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A theoretical model for reaction limited aggregati@®LA) is introduced to study the effect of a monolayer
of surfactant on the formation of two-dimensional islands in heteroepitaxial and homoepitaxial growth. In this
model the basic atomic processes are considered as follows. A stable island consists of the adatoms that have
exchanged positions with the surfactant atoms beneath them. Movable active adatolias diffiyse on the
surfactant terraceb) exchange positions with the surfactant atoms beneath them and become island seeds
(seed exchangegor (c) stick to stable islands and become stuck but still active adatoms. The rate-limiting step
for the formation of a stable island is the seed exchange. Furthermore, a stuck but still active adatom must
overcome a sizable potential-energy barrier to exchange positions with the surfactant atom beneath it and
become a member of the stable isldailed exchange The seed exchange process can occur with an adatom
or collectively with an addimer. In the case of dimer exchange, the diffusing adatoms on the surfactant terrace
can meet andafter exchangingform stable dimers, which can then become island seeds. Systematic kinetic
Monte Carlo simulations and rate-equation analysis of the model are carried out. The key finding of these
simulations is that a counterintuitive fractal-to-compact island shape transition can be induced eitier by
creasingdeposition flux or bydecreasinggrowth temperature. This major qualitative conclusion is valid for
both the monomer and the dimer seed exchanges and for two different substrate (sdtieegs and triangular,
respectively, although there are some quantitative differences in the flux and temperature dependence of the
island density. The shape transition observed is contrary to the prediction of the classic diffusion-limited
aggregatior(DLA) theory, but in excellent qualitative agreement with recent experiments. In rationalizing the
main finding, it is crucial to realize that the adatoms stuck to a stable island edge are still active and are
surrounded by the surfactant atoms. Therefore, these stuck atoms cannot capture incoming adatoms before they
join the island through aided exchange. As a result, an incoming adatom must on average hit the island many
times before it finally finds a free edge site to stick to. This search is effectively equivalent to edge diffusion
in DLA theory. The stuck adatoms thus act as shields which prevent other mobile adatoms from sticking to the
stable islands. This shielding effect, determined by the aided exchange barrier and the density of the mobile
adatoms, plays an essential role in inducing the above shape transition in surfactant-mediated epitaxial growth.

[. INTRODUCTION action® However, most of these studies, either
experimentd"° or theoreticat®® have concentrated on
In heteroepitaxial growth the presence of strain oftenhow the surfactant changes the growth mode from 3D to
leads to three-dimensioné8D) growth, resulting in the for- layer-by-layerLBL) or Frank—van der Merwe growth. Little
mation of rough films. An important development in trying effort has been made to understand the pattern formation of
to overcome this fundamental obstacle was reported in 198the two-dimensiona(2D) islands formed in the early stages
when Copekt all demonstrated that the use of a monolayerof surfactant mediated growth, although it is believed that
of As can induce layer-by-layer growth of Ge on Si at muchthe morphology and the distribution of the 2D islands formed
higher Ge coverage. This remarkable behavior was termed @&t submonolayer coverage have a significant influence on the
the surfactant effect. Since then, many surfactants have begmowth mode in the multilayer regime.
successfully used to modify the growth modes during ho- The scanning tunneling microscog8TM) is a powerful
moepitaxial and heteroepitaxial growth in both m&thhnd  method to characterize such islands at the atomic scale. Us-
semiconductor ' systems, and a large number of experimen-ing this technique, it has been established that islands be-
tal and theoretical studies have been devoted to understandeme more fractal-like when the growth temperature is de-
ing the fundamental mechanisms involved in surfactantreased at a given deposition flux, or when the deposition
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flux is increased at a given growth temperattfé?This can  temperature where the island shape transition takes place.
be explained by the classic “hit-stick-relax” scenario of the We showed that the flux dependence of the island density
diffusion-limited aggregationDLA) theory?® During real  can be separated into three different regimes: a weakly de-
growth, the deposited adatoms are randomly and continueendent regime, a scaling regime, and a saturated regime.
ously deposited on the surface, and an adatom reaching aMe further rationalized the main finding through the realiza-

island will attempt to relax locally in order to find an ener- tion that the island shape transition and the island density
getically more favorable configuration. If the adatoms havevolution are controlled by the shielding effect of the stuck

sufficient time to relax locally along the island edges, a com&datoms on mobile adatoms. This effect prevents other in-

pact island will be obtained, otherwise a fractal island will beCOMiNg adatoms from joining the stable islands through the
formed. The transition from a fractal to a compact islangSame sites. Because the creation of a seed for nucleation of a

therefore occurs when the degree of local relaxation inStaPle island and the subsequent growth are both exchange

creasegeither through an increase in the growth temperaturéOr equwale_ntly, reacth)mm}te.d, the formation of the gtable
or through a decrease in the deposition fitf2° islands are in the reaction limited aggregati®iLA) regime.

These earlier studies on the 2D pattern formation, how- In this paper we systematically extend our previous study

o to a triangular lattice in order to to compare our results di-
ever, have focused on the epitaxial growth of systems with- X .
P g 4 ctly with those of the experiments:®3We also note that

out a surfactant. The presence of a surfactant obviousl b . L f the eff f a diff b
modifies the microscopic growth processes involved. Ini'€ Presentinvestigation of the effect of a difterent substrate

semiconductor systems, a full monolayer of surfactant is ofgeometry .is interesting scieptif_ically in its own right. We
ten used. For example, group V or VI elements have beeﬁ'so take into account the binding energy between the ada-

used as surfactant in Si(SLY) or Ge/S{111) growth® The toms in the islands formed on the surfactant layer. This bind-

use of a monolayer of surfactant passivates the substrate afftf} €nerdy only hinders the diffusion process on the surfac-
enhances the adatom diffusion on the surfactant layer. pdant layer. The fractal-to-co_mpact shz_ape transitions are also
cause of the weak bonding between the deposited adatofiPSeTved when the deposition flux increases or when the
and the surfactant layer, the exchange of an adatom with rowth temperature decreases. We furthermore obtain the

surfactant atom is exothermic and will therefore easily take® aracteristic dependence of the _is_land density as a function
place?’~%° These changes will affect the 2D island pattern®f ©€mperature(T) and the deposition fluxK). The same

formation at submonolayer coverage in surfactant-mediateffSults are obtained qualitatively when we vary the basic
epitaxial growth. The 2D island pattern formation in potentlal—energy_parameters of the model. We further study
surfactant-mediated epitaxial growth has only been studief® ﬁase yvhen dlmfers Sredstable on the SL(erfacr:]tant telr ra%e due
experimentally very recently. In particular, the effect of a ppt0 the existence of a binding energy, and when only these
monolayer as the surfactant in Ge growth on &8l sub- dimers can exchange with the surfactant atoms to become
strate has been studied systematically by Hwahgl3L32 island seeds. Our KMC simulations on the square lattice
and Changet al They discovered a nucleation and.growth show that the same fractal-to-compact island shape transition
behavior, which is in clear contradiction with traditional ob- takes place, even if the temperature and flux dependence of

servations and expectations: they observed that large fract{}€ island density differ from the case of the monomer seed
islands were formed at low flux or high temperature, while€Xchange. We also carry out a rate-equation analysis of the

small compact islands were formed at high flux or low tem_model in both the fractal and the compact island limits for
perature. Michelyet a3 also observed a compact-to-fractal the case where the island seeds only consist of monomers. In

transition of Pt islands on Pt11) when decreasing the depo- the fractal island limit, we derive a zero flux exponent, a

sition flux, this transition being possibly caused by the presSonstant coverage exponent, and an ascending temperature

ence of the CO impuritie®® In other experiments of Sb- dependence. In the compact island limit, no analytical solu-
induced growth ofCg, filmé on NaC{100,>” a compact- tion can be derived, and the rate equations are solved nu-
fractal-compact transition was observed by increasing thg'erically. Besides other results consistent with the KMC

temperature. The mechanism of such transitions is not y imulations, we obtain a max.imum at 'OV.V temperature in the
clear temperature dependence of island density.

In a recent pape¥ we proposed a simple model to ex_ys The outline of this paper is as follows. We describe in
plain this transition which includes only three basic energy; )
barriers: one against the diffusion of mobile adatoms on théted aggregation model. In S_ec. “I. we show the KMC results
surfactant terrace, one against the place exchange of mobi?ncerr."ng the island evolutlon_ with the temperature and the
adatoms with their underneath surfactant atdismeding, ( eposition flux. The rate-eq.uatlon angly5|s is then presented
and one against the aided place exchange of stuck adatorﬁ%sec' V. _The results ob_talned are d'.SCUSSEd and COmPQred
with their underneath surfactant atoms. In the frame of thié"’_'th e_xpenmental ones in Sec. V. Finally, a summary is
simple model, our kinetic Monte CartKMC) simulations ~ 9/Ven in Sec. VI.
on a square lattice showed that fractal islands are formed at

low depogrlondfluxkor hllgh temhpera}ture an_d ar':ra?lsmon (l;io Il. THE REACTION (EXCHANGE) LIMITED
compact islands takes place when increasing the flux or de- AGGREGATION MODEL

creasing the temperature. This is completely contrary to the

prediction of classic DLA theor®2° but is in excellent As in Ref. 38, we start with an ideally flat substrétend

qualitative agreement with the experimental observations od complete monolayer of surfactant ato8sn the substrate.
Refs. 31 and 33. We also predicted that the temperature dé&ddatomsB are randomly deposited on the surfactant terrace.
pendence of the island density exhibits a minimum at thelhe caseA# B corresponds to heteroepitaxial growth, while
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1(b)]. An adatom stuck to a stable island of dead atoms re-
mains active for quite a long time, but it finally exchanges
positions with the surfactant atom beneath it with a larger
rate than the seed exchange rid&eg. 1(c)]. An energy bar-

\NLAIAAIAL/ INAIAAL IANANAL rier V4 must be overcome for an adatom to hop successfully
from one site of the lattice to a neighboring site. A large
l l energy barrieN. must be overcome for the exchange of an
isolated adatom with the surfactant atom beneath it. Dead

nearest-neighbor atoms help the place exchange of the stuck
adatoms and the surfactant atoms, and the energy barrier
against this exchange process/ig,. The stuck adatoms act
as shields and prevent other mobile adatoms from sticking to
the dead atoms at the same sites. Islands formed on the sur-
FIG. 1. Demonstration of the three elementary processes in théactant terrace can still dissociate. According to the definition
case of the monomer seed exchan@gdiffusion of a free adatom  of classical nucleation theory, there are two critical island
on the surfactant terracéh) exchange of an adatom with the sur- sizes:i* =< andi* =0 for the upper layer of active adatoms
factant atom beneath ifr) exchange of a stuck adatom with the and the lower layer of dead atoms, respectively. Over all, our
surfactant atom beneath it, aided by the nearest dead atoms. model is consistent with the fact that the binding energy
betweenA and B is typically much larger than the binding

that atA=B corresponds to homoepitaxial growth. We de- energy betweea andSor B andS. The effect of the binding
fine three kinds oB atoms: the mobile active adatoms, the energyV, between the adatoms is also investigated.

stuck active adatoms, and the dead adatoms. The active at- 1} 4 elementary rates of the three processes: diffusion
oms are those remaining on the surfactant terrace, while th ced exchange, and aided exchange, are define®joy '
dead atoms are those that have exchanged positions with exp(-V, /kT)’ R..= v exp(-V. /kT), and R d
their underneath surfactant atoms. A stable island consists of ” SXP\™ Ya/X "), se= V €XP( Vse/K 1), ) ae
dead atoms. Movable active adatoms nfaydiffuse on the v €xp(=Vae/kT), respectively. The constant is the at-
surfactant terraceb) exchange positions with the surfactant ©€MPt frequency, and we neglect the possibility of having
atoms beneath them by overcoming a large energy barriéjr'ffer,ent attempt frequenues for the dlffere_nt processes. The
and become island seedseed exchangeor (c) stick to hop'plng'rate of a moblle'adatom from a sitéo |ts' neigh-
stable islands. A stuck adatom is still active. It must over-P0ring site already occupied by another adatom is zero. The
come another sizable barrier to exchange positions with thBonding of an adatom at siiewith adatoms in its nearest
surfactant atom beneath it and become a member of the i§€ighboring sites hinders its hopping. The hopping rate is
land (aided exchange We make use of the nansided ex- therefore reduced By exp(—n,V,/KT) if the adatom has,
changebecause this exchange is assisted by the dead atorA§tive adatoms as its nearest neighbors.

of the island to which the stuck adatoms are sticking. We The four barriers satisfy the inequality chaW, <V,
denote the diffusion barrier, the seed exchange barrier, ant Vae<Vse- Vi has to satisfy the condition that even for a

the aided exchange barrier My, V.o, andV,(<V.), re- Mobile adatom with the maximum number of neighbors
spectively. (three on a square lattice and five on a triangular |gttide

In Ref. 38, we limited the seed exchange to active monobarrier for an adatom to detach from an island on the surfac-

mers and our KMC simulations to growth on substrates witfant layer is still much lower than the exchange barrigfs.
square geometry. In this paper we first extend our KMCIS the smglle;t among the remaining three barriers because
simulations to growth on substrates with triangular geom_adatc')m Q|ffu3|on is often significantly enhanced dge to the
etry. We then extend to the case where addimers are the seB@ssivation of the substrate by the surfactant laygris the
entities via collective place exchange with two surfactant atlargest, making the formation of a nucleation center the rate-
oms. The scientific motivation for considering addimer ex-limiting process. A consequence of the second inequality
change is twofold. First, in many semiconductor systems 4Va<Vae) is the existence of an effective repulsive wall sur-
dimer is an elemental building block and can migraterounding the seed atom or an island of dead atoms. The
collectively® The other motivation is to check how the con- €xistence of such a repulsive potential to the incoming ada-
sideration of dimer exchange will change the scaling expoloms due to the presence of the sqrfactant atoms surrounding
nents in the temperature and flux dependence of the islar@ island has been proposed previously, and its effect on the

density, as suggested in the experimental stutlies. island density has been explored very recettth? Here for
simplicity, the in-plane mobility of thé3 atoms underneath

the surfactant layer is considered to be negligible. We also
ignore the reversal exchange process in whiitgpe atom

We start with an ideally flat triangular lattice of materdal resurfaces to the top of the surfactant layer, which means that
covered with a complete layer of surfact&tAtoms of ma- we consider the case whereBaatom strongly favors the
terial B are deposited onto the surfactant layer at a giverunderneath site. WhenBiatom hops to a site which hag
deposition rate. A mobile adatom md§) diffuse on the deadB-type nearest neighbors, it remains stuck there until it
surfactant terracg=ig. 1(a)], (2) hit and stick to an island of exchanges down with the ratgR,.. This rate is used to
dead atoms, of3) die directly by exchanging positions with emphasize the effect d-type neighbors on the exchange
the surfactant atom beneath it and form an island $E&fd  process without introducing additional parameters.

NANAALY NIANWAAAY

A. The monomer seed exchange
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FIG. 3. Island shapes obtained on a triangular lattice in the
- monomer seed exchange case for a deposition flux equal to 0.005
ML/s, a 0.1 ML coverage, and with zero binding energy in the

FIG. 2. Demonstration of the microscopic processes in the casl?lands on the surfactant terrace, at different temperat(apg:25

of the dimer seed exchang@) Encounter of two active free ada- K, (b) 320 K, (¢) 310 K, and(d) 285 K.

toms on the surfactant terrace and formation of a dimer without

overcoming any additional energy barrié) Exchange of a dimer also used for comparison. We vary the growth temperature
with the two surfactant atoms beneath(it) Exchange of a stuck from 285 to 425 K, and the deposition flux from 0.0001 to
single adatom with the surfactant atom beneath it, aided by th®.04 ML/s. No binding energy between the B adatoms is

nearest dead dimer or island. considered in this first part. The temperature dependence of
the island shape obtained with=0.005 ML/s and6=0.1
B. The dimer seed exchange ML is shown in Fig. 3. It can be seen on Figlag which

represents the island pattern at 425 K, that the islands are

Recent studies of submonolayer growth on semi-~F ) .
typically fractal-like. When the temperature is decreased to

conductof® and metal surfacés*? have suggested that, at
low temperatures, the adatom density on the surface is so?0 K, _ . . .
high that the stable nucleus is no longer an isolated atom, b shown on Figs.(8) and 3(.:)' respectively. Figure @) is
rather a dimer. It has also been reported that these dimers cd t_alned at 285 K and the islands are completely compact.
exchange positions with the surfactant atoms underneath ar}l’dms gvolutlon s in good agreement W'.th the results of the
become a nucleation center in the surfactant-mediatefXPeriments of Refs. 31-33. A transition temperature be-
growth?® Because the weak bonds betwekrand S atoms tween fr_actal_ and compact islands can be de_:fmed, and is
and betweerB and S ones are replaced by the strong bondssnuated in this case between 310 and 320 K. Figure 4 shows

betweenA andB without breaking the strong-B bonds, the an interesting nonmonotonic dependence of the island den-
collective exchange of thB-type dimers is energetically fa- sity with the temperature. It can be seen that the minimum of

vorable. To examine the effect of such collective motion, well'® €Urve is located around the temperature for which the

carry out KMC simulations with dimers as stable nuc|ei_compact-t0-fractal transition in island morphology has been

When two adatoms meet on the surfactant terrace, they fon%bserved._ The desce_nding part of the curve corresponds 1o
a dimer without needing to overcome any barfiig. 2a)]. compac_t |s_Iands, while the ascending part corresponds to
The dimer formed is stable, since the energy barrier againgfaCtal'“ke |sI§1nds. I

dissociation is high. Once this dimer exchanges with surfac- We I_<now In our case, thg rate-l|.m.|t|ng process for Fhe
tant atoms, it dies and becomes an island g&égl. 2(b)]. nucleation of a stable island is the ghvmg of an adatom into
Subsequently arriving single adatoms stick to the seed, an‘tkj"e sublayer; therefore, our system is always in the exchange
finally exchange with the surfactant atoms beneath them, be-
coming a part of the stable islariffig. 2(c)]. The relative 80
ordering between the diffusion barri¢f, the seed exchange 70_’ E
barrierVse, and the aided exchange barriéf, is the same = | /
as in the case of monomer exchange. The only difference g gg | YE

that theB-B binding energy within a dimer is considered to X
be much higher than the binding energy between adatoms i1
an island formed on the surfactant terrace.
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A. The case of the monomer seed exchange

KMC simulations are carried out on a 2000 triangu-
lar lattice. The simulation parameters are as follows. A small 280 300 320 340 360 380 400 420 440
diffusion barrierV4=0.59 eV is chosen, reflecting that ada-
toms quickly diffuse on the surfactant terrace. The barriers of
the seed exchange and the aided exchange processes are sat|G. 4. Temperature dependence of the island density on a tri-
equal toV¢=0.90 eV andV,.=0.82 eV, respectively. An- angular lattice in the monomer seed exchange case at 0.005 ML/s
other set of barriers\(4,Vse,Vae) =(0.53,0.88,0.79 eVis  deposition flux, 0.1 ML coverage, and with a zero binding energy.

n
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Temperature (K)
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FIG. 5. Island shapes obtained on a triangular lattice in the FIG. 7. Island shapes obtained on a triangular lattice in the
monomer seed exchange case at 300 K, 0.1 ML coverage, and withonomer seed exchange case at 0.005 ML/s deposition flux and 0.1
a zero binding energy, for different deposition fluj@ 0.0001 ML coverage for different temperature@ 425 K, (b) 320 K, (¢)
ML/s, (b) 0.0005 ML/s,(c) 0.0025 ML/s, andd) 0.04 ML/s. 310 K, and(d) 285 K. The binding energy,, is set to 0.04 eV.

prominent region. When the temperature is low, a stable seeitiree regimes: the low-flux fractal regime, where the depen-
atom in the surfactant layer may not necessarily grow into alence is very weak; the intermediate-flux regime, where a
stable island because of the effective shielding of the incomscaling law,N~F# with 3=0.22, can be defined; and the
ing adatoms but those seeds which mange to grow into ishigh-flux compact regime, where the island density has satu-
lands will grow even faster as their sizes increase. The derated.
crease in island density with temperature is caused by the We next add a binding energy between the B adatoms that
increased mobility of the adatoms in searching for such ishave only one active nearest-neighbor adatom, and set this
lands. On the other hand, after the transition temperature, thginding energy Y,) to 0.04 eV. We then carry out KMC
shielding effects are very weak, and every seed atom is likelgimulations as previously. Figures 7 and 8 show the new
to grow into a stable island. The island density increase withemperature dependence of the island shape and of the island
temperature reflects the enhanced rate in creating such seedensity obtained withF=0.005 ML/s andd=0.1 ML. They

The flux dependence of the island shape obtained at 30@re very similar to those obtained without the binding en-
K and for a coverag@=0.1 ML is shown in Fig. 5. Figures ergy. The island shape transition from large fractal islands to
5(a)—5(d) represent the islands obtained with the flux equalsmall compact islands when the temperature decreases can
to 0.0001, 0.0005, 0.0025, and 0.04 ML/s, respectively. Thde clearly seen. The difference is that the minimum of the
island shape transition from large fractal islands to smalisland density as a function of the temperature is located at
compact islands when the deposition flux increases can bepproximately 320 K. There is no detectable shift in the
clearly seen. This is again in good agreement with the resultsiinimum temperature. Figures 9 and 10 show the new flux
of the experiments of Refs. 31-33. Figure 6 shows the fluxdependence of the island shape and of the island density at
dependence of the stable island densMy, obtained affT 300 K and for a 0.1 ML coverage. Again, these results are
=300 K andf#=0.1 ML. It can be seen that the island den- very similar to the previous ones: we can clearly see the
sity increases rapidly at small deposition flux, and becomessland shape transition from large fractal islands to small
nearly saturated at large flux. To quantify the dependencesompact islands when the deposition flux increases, and the
we plot in the insert the evolution of the density as a functionisland density exhibits the same three regimes as a function
of the logarithm of the flux. This curve can be divided into of the logarithm of the deposition flux. The scaling exponent
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FIG. 6. Deposition flux dependence of the island density on a FIG. 8. Temperature dependence of the island density on a tri-
triangular lattice in the monomer seed exchange case at 300 K arahgular lattice in the monomer seed exchange case at 0.005 ML/s
a 0.1 ML coverage, with a zero binding energy in the islands on theleposition flux and 0.1 ML coverage. The binding enevfyis set
surfactant terrace. to 0.04 eV.
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FIG. 9. Island shapes obtained on a triangular lattice in the
monomer seed exchange case at 300 K and 0.1 ML coverage for FIG. 11. Island shapes obtained on a 2@DO0 square lattice in
different deposition flux:(a) 0.0001 ML/s,(b) 0.0005 ML/s, (c) the dimer seed exchange case at 300 K and 0.1 ML coverage for
0.002 ML/s, andd) 0.04 ML/s. The binding energy in the islands different deposition flux:(a 0.0001 ML/s,(b) 0.0005 ML/s,(c)
on the surfactant layer is set to 0.04 eV. 0.0015 ML/s, andd) 0.02 ML/s.

in the intermediate-flux regime is in this case equal to 0.40. | reases. We have plotted in Fig. 12 the flux dependence of

) . ; ! he island density at 300 K and for a 0.1 ML coverage. Again

is larger than the previous scaling exponent 0.22 in the casg f . f the | ithm of the fi b

of the zero binding energy. The binding energy hinders thet 1 curve as a function of the logarithm of the flux can be
divided into three regimes, and the scaling exponent in the

mobility of the adatoms on the surfactant terrace. As a result . - A . .
. intermediate-flux regime is in this case equal to 0.48. This
more seed exchanges take place and more new islands form

on the surfactant terrace, leading to higher island densit €xponent is larger than the one we obtained in the monomer
: 9 9 Y- seed exchange casg+ 0.40) ® but still much smaller than

the exponent 1.76 found in experiments.
B. The case of the dimer seed exchange Figure 13 shows the simulated island patterns and their
emperature evolution for a 0.005 ML/s deposition flux and
square lattice. We are interested here in the quantitativ -1 ML coverage. As previously, the islands formed change
changes in the temperature and flux dependence of the isla rom fractal-like to compact when the temperature decreases.
density. As in the previous paprand in Sec. IlIA, the | € represe.nted on Fig. 14 the temperature deper_ldence of the
%I{:md density. It can be seen that the island density decreases

diffusion, seed exchange, and aided exchange barriers are ¢ . .
10 (Vg,VeoVad)=(0.59,0.90,0.82 ey respectively. We monotonically when the temperature increases, and that there
y ser ael — . yJ. V. .

is no minimum at the compact-to-fractal transition tempera-
vary the growth temperature from 285 to 425 K, and the !
deposition flux from 0.0001 to 0.04 ML/s. T B binding tue:r?s(i::)lg’cal(r){ Eeerii ttehre rtstrggerﬁg;ﬁzt?viﬁen;:?g”eo\(l)\fst_hgt'ShliaT:j
energy in a dimer is set equal to 0.13 eV, and the detachmeﬁit y P 4 Y : 9

. mperatures, the kinetic energy of the thermal motion is
iingrg%/ Zilan adatom bonded to an island through one adato Dige enough to break thB-B bonds within the dimers

Figure 11 shows the simulated island patterns and theifrormed on the surfactant terrace, so that there are less active

flux evolution as a function of the deposition flux at 300 K d;rg(;rz l‘; r:]éh:esélérf.g?hznr;irrfgﬁglh%ﬁr?hbsg{utgrogg%mzt“%n
and for a coverage of 0.1 ML. As in the monomer seed® ! ! ' ’ W

exchange case, a transition from large fractal islands to smatl imgf’;if;ﬁ%rt]htig';‘ﬁgc?; trrt‘g:;i;ab;ias&;ha:orggﬁli?Ct(')\]fe
compact islands is observed when the deposition flux inz_ "~ . ; ’ P y
forming a nucleation seed is therefore larger.

In this case, the KMC simulations are carried out on at
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FIG. 10. Deposition flux dependence of the island density on a
triangular lattice in the monomer seed exchange case at 300 K and FIG. 12. Deposition flux dependence of the island density on a
0.1 ML coverage of 0.1 ML. The binding enerdj, in the islands 200X 200 square lattice in the dimer seed exchange case at 300 K
on the surfactant layer is set as 0.04 eV. and 0.1 ML coverage.
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a!’%% HE [T g b ficients which in first approximation can be chosen as the
Ee **4‘, 5g ratesRy, Rse, andR,e, respectivelyc is the capture con-
%: o M}t %. ; stant, and) the geometry factor. We have introduced the step
% K, - function 6(t,—t), wherety is the time at which the deposi-
s, SNREL tion is ended, to take into account the fact that the STM
o w Senl o o Ll imaging is typically done a few hours after the end of the
PO ey LA depositiort** The parameterp, q, ¢, andg are dependent
"l 2 s o ENRN on the lattice geometry.
W TR ,',‘:# J In Eq. (1), the term containing= describes the adatom
Frg o o1 N deposition, the second term reflects the exchange of positions

) ~ between a mobile adatom and the surfactant atom beneath it
FIG. 13. Island shapes obtained on a 2®DO square lattice in  anq the creation of a seed, and the last term describes the
the dimer seed exchange case at 0.005 ML/s deposition flux and oéapture of a mobile adatom by a stable island. This atom is
gﬂllbc}gvgazggs)fgégugerent temperature® 425 K, (b) 320 K, (©)  han stuck to the island, but is still active so that it cannot
' ' capture other mobile adatoms. In BE®), the a, term de-
IV. RATE-EQUATION ANALYSIS scribes the exchange of stuck but still active adatoms with
surfactant atoms.
Let N, be the total density of active atom®,=n,

As shown above, KMC simulation can directly produce . .
. o o i+n,. The density of dead atonld, can be expressed in
island sh n nsity. B large variation of m b d

sland shape and density. But, a large variation o Ode{erm of N,: Ng=Fts—N,, wheret is the smaller ot and

arameters is not possible because of limited compute . o )
Eower. Rate-equatioﬂ analysis is a powerful tool in thispas:[()' Because the average island si3g is defined bySq
pect. We shall do a rate-equation analysis of the above modeél Na/Ns, the perimetet 4 can be expressed as follows:
in the case of the monomer seed exchange. In this approach
we introduce the island perimetey and calculate the area Ly=
of an island asSy=pLJ, wherep is a constant and is the
dimensionality of the islané"?® For compact islandsy is
equal to 2, while for fractal islandsis the fractal dimension,
and is therefore between 1 and 2. In the low-coverage limi

we consider the following rate equations:

4

Fts—na— nb) Ya
PNs

The mobile adatom density,, the total active adatom den-
iSity N,, and the stable island densilys can be obtained
from Egs.(1) to (4).
At low flux or high temperature, i.e., in the fractal regime,
d very few adatoms remain active at the end of the deposition.
giNa=FO(to—t) — adna— Capna(Nsk4—gny), (1) The island shape is then mainly determined by the,
region. After a certain deposition time, the island growth is
d in the steady growth regime, and a steady-state approxima-
b= —aNp+ Ccapny(NgLg—any), (20 tion can be wused forN,, as done in previous
studiest?138152423 those studies, the active adatom den-
sity was taken to be a constant after the growth entered the
—Ng=agn,, ©) regime of steady growth. But, for the surfactant-mediated
dt growth, the constant term, the leading term, is not accurate

wheren, is the density of the mobile active atonms, is the ~ €nough to describe the active adatom density; a further term

density of the stuck active atoms,,, ey, and e, are coef- IS necessary for a more realistic description of it in the case
of the surfactant-mediated growth. Therefore, we choose to

70 use the quasi-steady-state approximation, where the evolu-
E tion of N, is described as follows:

60

50 E/ Ng=cCi+cot™ ™, (5

40 wherec,, c,, andm are constants to be determined. Substi-

tuting N, into Egs.(1) to (4), we obtainc,=F/a, and the
asymptotic behavior of the stable island density.

Vo.—V,\9(2a-1)
ool

w
o
1

n
o
1

Ne= C3g(q—1)/<2q—1)

Island Density (/200 X 200)
=

I\I\
A

o
1

wherecs is a constant independent of temperature, coverage,
280 300 320 340 360 380 400 420 440 or flux. A scaling law of the island density can then be de-
rived: Ng~{exd — (Vse— Vo)/KT]}"TFF0", wheren=q/(2q
—1),ng=0, andn,=(gq—1)/(2g—1). The zero flux expo-
FIG. 14. Temperature dependence of the island density on 8entng is consistent with the results of our KMC simula-
200x 200 square lattice in the dimer seed exchange case at 0.008ns. The constarg can only be easily determined from the
ML/s deposition flux and 0.1 ML coverage. island shape in the limit of very low flux or very high tem-

Temperature (K)
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0.0016 simulation on the triangular latticd=ig. 8). This maximum
"‘\ means that the island density decreases with the temperatures
0.0014 Pt decreasing in the very-low-temperature region. This may be
// lux=064 -] explained by the fact that at very low temperature the ratio
\ a Rse/R,e decreases exponentially with the temperature de-
fx=0:00s creasing, and that an adatom prefers sticking to an existing
\ \m..’.:ﬁ;‘/ island and then exchanging with a surfactant atom with the
0-0008 ™ oo 008 rate R,., rather than exchanging directly with the rdkg..
With temperature decreasing, the island density first de-
270 280 290 300 310 320 330 340 creases due to the decreasing seed exchange; then increases
Temperature (K) because the increasing shielding effect makes more new is-
lands appear; and then decreases because theRatiR,
B // decreases rapidly. The low-temperature region T, and
o A high-temperature regioii>T, both are dominated by the
/0 41 seed exchange. The intermediate temperature regjent
s <T, is dominated by the shielding effect. Bol} and T,
— are increasing with flux because the shielding effect in-
/ IR creases with the flux. The difference between the minimal
and maximal island densities decreases with flux increasing.
coverage: 0.1 ML This may result from the same flux dependence of the two
2085 10 108 102 transition temperatureg, andT,,.
Flux (ML/s) The lower part of Fig. 15 shows the flux dependence of
the compact island density at 300 and 270 K for a coverage
FIG. 15. Numeric solutions of the rate equations in the compachf 9.1 ML. In the high flux region the island density becomes
island limit. The upper part shows the temperature dependence Qfatyrated when the flux increases. In the intermediate flux
the island density at 0.1 ML coverage for three flux values: O'OOSregion, a scaling law can be defined, and the scaling expo-
ML/s, 0.009 ML/s, and 0.04 ML/s. The lower part shows the flux nont is 0.41 and 0.63 for 300 and 270 K, respectively. The
dependence of the island Qensny at 300 and 270 K and 0.1 IV”exponent at 300 K is almost equal to the one obtained in the
coverage. At 300 K, a.scallng Iaw.wnh an exponent 0.41 can b%(MC simulation. In the low flux region the island density
defined in the intermediate flux region. At 270 K, the saturation Ofdepends less on the flux. which is consistent with the zero
the island density in the high flux region is very clear and a scalingqux exponent obtained in,the fractal limit. The coverage de-
law with an exponent 0.63 can be defined. . T .
pendence of the compact island density is divided into three

perature, because in this case we are in the ideal fractal ré/ell-defined scaling regimes, with the scaling exponents
gime. The geometry factay is irrelevant in this regime. N, andns for the low, intermediate, and high coverage do-

In the compact and intermediate regimes, both tthie, mains, respectively. At 300 K and for a flux of 0.005 ML/s,

andt>t, regions must be considered. The growth is never i1 1S €qual tﬁ 0'49nd2 t0 0.57, andhy to 0.21. Whﬁ? thﬁ ﬂ;‘,x o
a steady growth state, making it impossible to obtain an and"¢féases, th@; andn, exponents increase, while the hig
lytical solution of the rate equations. We therefore look forcoverage exponermts decreases.

numeric solutions, and replace the derivative of a function Summarizilng. thif r?ection, W?j Ihf"“’% Cﬁ”ri]edf out Irated—
y(t) by the finite differential as follows: equation analysis of the RLA model in both the fractal an

the compact regimes. In the fractal regime, we have obtained
dy(t)  y(t+At)—y(t) constant scaling exponents indepe_ndent of the growth param-

TR AL , (7) eters. In the compact regime scaling laws can be defined as
well, but the scaling exponents depend on the temperature,
where At is the time increment. Since we are consideringthe flux, the barrier energies, etc. In this regime, the post
compact islands, we takg=2. p is then equal to 1 for a deposition time (>t) plays an essential role in the growth,
square island, and ter/4 for a circular island. We choose and has a big effect on the resultant island density. This is
p=0.8 since our islands are more similar to circles. Thencompletely different from the steady-state growth in the frac-
0n|y two parametersc( and g) need to be determined, and tal regime. For the islands in the intermediate regi:poan at
we obtain them through Comparison with the KMC simula-first approximation be set to 2, and the numerical solutions
tions. We choos&=0.5 andg=0.2 to reproduce approxi- ©Obtained in the compact island regime can be extended to the
mately the saturated island density and the scaling exponetfittermediate regime.
of the island density flux dependence at 300 K and 0.1 ML
coverage. . V. DISCUSSION AND CONCLUSION

The upper part of Fig. 15 shows the temperature depen-

dence of the compact island density at 0.1 ML coverage for The KMC simulations described in our previous letter
flux equal to 0.005, 0.009, and 0.04 ML/s. For flux equal toand the extended KMC simulations and rate-equation analy-
0.005 ML/s, the island density exhibits a minimum Bt  sis presented in this paper show that in various cases of
=310 K, as well as a maximum &t,=280 K. This latter  surfactant-mediated growth fractal islands are obtained at
temperature was not accessed in the KMC simulation on thhigh temperature or low flux, and that compact islands are
square lattic® although it seems to appear in the KMC formed at low temperature or high flux. These results are in
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contradiction with the hit-stick-relax scenario of the classicfractal transition temperature. This is due to the fact that the
DLA theory?*2* where one expects fractal islands at low dimers are more stable at low temperature, so that the prob-
temperature or high flux and compact islands in the opposit@bility of nucleation is larger, which results in the formation
limits. The difference comes from the fact that the limiting of @ higher number of islands. If we compare the results of
process in the formation of stable islands is diffusion inour simulation to the experiments of heteroepitaxial growth,
DLA, while it is the exchange of adatoms with surfactantWhereA=Si, S=Pb, andB=Ge,*"*it can be seen that our
atoms in our RLA model. In DLA theory, the island seeds model reproduces the main qualitative findings of the experi-
have a kinetic origin and stuck adatoms join the stable isiMent, namely, the islands formed are small and compact at

lands at once or within a very short relaxing time after theyligh deposition flux or low temperature, and are large and
hit the islands. In our case, the island seeds result from thiiactal at low deposition flux or high temperature. For a more

exchange of adatoms with surfactant atoms and a stuck adggalistic model of surfactant-mediated grovvth, other elemen-
tom can remain active and not as part of a stable island for y procefs;es wQuId Zave to ?f pon5|d(a_r(|ad, (?UCh as.tthe fre-
very long time after hitting the island. Because this adatom ig2*ation o Incom|hng adatoms hIt'tlng ar|1I és ?? 'tto a st; eb'?
still active and is surrounded by the surfactant atoms, oth _PWE]I; egergy, otr)t € mr?tlr?n, W';E a sm? u Tlrr1" € FtJrOda tl
incoming adatoms cannot stick to it. Therefore, the effectivdy» Of adatoms beneath the surfactant layer. The introduction
island edges, where adatoms can stick, are reduced. Stufk tese processes would allow us to reproduce the experi-
adatoms thus act as shields in preventing other incomin ental results more accurately. Furthermore, our model anq
adatoms from sticking to stable islands through their siteseSUlts are also applicable to surfactant-mediated homoepi-

This shielding effec? is determined by the ratio of a stuck @@l growth®* Finally, the fractal-to-compact transitions
adatom lifetime to the time interval between two successivéjescr'bed here are expected to be observed even if the stable
hits of incoming adatoms. At very high temperature the stucRSIaUqS are fo_rmed on the sub;trate,_but are surrounded by a
adatom lifetime is very short, and at very low flux, the inter- SUfficiently high coverage of impurity atoms, as long as
val between two successive hits becomes very long. In thestgose impurities effectwely .h'”def the growth of the .st.a'ble
two cases, the shielding effect is very weak, so that we oplSiands by preventing the incoming adatoms from joining
tain ideal fractal islands. On the other hand, at low tempera'E em.
ture or high flux, the islands are almost completely sur-
rounded by stuck but still active adatoms, so that the
shielding effect is very strong. The probability for incoming  We have extended the range of applicability of the RLA
adatoms to successfully stick to an island becomes veryhodel presented in our previous letter to various more real-
small. Adatoms have to come and go many times beforgstic growth systems: We have carried out KMC simulations
finding a free edge site to stick to. This is effectively equiva-on a triangular lattice and varied the four main parameters of
lent to the relaxation after the hit-and-stick scenario in DLAthe model. We have also considered additional physical pro-
theory, and the islands formed are therefore compact. cesses, such as the detachment of an adatom trapped by an
It can be seen from our simulations that the shieldingisland formed on the surfactant layer, or the possibility of
effect does not change qualitatively when additional factorssimultaneous exchange of two adatodsnen with surfac-
such as binding energy between active adatoms on the suant atoms. These lattice and parameter variations, as well as
factant terrace, different lattice geometry, or possible simulthe generalizations beyond the previous model, do not
taneous exchange of several adatofmisner), are consid- change the key findings of the model: Fractal-to-compact
ered. In both the monomer and dimer seed exchange casemnsition can be induced either by decreasing the growth
the flux dependence of the island density can be divided inttemperature or by increasing the deposition flux. Of course,
three regions. In the low flux region, the flux dependence in a quantitative level, the evolution of the island density
very weak, while in the intermediate region, a scaling law,differs depending on the phenomena considered and the pa-
N¢~F#, can be defined. On a square lattiggjs equal to  rameters chosen. There are a maximum and a minimum in
0.40 in the case of the monomer seed exch#reed to 0.48 the temperature dependence of the island density in the
in the case of the dimer seed exchange. The scaling exponemionomer seed exchange case. On the other hand, in the case
therefore increases when the possibility of simultaneous exsf the dimer seed exchange, the island density is a monoto-
change of several adatoms is included. Furthermore, on theously decreasing function of the temperature in the high-
triangular lattice, is equal to 0.22 if there is no energy temperature domain. Furthermore, in all cases, the flux de-
barrier to the detachment of an adatom from an islangendence of the island density can be divided into three
formed on the surfactant terrace, and is greater than 0.22 different regions: a weak dependence region at low flux, a
such a barrier is considered. The scaling exponent thereforszaling region at intermediate flux, and a saturation region at
increases with the binding energy. These trends might enablgigh flux. The scaling exponent in the intermediate region is
us to reproduce the larger scaling exponent found in théarger in the dimer seed exchange case than in the monomer
experiment$3? As for the temperature dependence of theseed exchange case, but still smaller than the exponent found
island density, the compact-to-fractal transition happens a@h experiments! Because the stable islands consist of the
approximately the same temperature, about 320 K, in altead atoms that have exchanged positions with the surfactant
cases. In the monomer seed exchange case, the island densitgms beneath them, the nucleation and the growth of the
curve exhibits a minimum at this transition temperature. Inislands are both exchange limited. In this case, the physical
the case of the dimer seed exchange, on the other hand, tpeocess controlling the island shape transition is the shield-
island density is a nearly monotonically decreasing functioring effect of adatoms stuck to stable islands on incoming
of the temperature, without a minimum at the compact-to-adatoms.

VI. SUMMARY



PRB 61 REACTION LIMITED AGGREGATION IN SURFACTANT-. .. 13221

ACKNOWLEDGMENTS 19928409, by the Chinese Department of Science and
Technology under the State Key Project of Basic Research
) o (Grant No. G1999064509by Oak Ridge National Labora-
We are deeply obligated to Dr. Marjorie Bertolus for hertory, managed by Lockheed Martin Energy Research Corp.
critical reading of the manuscript, and her numerous helpfufor the U.S. Department of Energy under Contract No.
suggestions. This research was supported by the Natural S@HEAC05-960R22464, and by the U.S. National Science
ence Foundation of ChinéGrant Nos. 19810760328 and Foundation(Grant No. DMR-9705406

IM. Copel, M. C. Reuter, E. Kaxiras, and R. M. Tromp, Phys. Rev.'8T. Michely, M. Hohage, M. Bott, and G. Comsa, Phys. Rev. Lett.

Lett. 63, 632(1989. 70, 3943(1993.

2H. A. van der Vegt, H. M. van Pinxteren, M. Lohmeier, E. Vlieg, '°H. Rader, E. Hahn, H. Brune, J. P. Bucher, and K. Kern, Nature
and J. M. C. Thornton, Phys. Rev. Le®8, 3335(1992. (London) 366, 141(1993; H. Brune, C. Romainczyk, H. Rier,

3J. Camarero, L. Spendeler, G. Schmidt, K. Heinz, J. J. de Miguel, and K. Kern,ibid. 369 469 (1994); H. Roder, K. Bromann, H.
and R. Miranda, Phys. Rev. Left3, 2448(1994); J. Camarero, Brune, and K. Kern, Phys. Rev. Le®4, 3217(1995; H. Brune,

T. Graf, J. J. de Miguel, R. Miranda, W. Kuch, M. Zharnikov, A. Surf. Sci. Rep31, 121(1998.

Dittschar, C. M. Schnieder, and J. Kirschnésid. 76, 4428  2°P. Meakin, Phys. Rev. &7, 1495(1983.

(1996; J. J. de Miguelprivate communication 213, Jacobsen, K. W. Jacobsen, and J. Lrskov, Surf. Sci359, 37
4W. Wulfhekel, N. N. Lipkin, J. Kliewer, G. Rosenfeld, L. C. (1996.

Jorritsma, B. Poelsema, and G. Gomsa, Surf. 348 227 22T .Y. Fu, Y.-R. Tzeng, and T.-T. Tsong, Phys. Rev5& 5932

(1996; A. M. Begley, S. K. Kim, J. Quinn, F. Jona, H. Over, (1996.

and P. M. Marcus, Phys. Rev. 48, 1779(1993; N. Memmel 23T, A. Witten and L. M. Sander, Phys. Rev. LetfZ, 1400(1981.

and E. Bertel, Phys. Rev. Leff5, 485(1995; H. Wolter, M. 247 Y. Zhang, X. Chen, and M. G. Lagally, Phys. Rev. LB,

Schmidt, and K. Wandelt, Surf. ScR98 173 (1993; V. 1829(1994.

Scheuch, K. Potthast, Bert Voigtider, and H. P. Bonzeibid. 253, W. Evans and M. C. Bartelt, J. Vac. Sci. Technol12 1800

318 115(1994. (1999; J. G. Amar and F. Family, Phys. Rev. Le?4, 2066
5D. J. Eaglesham and M. Cerullo, Appl. Phys. Lei8, 2276 (1999; G. S. Bales and D. C. Chrzaihid. 74, 4879(1995.

(1991); M. Copel and R. M. Tromibid. 58, 2648(1991). 26Shudun Liu, Lutw Bonig, John Detch, and Horia Metiu, Phys.
5Bert Voigtlander, Andre Zinner, Thomas Weber, and Hans P. Rev. Lett.74, 4495(1995; Shudun Liu, Zhenyu Zhang, George

Bonzel, Phys. Rev. 551, 7583(1995. Comsa, and Horia Metitibid. 71, 2967(1993.

M. Copel and R. M. Tromp, Phys. Rev. Lef2, 1236(1994; H.  2’R. M. Tromp and M. C. Reuter, Phys. Rev. L8, 954 (1992.
Wado, T. Schimizu, M. Ishida, and T. Nakamura, J. Cryst.?®B. D. Yu and A. Oshiyama, Phys. Rev. Lef2, 3190(1994); B.
Growth 147, 320 (1995; J. Massies and N. Grandjean, Phys. D. Yu, T. Ide, and A. Oshiyama, Phys. Rev. 3, 14 631
Rev. B48, 8502(1993; E. Tournie, N. Grandjean, A. Trampert, (1994.

J. Massies, and K. H. Ploog, J. Cryst. Grovitho, 460 (1995; 29y -J. Ko, J.-Y. Yi, S.-J. Park, E.-H. Lee, and K. J. Chang, Phys.
G. Mendoza-Diaz, S. Stevens, A. F. Schwartzman, and R. Be- Rev. Lett.76, 3160(1996.
resford,ibid. 178 45 (1997. 30K. Schroeder, B. Engels, P. Richard, and S. Blugel, Phys. Rev.

8See, for example, W. F. Egelhoff, Jr., P. J. Chen, C. J. Powell, M. Lett. 80, 2873(1998.

D. Stiles, and R. D. McMichael, J. Appl. Phy&9, 2491(1996), 8l .S, Hwang, T.-C. Chang, and T. T. Tsong, Phys. Rev. |8fi.
and references therein. See also Z. Y. Zhang and M. G. Lagally, 4229(1998.
Science 276, 377 (1997; D. Kandel and E. Kaxiras, 32Ing-Shouh Hwang, Tien-Chih Chang, and Tien T. Tsong, Surf.

cond-mat/9901177unpublished Sci. 410 L741(1998.

9J. Vrijmoeth, H. A. van der Vegt, J. A. Meyer, E. Vlieg, and R. J. 33T.-C. Chang, |.-S. Hwang, and T. T. Tsong, Phys. Rev. 183t.
Behm, Phys. Rev. Leti72, 3843(1994. 1191(1999.

10 Kaxiras, Europhys. Let21, 685(1993; Thin Solid Films272, 84T, Michely, M. Hohage, and G. Comsa, Burface Diffusion:
386 (1996. Atomistic and Collective Processexdited by M. C. Tringides

1y, Fiorentini, S. Oppo, and M. Scheffler, Appl. Phys. A: Mater.  and M. Scheffler, NATO Advanced Studies Institute, Series B:
Sci. Process60, 399 (1995; J. Neugebauer, T. Zywietz, M. Physics, Vol. 36QPlenum, New York, 1998
Scheffler, J. E. Northrup, and Ch. G. Van de Walle, Phys. Rev3®M. Kalff, G. Comsa, and T. Michely, Phys. Rev. Le#l, 1255

Lett. 80, 3097(1998. (1998.
2] Markov, Phys. Rev. B0, 11 271(1994. 36peter J. Feibelman, Phys. Rev. Lé1, 168(1998.
13p. Kandel, Phys. Rev. Letf78, 499 (1997). STW. T. Xu, J. G. Hou, and Z. Q. Wu, Solid State Commua07,
147. Zhang and M. G. Lagally, Phys. Rev. Lef2, 693 (1994. 557 (1998.
15D, Kandel and E. Kaxiras, Phys. Rev. Letb, 2742(1995. 38B.-G. Liu, J. Wu, E. G. Wang, and Z. Y. Zhang, Phys. Rev. Lett.

18D, J. Eaglesham, F. C. Unterwald, and D. C. Jacobson, Phys. Rev. 83, 1195(1999.
Lett. 70, 966 (1993; R. Kern and P. Mlier, J. Cryst. Growth 39Zhenyu Zhang, Fang Wu, H. J. W. Zandvliet, B. Poelsema, H.
146, 193(1995. Metiu, and M. G. Lagally, Phys. Rev. Left4, 3644(1995; Z.
YR. Q. Hwang, J. Schider, C. Guther, and R. J. Behm, Phys. Y. Zhang, F. Wu, and M. G. Lagally, Surf. Rev. Le®, 1449
Rev. Lett.67, 3279(199). (1996; Byung Deok Yu and Atsushi Oshiyama, Phys. Rev. Lett.



13222 JING WU, BANG-GUI LIU, ZHENYU ZHANG, AND E. G. WANG PRB 61

72, 3190(19949; P. J. Bedrossiaribid. 74, 3648(1995; B. S. (1992.
Swartzentruber, A. P. Smith, and H.n#son, Phys. Rev. Lett. “%J. A. Stroscio, D. T. Pierce, and R. A. Dragoset, Phys. Rev. Lett.
77, 2518(1996. 70, 3615(1993.

40Y -W. Mo, J. Kleiner, M. B. Webb, and M. G. Lagally, Phys. “?H. Brune, H. Raler, C. Boragno, and K. Kern, Phys. Rev. Lett.
Rev. Lett.66, 1998(1991); Alberto Pimpinelli, Jacques Villain, 73, 1955(1994).
and Dietrich E. Wolf,ibid. 69, 985(1992; J. Villain, A. Pimp- 43T. Ohno, Phys. Rev. Letf3, 460(1994; Thin Solid Films272,
inelli, L. H. Tang, and D. Wolf, J. Phys. (France 2, 2107 331(1996.



