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Several mechanisms have been revised to explain the aggregation of metal adsorbates drexaoh-
structed Si111) 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(24T)3urface.
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[. INTRODUCTION fluence of the nonlocal interactions between adatoms and/or
clusters on the nucleation and growth processes on metal

In the last decade, scanning tunneling microsc@peM)  surfaces.
studies concerning the nucleation processes on metal sur- 1he nature and range of the interactions among adsorbates
faces have reported densities of nucleated islands of ordef$ Well as the possible substrate mediations, which provide

of magnitude higher than those predicted by the mean-fieIquireCF interacti_on mechanism.s, are issues that have been
theory? taking into account the established diffusion param_extenswely studied for homoepitaxial metal systems. Beyond

. the chemical bonds between adsorbates, the presence of two
eters for these metal-on-metal systems. These quite Surp”%}pes of electrostatic long-range interactions for adsorbate

ing observations have taken pla(_:e In homo_ep|tfaX|aI growth airs has been establishdd) attractive interactions driven
[Alon Al(11D) (Ref. 2] as well as in heteroepixatial onBSl 1 vhe 'yan der Waals forces afid) repulsive interactions

on Au(11D) (Ref. 3 and Ag on 2-ML-Ag/Pt11)) (Ref. 4] ponyeen multipoles that arise in each adsorbate due to
where ML stands for monolayer. The discrepancy betweeRface-induced charge redistribution in each one of them.
the experimental data and the theoretical predictions hagp the other hand, two kinds of substrate mediations have
been approached by many groups, providing several explaseen considered for these systek@sAn oscillatory indirect
nations or models, some of which, according to the currenglectronic interaction originated by the scattering of the two-
state of the art, come from a misinterpretation of the resultsdimensional nearly free electron gas on the substrate surface
For instance, some authdisave connected the phenomenonfor the adsorbates, which generates standing-wave patterns in
to an apparent anomalous reduction of the preexponentighe electron density that gives rise to interactions between
factor in weakly corrugated surfaces. This hypothesis thascatterers; andb) a repulsive elastic interaction that arises
has been also supported by data achieved by othdrom adsorbate and substrate relaxations mediated via the
techniques;® although not theoretically reproduced, is in atomic lattice.

forthright disagreement with that postulated by the On the contrary, there is very little information about the
transition-state theofy’ for a thermally activated process, nonlocal interactions between adsorbates on semiconductor
which predicts a preexponential factor in the THz rafigin surfaces and, in particular, concerning the nature of
the Al epitaxed on All1l) case, this disagreement has beensubstrate-mediated interactions. In contrast with metals,
related to the uncontrolled presence of impurities duringsemiconductor materials usually present a highly corrugate
growth1® However, for the heteroepitaxial systems, the is-potential energy surface for adsorbates due to the presence of
land density increment has been ascribed to a heterogenedegalized electronic states. In particular, the Si(11%)7
nucleation process controlled by the repulsive nature of theurface characterized by high-energy hopping barriers
surface dislocation$? Recent theoretical studi¥s® com-  (~0.7—1.0 eV)(Ref. 16 at the borders of the large triangu-
bining kinetic Monte Carlo(kMC) simulations and first- lar half cells constitutes an example of it. In spite of the fact
principles investigations have suggested the presence of nothat the high hopping barriers should sensibly reduce the
local interactions between adsorbates to be responsible diffusion rate, an unexpected tendericyexplainable under
this discrepancy by significantly acting upon in the surfacea hit-and-stick modet”'8 of the adsorbates to aggregate in-
diffusion processes and, consequently, upon the resultingide the half cells at room temperatuf@T) at relatively
morphology of the epitaxial thin films. Thus, the influence ofshort times has been previously described and
these nonlocal interactions on the separations between adsestablished’=2° Then, this surprising behavior for adsor-
bates for Cu/C(111) has been demonstrat&t:* Neverthe-  bates on reconstructed semiconductor surfaces suggests the
less, the real magnitude of the changes induced by theg@esence of attractive nonlocal interactions between adsor-
nonlocal interactions in the nucleated island density is still tobates promoting the cluster formation via the reduction of the
be elucidated® The current controversy created around thishopping barriers.

topic inspires an increasing number of studies about the in- Several direct experimental evidences for the adsorption
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of Pb® Sn?° and Y (Ref. 18 atoms on the Si(111)%7
surface reinforce the nonlocal interaction suggestion. In the
three inspected systems, the single adatgmsnomery
which constitute the unique mobile species at RT, diffuse
preferably toward the occupied nearest-neighboring half
cells. In the case of the Pb atofst has been demonstrated
by real time STM movies how monomers jump faster toward
a neighboring half cell occupied by other adatoms than to-
ward empty half cells. The difference between hopping rates
is maximized for the Sn atom adsorptithin which mono-
mers jump at RT only to the occupied neighboring half cells,
and no jumps to free halves were detected in spite of long
periods of observatiori2—3 h. In the Y atom adsorption
case'® STM images show that most of the half cells occu-
pied by monomers are surrounded by empty triangular cells
pointing out to the fact that whenever an atom lands in a free
half cell with at least an occupied neighboring half cell, it
tends to diffuse toward this neighboring half cell, and thus
only those adatoms surrounded by empty half cells remain as
individual atoms during the whole measurement time. From
these three independent observations, it is derived that the
diffusive behavior of monomers and, therefore, their strong F|G. 1. Fuzzy appearance of an oscillating Y monomer trapped
tendency to agglomerate are influend@dit governed for  inside a faulted half celltaken from Ref. 18 The point lattice
some kind of effective interaction of attractive nature amongemployed to model the Si(111)77 surface is superimposed to the
adsorbates localized in the nearest-neighboring halves.  image.

In the frame of the preceding controversy, the aim of this
work is to study the atomic mechanisms that can promote thehe dimer rows. This kinetic behavior confers to the mono-
fast aggregation, controlled or not by nonlocal interactionsmer a rather fuzzy or noisy aspe@ee Fig. 1, which has
of the metal adsorbates inside the half cells of the77 been ascribed to the oscillation of the adatom among the
reconstructed $111) surface at RT. The aggregation capac-different adsorption sites at much faster rates than the STM
ity of the adsorbates for each mechanism will be examine@dcanning frequenc{° The fuzzy appearance of a monomer
through kMC simulations as well as by approaches to theeveals that the intracell hopping energy barriers among ad-
corresponding rate equations. The independent model userption sites are lower than the intercell ones, and thus, the
for the kinetic Monte Carlo simulations is presented in Secsurface diffusion will be governed by these latter barriers.
IIl. In Sec. Ill, the aggregation rate equations are introducedConsequently, the potential-energy diagram of this surface
and progressively modified in order to include the effects ofcan be simplified neglecting the intracell diffusion barriers as
each mechanism. The behavior of the proposed equations shown in Fig. 2a). Then, the aggregation of several adatoms
investigated through the numeric solutions feasible of beingnside one half cell can be considered as a “nucleation” pro-
computed and is estimated for all mechanisms by means a@fess. Thus, our simulation scheme, which is schematically
the kMC-simulated curves. Further, the existent experimentalepresentedsuperimposedin Fig. 1, uses the unit half cell
data concerning the adsorption of FbAg,*?*?and Y as the basic unit of the surface lattice and ignores all pro-
(Ref. 18 atoms on the Si(111)%¥7 surface are reproduced cesses operating at smaller length scales.
by kMC simulations in a way alternate to the proposal by the In the model, the atoms are deposited with a rateé-of
corresponding authors. Finally, the fair fitting of the experi-diffused at a rate ob; and agglomerated in the half cells of
mental data by using a unique aggregation mechanism ihe Si(111) 7 7 surface at a rate @fO/dt, where the occu-
discussed, suggesting for the existence of a common modghtion O represents the ratio of the number of half cells
that is generalizable for similar systems. occupied during the growth experiment to the total number
of half cells on the surface, so that@=<1. To every lattice
site that is used to model the reconstructed surface, two pa-
rameters are assigned: an indicator of the presence of stack-
ing fault (f or u) and the number of atonrsadsorbed inside

The Si(111) 7 7 surface is formed by a honeycomb lat- it which forms the “nucleated cluster”. The nucleation is
tice of large triangular unit half cells with alternate stackingsimulated by considering the diffusion process between half
faults (fault f and unfaultu cells) separated by dimer rows cells, while the detailed description of an adatom movement
and advacancies. It is experimentally observed that théside the half cell is omitted. Only hops of monomer
metal-adatom adsorption at RT occurs preferably inside thérough the dimer rows of theX¥7 reconstruction between
half cells without being strongly trapped, in many caSes, adjacent half cells are allowed. These thermally activated
into the inner adsorption sites of the half cell; i.e., the mono-hops take place at a frequency given hy=wvyexp
mers move quasifreely inside the half cell, only confined by(—x;; /kgT); xi; being, the diffusion activation energy to jump

Il. MODELING THE POTENTIAL ENERGY OF THE 7 X7
RECONSTRUCTED SI(111) SURFACE
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FIG. 2. (a) Schematic representation of the potential-energy dia-
gram of a unit cell(solid line) and its approximation to a diagram
simplified to two adsorption site@otted ling. (b) Diagram(solid
line) and two-site approximatiofdotted ling of the potential en-
ergy of a unit cell taking into account the energy asymmetry to
escape from faulted and unfaulted half celt3.Cross section of the
Si(111)7x 7 unit cell in the dimer-adatom staking faulDAS)
model.

FIG. 3. Dependence of the potential energy of a half cell on the
number of adatoms trapped on it.

sion hereafter, the surface migration is modeled as a hopping
process with an activation energy given Ry =Ey+ (E;
+KEj)=Eq+(nj—1—-knj)E,, (nj—1) andn; being the
number of effective bonds in the source and target half cells
before and after the jump, respectivetyrepresents a spatial
from sitei to j; ks the Boltzmann’s constanT the substrate atténuation factor of the substrate-mediated non-local inter-
temperature; and, the preexponential factor, is assumed ~actions, which contains information about the interatomic at-

to be the same for faulted and unfaulted unit half cells. ~ traction potential between adsorbates on the77recon-

If in the first approach, any nonlocal interaction betweenstructed Sil1l) surface. In the extreme case whéve-0,
adatoms and/or clusters is neglectgg, will depend on the ~the behavior of the cooperative diffusion tends to the
energy barrieiE4 to jump among half cells as well as the random-walk diffusion. Note that the cooperative diffusion
energy barrier to detach the adatom from the source clustd$: in Principle, anisotropic, since the jump direction is deter-
E; ; such thaty;; = Eq4+E; . This first case corresponds to the mined by the occupation states of the possible destination
random-walk diffusion in which the probability of an adatom half cells. . .
to diffuse to any of the three neighboring half cells of the A tendency to the agglomeration with a preference for
source half cell is the same, independent of the occupatiofulted h7allg cells has been previously observed in several
state of themE; is coupled to intracell adatom-adatom inter- syste_mé " These results suggest a difference between the
action Ey,. as a linear function of the number of bonds hopping energy barners to escape from.the fault a.nd unfa_ult
among the adatoms that form one cluster. The model ad1alf cells. In order to include this experimental evidence in
sumes that all the adatoms inside a half cell interact wittPur model, different surface contributions for the fau
each other to form a maximum number of bonas,{) so and unfault gy) half cells have been contemplated, being, in
that in ann-size clusterwith n<ng,y) each atom haa—1 general,EL# Eg. Then, the potential surface diagram shown
bonds. IfE, represents the “effective” binding energy per in Fig. 2@) has been modifiefFig. 2(b)] to incorporate the
bond, the detachment energy of an adatom frormaize  asymmetry between the fault and unfault half cells.
cluster is given byE;=—Ey,.=(n—1)E, for n=<ng, and The kMC simulations were performed on a 36050
Ei=ns,E,, otherwise. Whereas each half cell has a maxi-half-cell lattice with periodic boundary conditions. To sim-
mum capacity for adsorbed adatoms, as pointed out by thelify our diffusion model, a spatial attenuation factor 1
experimental results;*® a repulsive regime withE; has been chosen. The parameters used to shed light on the
= —Epu— — is included in the intracell interaction energy model (i.e., F=0.01 ML/s, E{=E4=0.8 eV, E,=0.1 eV,
curve in order to simulate the unstability of the clusters withvo=5x10° s™!, and T=300 K) are included, as it will be
sizes larger tham,,,. Figure 3 shows a representative out- shown further in Sec. 1V, in the range of characteristic values
line of the dependence of intracell interaction energy on thef the diffusion and aggregation of metal adsorbates on the
number of inner adatoms. Si(111)7x7 surface. The simulation of the diffusion pro-

To simulate the nonlocal attractive interaction betweencesses includes the relaxation dgrith h of thepreviously
adatoms adsorbed on different half cells, the occupatiogrown surface in order to take into account the experimental
states of the initial and final positions beforgE; delay between the phases of thermal evaporation and STM
=—Epudn)} and after{E;=E,(n;+1)} the jump must measurements. In the model, only the single-atom movement
be considered. Thus, the presence of adatoms in the neareist-allowed, while the displacement of the whole cluster is
neighbor half cells leads to the reduction of the diffusioninhibited, and the aggregation becomes irreversible only for
activation energy, which favors the aggregation of the adaclusters with sizes larger than the critical siZe The simu-
toms. In the cooperative diffusion, as we name this diffu-lated data were averaged over more than 20 runs.
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I1l. RANDOM INCIDENCE monomers. Note that the bounce-back process has been in-
In the following, we are going to develop the rate equa-CIUded in Eqs(2) and(3) as a part of the random incidence,

tions that describe the evolution of the surface occupationlfvhICh means th"’}t this h.as t_)een assumgq as an instantaneous
driven by different aggregation/desaggregation mechanism&r0Cess without interfering in the deposition rate.
The random incidence, in which the incident atom remains in " order to solve numerically Eqe2) and(3), the tempo-
the landing half cell without relaxing, is the simplest of ral dependence of the maximum-size cluster density should
them. The temporal evolution of the surface occupatiorpe known. By including the incidence redistribution through
driven by the random incidence presents the following formounce backspp,{t) can be approached {oya(t)c1—(1
—yFn 202 which is the solution of the rate equation
P masd = Y[ 2NmaXl—Pmad] L. The nontendency to the
saturation of the functiop,,(t) is due to considering the
arrangement of the impinging atoms on the surface through a
=0(0)=1-exp—v0), (1) physically unlikely infinite series of successive bounce
such that fort>(t), O—1; (t)=1/yF being the average backs. If the number of successive bounce backs is limited to
time among the successive arrival of two atoms to the sama physical-meaning valuye(for instancep=2, as it has been
half cell; F the deposition ratéML/seq); y=24.5 the number implemented in our simulation cofea saturation tendency
of atoms of a X1 structure per half cell of the Si(111)7 appears as a result of the appearance of compact groups of
X7 surface; andd=Ft the fractional coverage referred to ten or more maximume-size clusters. These groups block the
the 1X1 layer. Thus, the incident particle has a probabilitybounce backs from their central positions, making feasible
of (1-0) to impinge on a free half cell, and the landing the formation of clustergoverclusterswith size larger than
process occurgyF times per second on a half cell. Nmax- 1he formation probability of such overclusters is then
Since the experimental evidences demonstrate that thgpﬁfax_ In the frame of these approaches,., evolves ac-
half cells have the maximum capacity to accommodate ; _ P P \q-1
adsorbate&’ '8 Eq. (1) must be modified as follows. 5, COrdiNG ©0Ipma/ = YF(1~pna)[2Mmax1—pmaxt Pmad] ™
represents the maximum-size cluster density &by The _bounce—back process constitutes a de.saggreganon
= Ninax/ YF=Nmax{t), the average time of formation of such Meéchanism that tends to spread out the particles on the
clusters from random incidence; then the probability of oneSi(111)7X7 surface, increasing its occupation for a given
incident particle to land on a half cell occupied by acoverage.Nevertheless, the particle redistribution capacity of
maximum-size clustefsaturated half cellbecomespn..  these processes is slightly even formp,, as low as three
This particle will bounce back from the saturated half cellatoms per half cell, (¢)a~0.12). The moderate effect of
either toward those (2 O) empty half cells, or toward those the bounce backs on the occupation evolutioepresented
(O—pmaxw half cells occupied by clusters with sizes lower vs coveragg for different maximum capacities is shown in
thann, ., (submaximum-size clusteror toward those=p.x  Fig. 4. The bounce-back processes produce an influence
remaining half cells that are saturated by the maximum-sizenore significantly on the monomer to cluster densities ratio
clusters. These bounce-back processes occur with probabili- /(O—p,), as revealed in Fig.(8). As n,,, decreases, the
ties (1— O) pmaxs (O~ Pma)Pmax. @Nd paay, Trespectively, p,/(O—p,) ratio also decreases as a result of the particle
around an average coveragé) ma=F{Dma=Nmay- As a  redistribution from the random incidence. Bowing deviations
result of the bounce-back to a saturated half cell, a second.e., changes in the,/(O—p;) decreasing slogeappear
bounce-back process takes place toward an empty half cedifter the first bounce backs. This behavior suggests that a
[with a probability (1- O)p2,,], @ submaximum-size cluster significant fraction of the bounced-back particles become
[(o—pmax)pfnax], or a maximum-size CIUStepﬁwp{)' Thus, by monomers once they are adsorbed on its final state, counter-
developing the probability series for infinite bounce-backbalancing partially to the aggregation process.
processes and adding all the favorable contributions to the
increment of the occupation, E(l) becomes

o)
— = YF(1-0)=0()=1-exp(—t/(t))

IV. AGGREGATION MECHANISMS

1_
© J . 2 A. Capture area versus transient mobility

90 -
=YF(1-0) 2 pha ¥F| 1=
p=0 Pma

ot
Each cluster is surrounded by an area for the capture of
In the same way, the rate equation that describes thicident partlc_:les, or the impinging partlc_le is able to travel
monomer densityp,, evolution driven by random incidence, n average distance & half cells (thermalization pathbe-

taking into account the maximum capacity of the adsorbateforé accommodating on the substrate surface, transferring

per half cell is given as progressively its excess of kinetic energy to the substrate.
The major difference between these two mechanisms lies
apy 1-0-p; while the capture area assures the aggregation to a center that
ot (m) 3 corresponds to the global energy minimum of the attaching

area, in the transient mobility, the local and global energy
where the term—p; included in the upper parentheses is minima compete between them for the landing particle as a
linked to the direct landing on the half cells occupied byfunction of their proximities to the land site. Thus, the near-
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FIG. 4. Dependence of the surface occupation on the coverage FIG. 5. Dependence of the monomer to cluster densities ratio on
for different mechanisms. The symbols correspond to the kMC-+the coverage for different mechanisms. The symbols correspond to
simulated data and the lines represent the numerical solution of thise kMC-simulated data and the lines represent the numerical solu-
corresponding rate equatior(s) Behavior of the random diffusion tion of the corresponding rate equatiote.Behavior of the random
for different maximum capacities of adsorbates per half ag}l.(: diffusion for different maximum capacities of adsorbates per half
0, 20; O, 10; A, 5; and+, 3). (b) Behavior of the transient cell (n,a,: O, 20; O, 10; A, 5; and+, 3). (b) Behavior of the
mobility for several thermalization radippen symbols correspond transient mobility for several thermalization radopen symbols
to different combination oR and r with n,,=5: OO, R=r=0 correspond to different combination 8 andr with n,,,,=5: O,
(random incidence O, R=r=1; +, R=2 andr=1; andA, R R=r=0 (random incidence O, R=r=1; +, R=2 andr=1;
=r=2; while V¥ identifies to the data foR=r=1 and Ny and A, R=r=2; while ¥ identifies to the data foR=r=1 and
=10). (c) Behavior for different diffusion types assuminmg, .y Nmax=10). (c) Behavior for different diffusion types assuming
=5: [, random incidence®, random diffusion;A, oriented dif-  n,,,=5: O, random incidence®, random diffusion;A, oriented
fusion; and+, cooperative diffusion. Inset ifc): Dependence of diffusion; and+, cooperative diffusion.
surface occupation on the critical size€ ) for the cooperative dif-

fusion. thermalization of incident energetic particles can be signifi-
cantly faster than the typical diffusive mechanisms operating
est local minima are more favorable than the most distant quasiequilibrium regimes. _
global ones. Taking into account that the aggregation to these A thermalization path oR half cells means that the im-
local minima can be irreversible, this difference justifies anPiNging particle can, in principle, attach to any cluster nucle-
aggregation capacity for transient mobility lower than that of2ted in the area#\(R) around the land site. However, this
the capture area. Nevertheless, the capture of the impingin‘éf’es not imply that the clusters nucleated inside and/or out-

particles by the clusters is better understood in the frame Q?'de theA(R) p.roduce_ an i.nfluence, in th_e Same way, on th?
the diffusion mechanisms, since this is probably linked tonstantaneous jump direction of the mobile particles. Then, if

noninstantaneous mobility oriented by attractive interactions".’m.energ.EtIC impinging parthle is able to Jump up tq R'E.’
Then, we prefer to approach the capture area mechanisrqwe'ghbormg half cells but during each hop its jump direction

: . e IS biased by the neighboring half cells, an effectiv&(R)

further in the gecnon d.e'voted to diffusions. . ... for the Si(111)X& 7 surface can be defined &(R,r)

In the transient mobility, the path and_the_zrmghzatlon_nme:ER:laq(lls)f(q,r)+1, where f(x)=x for x=0 and
of the impinging particles depend on their kinetic energies a q:o therwise: h that IR<r, A(R)=3R(R+1)/2
well as the energy dissipation rate, which is mainly mediate () otherwise; suc IRST,
by coupling to the substrate phondsThis mechanism is +1. Then, Eq(2) takes the form
favored by using nonthermodynamic equilibrium deposition o L
techniques, such as sputtering, pulsed laser deposition, and©O B
ionic implantation in which very energetic particles are gt YF(1-AR)O)=0()= m[l—exp(—t/(t>t)],
generated® On the other hand, the directional nature of 4
characteristic bonds of the semiconductor reconstructed sur-
faces can delay the energy transference between the impinguch that fot>(t),, O— 1/A(R). As a result of this mecha-
ing particles and the substrate connecting with the incidencaism, the nucleation area is not more than the half cell but it
angle. So, this aggregation mechanism enhanced by the sldvecomesA(R) half cells with a shorter nucleation average

L Dt a
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time (t);=1/A(R) yF. By introducing the maximum capac- regime is only achieved as a function of the ability of the
ity per half cell, Eq.(4) is modified to adatoms confined inside the same half cell to be bound

among them. For* =1, O andp; evolve according to
90 {1-A(R)O—pmal1-A(R)]}

a " (1= pimad - ® o gm0 e (1-0)
: Y ﬁ—Dﬁpl > P s 5
andp, evolves according to Pma n=1 Pma
ap1 F{l—A(R)(O+p1)—pma){l—A(R)]} ] —Dop1(O— pmax) 7
ot (1= prmax) - ® and
Note that there is not a nucleation area around the dpy  _(1-O—py) ®

. ; . —=yF—————— +p1—
maximum-size clusters, and that the tendency to the maxi- at 7F (1= pmay Dp1(OFp1= pma,

mum occupatiorD—1 is a consequence of the bounce—backwhereD: Doexp(x/keT) being the monomer diffusion co-

processes. By considering the incidence as to a deterministlcTﬁcient for the hob between adiacent half cells:
process, the number of maximum-size clusters would rise a%f(E E.) the rocesps activation enJer that reduce%to
a step function of the deposition time accordingpig.(t) O ICR p. 9y X

_ : =f(Ey) fori*=1; ando, the capture number that describes
=9/AR) for any t ranged in qnmafth<t=(q+nmaflx, the probability per time and diffusivity unit of monomer cap-
with g taking integer valueg=0,1,2 ... ,A(R)—1. In this

. ture by other monomers or existing clusters. In principle, for
c_ase, an approach_ 10 a lineaga,(t) dependence asma(t) the point-island model proposed in this work, the capture
=t/(thnax IS @ppropriate.

! -~ - . rg)robability does not depend explicitly on the cluster size and
The transient mobility represents an efficient aggregatio : ) .
thus o can be moved outside the sum over cluster sizes in

mechanism whose magnitude is modulated by the incorporaE— 7)
tion radio, as shown in Fig.(8). Two different increased q- (7).
regimes are observed in the evolution of the occupation with
the coverage: for very low coverages, an exponential rise
behavior, which is governed by the incidence and formation In this second diffusion type, the probability of the diffus-
of new nucleation centers on the free-substrate surface, folng particle to hop toward a neighboring cell becomes depen-
lowed by a linear increased regime controlled by the aggreedent on the occupation state of the target position. Thus, the
gation to the previously established clusters and creation dotropic nature of the diffusion process vanishes, originating
the new ones from the bounce-back phenomenon. Therefordiffusive surface currents toward the nucleation centers. In
in the second regime the occupation follows a coverage dethis case, the aggregation rate f&r=1 can be rewritten as
pendence similar to the,(#) dependence. The transient
mobility powers the quick appearance of the bounce-back d0 (1-0) Mmax™ 1
processes by reducing the coverage in which the bounce- e s | > DuPipn. (C)
. . (1= pma n=1

back process appears in afA(R) factor [i.e., {6)max
=Nnax/ YA(R)]. All occupation curves with the same,,,,  The subindex is associated to the diffusion of a monomer
reach the saturation value for a similar coveragg,; to ann-size cluster, therD,=Dgexp(—x,/kgT) being the
~Nma!y due to the lack of nucleation area around thediffusion coefficient of this process; ar}, , its normalized
maximum-size clusters. directional capture probability that is differentiated by the

Figure 8b) shows thaip,/(O—p,) ratio decreases for a size of the target cluster in the following form:
given coverage a8(R) increasegfor R>0) due to the en-

C. Cooperative diffusion

hancement of the aggregation process. Three regimes with, exp(— xn/kgT) Mmax” !
different decreasing slopes are isolated: The first regime i§n * fipac 1 - 2: eXpAxnm/KeT) |
characterized by an abrupt reduction of monomer density > exp(— xm/ksT)

that can be ascribed to the formation of initial clusters, which m=1

become the first aggregation centers. Subsequentlypthe (10
decrease rate is reduced as a result of the appearance of n@ijere A y,m=xn— xm. Consequently, an effective “size-
monomers from the bounce-back phenomenon. Once all thgependent” capture number for the point islands can be de-
half cells are occupied@=1), the bounce back ceases pro-fined aso,= oP¥ . In general, the activation energy ascribed
ducing new monomers, originating again an increase in thgy g cooperative diffusion is given as = f(Eg,E; E;), sim-
p1 decrease rate. plified to x,=f(Eq,E;) for i* =1. Afterwards, according to
our model:y=E4+ (E;+KE;). As a consequence of the co-
B. Random diffusion operative diffusion, the monomer density decreases, biased

In this mechanism, the probability of the diffusing particle PY the aggregation centers according to
to jump toward any of its three nearest-neighboring half cells a1
is the samdi.e., 1/3 with the independence of their occupa- ﬂ _ (1-0—py) D1~ o z D.p*
tion states. It originates a net isotropic diffusion process on dt 7 (1= prnad 1717 PL i, TP
the Si(111) X 7 surface. Thus, the nucleation process in this (11
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D. Oriented diffusion the diffusion coefficient and directional capture probability

Note that when an additive approach to the jump activa®r® spread out in the corresponding size-differentiated con-

tion energy of the formy,=Eq+ («E;+ BE;) is assumed tributions. The figure inset displays how the dimer dissocia-
n | ] ) . . .

the dependence between the jump probability and the corrdion enhances t_he aggregation in a narrow coverage range
sponding activation energf* « exp(—x,/ksT) can be re- (0.05-0.15 ML in which the dimer density becomes impor-
duced toP} = exp(—BE; /kgT). This is a consequence of the tant. . . . .
fact that for the same source celdy; (i=const, | The p,/(O—p;) ratio evolutions for the different diffu-
—1 3) becomes only a function Oé'l The addi’tive sion mechanisms are showed in Figc)5 As the system
=d,..., it

form of th tivation enerav match r simulatiarith aggregation capacity is improved, the monomer to cluster
orm ot the aclivation energy matches our simuiation density ratio deviates from the random incidence behavior
a=1 and B=k) as well as the assumption proposed by

. LT . and gets closer to the dependence previously observed in
Fichthorn and Schefflét based on considering a linear po- .. : : . )
tential of repulsion between adjacent adsorption sites ( Fig. S(b), that was characterized by three regimes. This evo

o : T lution is due to the appearance and enlargement of a second
_B; .1/2)' EOn ItEhe otger hﬁnﬂ’ i ths S]}'Shf.?lmd Sfat'Sf'esktheregime driven by an aggregation-enhanced bounce-back ef-
condition BE;<Eq+ aE;, which can be fulfilled for weak - o "\yhich is able to counterbalance totally or partially the
nonlocal interactions, the jump activation energy reduces t%ggregation mechanism. Then, a self-sustained equilibrium
anEd'i‘ aEi:Xrandom_diffusion- This |mp||eS that the dif-

) - _ - between aggregation and desaggregation by bounce back is
fusion coefficient does not depend @) (i.., Dy=D).  egtaplished during this regime. Contrary to the transient mo-

Then, the created decoupling among the energetic depefiry the hounce back promoted by the cooperative diffu-
dences of the jump probability and the diffusion coefﬁmentsion compensates totally the aggregation, so {hat(O

for a given hop direction would originate a paradoxical S|tu-_pl) ratio remains constant. The decreasing rate of mono-

ation “’Fab'e of belng reproduc_ed i_ihl’OL_Jgh the S_ta”d?“d I(M(r:ner to cluster density ratio depends on the growth dynamics
simulation algorithms. Thus, this diffusion type in which the o0 jysters. Thus, while the growth rate of a cluster coars-
particles move, biased by the aggregation centers hOpp'n&qing from transient mobility does not depend on its size; the
betwegn adjacent half cglls at the jump frequency Corre_growth rate of a cluster growing from cooperative diffusion

sponding to the random diffusion, is hereafter termed as Offy g nondepleted surrounding area increases exponentially
Sfith the cluster size. Consequently, the cluster size distribu-
Nions produced by these two aggregation mechanisms are
different, as well as the magnitudes of their respective

bounce-back processes.

can be deduced by considering a unique diffusion coefficie
in Eq. (10), such that fori* =1,

90 (1-0) fmat
E—?’Fm—mfﬁn n§=)l Py on- (12

In the same way, the monomer density evolution can be

V. EXPERIMENTAL DATA FITTING

modified to gather this diffusion type: Once defined and characterized the aggregation mecha-
nisms, it proceeds to fit the previously reported experimental
apy (1-0-py) , Mma— 1 . data about metal adsorption on Si(11¥)7 surface
= yFm—ZDolpl— Dop,y HZZ PhpPn- [Ag,'"?222pp1® and Y (Ref. 18] by using a kinetic Monte

Carlo algorithm implemented to collect the different mecha-

13 nisms. The experimental data fitted in each case, which pro-
. . - vide the adjustment physical-meaning parameters, corre-
E. Generalized cooperative diffusion spond to occupation, preference, and cluster size distribution

In order to generalize Eq9) to any critical size value Vs coverage for Ag and Y adsorption, and cluster size distri-

i*>1, a second inder should be introduced: bution at a coverage af=0.01 ML for the Pb case. A single

aggregation mechanism, the cooperative diffusion, with a set

90 (1-0) " a1 of parameters varying within a narrow value rarﬁgee Table .
i yF(l_——az pn > DanPlmpm I) was found to be enough to get the best fits of the experi-
Pma)  A=1 m=1 mental data corresponding to the three systems. The
i* coverage-dependent occupations fitted for Y and Ag, and re-

+(1_O)nzz DooPopn- (14) Eirgdgced from the fitting parameters for Pb are plotted in

On the other hand, the nonlocal interactions included in
The nm index considers the diffusion of an adatom from the cooperative diffusion model explain the set of experi-
a subcriticaln-size cluster tam-size cluster, so that theO mental evidences summarized in the Introduction of this
index refers to the dissociation of a subcriticesize cluster work. It should be noted that in spite of these evidences in
always larger than a monomer. the case of Ag adsorption, the authdreave discarded the
Figure 4c) shows the occupation dependence on the coveooperative diffusion influencé&ermed by them as biased
erage for every diffusion mechanism described above and thiermal diffusion and have assumed the transient mobility
comparison with the random incidence. It is observed thaas the operating mechanism on the basis of the nondetection
how the aggregation capacity is meaningfully increased asf jumps of a single adatom to its neighboring clusters after
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TABLE I. Set of parameters proposed by the groups provider ofcorresponds to a lateral length of 26.8 A, a reinterpretation of
the experimental data of YRef. 18, Pb (Ref. 19, and Ag(Refs.  the physical meaning of the attempt frequency on this model
17,21 and 2padsorptiongleft field of each columpand those used is needed. Based on our model, a feasible explanation for the
to fit the data to the cooperative diffusion modeght field). For Y experimental value as low as 1 reporte& for the Pb

adsorption both sets coincide. adatoms, is proposed. Anomalies available from the dynamic

STM studies have been ascribed to the tip influéhoa the
Y Pb Ag dynamics of the diffusing adatoms. In this ca3ehe tip

influence on the dynamics of Pb adatoms adsorbed on the

_”*O(S ? 5x10° 10° 5x10°  5x10°  5x10° Si(111)7x7 surfacg was minimized during the experimental

! 1 1 S 1 procedure of counting the number of jumps per atom and per

Eg (eV) 092 064 084 0.75 0.75  unit time, and thus, the origin of this disagreement should be

Ej (eV) 096 064 084 0.75 0.79 looked for elsewhere. Taking into account that monomers are

Ep (eV) 0.10 0.07 0.05 0.12  the unique mobile species in this system, characterized by

Nmax 5 18 14 the irreversible aggregation*(=1), the authors assume the

R 0 1 0 1 0 occurrence of only one type of jumvith a unique activa-

F (ML/s) 0.005 0.001 0.01 tion energy proportional to the Arrhenius slom®rrespond-

Mechanisri CcD CA CD TM+RD CD ing to the monomer random diffusion. However, by introduc-

ing the cooperative diffusion concept in this system, the
“Based on previous workéRefs. 17 and 18 v, was fixed to 5 monomer diffusion coefficier is spread out in severd,,
x10° s~* for the three systems. coefficients =0, ... Nyhax—1) as a function of the size of
The mechanism acronyms correspond to CD, cooperative diffuneighboring clusters. Then, the total number of jumps per
sion; CA, capture areé.e., transient mobility withR=r); TM, unit  time [°<Voplﬁnmax_lpnexp(—)(n/kBT), where po=1

transient mobility; and RD, random diffusion. B - n=0 T . .
CEL%EE with E',— E<0.05 eV(Ref.17. O] ceases satisfying Arrhenius’s linear condition. This

procedure could induce an underestimation of the diffusion
energy barrier and an erroneous preexponential factor.

15 min of observation. However, a calculation from their

own parameters abridged in Table | shows that even for the VI. DISCUSSION
random diffusion with an average jump rate for monomers at o
RT of »=1.19x10 2 sec *~1/14 min %, at least one of In many of these systems, the random-walk diffusion has

each five monomers surrounded by clusters hops to the p§oved insufficient to fit the aggregation rates and cluster

sition of one of its neighboring clusters after 15 min. ThisSize distributions® This fact is due to—as it has been

points out to the fact that the reported conclusion could b@einted out by most of the related publications—the high

the result of a lack of experimental statistic. corrugation £4=0.7-1.0 eV, Ref. 16presented by the re-
The value of the preexponential factor of metal adatom§0”5truc;fed Si surface compared with those of metal

hopping on the Si(111)% 7 surface used to fit the coopera- Surface$’ [e.g., E4=0.26 for Pt adatoms on @11), Eq

tive diffusion model to the experimental data is orders of=0.35 eV for Cu on Ni001) or E4=0.17 eV for Ag ada-

magnitude lower than those deduced by the transition-staf@®ms on PL1D]. o _ o

theory (~10'% s 1) Refs. 8 and 9 for the adatom diffusion On the other hand, it is complicated to justify the presence

on metal surfaces. Whereas each lattice site of the mod&f transient mobility in the adsorption of thermal metal ada-
toms (i.e., originated by a nonenergetic technique such as

-— thermal evaporationon the high corrugate reconstructed Si

4 surface. This drawback is far from being overcome even
whether it appeals to the directional nature of the bonds char-
acteristic of the surface reconstruction. In fact, there are nei-
ther experimental nor theoretical evidences supporting the
transient mobility mechanism of metal adsorbates on semi-
conductor surfaces. The transient mobility has been shown
only in a reduced number of systems such as the adsorption
1 of noble gase and oxygef® on metal surfaces. But in any
case, experimental studies have shown the transient mobility
. as a short-reaching effect, for instance, the average O tran-
sient mobility is around two lattice constants on(1)

i (Ref. 29 and P¢111),*° while the separation between the
dissociated CI-Cl pair on NL10) is one lattice constarit. It

-

N [o2] o] (=)

o o o o

T T T T
1

Occupation (%)

N
o
T

0.00 0.05 0.10 0.15 0.20 025 should be kept in mind, that on theX7 reconstructed
Coverage (|\/||_) Si(111) surface, every intercell jump corresponds to a hop-
ping length of 26.8 A.
FIG. 6. Coverage dependence of occupation for the three fitted Finally, it should be stressed that diffusion mechanisms
experimental systemi), Y:'® A, Pb® and, Ag (Refs. 21 and  that depend on the final state as the cooperative contribution
22)] calculated from parameters in Table I. have been proposed by several groups to explain their re-
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sults. As an example, an activation energy for the randomnoncompensate particle flugcurreny to the aggregation
walk diffusion modified to include the influence of the step- centers.
edge barriers to first neighbors have been used since mid In conclusion, the cooperative diffusion model constitutes
1990s to simulate the development of pyramidal-like mound# fair approach to an unified explanation of the adsorption of
on vicinal semiconductor surfac&.In spite of this, the ~metal atoms on the Si(111)77 surface. Such an explana-
physica| Origin of the Cooperative diffusion on Semiconduc-tion, as well aS.the models focuse_d on the nL!CIeatiC_)n inside
tor surfaces remains uncertain, since the nonlocal nature dhe reconstruction half celf§, constitute key pieces in the
interactions that induce it and the absence of metal-like destudy of the diffusion and nucleation processes on the recon-
localized states close to the Fermi level on the Si(111)7tructed semiconductor surfaces.
X7 surface rule out elastic and electronic contributions to be
responsible of this mechanism. Additionally, the possible
substrate mediations to these interactions are far from being The aggregation/desaggregation potential of the mecha-
clarified. Only the following generic features could be pickednisms that control the absorption of metal atoms on the
out so far from the fitting of the experimental data. Si(111)7x7 surface was investigated. With this aim, the
(i) The diffusion is modulated by the aggregation centergate equations describing the evolutions of the surface occu-
via nonlocal attractive interactions, which have likely elec-pation and the monomer density have been developed for
trostatic nature contributions of the van der Waals typeeach mechanism. Their numerical solutions were compared
These interactions would prevail over the dipolar repulsivewith the results obtained by kinetic Monte Carlo simulations.
ones due to the null charge transference between Si and tihenong several aggregation mechanisms, a cooperative dif-
mobile adsorbate®$ which would not induce a dipolar mo- fusion mechanism, accounting for a reduction of the hopping
mentum in these last ones. energy barriers around the aggregation centers due to nonlo-
(i) These interactions modify asymmetrically the activa-cal attractive interactions between neighboring adsorbates,
tion energy corresponding to the diffusion process as a funovas used in order to explain the existing data related to the
tion of energies of initial and final states of the motion. Thus,adsorption of metals on the Si(111X7 surface. This fact
the submaximum-size clusters cooperate and enhance tlemonstrates the crucial role played by nonlocal interactions
diffusion of the neighboring mobile species originating abetween adsorbates in the interpretation of such results.

VIlI. CONCLUSION
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