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of Ag on Ag(111)

Erik Cox! Maozhi Li>* Po-Wen Chung,C. Ghosl?: T. S. Rahman,C. J. Jenks$,J. W. Evang,and P. A. Thiel
IDepartment of Chemistry and Ames Laboratory, lowa State University, Ames, lowa 50011, USA
2Institute of Physical Research and Technology and Ames Laboratory, lowa State University, Ames, lowa 50011, USA
SDepartment of Physics, Kansas State University, Manhattan, Kansas 66506, USA
4Department of Mathematics and Ames Laboratory, lowa State University, Ames, lowa 50011, USA
(Received 22 September 2004; revised manuscript received 17 December 2004; published 15 March 2005

Growth shapes of Ag islands formed on (Ad1) during submonolayer deposition at different temperatures
were studied with scanning tunneling microscopy, and analyzed via kinetic Monte Carlo simulation of a
suitable atomistic lattice-gas model. Distinct shape transitions can be observed, from dendrites with triangular
envelopes at low temperatur@zelow 140 K to more isotropic fat fractal islands at intermediate temperatures,
and then to distorted hexagonal shapes with lomysteps and shortek steps at higher temperatur@tbove
170 K). In contrast, the equilibrium island shapes in this system are almost perfect hexagons displaying a
near-sixfold symmetry. Modeling reveals that the broken symmetry of growth shapes at low and high tem-
peratures derives from the interplay of diffusion-mediated aggregation with different aspects of a corner
diffusion anisotropy. The broken symmetry is less clear at intermediate temperatures, where the near-isotropic
fractal shapes reflect in part a kink Ehrlich-Schwoebel effect.
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I. INTRODUCTION almost identicalt>'* Thus, the equilibrium island shape is
. i _almost perfectly hexagonal, and any deviations from this

Ag/Ag(111) provides a classic example of a homoepi- shape or reduction from sixfold to threefold symmetry reflect
taxial growth system where multilayer growth exhibits rapidkinetic effects related to growth. In contrast, other well-
kinetic roughening and the formation of “wedding cakes,” studied systems such as Pt/Btl) and Al/Al(111) display
i.e., multilayer stacks of two-dimensional islardd®.Both  clear reductions from sixfold to threefold symmetry, e.g.,
features are associated with a large Ehrlich-Schwod®®  compact triangular island growth shapes, due in large part to
step-edge barrier inhibiting downward interlayer transportg difference inA- and B-step-edge energiés.
although its magnitude for Ag/Ad11) is still uncertairf—’ For low-T epitaxial growth on fc€l11) and hcg0001)
These features are regarded as characteristic of otheurfaces, one often observes fractal or dendritic islahds.
metal111) homoepitaxial systems, as is “reentrant smoothHere, the term fractal refers to the case where the irregular
growth” at lower temperatures. The latter has been assocstructure is isotropic, and dendritic implies some overall
ated with development of irregular islands having lower ef-symmetry related to that of the underlying substrate. These
fective ES barrier§:1° irregular shapes derive from restricted periphery diffusion

Somewhat surprisingly, there has been no comprehensiv@D) of adatoms at the island edges. Specifically, PD-
real-space characterization of the temperature dependenceidiated island shape relaxation is not efficient enough to
either submonolayer island formation or multilayer growth quench the instability in island shapes which arises as a natu-
morphologies in this system. Some earlier studies focused oral consequence of terrace-diffusion-mediated island growth.
room temperature behavior, where the characteristic laterathis instability is often referred to as the Mullins-Sekerka
length scale is so large that the morphology is influenced byhstability'® in the context of continuum models of interface
defects (dislocation$ in the substraté.Thus, the primary propagation, or as the diffusion-limited-aggregati@LA )
goal of this contribution is to provide a systematic study ofinstability in the context of atomistic models where aggre-
the dependence of submonolayer island growth shapes ajating atoms stick at the impact sites.
deposition temperatur@). This knowledge is a prerequisite  |sland growth structure in metdlll) homoepitaxy invari-
to detailed analysis and modeling of multilayer growth. In-ably differs from simple DLA model$’ This is because even
deed, it is well recognized that for systems with large ESat the lowesf studied, adatoms at the island edges can typi-
barriers, submonolayer islands form the bases of multilayeg¢ally move locally from singly to higher coordinated sites in
mounds. Thus, island structure strongly impacts multilayethese system® and for mostT some longer-range PD is
morphologiest operative. Actually, for moderat&, even the simplest “tai-

For meta{111) systems, straight low-energy steps at is-lored model” with a single PD rate for all edge atoms not
land edges with orientations differing by 60° alternate be-trapped at kink sites does a reasonable job of describing ex-
tween so-called\- andB-type steps. These differ in the local perimental observations made in several systems of fractal
atomic geometry, as will be illustrated explicitly below. A islands with “fat” arms®
convenient feature of the Ag/A@ll) system as regards is- In addition, more detailed modeling has been performed
land morphologies is that energiesfAfandB-type steps are for various specific systems by including numerous PD bar-
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was oriented to th€l1l) direction. Subsequent polishirtgf-
ter sample degradatipnvas performed at Ames Laboratory
using 6, 1, and 0.2xm diamond pastes, with a final polish
using 0.025um colloidal silica.

All experiments were carried out in ultrahigh vacuum
(UHV) with a typical base pressure1x 1071° Torr. Thin
film deposition of Ag on the A@l11) single-crystal surface
between 120 and 200 K was performed using an Omicron
EFM3 UHV evaporator containing A{9.994% purgas the
deposition source. The flux was held fixed &
=0.003-0.004 monolayergMl)/s in all experiments. Film
morphology was examined using an Omicron variable-
temperature scanning tunneling microscope. Large flat ter-
races were observed, sometimes up to/ in width. The
height of monatomic steps bordering these terraces was con-
sistent with the known value of 0.235 nm for Ag.

Cooling of the sample was achieved using liquid nitrogen.
Temperature measurements for the sample were taken by
means of a silicon diode at the coupling stage. The accuracy
of the sensorLakeshore Temperature Contro)les +1 K
below 100 K (1% above 100 K The temperature differ-
ence between the coupling stage and the sample depends on
the absolute temperature and the sample mounting. As a
guideline, when i,qe~ 100 K, the offset is roughly 15 K,
and Tgampie Taiodet Offset, with a reliability of +5 K. We
have used this type of adjustment to determine sample tem-
peratures, and henceforth only these will be reported.

FIG. 1. STM images of island distributions formed after depo-
sition of 0.3 ML Ag on Ad111) with a deposition rate of 3.5
X 107 ML/s at different temperaturega) 120, (b) 135,(c) 150, (d)
165, (e) 180, and(f) 200 K. Each image size is 360300 nnf.

riers obtained from electronic structure calculatiéh©f
particular importance for this study is a “corner diffusion
anisotropy” phenomenon discovered in these previous
studies?>?? This phenomenon reflects the feature that ada-
toms which are singly coordinated or singly bonded to other Below, we describe in detail our observations on the
adatoms at the island edge can more easily undergo edggowth shapes of Ag islands formed by deposition on
diffusion “around the corner” in one directiofwhere the  Ag(111) at different temperatures. To facilitate the compari-
diffusion path is through a bridge sjtéhan in the opposite son of experiment and modeling, we present STM images of
direction(through an on-top sifeOne consequence for low- island shapes together with those from simulations of our
T growth is that terrace adatoms which aggregate by formingitomistic model. The details of this model and the associated
a single bond with isolated adatoms along step edges can legarameter choices will be described in subsequent sections.
readily relax to higher-coordinated sites/asteps than aB e should note that the STM images typically show second-
steps. Thus, outward growth Atsteps is more rapid, result- |ayer population(the lightest regions This is associated
ing in dendrites with triangular envelopes having sideswith atoms depositing on top of islands where they likely
aligned along the direction d8 steps. This lowF growth  remain due to the large ES barrier and nucleate second-layer
phenomenon has been analyzed in detail for AQUPD by  islands. The same phenomenon occurs in our simulation
Brune et al,?! for Pt/P(111) by Hohageet al,?? and for  model (where there is no interlayer transporbut the
Al/Al (111) by Ovessoret al 2 It is also expected to occur in  second-layer islands are not shown in the simulation images.
other metdll1l) systems, such as Ag/Agll). In addition, in this section, we provide some comments on

In Sec. Il, we briefly describe our experimental proce-previous experimental observations for this system.
dures, and then in Sec. Ill present our observations on island Figure 1 presents experimental island shapes for deposi-
structure utilizing variable-temperature scanning tunnelingion at 120, 135, 150, 165, 180, and 200 K, and Fig. 2 shows
microscopy(VTSTM). In Sec. IV, we present the atomistic the corresponding kinetic Monte Carl&MC) simulation
lattice-gas model for island growth. Extensive comparisorresults. Island shape transitions with increasing temperature
between experiments and modeling is also provided in Secsan be clearly observed. At low ( 120 and 135 K den-
[l and IV. Next, in Sec. V we discuss in more detail the dritic islands with triangular envelopes are visible and char-
atomistic mechanjsms underlying thg observed growth. Figcterized by preferential branch growth in tel2) direc-
nally, our conclusions are presented in Sec. V. tions, i.e., perpendicular t8 steps. At intermediat& (150

and 165 K, islands are more compact than those at Ibw
Il EXPERIMENTAL DETAILS but still exhibit some degree of fractal shape instability with

The Ag sample used in these studies was prepared hihicker arms, and with fairly isotropic overall structure. At

Princeton Scientific using a chemical etching process antligh T (180 and 200 K islands with somewhat distorted

IIl. EXPERIMENTAL OBSERVATIONS
ON ISLAND SHAPES
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FIG. 3. STM images comparing growth of extend&dype (a)
andB-type (c) steps at 135 K. Corresponding KMC simulation im-
ages are shown ifb) and(d). The image sizes are 230100 nn¥ in
(@), 144x 84 nnt in (c), and 138< 68 nn? in (b)and (d).

both experiment and simulation. Specifically, islands are dis-
torted hexagons with long@ steps tharA steps. This could
be a consequence of a corner diffusion anisotr@though
the density of corners is quite low at high, or perhaps due
to other kinetic anisotropies. We explore this issue further in
Sec. V.
Next, rather than discussing shapes of individual islands,
FIG. 2. Island shapes obtained from KMC simulations of a re-we explore related phenomena including growth at extended
alistic atomistic model after deposition of 0.3 ML with a rate of step edges, and the interference effect on island growth of
3.55x 1073 ML/s at temperatures ofs) 120, (b) 135, (c) 150,(d)  nearby islands and ascending steps. In Fig. 3, we show STM
165, (e) 180, and(f) 200 K. The image sizes are 18835 nnfin  images and corresponding simulations at 135 K of growth
(a),(b), and 202< 202 nn¥ in others. due to aggregation at ascending extendedndB-type step

hexagonal shapes are observed. There is generally goc?c?ges on AGLLD). Similar to the growth behavior observed

agreement between experiment and simulations. W the Pt/PLLY systgm%z wh.ile the A step grows very.
Dendritic shapes of Ag/Ad.11) islands formed by depo- rough, theB step remains relatively smooth. The behgwor is

sition at low T~110 K were also reported in one previous CONsistent with and expected from our observations of

experimental studjt consistent with our observations. No 9rowth of individual islandsA steps tend to grow out in

detailed analysis was performed of this previous imagefavor of B steps. , , o

However, it was argued that the corner diffusion anisotropy. Finally, in our experiments, the influence of the diffusion

experienced by aggregating adatoms plays the key role in tHé€!d on island growth is dramatic. Figurea# shows that

formation of the triangular envelope of the dendre©ur ~ 9rowth of nearby islands is greatly distorted during deposi-

modeling supports this claim, as discussed in more detail iffon of 0-3 ML Ag at 135 K. The islands labeled by 1 and 2

Sec. V. have nucleated quite close together, and apparently almost
One other image of an irregular fractal-like island formedSim““?‘n?OUS'X_QiYGH their roughly equal sizeThe growth

by deposition at 150 K has been reported previotfsijhe of thelr_tlps po_lntlng tow_ard_ eac_h ot_her is sf[ro_ngly _scre_ened

arms in that island were somewhat more prominent than iﬁlu_e tq mt_erac_tlon of their dlffus_lon f|e_Ids. Similar S|tu_at|or_ls

our 150 K STM images, but similar to our simulated shapesf”‘”se in Klnetlc Monte_ Carlo S|mulat|ons_as shown in Fig.

Indeed, it is possible that the temperature for our STM imagé(P)- For islands growing nearby ascending extended steps,

is slightly above 150 K, and that for the previous image istherel is no strong perturbation on _shape dlesplte the signifi-

slightly below 150 K, explaining the apparent discrepancy.cant influence of the step on the diffusion field.

The focus of this previous study was on assessing the thick-

_ening o_f the frchaI arms due to enhanced edge_diﬁusi_on with IV. ATOMISTIC LATTICE-GAS MODEL

mcreasmgT within the frameyvork of a quel with a single FOR ISLAND GROWTH

PD barrier® Our more detailed studies in Sec. V demon-

strate the key role that inhibited kink rounding plays relative In this section, we describe the details of our atomistic

to edge diffusion, thus requiring a more complex modelinglattice-gas modeling of island nucleation and growth during

and analysis than suggested in that previous work. deposition for metéll11l) homoepitaxial systems. Below,
There seem to be no previous growth studies of the spee, andk will denote one-, two-, and three-coordinated corner,

cific higherT regime where edge diffusion and kink round- edge, and kink sites, respectively, whexeA- or B-type

ing become sufficiently facile to produce a transition to com-steps. See Fig. 5, which also illustrates the distinct structure

pact distorted hexagonal shapes. Thus, our observation thaf A- and B-type steps. First, we describe in some detail

this transition occurs at around 180 K provides particularlythose features of the modeling which pertain to growth of an

valuable input for modeling. One unexpected observation isndividual island.

that even at 190 or 200 K where islands are large and com- (i) Adatoms reside only at fcc sites, and hop directly be-

pact, there is still significant breaking of sixfold symmetry in tween such sites, although rates or barriers reflect the diffu-
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TABLE I. Values for key PD barriers in meVtounded to the
nearest 5 me){ where KMC indicates values chosen in our mod-
eling. In addition, the EAM predicts thd, .. .,=380 meV and
Eg_.c.k=380 meV(which are both set to 360 meV in KMCEMT
indicates the effective medium theory.

Enon Ess Ecoa Ecg  Eeocoe

EMT (Ref. 2] 220 300 75 140 330
EAM 295 340 75 150 390
KMC 275 310 75 150 360

with observed rates for Ostwald ripenifgThe correspond-
ing detachment rate is negligible compared with the aggre-
gation rate.

(iii ) Step-edge atoms undergo PD hopping between one-,
two-, and three-coordinated sites. Triply coordinated kink
sites effectively act as irreversible trap sites for the time scale
and temperatures of relevance in our study. This follows
since the EAM barriers for escape from kinks to step edges
are E,_»,=0.47 eV andE,_z=0.54 eV. These are signifi-
cantly higher than the PD barriers included in Table I. The

FIG. 4. lllustration of the influence of the diffusion field on the corresponding escape rates ef10%/s at 150 K, and
growth of nearby pairs of islands at 135 Ka) STM image,(b)  ~10°4/s at 200 K are far below the aggregation rate, so kink
KMC simulation. Each image size is 28202 nnf. escape is not significant. Thus, the islands generated by the

model have nonequilibrium growth shapes, since true equili-
sion pathway, e.g., through intervening hcp sites. As arbration requires escape from kinks.
aside, we note that only a small fraction of hcp or “stacking (iv) The key model parameters are PD barriers describing
fault” islands are observed in our experimental studieka- edge diffusione—e, corner to edge hopping—e, kink
tive to the population of fcc islandsThis feature will be rounding e—c—Kk, and corner roundingg—c—e (for e
discussed in more detail elsewhere. =A andB). Effective barriers are determined by the highest

(i) Deposited atoms diffuse across the surface and aggrenergy on the overall diffusion path relative to the initial
gate irreversibly with the edge of a nearby islafidlands  energy, so corner rounding in either directién»c— B and
effectively just accumulate adatoms that land within “captureB— c— A, has the same effective barrier. See the Appendix
zones” surrounding theA? Detachment or evaporation and Fig. 6a). To reduce the number of parameters in our
from island edges is not significant for temperatures considmodeling, we set the three effective barriers for kink and
ered here. The effective barrier for evaporation is given bycorner roundingA—c—Kk, B—c—k, ande—c—e) to be
the barrier for detachment from kink&The embedded-atom equal. Other constraints are imposed by equalitAefaind
method(EAM) value of 0.76 eV for this barrier is consistent B-step energies, and by detailed balance. We choose a com-
mon prefactor for all PD processes wf 10'%/s.

Selected values for barriers shown in Fig. 6 are guided at
least in part by a previous effective medium theGBMT)
study?! and by our own more extensive embedded-atom
method studies. Table | compares our chosen barriers for
KMC simulation with those predicted by the EAM and EMT.
Note that values quoted for corner and kink rounding are for
a conventional single-atom-hopping mechanism. We have
checked with the EAM that barriers associated with a two-
atom exchange process are higher by about 0.2 eV for the
Ag/Ag(111) system.

Note that the corner diffusion anisotropy, mentioned
above, is reflected in the different values fdf,
=0.075 eV andE._,z=0.15 eV. See Fig. @. This aniso-
tropy is felt by adatoms which aggregate at the corners of

FIG. 5. lllustration of theA- and B-type steps on fqd11) sur-  distorted hexagonal islands at highErand influences the
faces, and the elementary diffusion processes, e, andk denote ~ associated growth shapes. See Sec. V for further discussion.
terrace, corner, edge, and kink sites, respectively. The white, graf;urthermore, we note that corner diffusion anisotropy is also
and black circles denote the substrate, island, and mobile atomeperative in so-called corner to kird— k hopping where it
respectively. The balls colored dark gray are corners of the islandis harder to reach kinks @ stepgFig. 6(b)] than those aB
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FIG. 6. Potential energy surface for periphery diffusion associated with corner rounding bé&tvaeeB steps(a); kink rounding on an
A (b) and aB step(d); relaxation to a kink site of an atom singly coordinated to another isolated atom Aricaand aB step(e). The unit
of energy barriers is eV.

steps[Fig. 6(d)]. Of particular significance for lowW-growth  direction to reach ar step. See Fig. (8). Then, the singly
is the situation where an aggregating atom attaches to eoordinated atom is temporarily trapped making rapid c
single atom on a straight step edge. One such configuration Fops with low barrier of 0.075 meV as shown in the far right
illustrated in the far right side of Fig. 5. Here, the barrier toside of Fig. 5. These configurations are not uncommon for
relax to the kink site is chosen as 0.15 eV for thetep[Fig.  the lowestT of interest here.
6(c)] and 0.075 eV for theB step[Fig. 6(e)]. This feature Given the sensitivity of island shapes to certain key bar-
produces dendrites with a triangular envelope at Ibvas  riers, and given the limitations in accuracy of semiempirical
noted above and in previous wotk?? and discussed further (and everab initio) methods, our ultimate choice of param-
in Sec. V. Finally, we remark that the same relaxation anisoeters is primarily driven by the requirement of agreement
tropy will be operative when aggregating atoms attach tavith experiment. Specifically, optimization of the choice of
sites at the corners of strings of atom®daandB-step edges barriers in our KMC modeling was achieved through a three
(which are typically short at lowr). stage process. First, we focused on adjusting the anisotropy
As an aside, we note that for the most part singly coordiin the corner to edgéor kink) barriers in order to recover the
nated corner adatoms can hop essentially instantaneously dendritic island shapes at low Then, we adjusted the edge
higher-coordinated sites, since there is usually a pathway tdiffusion barriers in order to obtain appropriate thickening of
reach such doubly or triply coordinated sites with a barrier offractal arms of islands upon increasiig Finally, we ad-
only 0.075 eV. However, one exception is where a singlejusted the edge to corner barriéesd thus the effective bar-
atom-thick finger of sites develops, and the atom attached ater for kink or corner roundingto achieve a transition to
the corner has a higher barrier of 0.15 eV to hop in eitherompactification around 180 K. Of course, there is some un-

115414-5



COX et al. PHYSICAL REVIEW B 71, 115414(2005

certainty in the values of these parameters. For example, by TABLE Il. Comparison of characteristic times for aggregation,
slightly decreasing edge diffusion and kink rounding barri- 7agg @nd for transport to kinkszpp.
ers, simulated island shapes at 150 K would become some
what more regular, certainly consistent with our débat  T(K) Tagg(S) 7pp(B— B)(s) Tpp(e—Cc—K)(9)
IesliI like those in Ref. 24 _ 135 1015 |25 1025 L 1001
ext, we discuss the additional features incorporated into 20 5 a6 -
our simulations for nucleation and growth of multiple is- 10% Lox10™ L X107
lands. The key factor controlling island structure is the rela200 10%2 L?x 1073 Lx 1042
tive magnitude of rates for PD and for aggregation of single
atoms with islands. See Sec. V. The latter is giverFii){isy  a probability of 1L for the edge atom to be adjacent to the
whereF=0.0035 ML/s is the deposition flux, and; is the  kink. Here, h denotes hop rategper second for PD
island density(per sitg. Thus, one can reasonably assessprocesse$®?° In general, one haspp=7pp(e— €)+7pp(e
island structure using simulations of growth of a single is-—c—k). In Table Il, we compare values of these character-
land in a system of size selected to give the corMgt(and istic times at variou§ using parameters appropriate for the
using the experimentdl). However, in deposition processes, Ag/Ag(111) system. One can see that shape instability is
islands are not periodically distributed, and shapes of indidriven predominantly by limited kink rounding, and should
vidual islands are strongly affected by the positions of sur-occur at 135 and 165 K for expected valued.of 10 (where
rounding islands due to diffusion field effects. Thus, to cap-7,4q<7pp) Or above, but not at 200 K fok ~50 (where
ture this feature, we perform simulations of nucleation andragg™ 7ep)-
growth of many islands during deposition, where we fine-
tune terrace diffusion parameters to recover the experimen-
tally observed island density for each temperature of interest. AS noted above and in previous studiés? one manifes-
These densities(per fcc sit¢ vary from ~1x 104 at tation of'ghls anisotropy is to produce dendl’lj[IC |slan_ds at low
120-135 K, to ~5X 1075 at 150-165 K, to ~2x 1075 at  I- Specifically, aggregating adatoms attaching to single ada-
180-200 K. See the Appendix for further discussion. toms or the corners of sho_rt str_ings of adatoms at step edges
There is one feature of the Ag/AtL1) deposition pro- can more re_ad|ly relax to_klnk sites Btsteps_ than_aAsteps.
cess which allows for a convenient simplification in OurCompare Fig. @) with Fig. 6(c). As described in Sec. IV,

modeling. There is little contribution to island growth from thlsF(I)eraﬁ%rt]o ;ﬁztlighgrrozglltgn%rsthggggril:ogitgt%sﬁeo[ hexagons
atoms landing on top of islands at the submonolayer coverg, ,

. . rdered by fairly straightA- and B-step edges having a
ages and temperatures considered fié?dhis is expected qjte jow d){ansityyof co?ner and kink Sites gat their egges.

due to the presence of a large Ehrlich-Schwoebel barrier, a hus, one might expect the effect of the anisotropy to be-
due to the lowT considered here. Consequently, this contri-come insignificant. However, our experimental observations
bution is neglected in our modeling. Our analysis of popula-and simulations suggest that even around 200 K, the weak-
tions of different layers, in more extensive studies focused olgned anisotropy still affects island shape. In this regime, the
multilayer growth, supports this claiffi. anisotropy can exert its influence in the following way. Ada-
The KMC simulations of the atomistic lattice-gas model toms diffusing across a terrace to a corner site separéting
were performed on a large-1(P site) six-coordinated trian- andB-step edges of an island tend to subsequently hop to the
gular lattice representing the fcc sites on a(fdd) surface. A step more often than to thH& step due to an asymmetry in
Periodic boundary conditions were imposed. A Bortz-typethe potential energy surface for PD at the corner. The effect
algorithm'* was used which tracked different classes of dif-of corner diffusion anisotropy is to caugesteps to propa-

B. Analysis of the effect of corner diffusion anisotropy

fusing terrace and step-edge adatoms. gate faster thaB steps, thus causing tiesteps to disappear
or “grow out,” leaving islands with predominanty steps.
V. DISCUSSION AND ADDITIONAL We should caution that anisotropy in edge diffusion could

also produce distorted hexagons at highieralthough this
does not seem to be the case for the Ag(d) system(see
A. Basic analysis of island shape stability below).

Formation of compact or regular island shapes requires, [ °rder to unambiguously assess this affect of corner
that adatoms acarecating at the island edae have enou%ﬁusmn anisotropy, we performed additional simulations
. ggregating 9 ithout anisotropy of corner rounding aggregation at 120
time to reach kink sites between aggregation events, thug

i i by oth i ¢ o f nd 200 K, respectively. Clearly, at low(120 K), removal
avoiding capture by other aggregating atoms 10 Torm nevie o anisotropy produces isotropic fractal shapes. Compare

outer rows. Thus, it is natural to compare the characteristiq:igs 7@ and 7b). At high T (200 K), removal of the an-
time between aggregation eventggg~Nig/F, with the isotropy produces on average near-hexagonal islands, in con-

characteristic timerpp to reach a kink via periphery diffu- oot 10 the preference for longBrsteps with the anisotropy.
sion for a typical kink-free step-edge lengthlafHerelL is Compare Figs. ©) and 1d).

measured in lattice constanhdy is the island density per fcc

site, andF=0.0035 ML/s is the deposition flux. Ifpp is C. Analysis of island shapes at moderatd:

controlled by diffusion along straight steps, thes(e—e) Kink Ehrlich-Schwoebel effect
~L2/(12h, o). 2 10If it is controlled by kink rounding, then At moderateT of 150 or 165 K, it seems that any break-
mpp(€— C—K)~L/(2hs ), Where the factor oL reflects  ing of sixfold symmetry is somewhat hidden by the irregular

MODELING ANALYSIS
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FIG. 7. Demonstration of effect of the corner diffusion aniso- ol e re el _anisotropy exclu
tropy on island growth shapes for 0.3 ML deposition. Simulations
with (a) and without(b) this anisotropy at 120 K. Corresponding e —— A 1o Bstop crossing (PD) 0
results for 200 K are shown ifc) and (d). The system size is 31 - B- to A-step crossing (PD)
202 202 ni. o 10000 T=200K
3
o
island shapes. It is appropriate to ask, what is the main factor 5 s anisotropy included
producing the shape instability at these temperatures? The § anisotropy excluded
simple analysis in Sec. V A above suggests that limited kink 8
rounding® may be more significant than limited edge diffu- a0 .
sion. To test this assertion, we have performed simulations @ —— A-to B-step crossing (PD) ()
. . . . = + _B- to A-step crossing (PD)
with a reduced kinKor cornej rounding barrier to compare 9 300 T = 150K
against those with our previously selected barriers. Indeed, S et e
we find that as the kink rounding barrier is reduced, the = 0 NN e T
islands become significantly more compact, and in factadopt € . ) /"\M-f"vv\/\r/\.ﬂ\hv
strongly symmetry-broken distorted triangular shapes. See §
Flg 8. o anisotropy included anisotropy excluded
0.0 01 0.2 0.8 01 0.2 0.3
Coverage Coverage

D. Symmetry breaking and mass transport between step edges FIG. 9. Simulation results at 200 K for corner to edge fluxes of

The broken sixfold symmetry clearly can result from cor- aggregating adatoms witfa) and without(b) corner diffusion an-
ner diffusion anisotropy, but it can also derive from edgeisotropy. Corresponding results are showrtdhand(d) for 150 K.
diffusion anisotropied-32 Subtleties with regard to the latter Simulation results at 200 K fok- to B-step-edge PD fluxes, ari
have caused some confusion even in the simplest case Bf A-step-edge fluxes witite) and without(f) cormer aggregation
equal A- and B-step energies. Initially, it was argued that anisotropy. Corresponding results are shown(gn and (h) for
slower edge diffusion along steps would lead to rougher, 150 K. The system size in simulation is 27@70 nn¥.

idly ad i teps, [ t d t .
more rapidly advancing steps, causing3 step edges to éeads to a net mass flow froBito A edges, which causes

grow out. In fact, as discussed in Ref. 11, the opposite is tru d i t H this edae diffusi isot
Slower B edge atoms are less efficiently captured by kinksS99€s 1o grow out. Hence, this edge diffusion anisotropy

(despite the enhanced kink densjtgo the population of would act in the same direction as corner aggregation aniso-

adatoms on th& edge is higher than on th& edge. This tropy for the Ag/Aq11_1) system. .
One way to quantify these phenomena is to augment

simulations to monitor the relative fluxes of atoms which
have aggregated at corner sites separating stréigirid B
steps and then hop to th&versusB-step edges. For such
adatoms, we compare the flux goingAsteps with that td@
steps at 200 K in Fig. @ and at 150 K in Fig. &). As
expected, with corner diffusion anisotropy, the former flux is
far higher. In refined simulations without this anisotropy, the
two fluxes become almost equal. See Figé) @nd 9d).

FIG. 8. lllustration of kink Ehrlich-Schwoebel effect on island ~ In addition, we examine the PD flux betweén and
growth shapes for 0.3 ML deposition &t=150 K. (a) Ea_c B-step edges at 200 K in Flg(@ and at 150 K in Flg @)
=0.285 eV,Eg_.=0.36 eV; (b) E5_.=0.275 eV,Ez_.=0.33 eV;  One finds that these fluxes roughly balance at 200 K with or
(€) Ea..=0.275eV, Eg_.=0.31eV. In all cases, E5 .,  Without corner diffusion anisotropy. See FiggePand 9f).
=0.275 eV antEg_5=0.31 eV. The image size is 81 nnt. However, at 150 K, the presence of corner diffusion aniso-

T T RA TR Y
SRR A AN
3 adaA et asiAialat 4
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tropy significantly enhances the population of adatom#\on ported for this work by NSF Grant No. CHE-0414378. It was
steps relative td steps. Thus, one expects a net flow of performed at Ames Laboratory, which is operated for the
adatoms fromA to B steps to counter this imbalance as con-y.S. Department of Energy by lowa State University under

firmed in Fig. 9g). TheA-step edges still grow out since the contract No. W-7405-Eng-82. T.S.R. was supported by NSF
effect shown in Fig. &) still dominates. If one removes this Grant No. EEC-0085604.

corner diffusion anisotropgbut maintains the edge diffusion

anisotropy, then one finds a net mass flow frdsrto A steps.

This is due to the edge diffusion anisotropy, for reasons de-

scribed above. See Fig(H9. However, the magnitude of this APPENDIX: FURTHER DETAILS OF ISLAND

net flux is fairly small, and it does not have much effect on NUCLEATION AND GROWTH

island shapes. As already indicated in Sec. V B, while the

edge diffusion anisotropy is operative in this system, it has a Below, we comment further on two specific issues related

relatively minor effect on island shapes compared to cornefg island formation.

diffusion anisotropy. (i) The effective rate for corner rounding from a straight
VI. CONCLUSIONS B-step edge to a straigAtstep edgéng_,. . iS controlled by

. _ the slow ratehg .~ v exp(—0.36 eV kgT) to reach the cor-
We have systematically studied the temperature depegg

. . " er. Herekg is the Boltzmann constant. The rate f&f to
dence of island growth shapes in submonolayer deposition A _ :
Ag on Ag(111) surface between 120 and 200 K. Island ~step corner rounding 'bA.HCHB_hCHBpC'.WherepC s the
shapes progress from dendrites with triangular envelopes &oPulation of corer(relative to edgp sites. Hereh g
low T to more isotropic fractals at intermediateand thento ~ ~ &XP(~0.15 eVkgT) and p.~exp(-oE/kgT) where SE
distorted hexagons at high. Since energies foA andB  =0.21 eV is the difference between corner and edge energy.
steps are almost identical, observed reduction from sixfold td'hus, effective corner rounding rates in both directions are
threefold symmetry must reflect kinetic anisotropies. KMCidentical, as stated in Sec. IV. This is a consequence of the
simulations of a realistic atomistic model provide detailedequality of A- and B-step energies.
insight into the underlying microscopic mechanics. The (ii) Our observed island densities for coverag®.3 ML
choice of activation barriers for PD in the modeling is guidedand 126200 K are reasonably consistent with results from
by EMT and EAM calculations, but fine-tuned to match ex-Brune et al33® at 50-130 K. The latter, which are for much
perimental observations. Corner diffusion anisotropy has #ower coverage and lower flux, are fit by simulations for
strong influence on shapes at both high and Towhe effect irreversible island formation with terrace diffusion barrier
of small additional barriers for kink rounding is significant at E;=0.10 eV andv=10"Y/s. The “low” value ofv likely re-
moderateT. Our successful development of a predictive ato-flects some influence of longer-range repulsive
mistic model for submonolayer island shapes is a necessaigteractions:** Early experiments suggested that some type
precursor to our planned development of a realisticof transition occurs at about 130%.If this is the onset of
multilayer growth modet? reversible island formation, standard analysis implies an ada-
tom pair bond energy of-0.15 eV3® which is quite plau-
ACKNOWLEDGMENTS sible although significantly lower than a receab initio
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