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Abstract

Experimenta observationsof homoepitaxia growth of
Pt(111) have shown asurprising richness of transitionsinthe
idand shape and the growth mode asfunctions of temperature.
We present a set of kinetic Monte Carlo ssimulations capable
of reproducing the various observed dendritic and compact
island shapes, and the unexpected transition to reentrant layer
by layer growth. The simulations are based on the available
experimental information, and Effective Medium Theory
energy barrier calculations. Thevariationsinidand shapeare
explained intermsof the mobility and stability of adatomsand
rows of atoms attached to theisland edges, and thetransition
to reentrant layer-by-layer growth isfound to be caused by a
transition in the island shape.
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Introduction

Homoepitaxial growth of Pt(111) has recieved
considerable attention in the crystal growth community. The
reason isthe observations of striking variationsin theisland
density [4, 5, 27], idand shape [ 12, 24] and the growth mode
[5, 18, 26] with the substrate temperature, and the existence of
a growth induced reconstruction of the surface [4, 8].
Depending on thetemperature and depositionrate, the surface
can grow in either a2-dimensional (2D, layer-by-layer) or 3-
dimensiond (3D) growth mode[18], and theid andsnuclested
during the growth may take on avariety of fractal, triangular
or hexagonal shapes[24]. Inparticular, thetransitionfrom 3D
growtharound 400K to reentrant layer-by-layer or 2D growth
at lower temperatures isinteresting because of its relevance
to the general goal of being able to grow smooth thin films.
Theexperimenta observationsof the system havetriggered a
considerable amount of theoretical work including various
firg-principles[9, 10, 25] and more approximative[14, 15, 19,
21, 31, 32] tota energy calculations, molecular dynamics
dmulations[33, 34] and kinetic Monte Carlo (kM C) smulations
[5,12,13, 14,20, 36].

Theshape of theidands of monoatomic height formed
during homoepitaxia growth of Pt(111) has been measured
using Scanning Tunneling Microscopy (STM) [12, 24]. For
typica depositionratesof 10°to 102 ML/s, thereisatransition
a around 300 K from afractal or dendritic idand shapeto a
compact island shape when increasing the temperature.
However, an equilibriumisland shapeis only obtained when
the substrate temperatureisincreased to 710 K. In between,
the compact idands take on various different triangular and
hexagonal shapes. At 400 K the idands are triangular and
surrounded by so-called A-step edges (see Fig. 1). At 455 K
the idands are hexagonal and surrounded by both A- and B-
step edges. At 640 K theidands are again triangular, but at
this temperature they are surrounded by B-step edges, i.e.,
thetrianglesarerotated by 180°. Theequilibriumidand shape
is quasi-hexagonal, with the B-step edges |onger than the A-
step edges, and from this shape one can deduce the ratio of
free energies of the two types of step edgesto be 8Bstep/EAsth
=0.87+0.02[23, 24]. In[13] we present agrowth model which
reproduces the observed compact island shapes in the
temperature range from below 400 K to 800 K, and which
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suggests an explanation of these compact idand shapes in
terms of step energies, and binding energies of single atoms
and rows of atoms attached to the steps.

For low deposition fluxes (6.7 x 10* ML/s), the low
temperature idands are not random fractals, but rather they
are dendrites, and theisland branches have preferred growth
directions perpendicular totheA-steps[12]. Theidand shape
is modeled by assuming an asymmetry in the diffusion of
atomsaway from the cornersof theidands, smilar towhat is
suggested to happen for the growth of Ag on Pt(l11) [6].

Homoepitaxial growth of Pt(l11) isknownto proceedin
a 2D fashion around 620 K, a 3D fashion around 425 K, and
then again in a 2D fashion around 275 K [5, 18]. The high
temperature growth mode transition can be understood by
the presence of a Schwoebel barrier [15, 28, 37], whichisthe
additional energy barrier atoms haveto overcomein order to
descend fromidandson thegrowing surface. If, at somelow
temperature the atoms can not overcome this barrier, 3D
growth will result [30]. The low temperature growth mode
trangition to the so-called reentrant layer-by-layer growth is
harder to rationalize. If transient interlayer mobility of the
deposited atomsissufficiently high at low temperatures, where
thereis avery high step density, it could be the mechanism
behind the growth mode transition [1], however molecular
dynamics simulations do not support this hypothesis [33].
Thelow temperature growth modetransition can then only be
explainedif the Schwoebel barrier islowered or not present at
thelower temperatures. Inreference[15] we present agrowth
model, based on scaled Effective Medium Theory (EMT) [ 16,
17, 29] energy barriersfor theatomic diffusonwhichisableto
reproduce the transition to reentrant layer-by-layer growth.
We found that the transition is strongly coupled to the
trangition in island shape from compact triangular islands
around 400K tofractal idandsat lower temperatures. Along
theirregular edges of the fractal islands, specia siteswith a
low Schwoebel barrier can befound.

Thegrowth modelsmentioned aboveareall formulated
intermsof aset of energy barriersfor atomic diffusion events
and it is not immediately obvious that they are internally
consistent. Inthispaper, we present amodel whichisableto
reproduce experimental island densities, all the observed
dendritic and compact island shapes, and the growth mode
trangtion from 3D growth around 400K to reentrant layer-by-
layer growth at lower temperatures. Weformulate acons stent
set of mechanisms which we show can give rise to the
observed growth behavior. Essentially all available
experimental and theoretical information about the systemis
used in constructing the set of energy barriers in the model.
We emphasize the consistency of the model, and the good
agreement with experiment, but do not claim to predict the
exact values of energy barriers. For the variations with
temperature of compact island shapes, our proposed
mechanism may not be the only possibility.
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The paper is organized as follows. First, we briefly
explainthemethod used inthesimulations. Thenweestablish
auseful nomenclaturewhich will eesethefollowing discussion.
Having done that, we turn to presenting the growth model
and the outcome of simulationsof themodel at varying surface
temperature and deposition rate. Aswe do this, we discuss
the mechanisms, which give rise to the changes of island
shape and growth mode in the model. We aso mention the
possihility of aternative mechanisms. Finally, we conclude
with abrief summary.

Method

Wesimulatethe homoepitaxia growth of PtusingkMC
[11,22,35]. Thesmulationsaredoneon anfcclattice. Fora
given configuration of the surface, alist of all possibleatomic
diffusion processes and their corresponding rates is created.
One of these processes is then chosen to occur with a
probability proportional toitsrate, or anew atomisdeposited
with a probability proportiona to the total deposition rate.
The list of processesis updated, a new event is chosen and
so forth. The possible atomic diffusion processes are given
by the growth model described below. The rates of these
processesare assumedto begivenby r, = vexp (-E/KT), where
Kisthe Boltzmann congtant, Tisthetemperature, and E isan
energy barrier, which depends on the loca environment. A
common pre-exponential of v = 10" s* is assumed for all
processes. Overhangs are neglected and hence atoms funnel
down until they are supported by three neighbors below.

FortheEMT calculations, detail sof theimplementation
and the actual parameter values can be found in reference
[29].

Nomenclature

Becausewe neglect overhangs, the possiblediffusion
processes naturally divide into in-layer and inter-layer
processes, wherethelayersarethe (111) planesparallel tothe
surface. Inlayer processes can be diffusion of isolated atoms
on the terrace (terrace diffusion), diffusion of atoms along
island edges (edge diffusion) or dissociation of atoms from
island edges to the terrace (2D-evaporation). Important
characteristicsof in-layer processes arethe number of nearest
neighbors in the same layer of the moving atom in itsinitial
andfinal state. Welabel thesenumbersN, and N.. For terrace
diffuson N, is dways zero, for edge diffuson N, and N, are
greater than zero, and for 2D evaporation N is greater than
zero, whileN, iszero.

Of particular importance to the iand shape are the
edge diffusion processes. In Figure 1a, we define various
structures found along the island edges. Notefirst of al the
difference between the two types of straight steps on the
(111) surface: the A-step made up of a(100) facet, and the B-
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Figure 1. (a) Structures of atoms attached to island edges and special sites the adatoms can occupy. (b) Various edge diffusion
processes important for the iand shape. (c) The transition state for diffusion along A- and B-steps.

Figure2. Theenergy barriersin eV for edge diffusion, as used in the kMC simulations. The solid curve on the left showsthe
potential energy of an atomwhichisdisplaced fromakink siteat the B-step (Bk) viaacorner site(c) toakink siteat theA-step (AK).
The dashed curves show how the kink dissociation barriersare changed if theatomisinitially part of astep dimer (Adand Bdon
the A and B steps, respectively. The atomic configurations are shown on the right.

step made up of a(111) facet. A stepislandisarow of atoms
atached to an idand edge. The smallest step idand is the
step dimer. A singleatom attached to anidland edgeisastep
adatom. A special sitefor astep adatomisthe corner site, in
which the adatom only has one neighbor intheisland. When
the step adatom diffuses to a kink site, it becomes part of a
step idand. In Figure 1a we define various edge diffusion
processes. For corner diffusion, N, is1. For step diffusion N
is2, thetwo neighbors must themselves be neighborsto form
apart of astep, and the moving atom must diffuse along one
of its neighbors. For kink dissociations N, is 3, the three
neighborsmust form akink, and the moving atom must diffuse
along one of its neighbors. A dimer dissociation is a kink
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dissociation, in which astep dimer breaksup. Sincean atom
undergoing an edge diffusion process (as defined above)
aways diffuses along exactly one in-layer neighbor, the
trangition state (TS) isalwayssimilar to either A-step diffusion
of B-step diffusion. Hence, the edge diffusion processcan be
labeledwithaTS where TSiseither A or B. Thisisillustrated
in Figure 1c. With these definitions, we can label an edge
diffusion processby N TSN, For example, diffusion along a
sraight A-stepislabeled 2A2. Wewill useEfor energy barriers,
and ¢ for energy levels, or differences in energy levels of
meta-stable states.
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Table 1. Energy barriersin eV used in the model which reproducesisland densities, island shapes and the growth modes.

Terrace diffusion

Diffusion of monomers 026
2D Evaporation
Dissociationfrom 1inlayer neighbor 08
Edge diffusion N, TS N,
Corner diffusion 1 A >1 035
Corner diffusion 1 B >1 040
Step Diffusion/Step to corner 2 A >1 060
Step to corner 2 B 1 075
Step Diffusion 2 B >1 070
Kink Dissociation 3 A >1 110
Kink Dissociation 3 B 1 115
Kink Dissociation 3 B >1 110
Step dimer dissociation 3 A >1 115
Step dimer dissociation 3 B 1 090
Step dimer dissociation 3 B >1 085
Inter-layer diffusion
Descent at straight step 06
Descent next tokink at B-step 0#
4.0 . Dimersareexplicitly immobile, thusthe corner diffusionisnot
y _ x activeinthecaseof adimer. Figure2 showsan energy diagram
= fg&m ol al, for edge diffusion constructed from Table 1. A common pre-
s 70 L1 1 exponential of 10 stisused for all processes. Inthe case of
%" %o adatom terrace diffusion, this pre-exponentid is the attempt
E aok & | ratef_orj umping from anfcc siteto each of the six neighboring
o . 3 fcc sites.
& The model parameters are, as far as possible taken
2 a0} p) %o from[13] and [15]. Theedgediffusion barriersaretakenfrom
g [13], with thedetailsat the corners changed to al so reproduce
e & the shape of the low temperature dendritic iSlands. When
10.9 om o - OO comparing thebarriersfor theinter-layer processeswith those

Inverse temperature, 1/meV

Figure 3. Natural logarithm of the simulated and measured
saturationisland dengitiesasafunction of inversetemperature
for temperaturesbelow 270K. Inboth cases, thedepositionis
flux 0.00066 ML/s. Theexperimental dataisfromreference[4].

PU/Pt(111) Growth M ode

Theatomic diffusion processesincluded in the model
arelisted in Table 1 together with their corresponding energy
barriers. Only single atom events areincluded in the model.

givenin[15], somecareshould betaken: Inthepresent mode,
for reasons of smplicity, wedo not includethelowering of the
energy level of atoms on an isand when they approach the
descending step edge. This lowering is found in the EMT
[15], in Embedded Atom calculations [32] and in Field lon
Microscopy (FIM) experiments for other systems (see
reference [7] and references herein), but is not essential for
reproducing thetransition to reentrant layer-by-layer growth.
Therefore, the inter-layer barriers in this model are from an
0.06 eV higher energy level, than thosein[15].

Theidand density

Bott et al. [4] report very carefully performed nuclegtion
experimentsfor PY/Pt(111) using an STM and can reproduce
the measured saturation idand densitiesusing 5x 102 s*and
0.26eV for thepre-exponential and energy barrier for theterrace
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Figure4. Simulated idand shapes as a function of temperature. The surface orientation is asin Figure 1a. Below: Random
deposition on the terrace. Only part of the smulated surface is shown. (b) and (c) are not reprsentative of the isand density.
Deposition Flux F, coverage O and shown areaA: (a) F=0.0002 ML/sec, O=0.1 ML,A=90000 unit cdls, (b) F=O.001 ML /sec,
0=0.06 ML,A=32400 unit cels, (c) F=0.001 ML/sec, O=0.04 ML, A=28900 unit cells. Above: random depositiondirectly along the
island edge. Depositionflux: O.00I ML/s. Total depositionrate R, idand size Sand the coverage O: (d) R 22.5 atom/s, S= 1157
atoms, O=0.05ML; (e) R=140.6 atonVs, S= 7000 atoms, O=0.05ML; (f) R=360 atom/s, S= 18000 atoms, O=0.05ML; (g) R=

722.58o0m/s, S=11241 atoms, O=0.016.

diffusion of isolated adatomsinkM C simulations. InFigure3
we compare the saturation island densities obtained within
the present model totheir experimental data. Thetemperature
rangeis150t0 270K, and thedepositionfluxis6.6 x 10* ML/
s, inbothexperiment and smulation. Theagreementisexcellent.
Themode barrier for 2D-evaporation from 1in-layer neighbor
of 0.8 eV makesdimersstableinthe entiretemperaturerange
(the process doesin fact not influence any of the simulations
presented here). Theagreement inFigure3judtifiesthat dimers
arestableandimmobileupto 270K.

Theidand shape

Figure 4 shows the simulated island shapes as a
function of surface temperature and deposition flux. These
simulations are done in two different ways. At the higher
temperatures, it is not possible to simulate the diffusion of
isolated atoms on theterrace. Theratio of their hopping rate
to the deposition rate is too unfavorable for the kMC
simulation. InFigures4d through 4g, the atomsare deposited
directly at arandom place along theisland edge, and only the
edge diffusion processes arein-cluded. Thetotal deposition
rateisinversely proportional to theisland density, where we
have used a simple interpolation of values obtained from
Figure 1band 1d of reference[24]. In Figures4athrough4c,
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the atoms are deposited randomly on the entire surface, and
all processes of Table| areincluded.

By comparison to the STM imagesin references[12]
and[24], themodd clearly reproducesthe experimental idand
shapesvery well. At 245K and 2 x 10 ML/sthe smulated
islands are dendritic with atriangular envelope. Theisland
branches preferentially grow perpendicular to the A steps.
Upon raising the temperature, the islands become compact.
At 370K thesimulated idandsaretriangular having A-steps.
At 640K theidandsaretriangular having B-steps. At 510K
thesimulated idandsare hexagonal, and at 790K theidlands
arequasi-hexagonal, with the B-step edges|onger than the A-
step edges, and with rounded corners.

At510K thereisvery little difference betweenthetwo
ways of doing the smulation (Figs. 4c and 4€). Because of
the high mobility of step adatoms, it is not important where
the atomsfirst attach to theidand. Thiswill betrue also for
higher temperatures. At 370K thereisasignificant difference
between thetwo waysof doing thesimulation. Theidandsin
Figures 4b and 4d are both mainly surrounded by A-steps.
But theidand in Figure 4b has sharper tips, and concave step
edges. Therearetworeasonsfor this. Becauseof the character
of the random walk of the diffusing adatoms on the terrace,
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Figure5: Thesmulated step density asafunction of coverage
at 255K andat 370 K. Theoscillationsindicatelayer-by-layer
growth, and the monotone increase indicates multilayer
growth. The depositionrateis0.01 ML/sec.

they will be more likely to attach to the tips rather than the
sides of the triangular islands. But aso, due to the non-
uniformity in the inter-layer barrier, (which we will address
below), the atoms arriving on top of the islands will
predominantly descend at the tips, as long as second layer
nucleation has not yet set in. Both of these mechanismswill
increase the growth velocity of the tip relative to the sides,
and this gives the idands their characteristic shape with the
concave sides.

We now discuss the mechanisms which give rise to
thevariousidand shapesinthemodel. Todothis, weusethe
EMT result, that theenergy barrier for edgediffusoningenera
increases with N, [15]. Consequently, at the lowest
temperatures, only processes with low N. are active and can
influence the idand shape. As the temperature increases,
additional processes become activein order of increasing N..

It is possible to imagine atemperature where terrace
diffusion is the only active diffusion process, and al edge
diffusonisfrozen, i.e., whereonly N=0 processesare active.
In this case, classical diffusion limited aggregation will be
observed [6, 38]. When increasing the temperature, corner
diffusionwith N=1will bethe next processto becomeactive.
If the barrier for corner diffusion is the same towards the A-
and the B-step, this processwill giveriseto adight increase
inthearmwidth of thefracta idands[12, 39]. If thesebarriers
arenot thesame, step adatomsat corner Siteswill preferentially
diffuseinthedirection of thelower barrier. Thiswill giverise
to preferred growth directions of theisland branches[6, 12],
with the island branches growing faster in the direction
perpendicular to the step to which the step adatoms tend to
go. Weusethebarriers0.35and 0.40€eV for thecorner diffusion
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towards the A- and the B-step respectively. This makesthe
idand branchesgrow faster perpendicular to theA-step (Figure
43). Itisareatively wesk asymmetry, and it isnecessary togo
toavery low deposition flux to seeastrong effect in agreement
withexperiment[12, 24]. Hohageet al. [12] suggest thebarriers
0.33 and 0.51 eV for the same two processes, with a pre-
exponential of 5x 10s?,

When further increasing the temperature, edge
diffusion processes with N=2 are the next processes to be
activated. Thisalowsfor step diffusion and corner crossing,
and when these processes are sufficiently fast, a compact
idand will grow. Step adatoms can move aslong asthey are
isolated, but are immobile after arriving at akink site. The
important quantitiesbecomethe mobilities, givenby E,,, and
E,,,» Of step adatoms aong the two types of steps, and the
relative stability onthetwo steps. The latter isgiven by Ae,,
the difference in the total barrier for corner crossing when
coming from thetwo different steps. WewriteAe, = €*, - €8,
where €, isthe energy level of a step adatom on the A-step
compared to the bulk energy level, and likewisefor €°,.

The diffusion barriers for Pt adatoms aong the rows
onthePt(311) and Pt(331) surfaceshave been measured using
FIMtobeE,, =069+ 02€eV andE,, =0.80+0.1eV [2].
These diffusion processes are very similar to the diffusion
along A- and B-steps respectively. Thissuggeststhat E,,, <
E,,- In[13]itisshownhowE,,<E,,, withAe, =Owill cause
theA-stepto bethefaster growing step and giverisetoidands
with B-step edgeslonger thanA-step edges. WithE,,, <E,,,
it is essential to have Ag! > 0, in order to reproduce the
experimental idand shape around 400 K. Thisisalso found
by Villarba[31]. Thisstronger binding of the adatomsto the
B-steps will give anet rate of corner crossing from the A- to
the B-step. TheB-stepswill then grow faster, leaving behind
a triangular island surrounded by A-steps. Based on the
experimental valuesfor E, , andE,, , andonthescaed EMT
barriers from [15], we use E,,, = 0.6 eV and E,,, = 0.7 €V.
Higher values will give atoo high transition temperature to
compact islands. With Ag =0.1 eV we reproduce the
experimental isand shapearound 400K (Fig. 4b).

Whenincreasing thetemperature evenfurther, thekink
dissociationswith N=3 become activated. Thisenables step
islandsto redissociate, and therel ative binding of stepidands
on the two steps becomes relevant. While the assumption
that step adatoms bind the strongest to the B-step seems to
be what causes the growth of triangular islands having A-
stepsaround 400K, it isinfact an anomaly compared to what
would be expected from the experimental ratio of the step
e”ergi&‘(sag@/sA%p <1). Inref.[13], therelation betweenthe
binding energies of step islands and the step energies is
explored, and it isconcluded, that if one neglects differences
in the interaction between kinks on the two different steps, it
follows that
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Figure®6: Surfacemorphologiesafter simulated deposition of 0.25ML (top) and4ML (below) at 255K (left) and 370K (right) at a
deposition flux of O.01 ML/sec. Thesurface orientationisasin Figure 1a. Thesurfaceareasare 400 x 400 surfaceunit cell at
255K and 500 x 500 at 370 K. Also shown are histograms of the coveragein each layer abovethe surface at thetotal coverage
of 4ML.

steps per step atom, and likewisefor €2 and eBaep. Hence, the
N-sized island bind stronger to the less stable step, which is
the opposite of our assumption for the step adatom. The
wheree? istheenergy level with respect to bulk Pt atoms of assumption for the kink-kink interactions, which leadsto eq.
an N-sized step idand on the A-step, sAaep isthe energy of A- (1) need not bevalid for small N.

Hebep —ESep) =EN €N ®
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Figure7: EMT energy barriersfor atoms descending from compact idands of varioussizes, and from straight steps. Thedifferent
symbols correspond to the different local environments shown to the left. These are over-edge descents at A-steps (circle) and

various exchange descents at B-steps (square, star, cross).

Any kMC model attempting to describe the scenario
of idands observed in [24] must be consistent with the step
energies governing the island shape in the high temperature
limit. Insisting on our assumption for the binding of step
adatoms, the simplest possible model is to assume that the
step dimers (and longer step islands) behave according to eg.
(2). Toobtainthisresult, wemust introducekink interactions
in a step dimer which are different on the two steps. Apart
fromthis, and for reasonsof smplicity, we have no other kink
interactions in the model. Within this model we have the
result [13] that

A _ A B
Eqep =1 Over 3 gy +2 over 3 gy

@

for N > 2, and likewise for sBiep. With the edge diffusion
barriersgiveninTablel wehavee”, =0.45eV and e® = 0.65
eV. Using Eq. 2, wefind =0.58eV/atom, sBsep =0.52eV/atom
ande®_/e", = 0.89 consistent with the experimental value.
The magnitudes of the step energies are approximately 10%
of the bulk energy for Pt (5.85 eV/atom), which is a very
reasonable number [9].

With step adatoms more stable on the B-step, and
step dimers more stable on the A-steps, the dissociation of
step dimers on the B-step is the kink dissociation with the
lowest energy barrier, and thus, the first kink dissociation to
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be activated when increasing the temperature. When this
happens the growth of the B-steps slows down compared to
theA-step becausethe nucleation of step idandsslowsdown.
TheA-step becomesthe faster growing step and the growing
island becomestriangular and surrounded by B-steps. Inthe
model this happens at 640 K, in good agreement with
experiment. Atintermediatetemperatures, 510K inthemodel,
the two competing mechanisms cancel. The higher
dissociationrate of step dimerson the B-step counterbalances
the higher density of step adatonlson thisstep in such away
that the A- and the B-steps grow at the same speed. The
resulting island shape is a hexagon. At high temperatures
where al kink dissociations are activated, there will be an
equilibrium density of step idands on the two steps, and the
island take onitsequilibrium shape. Becausethe model ratio
of the step energies agrees with the experimental value, the
model reproducesthe experimental equilibriumisand shape.

The model values of the energy barriers for kink
dissociationswhere chosen to: 1) bein reasonable agreement
with the scaled EMT values from [15], 2) agree with the
experimental ratio€®,_/e*_ , and 3) to get agreement withthe
temperaturesat whichtriangular islands having B-step edges,
and the equilibrium island shape, are observed.

While the mechanisms we propose certainly succeed
in reproducing the experimental idand shapes, they are not
necessarily theonly set of mechanismswhich candothis. At
the lower temperatures, there is a limited number of active
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processes. Using the kMC simulations, it is possible to test
theinfluence of each process on theidiand shape, and on this
basis, we can draw reliable conclus onsconcerning what gives
risetothelow temperatureisiand shapes. Asthetemperature
isincreased, more processes are activated, and this opens up
more possibilities for the shape governing mechanisms. We
have proposed that the high temperature triangular islands
surrounded by B-steps grow because of a high rate of
dissociation of step dimers on the B-steps. An alternative
mechanism would be that the step dimers are mobile at this
temperature. Assuming thesameenergy levelsasinthemodel
presented above, the step dimers could possibly diffuse as
entitiesfrom the B-stepsto the A-steps rather than dissociate
and moveasstep adatoms. Villarba[31] hasproposed another
model for the rotation of the triangular islands when going
from400K to 640 K. Shealso suggeststhat the step adatoms
bind stronger to the B-step at around 400 K. However, the
difference in free energy of having an adatom on the two
types of steps, could change sign when goingto 640 K. This
would make step adatoms tend to diffuse to the A-step at the
higher temperatures, and could bethe origin of the changein
idand shape.

Thegrowthmode

Having discussed the island shape, we now turn to
the growth mode. Figure 5 shows the step density as a
function of total deposition for two surfacetemperatures, 255
K and 370 K. At the lower temperature we observe an
oscillating step density, at the higher temperature a
monotonically increasing step density. This agrees with the
He scattering experiment reported in [ 18], and showsthat the
transition to reentrant layer-by-layer growthisreproduced in
themodel. Thisisconfirmed by Figure 6, which showsthe
surface morphology at the same two temperatures after the
depositionof 0.25and4.0ML. Fig-ure6asoshowsahistogram
of the coveragesin each layer above theinitial surface. Itis
clear that amore smooth surfaceisgrown at 255 K compared
to 370K inthesmulations.

Thisgrowth modetransition comesabout inthemodel
for the following reason. There are two different inter-layer
diffusion processeswith different energy barriersinthemode!.
The barrier for an atom to descend from the straight stepsis
0.60eV. Thisistoo highto beovercomeevenat 370K. This
processisinactivein the simulations, and the exact value of
thebarrier isinggnificant below 400K, aslong asitisnot too
low. A lower barrier isfound for atoms to descend from an
island, when theatomisaboveakink at aB-step. Themodel
vauefor thisbarrier isessentially thescaled EM T barrier from
[15], but corrected for the fact that an additional binding of
adatoms above descending steps is not included here. This
barrier issufficiently low to be overcomeat 255 K. Alongthe
edges of thedendriticidandsgrown at 255K thisspecial site
is found in abundance, and the total inter-layer diffusion is
sufficiently fast to obtain the layer-by-layer growth mode.
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However, at 370 K where triangular idands having A-step
edges are grown, the availability of the low descent-barrier
Stesisextremely limited. Asaresult, theinter-layer diffusion
isslow, and multilayer growth results. Thus, thetransitionto
reentrant layer-by-layer growth is observed as a direct
consequence of the transition in isand shape.

The simplest possible model for the inter-layer
diffusionisto assume, that atomshaveto overcomeaconstant
barrier independent of the local structure of theisland edge.
By varying this barrier height, the corresponding pre-
exponential, and using the model for the in-layer diffusion
presented above, it has proven impossible to reproduce the
transition to reentrant layer-by-layer growth under this
assumption. It is necessary to include some low-barrier
process in which the atoms can descend from the dendritic
islands.

Figure 7 showsthe EMT energy barriers for various
descent processes from small compact islands and from
straight steps. INEMT itisalwayseasier to descend fromthe
A-step by jumping over theedge. Thebarrier for thisprocess
isaround 0.40 eV, rather independent of the size of theidland
and the presence of kinksor corners. Onthe B-step however,
the lowest descent barrier is aways found for the exchange
process, in which the descending atom isincorporated in the
step, and astep edge atom is pushed out. Figure 7 showsthe
barriers for such processes at B-steps, when the descending
atomisinitialy directly aboveakink site (crosses), abovethe
atom next to thekink site (stars), and further away from any
kink site (squares). Thekink sitecan beacorner of anisland.
Clearly, the EMT descent barriersareinsensitiveto theidand
size. Only onedescent process hasareduced barrier, and this
isthe exchange descent at B-steps next to kink sitesor island
corners. Thisprocessalso hasalow barrier in the Corrected
Effective Medium Theory [19], and in the Embedded Atom
caculationsof Villarbaand Jonsson[32]. Inthelatter potential,,
alow descent barrier isalso found at kinks at A-steps.

Based on the EMT calculations, the present growth
model includes alow descent barrier at kinks and corners at
the B-steps only. However, we have tried a model which
includesthelow descent barrier at all kink and corner sites. In
such a mode, it is possible to reproduce the transition to
reentrant layer-by-layer growth only when the descent process
a the kink sites has a very low barrier height, and a pre-
exponentia which istwo orders of magnitude lower than for
all other processes. Thereason for thisistherelatively large
number of kink sites along the A-step edges of thetriangular
isandsat 370 K. If alow barrier descent processisfound at
these kink sites, it strongly favors 2D growth at this
temperature.

Even when the low barrier descent process is only
found at cornersand kinksat B steps nucleation of islandsin
the second layer doesnot set in for coveragesbelow 0.25 ML
a 370 K. Until this point, atoms arriving on top of islands



J. Jacobsen, K.W. Jacobsen and J.J. Nagrskov

descend via this low barrier descent process. Since thisis
amost exclusively found at the tips of the triangular idands,
theinter-layer diffusion contributes the growth of thesetips.

Summary

In conclusion, we have constructed a model for
homo-epitaxial growth of Pt(111) which reproduces
experimental idand dengities, al the observed dendritic and
compact idand shapes, and the transition in growth mode
from 3D growtharound 400K toreentrant layer-by-layer growth
at lower temperatures. Thismodel isbased on the modelsin
thereferences|[6, 13, 15], each of which dealswith only apart
of the growth processes. We have obtained a consistent set
of diffusion parameters, and we can reproduce the experiments
by varying only the deposition flux and substrate temperature.
The model has a considerable number of parameters. We
have used the EMT result for the edge diffusion processes,
that theenergy barrier increaseswith thein-layer coordination
of themoving atom. Becauseof this, itispossibleto separate
the effects of corner diffusion, step diffusion, and kink
dissociations, and draw conclusions concerning the shape
governing mechanisms. We want to emphasize our
conclusions for these mechanisms, rather than the accuracy
of themodel valuesfor the diffusion parameters.
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