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Diffusion and nucleation of yttrium atoms on Si(111)7X7: A growth model
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The atomic diffusion of Y atoms on the ($11)7X7 surface at room temperature is studied by using a
combination of scanning tunneling microscopy and kinetic Monte Carlo simulations. The experiment provides
the occupancy statistics of faulted and unfaulted half-cells by Y atoms. A model taking into account the
attractive interactions among adsorbates which provides the best quantitative agreement with the experimental
data by kinetic Monte Carlo simulations is introduced. For low Y coverages, single Y adatoms as well as
clusters can be identified inside th& 7 reconstruction half-cells in the scanning tunneling microscopy images.
Single Y adatoms are highly mobile inside the halves, resulting in a characteristic fuzzy appearance of the
half-cell. The Y adatoms as well as the clusters present strong electronic effects, which gives us information
about their interaction with the substrate Si atoms.
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[. INTRODUCTION no hops of Sn monomers were detected to free neighboring
halves in spite of long periods of observations ti@e-3 h.

The challenge that constitutes the understanding, at an The work which is reported in this paper was undertaken
atomic scale, of the physics mechanisms involved in the adto obtain an insight into the kinetic mechanisms that deter-
sorption of metal atoms on semiconductor surfaces has beeninate metal diffusion on the @il1)7X7 surface. The yt-
the object of numerous works. In contrast to metals, semitrium was chosen for this purpose due to its negligible solu-
conductor materials usually present a highly corrugate poterility in Si at RT® Previous works focused on analyses of
tial energy surface for diffusing atoms due to the presence dhigh-coverage phases obtained on annealed sar{pfés,
localized electronic states. In particular, thé13)7X7 re-  while less attention was paid to the initial stages of Y chemi-
construction, formed by large triangular half-unit cells of two sorption at RT7 In this work, we systematically study Y
different types(faulted F and unfaultedJ), plays a crucial  atom adsorption on a7 silicon surface at RT. A detailed
role during the first stages of nucleation on this sub;trate. ATM analysis is presented in Sec. Ill. We identify two types
lot of work has been devoted to the study of adsorption ang features in the STM images that have been associated to
diffusion of different m_e_tal atomée.g., Pd, Ag,_ Pb_' Tl, Au, monomers anglusters(more than one Y atom inside a half-

Y, and Sp on t@leo X7 silicon surface constituting itseif as a cell). At low coverages, the Y adatom nucleation has a simi-
model systent: lar behavior to that of other metallic atoms, i.e., it presents

The 7x7 reconstructed §111) surface is characterized by . .
high energy barriers at the borders of the half-cells of the? referential adsorption at tfiehalves and a tendency toward
aggregation inside the halves of thex7 silicon surface.

reconstruction for thermal diffusion of metal adsorbafes. 9% . )
Nevertheless, in spite of the slow diffusion that these high-Slmllar to those previously reported systems, egpenme;nts
energy barriers should produce at room temperat&i a suggest the presence of attractive long-range interactions
tendency of the deposited metal atoms to aggregate insiddnong adatoms. _ _

the half-cells with stronger or weaker preference for occu- AS @ further step toward the understanding of the diffu-
pied F half-cells has been established. In particular, there i§ion and nucleation mechanisms of metallic adatoms on the
experimental evidence in at least two cases of metal adsor><7 reconstruction, we introduce a model based on kinetic
bates, namely, Pb and Sn atoms, in which the mobile speciédonte Carlo(kMC) simulations which help us to understand
diffuse preferably toward occupied first-neighboring the experimental data. The details of the model are described
half-cells®1°In these inspected systems, it is experimentallyin Sec. IV. It will be shown that we obtain the best interpre-
observed that atoms adsorbed individually inside a half-celtation of the experimental results by introducing an attractive
(monomer} constitute unique mobile species at RT. In theinteraction among adatoms adsorbed on neighboring halves,
case of Pb atontsthe authors showed in consecutive scan-as the experimental observations suggest. The good agree-
ning tunneling microscopySTM) images, extracted from a ment found between the experimental data and the results
movie, how a monomer jumps faster toward neighboringfrom the calculations demonstrates the crucial role played by
half-cells occupied by other atoms than toward empty halfthe long-range interactions between adsorbates in the inter-
cells. The authors concluded that Pb atoms on neighboringretation of the results. Since our results fairly reproduces
halves show a strong tendency to agglomerate, and thudsatures common to the behavior of several studied metallic
some kind of long-range attractive interaction exists amongtoms deposited on @il1)7X7, the proposed model can be
adatoms. A similar behavior was observed for Sn atongeneralized to other similar systems. The physical origin of
adsorption' In this case, the authors reported that Sn monothe attraction among adatoms, which promotes the cluster
mers jump at RT only to occupied neighboring half-cells, andformation, and the role or any mediation played by
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FIG. 1. Series of STM images of the($11)7X7 surface for
increasing Y coverages$a) 0.03 ML, (b) 0.1 ML, and(c) 0.2 ML.
The scanned area is 18050 A%. The bias voltage and tunneling
current are 2 V and 0.7 nA, respectively. distance (A)

the substrate in this long-range interaction still remain un- FIG. 2. Height profile across ori@type cluster from a series of
clear. topographic images at different voltages. The tunneling current is
0.7 nA.

Il. EXPERIMENTAL PROCEDURE adsorption sites inside the half-déllat much faster rates

Experiments were carried out in an ultrahigh vacuumthan the STM scanning speed.
(UHV) chamber equipped with low energy electron diffrac-  In addition, the image in Fig.(&) displays that the half-
tion apparatus and a commercial scanning tunneling microcells occupied by single atoms are surroundied by empty
Scope(Omicron"_ The base pressure of the chamber was 1ha|f-ce||s (|n the image two triangles that confine the three
x 10" mbar. All the STM images were recorded in a heighboring halves of every monomer are drawn overim-
constant-current modéopographic mode with the bias posed. After the evaluation of several experiments, we find
voltage applied to the sample. Images were taken at diﬁereﬁhat the latter condition is fulfilled by 91% of the monomers.
bias voltage in order to discriminate between topographichis points out that, whenever an atom lands in a free half-
and electronic features. After carefully degassing the subcell with at least one occupied neighboring half-cell, it tends
strates [n-type P-doped $111), resistivity 0.1Qcm] at to diffuse toward this neighboring half-cell, thus only those
600 °C for several hours, clean reconstructed ®)7x7  monomers surrounding by empty half-cells present a high
surfaces were prepared by flashing at 1200 °C. The samp|ﬁ0bablilty of remaining as individual atoms after the time of
were then slowly cooled from 900°C to RT at a rate of measurement. Thus experiments suggest the presence of an
15 °C/min. Series of samples with variable Y coverdge attractive interaction among adsorbates operating at long-
were prepared by using an electronic bombardment evapor&ange (intercell scale of nearest neighbprsimilar to that
tor previously calibrated with a quartz crystal microbalancepreviously reported for Pb/@i11)7X7 and Sn/SiL11)7X7
During the evaporation, the substrate was always held at R3ystems’:t
and the residual pressure in the UHV chamber remained be- The second kind of protrusionB(type) presents some
low 8x10 °mbar. The coverages are refereed to onedifferences with respect to other reported systése, for
unreconstructed il1) surface layer (1 ME 7.83x 10% instance Ref. 10 Probably due to its electronic configura-

atoms/crd) and were varied from 0.005-0.25 ML. The tion, the internal structure of the well-defined bright features
evaporation rate was 0.005 ML/s. (B type) cannot be clearly resolved. As shown in Fig. 2 the

apparent high and profile oB-type protrusions changes
strongly with the applied bias voltage. This fact hinders re-
solving the internal structure of thB-type features, and
The topographic STM images in Fig. 1 illustrate the for- avoids a direct interpretation of the cluster structure from the
mation of Y clusters on the &i11)7x 7 surface for increas- STM data.
ing coverages at RT. The surface is randomly decorated by Two meaningful statistics values can be inferred from the
bright features, which are localized inside the halves of thé8TM images as a function of the coverage: the occupéddion
7X7 unit cells. At these coveragé8<0.25 ML) the dimers and the preferenc®g for occupation ofF half-cells. The
and corner holes of theX77 reconstruction remain unaltered occupationO is defined as the ratio of the number of half-
and the protrusions do not coalesce to form extend islandsells occupied during the growth experiment to the number
Two kinds of features related to Y adsorption on theof half-cells on the surface, so thats@®<1. The preference
Si(111)7x7 surface can be resolved. Some halves present Br is determined as the ratio of the number of occuted
fuzzy or noisy aspedilabeledA in Fig. 1(a)]. Others show the total number of occupied half-celly definition, 0
well-defined protrusionflabeledB in Fig. 1(a)]. By similar-  <Pg=<1). Figures 3(a) and (b) show the experimental de-
ity to other system$Pb/S{111)7x 72 Ag/Si(111)7x7, and  pendence of0 and P¢ with the coveraggsymbols. At a
Sn/Si(111)7X7, (Ref. 10] one could tentatively ascribe the coverage as low a8=0.03 ML, the low obtained value of
first kind of structure A type) to the adsorption of one single O=0.28 cannot be the result of a simple hit-and-stick growth
Y adatom inside a half-cell. The noisy aspect of the half-cellamechanism(since this mechanism would imply thad
containing anA-type protrusion would be the result of the =0.52). This result proves that during the deposition process
fast movement of a single adatom among different possibland the time before the STM observations, some atomic re-

IIl. EXPERIMENTAL RESULTS
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FIG. 4. STM images of thé-type[(a) and(b)] andB-type[(c)
_— o and(d)] features taken with a bias voltages(af 1.8 V, (b) 1.0 V,
- Ik ditt
(3 Lao':,(:,ZTa;'vi dif'ful;i:(,),n ©) (c) 1.0V, and(d) 0.3 V. A 7X7 reconstruction half-cell is drawn
< transient mobility overimposed.
2 o2f _
= for 6=0.23 ML. For higher coverages, further atoms start to
0 .
5 ; be adsorbed on the dimer rows and corner holes of thé 7
s o ‘ \\ reconstructiorf. This reveals that the half-cell has a limited
3 E}/— is NN capacity to accommodate atoms. 0.23 ML corresponds on
O 40 ' average between five and six adatoms by a half-cell. In Fig.
A C, B C, 3(b) we show the dependence &% as a function of the
Cluster size {atoms) coverage. At coverages in the range of the thousaRdss

_ around 0.7, which shows that the difference betwieamdU

FIG. _3. (@, (b) The symbols corresp_ond to the experimental hglves affects the growth. For higher coveragPg, de-
occupatiorO and preferenc®: as a function of the coverage. The . oaqas yntil a saturation value 0.5, when all the half-cells are
lines correspond to the best fits found for the three different mOdel%ccupied The tendency for the preferential adsorption on the

described in the texic) The black bars correspond to the experi- E half-cell t | behavior f | t all tal
mental concentrations % and B-type features for a coverage of all-cell represents a general behavior for almost all meta

9=0.03 ML. The pattern filled bars correspond to B¢ and Cy, atoms on this surface. Figuréc® shows the distribution of
theoretical concentrations for a coverage @#0.03 ML for the A~ and B-type features on the surfaces for a coverage of
three different models described in the text. 6=0.03 ML (black bar$. In the assumption tha-type fea-
tures correspond to individual Y adatoms atlype protru-
sions to clusters with several Y atoms, these values would
laxation mechanism that favors the agglomeration of adacorrespond to the distribution of single adaton; ) and
toms takes place. At RT, when thermally activated hoppinglusters withn atoms Cy=2 C,, with n>1) on the surface.
between half-cells seems to be negligible due to the high The electronic behavior of the fuzzy spot& fype) and
diffusion barrier that characterizes the semiconductor recorthe well-defined protrusionsB( type) has been studied by
structions, the origin of the agglomeration among adatom&TM. Both kinds of features are revealed as bright bumps for
into the half-cells could be given by two mechanisms previ-high bias voltages, as Figs(a} and 4c) show with high
ously suggested: a considerable reduction of the hopping bamagnification. In Fig. 4 we show an overimposedX7/
rier by the presence of adatoms in the nearest neighbor halémnit-cell which contains oné-type feature adsorbed on one
cells, due to a substrate-mediated long-range attractivbalf, while in Fig. 4c) a 7X7 unit-cell which contains one
interaction to favor the formation of clustetsy the transient B-type feature adsorbed on every half is overimposed. Fig-
mobility of the adatom before it is nucleated on the ures 4b) and 4d) correspond to the same areas of Figs) 4
Si(111)7x7 surface® and 4c), respectively, but measured at lower voltages. The
As shown in Fig. 8a), the occupation increases with the corresponding X7 unit cells have been drawn overimposed.
coverage until reaching the occupation of all the half-cellsWe observe that with the lowering of the bias voltage, the
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apparent height of the bumpgboth A and B types dimin-  ment inside the half-cell is omitted. So, in the approximation
ishes until they disappear from the images, as the figure resf the potential energy surface with energy barriers only at
veals. This effect is found for both polarities. The bias volt-the half-cell borders, every triangular cell is considered as
age at which clusters disappear from the STM image®ne site of the lattice used to simulate the reconstructed sur-
depends strongly on the cluster apparent size and alsiace. Note that in this intercell scale, the attractive contribu-
slightly on the tip conditiof?. tions of the interatomic electrostatic potential predominates

The STM images taken at low bias voltage reveal a dif-(for instance, taking into account the Morse or Lennard-
ference in the chemical interaction of theand B-type fea-  Jones interatomic potentjalln our model, any repulsive in-
tures with the substrate Si atoms. In FigbMit is observed teratomic contribution that could operate at large séaless
that Si adatom dangling bonds of a half-cell occupied by arbeen ignored, supported by the clear tendency of the adatoms
A-type feature appear unaltered in the image when loweringo crowd inside the half-cells.
the bias voltage. This observation suggests that the adsorp- The surface is represented by a honeycomb lattice consist-
tion of A-type features does not alter the distribution of theing of F and U sites representing the halves of tha7
substrate density of stat€®OS) on the half-cell. In contrast, reconstruction. Each site in the model is assigned two param-
by lowering the bias voltage on a half-cell occupied by aeters: an indicator of the presence of a stacking failof
B-type feature, protrusions are replaced by dark spots in the)), and the number of adatonmsinside the half-cell. The
images, as observed in Fig(d4. The latter observation sug- atoms arrive to the surface with a rate ©of 0.005 ML/s,
gests a modification of the substrate DOS, and thus of the Sgiffuse, and agglomerate on the(Bil)7x7 surface. Only
atom bondings, induced by the formation®type features. hops of single adatoms through the dimer rows of the7 7
The changes in the images are reversible with the voltageeconstruction are allowed. Hops are considered to be ther-
and they are similarly observed for many different tips. mally activated with a rate given by=voexp(-E; /kgT),

The fact that we obtain a tunneling current coming fromWhereEij is the energy barrier to hop from sitdo j, kg is
the Y atoms only for high absolute values of the bias voltageBoltzmann’s constant, andl is the substrate temperature.
can be understood in a first sight within the frame of theThe attempt frequency, is assumed to be the same fer
Thersoff-Hamman theory of STNMRef. 19 as a semicon- andU halves. In the model, a critical cluster siZe of the
ducting DOS for the adsorbed adatoms and clusters. Howargest unstable Y cluster is used, and the half-cell capacity is
ever this interpretation could be very naive, and an accurat@mited to n,,,,=5 as the experimental data point out.
electronic description of the Y-Si bonding is required for a  As evidenced by the experiments, metal atoms tend to
full understanding of the contrast change with the bias voltagglomerate on this surface, not only due to the likely pres-
age in the STM images. The interesting issue to address hergnce of attractive interactions among adsorbates in neighbor-
related to the different diffusion behaviors of both kinds ofing cells but also to the interaction with atoms adsorbed in-
observed features, is the nature of the bonds between Y adide the same triangular cell. We do not analyze the internal
sorbed atoms and substrate Si atoms. A interpretation of th&ructure of the clusters in detail but we assume that on av-
experimental observations will be addressed into the nexrage every Y atom interacts with the other Y atoms occupy-
sections. ing the same half-cell by forming a number of Y-Y effective
bonds defined asn(-1). Note that the effective bonding
energy used in this workH,) can be different from the
covalent chemical bonding energy. Since every half-cell pre-

A deeper insight into the kinetics of adatom diffusion on sents a lateral dimension of 26.8 A, the distance between two
Si(111)7x7 surface has been obtained with the help of kMCatoms adsorbed into the same half-cell forminglaster
simulations. The simulations can be used to infer effectivecould be higher than the corresponding covalent bonding
values of the parameters that play a major role on the adatofgngth. The maximum cluster sizenaximum number of at-
nucleation processes. The experimefdscupationO and oms inside a half-cellsets the maximum number of Y-Y
preferencePr as function of the coverage, and cluster sizeeffective bonds to 4, and avoids high and unlikely values.
distributionC,, for a given coverageprovide the information ~ Simulations were performed on a 185050 half-cell lattice
to determine these values. The potential energy surface of thith periodic boundary conditions.
7X7 surface presents a high corrugation for the adatom dif- In order to compare the influence of the different mecha-
fusion due to the presence of localized electronic states withiSms proposed in the literature on the nucleation of adatoms
higher energy barriers at the borders of the triangular cell®n the S{111)7X7 surface, three different cases were tested.
than between adsorption sites inside the half-cells. As a corin the first case, we model random walk diffusion without
sequence, the diffusion on this surface is mainly driven bythe presence of long-range interaction between adatoms
the energy barriers between neigboring halves, which proand/or clusters. In this case, the diffusion is isotropic, the
vide the slowest jumping rates. energy barrier only depends on the state of sitand it is

The simulation scheme used in this work, which isgiven by Ei,-=E§/U+ E;=EYY+(nj—1)E,. The first term
adopted from Ref. 20, uses the half-cell as a basic unit andf the expression corresponds to the surface contribution,
ignores all processes that happen on smaller length scaléifferent forU andF half-cells. We have simulated the pref-
(i.e., inside one half-cell Therefore, the nucleation is mod- erence for the adatoms to be adsorbed onRhelf-cell of
eled taking into account the diffusion process among adjathe reconstruction by considering a higher energy barrier to
cent halves, while the detailed description of adatom moveescape fronF half-cells than fromU half-cells (Eg > Eg).

IV. SIMULATION RESULTS
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TABLE I. Parameters used in the three models described in théyy the random walk diffusion model we can not adjust the
text. (*) The maximum unstable cluster sizeidf=1 obtained for  distribution of A- andB-type features to that of clusters. For
the random walk diffusion case makes the result of the model inevery set of parameters that gives a good agreement with the

dependent of the parameté . O and P experimental data, the calculated distribution of
- - monomers is always 50% lower than the experimental distri-
Random Cooperative Transient 1y tion of A-type features, as observed in Figcl3 In addi-
diffusion diffusion mobility tion, this model omits the experimental evidence about the
vo (s°Y) 5% 10° 5% 10° } presence of long-range interactions between adsorbates ex-

posed in Sec. lll. All these reasons make us discard the ran-

IEg @V) 0.175 0.192 i dom diffusio.n model to explain the experimental results pre-
ES (eV) 078 0.96 i sentgd in th|s_ wor_k. o .
AdE eV) 0'03 0'04 0.02 With the third simulated mechanisthne the transient mo-

P ' ’ bility ), we obtain a good agreement with the experime6tal
Eb (ev) - () 0.10 01'5 [dotted lines in Fig. &)]. However, difficulties appear in

obtaining a good agreement with the experimemaland
the distribution ofA-type features as monomefrsee Figs.
The second term of the expression for the energy barrie8(b) and 3c)]. The behavior of thePr theoretical curve
models the interaction between adatoms inside the samigonstant negative slopés clearly different to the experi-
cluster as a linear function of the number, £ 1) of Y-Y  mental one. Theoretical and experimental works have shown
effective bonds that the adatom forms inside ithmlf-cell. that transient mobility of metal atoms on metal surfaces is a
In the second case, we model the thermal diffusion witnsmall effect. This is due to the low kinetic energy of the
the reduction of the hopping barrier by the presence of adagvaporated atom&.1 eV) and the effective dissipation pro-
toms in the nearest-neighboring half-cells, due to a long<ess of the kinetic energy of adsorbates on metal surfaces.
range attractive intercell interaction which favors cluster for-Similarly, there is neither experimental nor theoretical evi-
mation. Therefore, the states of siteandj, before and after dence supporting the transient mobility mechanism of metal
the hop, must be considered. dnoperativediffusion, as we adsorbates on semiconductor surfaces. The transient mobility
refer to this case hereafter, the surface migration is modeledas only been shown in few systems such as Xe adsorption
as hopping process with an energy barrier givenEy  on P{111) surface or O adsorption on @11 surface’***In
:ES/U+(Ei_kEj):Es/u+(ni_1_knj)Eb, where £, the latter case, the O transient mobility is yré A on
—1) andn; are the number of Y-Y effective bonds in the averagé’ Note that in our model every single jump corre-
cells formed by the adatom before and after a Hopepre-  sponds to a length of 26.8 A. Thus, contrary to what was
sents a spatial attenuation factor of the long-range interadroposed by Myslivecekt al? for the adsorption of Ag at-
tions, which contains information about the interatomic at-O0ms on the §111)7X7 surface, the abridgment of reasons
traction potential on the reconstructed13i1)7x7 surface. ~€xposed above again make us discard this model to explain
In the extreme case wheke—~0 the behavior of theoop-  OUr experimental data.
erativediffusion tends to the random walk diffusion. For our ~ The cooperative diffusion model provides the best inter-
simplified model, it has been chosenlas 1. Note that for ~ Pretation of all the experimental dat@; Pr and the distri-
the cooperativediffusion case, the height of the barrier de- bution of A- and B-type clusters, as observed in Fig. 3. The
pends on the jump direction and the diffusion is anisotropic_simulation results fall within the error bars of the experimen-
The kinetic mechanism modeled in the third case is thdal data. In addition, this model explains the phenomenon of
transient mobility of the impinging adatoms before they aretendency to aggregation among adsorbates in neighboring
accommodated on the (311)7x7 surface. Landed adatoms half-cells. Both facts make us choose twoperativediffu-
statistically choose the energy minimum position inside arfion as the correct model that explains the behavior of our
available area, which is defined by the incorporation r&lio experimental data.
(whereR=q means area defined by tlgh nearest neigh-
boring halves In this case, the energy of the adatom inside
a half-cell is given by the expressio& =AE+nE, and V- DISCUSSION
EV=nE, for the F and U half-cells respectively, where The best quantitative agreement with the experimental
AE=E"-EY. data was obtained by taking into account tt@operative
The lines in Figs. 8)—3(b) represent the best fits with the diffusion. The good agreement achieved by the assignation
O and P experimental data achieved independently by theof the A- andB-type feature concentrations with the concen-
three models. In Fig. (8), the experimental- and B-type  tration of individual adatoms(,) and clustersCy) respec-
feature concentrations are compared with the concentratioritzvely, supports the interpretation of the fuzzy spots imaged
of single adatoms@,) and clustersCy) derived from every in Fig. 1 as single adatom#\(type) and of the well-defined
model (pattern filled bars The best parameters calculated protrusions as clusters with several Y adatorBstype).
for each kMC-simulated case are summarized in Table I. The experimental value found for the attempt frequency,
In Figs. 3a)—3(b), we observed that the theoretical results vo=5% 10’ s~ 1, is orders of magnitude lower than the value
from random walk diffusion mode{dashed linesshow a  of 10'-10"% s~ * deduced for the adatoms diffusion on metal
good agreement wit and P experimental data. However, surfaces. Whereas each lattice site of the model corresponds
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to a lateral length of 26.8 A, a reinterpretation of the physicalcent halves. This experimental observation reinforces our
meaning of the attempt frequency on this model is needectalculation results.
Similar values have also been obtained for the diffusion of The results presented here point to the significant role of
Ag atoms on Sil11)7x7 systenf Taking into account that long-range attractive interactions among adatoms in the dif-
theintracell diffusion barriers are about 0.48 eV by using the fusion of metal atoms on the @il1)7X7 surface. The nature
hopping energy barrier for the three valence elements resf the long-range interactions was recently investigated theo-
ported by Cho and Kaxirds theintracell hopping frequency retically by density functional calculations and Monte Carlo
of a single adatom can be estimated to be about 20f@r  simulations and experimentally by STM measurements in
vo=5x10° s~1. This fact explains the fuzzy appearance of some metallic homoepitaxial system such as AIIAL) and
the single adatoms, considering that the average scannir@u/Cu111).223334These studies revealed the importance of
frequency of one half-cell is 0.25 8. oscillatory long-range electronic interactions among adatoms
The maximum unstable cluster size derived from ouron metal with a partial filled surface band such as in the
model, i* =1, means that only Y single adatoms diffuse Cu/Cu111) systent>3*These indirect interactions are sub-
among neighboring half-cells on the(811)7x7 surface at strate mediated through the scattering of surface electrons,
RT. Our result agrees with previous STM observations abouthich form a two-dimensional nearly free-electron gas on
the diffusion of Pb and Sn adatoms on thg1$1)7x7 the substrate surface. The surface electron scattering by the
surface>*1°where at RT only jumps of single adatoms were adatoms generates standing wave patterns in the electron
observed between adjacent halves. It is interesting to note trensity that give rise to the interactions between scatterers.

high energy barrieE4=0.92 eV found in this work com- Repulsive long-range elastic interactions that arise from ad-
pared to the diffusion barriers of several metal surfaces foporbate and substrate relaxations mediated via the atomic lat-

instance, E4=0.26 eV for Pt adatoms on @f1), E4 t'C'T are arester;:]m the AI/All.ltﬁ s_ysftem3. i bout the |
=0.35 eV for Cu adatoms on NIOY), or Eq=0.17 eV for rannec?gté?:c'tior?sfeblst\\//vzrgnI aga:{]og:? ;Ijzrc])r?)e?juon e:se?rr:iqc-on-
Ag adatoms on Pi1l) [Refs. 25—-27 However, the ob- 9

tained energy barrier is similar to that obtained for dif“fus:ionduc'[Or surfaces, and 'in particular, about the nature of
gy . ) substrate-mediated interactions. The electronic mechanism
of monomers across the dimer rows of thé081) surface

28 for metals described above is not appropriate for semicon-
(Ed:0'8',1 eV): . ductor surfaces. In the case of 419i1)7X 7 reconstruction, a
The slight difference among the substrate contributions,atially filled surface band that appears due to the arrange-
for the two unequivalent halves of thex7 reconstruction ment of the dangling bonds provides metal-like features to
(AE=0.04 eV) can be explained by their structural or elec-the reconstructed surface. Although these states are close to
tronic differences. The preferential adsorption onfhkealf-  the Fermi level they are localized and so far, there is no
cell of the S{111)7X7 has also been observeod for othersexperimental evidence supporting that these states could be-
elements: 70% for Au atonfs,80% for K atoms)’89% for  come involved in the long-range interaction between ad-
Li atoms;* 95% for Pd atoms,nearly 90% for Ag atom$,  sorbed adatoms. However, this work provides evidence about
and 100% for Tl atomS.Among the postulated arguments the existence of an attractive interaction among metal ada-
employed to explain the different adsorption probability be-toms contributing to reduce the hopping energy barriers be-
tween both halves, the different electronic structure of both isween adjacent half-unit cells of thex7 reconstruction.
considered one of the main reaséhghe DOS of the ada- Therefore, another different mechanism should be connected
toms of F is higher than inU, due to the structural differ- ith this experimental fact, and likely it would be a combi-
ences produced by the stacking faldliThis produces a non- nation of different processes. Electrostatic long-range inter-
uniform distribution of charge on theX77 reconstruction action could be a possible explanation. Adatoms can sense
and, likely, slight differences in the potential energy surfaceeach other through direct Coulomb interactions between the
The STM images taken at low bias voltage reveal a difyarious multipoles that arise due to surface-induced charge
ference in the interaction of the fuzzy spots, which have beegegistribution on the adsorbates, although these interaction
ascribed to mobile monomers, and the well-defined protrugye typically relatively weak. A definitive and complete pic-
SiOﬂS, connected to stable CIUSterS, with the substrate Si %re Of the nature and Characteristics of |ong_range adatom_
oms. The adsorption of one single atom inside one half-celhdatom interactions on semiconductor surfaces and their cor-

does not alter the DOS of the substrate, pointing to a weake|ation with the surface electronic structure can only come
chemical interaction between the Y monomer and the subfom further investigations.

strate Si atoms. In contrast, the adsorption of two or more

atoms inside one half-cell modified the DOS of the substrate

pointing to a stronger bonding between the Y atoms forming VI. CONCLUSIONS

the cluster and the Si atoms of the substrate. Stronger bonds

normally correlate with larger diffusion energy barriers, Due to the high diffusion barriers present on the dimer
which induces different kinetic behaviors for monomers andows and corner holes of the ($11)7X7 surface, a long-
clusters. Only single atoms, which are weakly bonded to theange attractive interaction among single adatoms and be-
subtrate and free of interactions with other intracell adsortween single adatoms and clusters is necessary to explain the
bates, diffuse at RT fast between different adsorption siteSTM results about the dependence of the density of clusters,
inside the half-cell and at a lower frequency between adjathe F adsorption preference, and the cluster distribution on
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