation (i * 51), the authors assume th
occurrence of only one type of jump~with a unique activa-
tion energy proportional to the Arrhenius slope! correspond-
ing to the monomer random diffusion. However, by introdu
ing the cooperative diffusion concept in this system, t
monomer diffusion coefficientD is spread out in severalDn
coefficients (n50, . . . ,nmax21) as a function of the size o
neighboring clusters. Then, the total number of jumps
unit time @}n0r1(n50

nmax21
rnexp(2xn /kBT), where r0[1

2O] ceases satisfying Arrhenius’s linear condition. Th
procedure could induce an underestimation of the diffus
energy barrier and an erroneous preexponential factor.

VI. DISCUSSION

In many of these systems, the random-walk diffusion h
proved insufficient to fit the aggregation rates and clus
size distributions.18 This fact is due to—as it has bee
pointed out by most of the related publications—the hi
corrugation (Ed50.7–1.0 eV, Ref. 16! presented by the re
constructed Si surface compared with those of me
surfaces27 @e.g., Ed50.26 for Pt adatoms on Pt~111!, Ed
50.35 eV for Cu on Ni~001! or Ed50.17 eV for Ag ada-
toms on Pt~111!#.

On the other hand, it is complicated to justify the presen
of transient mobility in the adsorption of thermal metal ad
toms ~i.e., originated by a nonenergetic technique such
thermal evaporation! on the high corrugate reconstructed
surface. This drawback is far from being overcome ev
whether it appeals to the directional nature of the bonds c
acteristic of the surface reconstruction. In fact, there are
ther experimental nor theoretical evidences supporting
transient mobility mechanism of metal adsorbates on se
conductor surfaces. The transient mobility has been sho
only in a reduced number of systems such as the adsorp
of noble gases28 and oxygen29 on metal surfaces. But in an
case, experimental studies have shown the transient mob
as a short-reaching effect, for instance, the average O t
sient mobility is around two lattice constants on Al~111!
~Ref. 29! and Pt~111!,30 while the separation between th
dissociated Cl-Cl pair on Ni~110! is one lattice constant.31 It
should be kept in mind, that on the 737 reconstructed
Si~111! surface, every intercell jump corresponds to a ho
ping length of 26.8 Å.

Finally, it should be stressed that diffusion mechanis
that depend on the final state as the cooperative contribu
have been proposed by several groups to explain their
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sults. As an example, an activation energy for the rando
walk diffusion modified to include the influence of the ste
edge barriers to first neighbors have been used since
1990s to simulate the development of pyramidal-like mou
on vicinal semiconductor surfaces.32 In spite of this, the
physical origin of the cooperative diffusion on semicondu
tor surfaces remains uncertain, since the nonlocal natur
interactions that induce it and the absence of metal-like
localized states close to the Fermi level on the Si(111
37 surface rule out elastic and electronic contributions to
responsible of this mechanism. Additionally, the possi
substrate mediations to these interactions are far from b
clarified. Only the following generic features could be pick
out so far from the fitting of the experimental data.

~i! The diffusion is modulated by the aggregation cent
via nonlocal attractive interactions, which have likely ele
trostatic nature contributions of the van der Waals ty
These interactions would prevail over the dipolar repuls
ones due to the null charge transference between Si and
mobile adsorbates,18 which would not induce a dipolar mo
mentum in these last ones.

~ii ! These interactions modify asymmetrically the activ
tion energy corresponding to the diffusion process as a fu
tion of energies of initial and final states of the motion. Th
the submaximum-size clusters cooperate and enhance
diffusion of the neighboring mobile species originating
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noncompensate particle flux~current! to the aggregation
centers.

In conclusion, the cooperative diffusion model constitu
a fair approach to an unified explanation of the adsorption
metal atoms on the Si(111)737 surface. Such an explana
tion, as well as the models focused on the nucleation ins
the reconstruction half cells,33 constitute key pieces in the
study of the diffusion and nucleation processes on the rec
structed semiconductor surfaces.

VII. CONCLUSION

The aggregation/desaggregation potential of the mec
nisms that control the absorption of metal atoms on
Si(111)737 surface was investigated. With this aim, th
rate equations describing the evolutions of the surface oc
pation and the monomer density have been developed
each mechanism. Their numerical solutions were compa
with the results obtained by kinetic Monte Carlo simulation
Among several aggregation mechanisms, a cooperative
fusion mechanism, accounting for a reduction of the hopp
energy barriers around the aggregation centers due to no
cal attractive interactions between neighboring adsorba
was used in order to explain the existing data related to
adsorption of metals on the Si(111)737 surface. This fact
demonstrates the crucial role played by nonlocal interacti
between adsorbates in the interpretation of such results.
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