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Kinetic Monte Carlo investigation of Xe adsorption and desorption on Pt„111… and Pt„997…
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A discrete event kinetic Monte Carlo~KMC! simulation is applied to model the desorption behavior of Xe
on Pt~111! and to study the adsorption and desorption behavior of Xe on the vicinal Pt~997! surface. The
simulation results are compared to recent experimental data. For Xe/Pt~111! a phase transition occurs during
the desorption, which leads to a change in the desorption behavior from first order for low initial Xe coverage
to zero order at higher coverage. The KMC simulation is able to reproduce this transition and hence the
experimental desorption spectra by assuming a strongly reduced effective pairwise interaction between neigh-
boring Xe atoms. The vicinal Pt~997! surface presents a nanostructured template substrate, which is well suited
to study the influence of step edges and narrow terraces on the adsorption and desorption properties of Xe.
Different interaction models were tested by KMC simulations on their ability to reproduce the experimentally
observed growth and desorption behavior.

DOI: 10.1103/PhysRevB.65.165407 PACS number~s!: 61.43.Bn, 68.43.Fg, 68.43.Mn
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I. INTRODUCTION

The adsorption and desorption kinetics of Xe on me
surfaces has been the subject of a large number
experimental1 and theoretical2,3 investigations. A main objec
tive has been to understand the binding of Xe to the subs
and the lateral interaction between the adsorbed Xe atom
this context, it was noticed that surface defects, such as
unavoidable presence of surface steps, could strongly in
ence the adsorption and desorption behavior.4,5 In order to
better understand the important role of surface steps, sev
authors have studied the adsorption and desorption of Xe
regularly stepped~vicinal! surfaces.5–11 These studies re
vealed that the step edges present preferential binding
for the rare gas atoms with a binding energy which can
20%–60% larger than on the terraces. While such a situa
has been observed to occur in many other adsorption
tems, like chemisorbed species and metal atoms, othe
sults are quite surprising and have shed new light~and ques-
tions! on the nature of the physisorption bond:~i! The rare
gas atoms can reach the step edges even at low temper
where the thermal mobility is quite small.12,13 This ‘‘hyper-
thermal’’ or ‘‘transient’’ mobility has been interpreted as b
ing due to the energy gained upon adsorption. This hyp
thermal energy cannot be immediately released due to
strong ‘‘phonon mismatch’’ between the rare gas atom a
the metal substrate.14–16 ~ii ! In contrast to the common ex
pectation, Xe atoms may be more strongly bound at the
per rather than the lower step edge. Such a situation has
observed in scanning tunneling microscopy~STM! investiga-
tions of Xe/Pt~111!,17,18 whereas for Xe on Cu~110! prefer-
ential adsorption at the lower step edge is found.19 ~iii ! The
stronger binding at the step edge also appears to ha
marked influence on thelateral interaction between neigh
boring Xe atoms. In the case of Xe/Pt~111! the attractive
interaction between neighboring atoms along the step edg
dramatically reduced and even believed to be repulsive5,17

Such a repulsive component could arise from the dipo
dipole interaction—which is expected to increase with
total binding strength—or it could be substrate mediate3
0163-1829/2002/65~16!/165407~12!/$20.00 65 1654
l
of

te
In

he
u-

ral
on

tes
e
n
s-

re-

ture

r-
he
d

p-
en

a

is

-
e
.

The details of the interaction of Xe on metal surfaces are
far from being understood and reliable first-principles stud
on the influence of the substrate steps are not yet availa

Perhaps the most intensively studied Xe/metal adsorp
system is Xe/Pt~111!. Experimental data are available on th
trapping and sticking probabilities,11,20,21 the adsorption-
desorption kinetics and interaction strengths,4,5,11,22–25 the
structure and phase diagram,23–29 the adsorption site,30,31 the
surface mobility,22,32,33 and the surface phono
dispersion.34,35 Based on these data, several semiempiri
potential models have been proposed,3,20,36–40the most re-
fined being the one by Barkeret al.39,40 In addition, there
exists anab initio cluster calculation for the adsorption of X
on Pt~111! clusters.41

Only recently the adsorption6–8 and desorption5 of Xe
were studied on the stepped Pt~997! surface which is vicinal
to the ~111! plane. The experimental data were compared
model calculations and interesting conclusions on the in
ence of surface steps on both the adsorption and the des
tion behavior have been drawn. In particular, the adsorp
at intermediate temperatures appears to proceed in a row
row fashion. The desorption data provide evidence
strongly modified interaction parameters, such as a repul
interaction between neighboring Xe atoms adsorbed at
step edges. On the other hand, several issues are still co
versial such as the precise nature of the adsorption sites
the adlayer structure and morphology, as well as the rela
importance of the contributions of surface kinetics vers
thermodynamics to the growth mode and the thermal des
tion.

In this context, we have performed kinetic Monte Car
~KMC! simulations of the adsorption and desorption of X
on the flat Pt~111! and vicinal Pt~997! surfaces. We have
used a novel simulation scheme42,43which is capable of deal-
ing with situations close to two-dimensional~2D! equilib-
rium as well as with processes under the influence of str
kinetic limitations. The aim of this study is to determine th
relevant interaction energies and activation barriers and
deduce a consistent model of the underlying atomic p
cesses which is able to describe the experimental data.
©2002 The American Physical Society07-1
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II. MONTE CARLO SIMULATION SCHEME

The Monte Carlo simulation scheme is described in Re
42 and 43. Only the basic concepts are summarized h
First, thermodynamically consistent energy levels~states! for
each adsorbed atom including all accessible adsorption
are established. The potential energy is determined by
interaction with the surface or underlying layer~allowing for
superlattices or defect sites on heterogeneous surfaces! and
all neighbors within a given range~not necessarily pairwise
or short ranged!. In addition, thetransition states~saddle
points! for diffusion and desorption have to be included w
their corresponding energies.

On the basis of this energy level diagram, all activati
energies are self-consistent and uniquely defined. The p
ability for a particular event~i.e., the transition rate of an
atom of typei from state or position 1 to 2! is defined, as
usual, by the Boltzmann factor

n5n0~1,2!•expS 2
Ei* ~1,2!2Ei~1!

kBT D , ~1!

wheren0 is the preexponential factor andEi* (1,2) denotes
the energy of the system with atomi in the transition state
between initial position 1@with energyEi(1)# and final po-
sition 2. Under these conditions microscopic reversibil
~detailed balance! for all diffusion processes~events! is en-
sured.

Unlike conventional methods we choose the time at wh
a particular event actually takes place according to the
rect time statistics, i.e., using the probability distributi
p(t)5exp(2nt)/n, rather than taking some average time^t&
51/n. For this purpose, we use an efficient and thoroug
tested random generator44 providing exponentially distrib-
uted random numbers defining the ‘‘event times.’’ Using t
correct time statistics is essential if time averages are
quired to determine thermodynamic quantities—such as
chemical potential used, e.g., for the simulation of hig
resolution temperature programmed desorption spectra.

All possible events are attributed an event time accord
to the above scheme. These times are written into a list~time
table!. The corresponding events are executed in chronol
cal order and the time is propagated accordingly. Sinc
particular event usually affects the possible transitions
least within a certain neighborhood, the relevant rates h
to be recalculated and the corresponding entries in the
table need to be updated. This procedure leads to the co
time statistics of the entire ensemble, provided that the in
vidual events are statistically independent. It also allo
‘‘external’’ events ~such as adsorption of a particle or th
increase of the surface temperature at a given time! to be
implemented in a straightforward way.

As a result, the present simulation provides a rigoro
description of the time evolution of the simulated syste
Thus by constructiona ‘‘dynamical hierarchy’’ of transition
probabilities and the correct ‘‘physical time scale’’ ensuring
detailed balance is provided. The simulation box needs to
sufficiently large that single-site and intersite correlations
lost and the events are statistically independent.45
16540
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III. DESORPTION OF Xe FROM Pt „111…

Xenon physisorbs on the Pt~111! surface with attractive
interactions between neighboring Xe atoms. For the unc
strained monolayer, i.e., in the 2D-gas–solid coexistence
gime, an isosteric heat of adsorption ofQ15298622 meV
~average from Refs. 5, 11, and 22–24! has been reported. A
low coverage, an average value ofQ05260615 meV is
obtained.4,5,11,22–24The difference of about 30–40 meV i
related to the 2D condensation enthalpyQ2D of the 2D solid.
This 2D heat of condensation has also been measured
rectly using He atom scattering, yielding slightly larger va
ues of Q2D543 meV ~Ref. 25! and Q2D548 meV ~Ref.
23!. The measured values~enthalpies! Q0 and Q2D can be
related, respectively, to the binding energyEter of a single
Xe atom to the Pt~111! substrate and to aneffectivenearest-
neighbor Xe-Xe binding energyElat . Within an error ofkBT
~which is of the order of 5–10 meV in the present cas!,
Eter.Q0 and Elat.Q2D/3 for a hexagonal lattice with
nearest-neighbor coordination of 6. Therefore, we expect
the adsorption of Xe on Pt~111! should be correctly modeled
using values of Eter5250–270 meV and Elat
510–16 meV. A third parameter, the diffusion barrierEdif ,
is required to describe the surface mobility and hence
surface kinetics. In the present simulation scheme,Edif for an
isolated Xe adatom is obtained from the energy difference
the initial binding site and the transition state~saddle point!
Esad, i.e., on the flat Pt~111! terraceEdif5Esad2Eter . Note
that the activation energy for diffusion increases bynElat if n
nearest-neighbor bonds have to be broken to move into
transition state, e.g., if the Xe atom is detached from
existing Xe cluster or island. From the temperature dep
dence of the Xe island density and island coarsening,32 the
activation barrier for single-adatom diffusion was estima
to be of the order of 31 meV, whereas the activation ene
involving island detachment was found to be 64 meV. A
suming detachment from kink sites involving the breaking
three nearest-neighbor Xe-Xe bonds, this value is consis
with an effective nearest-neighbor attraction ofElat
511 meV. Finally, the preexponential factorsn jump andndes
for jump diffusion and desorption, respectively, have to
defined in order to evaluate the hopping and desorption r
using Eq.~1!. Typical values for these preexponential facto
~attempt frequencies! range between 1012 s21 and 1013 s21,
matching the corresponding lateral and perpendicular vib
tion frequencies. Under the conditions relevant for the
sorption experiments simulated below~surface temperature
above 60 K and coverages below one monolayer! Xe will
form a commensurate (A33A3)R30° superstructure on th
defect-free Pt~111! surface.46 This commensurate phase
easily modeled in the simulation assuming a perfect 2D s
strate lattice.

The experimental temperature programmed desorp
~TPD! spectra of submonolayer Xe on Pt~111!, reported by
Widdra et al.,5 reveal an unusual behavior within the fir
monolayer~see Fig. 1!: Whereas for higher initial coverage
zero-order desorption is observed~characterized by a com
mon leading edge!, at low initial coverage (Q&10% of a
monolayer!, the desorption seems to follow a first-order b
7-2
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havior, where the desorption maxima are located at the s
temperature and the leading edge is shifted to higher t
perature. The initial first-order behavior can be explained
the existence of a single-phase regime~2D gas!. Above a
certain critical coverage a 2D solid phase coexists with
2D gas phase, leading to zero-order desorption. Alternativ
the initial first-order desorption might also be caused by
vere kinetic limitations of the Xe diffusion within the firs
monolayer.5,42 In the first case, the change in desorption
der would be an equilibrium phenomenon related to the 2
gas–solid transition and, hence, it would be governed by
effective lateral interaction between neighboring Xe atom
In the second case, the phenomenon would be a kinetic
originating from a large barrier for diffusion of the Xe atom
across the Pt~111! surface.

Up to now, a rate equation based interpretation of the T
spectra5 has assigned the initial first-order desorption beh

FIG. 1. TPD spectra of Xe on Pt~111! for different initial cov-
erages ranging between 0.03 and 1 monolayer. Thin solid li
experimental data~Ref. 5!, Menzel-Schlichting plot, courtesy of W
Widdra. Black dots: simulated data, parameters according to T
I, assuming~a! severe kinetic limitations and~b! a reduced latera
interaction~see text for details!. The small shoulder to the very righ
is due to desorption from residual step edges. Heating rate: 2
16540
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ior to a kinetic limitation of the adsorbate on the uncover
surface. In fact, a kinetic limitation of this type is able
reproduce the desired effect.5,42 In order to lead to a first
order desorption signature, the strength of such a kin
limitation has to be high enough, to inhibit 2D gas formati
on the uncovered Pt substrate at the desorp
temperature,43 while the 2D gas formation and adsorbate m
tion on top of existing Xe islands remains active. Indeed
reasonable fit to the TPD spectra can be achieved by in
ducing kinetic limitations. The corresponding simulation r
sults, using the parameter values listed in Table I~a!, are plot-
ted in Fig. 1~a!. Note, however, that the activation energy f
the diffusion of Xe on the Pt~111! substrate needs to be a
most as high as the particle binding energy on the subst
(Esad50) ~Refs. 5 and 43!—but at least larger than 20
meV.47 Such a huge diffusion barrier would also inhibit X
island formation on Pt~111! at lower temperatures in stron

TABLE I. Simulation parameters for the desorption of X
Pt~111!. ~a! and~b! refer to simulations assuming large kinetic lim
tations and reduced lateral interactions, respectively.Eter : binding
energy of a single Xe atom on the Pt~111! terrace.Elat : lateral
interaction energy between two neighboring Xe adatoms on
terrace. Note that in both cases~a! and~b! the total energy in the 2D
solid phase is the same:Eter13Elat5277.3 meV. The saddle poin
~intermediate state! for diffusion is located at an energyEsad below
the vacuum level.n jump and ndes are the attempt frequencies fo
diffusion and desorption, respectively. As discussed in Ref. 42
atoms in the second layer have also to be taken into account.
corresponding binding energies are derived from the kink energ
the bilayer EBL assuming nearest-neighbor pairwise interactio
The bottom part lists the additional parameters describing the in
action at step edges~a step density of 1/128 adsorbate rows w
assumed in Fig. 1!. The actual values were suggested in Ref.
Etop ,Ebot : binding energies of a Xe atom on the top and at t
bottom of a step edge, respectively.Ett ,Ebb : lateral interaction
between neighboring Xe atoms within the top and bottom rows
the step edge, respectively.Et* ,Eb* : lateral interaction between
Xe atoms in the top~bottom! row and a neighboring atom on th
upper~lower! terrace.Etb : interaction between nearest Xe atoms
the top and bottom rows.

Parameter ~a! ~b!

Eter 243.7 meV 256.3 meV
Elat 11.2 meV 7.0 meV
Esad 0 meV 95 meV
EBL 170 meV
n jump 631012 s21

ndes 1.831013 s21

Step edges

Etop 402.2 meV
Ebot 291.2 meV
Ett 215.9 meV~repulsive!
Ebb 11.2 meV
Et* 24.3 meV~repulsive!
Eb* 4.3 meV
Etb 0 meV

s:

le

/s.
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disagreement with the experimental observation of large
land formation even below 40 K. Indeed, according to
diffraction and STM studies on Xe island growth25,32 the
diffusion barrier should rather be of the order of 30 meV.

Another possibility to reproduce the shift from first-
zero-order desorption with increasing initial coverage is
determine a lateral attraction which yields the right critic
coverage and temperature for the 2D-gas–solid transit
From measurements of the critical temperatureTc'120 K
and the 2D heat of condensation, one would infer a pairw
effective lateral interaction of about 11–15 meV.23,26 Using,
instead, a lateral interaction of 7 meV between nearest
atoms as in Ref. 5 gives an excellent match of the simula
spectra to the experimental data@see Fig. 1~b! for the param-
eter values listed in Table I~b!#. Note that in this case the
diffusion is high enough to maintain 2D equilibrium throug
out the entire desorption process.43

Besides the binding energy on the terrace we have
included the parameters describing the interaction of the
atoms at residual step edges which were incorporated ex
itly in the simulation lattice.43 The interaction parameters i
the vicinity of the step edges~listed in Table I! were taken to
be the same as on the vicinal Pt~997! surface~model No. 4
described below!. The stronger binding to the step edges a
the characteristic modification of the Xe-Xe lateral intera
tion at the step edges are responsible for the broad desor
feature located between 120 and 140 K. The intensity r
tive to the main desorption peak is well reproduced fo
residual step density of about 0.5%~one edge every 128
close-packed Xe rows!.

Combinations of kinetic limitations and reduced late
interactions turn out to be not very promising, since siza
effects due to kinetic limitations do only occur for quite hig
and, hence, unrealistic diffusion barriers.47 On the basis of
our simulation results we may, therefore, conclude that
netic limitations are unlikely to be responsible for the o
served transition from first- to zero-order desorption but t
it is rather due to the transition from the 2D gas to so
phase. Nevertheless, we have to worry about the small la
interaction energy of only 7 meV which is required to fit th
experimental spectra. In fact, the difficulty is to reprodu
the surprisingly high 2D-gas densities in the KMC simu
tion ~several percent of a monolayer at 100 K! up to which
first-order desorption still occurs. This difficulty may be d
to the oversimplified Xe-Xe interaction model~with only a
nearest-neighbor termElat) used in the present simulation:

~i! The simple relation between the critical temperatureTc
and the lateral interactionElat only holds for certain lattice
gas interaction models.3,48 Other ~long-range! contributions,
like three-body and substrate-mediated interactions, m
lead to much larger fluctuations between the 2D-gas ph
and 2D-solid phase and to a significant increase of the e
librium 2D-gas phase density.49 KMC simulations are cur-
rently performed to study the possible influence of su
long-range contributions to the lateral interactions on the
sorption behavior.50

~ii ! Lateral interactions as determined from the 2D hea
condensation are measured at lower temperatures~typically
60–90 K! than during desorption ('100 K). As a result, the
16540
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respective island sizes are different. More precisely, the
sorption experiments measure the coalescence energ
large commensurate 2D islands, whereas close to desorp
the remaining 2D islands will be rather small. Due to t
Xe-Pt lattice mismatch, such small 2D Xe clusters may
fectively relax the lateral strain~especially along the island
borders!, resulting in a lower energy for the attachment of
additional Xe atom from the 2D-gas phase. This reduc
attachment energy, however, determines the effective lat
interaction and, hence, the 2D-gas density.

Only recently, KMC simulations have demonstrated t
important effect of long-range interactions on the isla
nucleation and growth in the case of strained Ag adlayers
Pt~111!.51 Similar efforts should be devoted to a more acc
rate modeling of the lateral interactions in physisorption s
tems. Work in this direction is currently in progress.

IV. Xe ADSORPTION ON Pt „997…

The Pt~997! vicinal surface consists of a regular array
Pt~111! terraces of 20.4 Å width, which are separated
(111̄)-oriented monatomic steps~see Fig. 2!. Xe on Pt~997!
thus provides a model system for studying the influence
step defects and the reduced terrace width on the adsorp
and desorption behavior.

The adlayer equilibrium structure is closely related to t
details of the adsorbate-substrate and adsorbate-adsorba
teraction potentials. Yet the interaction of Xe atoms near s
edges is not fully understood at the moment. For Pt~111! it is
known that Xe atoms prefer to adsorb on top of an exist
step edge.17,18 Recent He scattering experiments, howev
seem to indicate that on Pt~997! the preferred position for a
Xe atom is at the bottom of the step edge.6,7 Moreover, the
monolayer structure of Xe on Pt~997! is still controversial.7

At first, one might expect a (A33A3)R30° commensurate
or incommensurate phase, both rotated by 30° with resp
to the substrate, as on the flat Pt~111! surface.26,52 In this
structure eight Xe rows parallel to the step edges would fit
each Pt terrace@Fig. 2~a!#. However, a different structure wa
suggested from low-energy electron diffraction~LEED! and

FIG. 2. Schematic of the Xe adlayer structure on the vici
Pt~997! surface.~a! (A33A3)R30° structure with eight rows pe
terrace, in analogy to the Xe adlayer structure on the flat Pt~111!
surface.~b! R0° aligned incommensurate phase with five rows p
terrace, as inferred from LEED and He diffraction data~Refs. 5, 7,
and 53!.
7-4
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He diffraction.5,7,53 According to these experiments, X
forms a quasihexagonalR0°-alignedincommensurate phase
which is compressed as compared to the (A33A3)R30°
structure observed on large Pt~111! terraces. Along the close
packed Xe rows runningparallel to the Pt step edges the X
atoms are separated by 4.1 Å and the distance betw
neighboring rows is 3.87 Å. In this structure five clos
packed Xe rows can be accommodated on each terrace o
Pt~997! surface@Fig. 2~b!#.

At low coverage, when the steps are decorated by a si
Xe row, the structure was found to be commensurate wit
Xe spacing of 2aPt55.54 Å along the step.5,6,12 Still, the
authors disagree on the adsorption site being at the top
the bottom of the step edge. He scattering experiments u
grazing incidence indicate a row-by-row growth for the fi
two adsorbed Xe rows: a clear intensity peak character
for the growth of a distinct second row is observed below
K ~see, e.g., Fig. 1 in Ref. 6!. In the following, KMC simu-
lations of the adsorption of Xe on Pt~997! are presented us
ing four different interaction models. These models will
judged especially by their ability to reproduce the sequen
growth of the first two Xe rows.

A. Model No. 1

In analogy to the Xe adlayer structure observed
Pt~111!, a (A33A3)R30° structure has been used to the
retically model the row-by-row growth of Xe on the Pt~997!
surface.7 This structure is illustrated in Fig. 2~a!. Note that
the spacing between Xe atoms along each row, i.e.,
Xe-Xe distance along the step edge, is 3aPt and eight Xe
rows can be placed on each Pt terrace for monolayer com
tion. One row right at the step edge is considered to be
ergetically preferred. For this model it is irrelevant wheth
the preferred sites are located on top or at the bottom of
step edge; the same growth scenario is obtained—just
growth direction away from the step edge is reversed. In
present case, we have chosen the top of the step edge
energetically preferred by 134 meV with respect to the t
race sites. All simulation parameters for this model are lis
in Table II.

The partial Xe coverages in each row, obtained fro
KMC simulations for 60 K and 80 K, are shown in Fig.
Notice that for a complete Xe monolayer of the (A3
3A3)R30° phase the total~2D! coverage as well as the~1D!
coverage within each complete Xe row is 0.33. Figure
sketches a sector of the simulated adlayer structure for
ferent total coverages. As can be seen from Figs. 3 and 4
Xe atoms preferentially build a ‘‘distance-2’’ structure with
the energetically preferred top row. This allows more ato
to benefit from the additional step energy, then for a dista
of 3aPt in the (A33A3)R30° structure. The neighborin
row ~terrace row F! is populated only at a few sites, ne
defects in the distance-2 order of the top row. Before
second row is completed the third and subsequent rows
to be filled, forming patches of the (A33A3)R30° structure
without changing the configuration within the top row.

As a result, no row-by-row growth does occur at any te
perature. Instead, a ‘‘Stranski-Krastanov’’ growth is o
16540
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TABLE II. Parameters for the KMC simulations of the adsor
tion and growth of Xe on Pt~997! for the four different models
described in the text. All energies are in meV, the jump freque
n jump in s21. Different saddle points for diffusion within the top row
Esad topand all other jumpsEsad terracehave been used.

Model No. 1 No. 2 No. 3 No. 4
structure Fig. 2~a! Fig. 2~a! Fig. 2~b! Fig. 2~b!

Ebottom row 264 352 264 287
Eterrace row A 264 260 264 264
Eterrace row B 264 255 264 264
Eterrace row C 264 255 264 264
Eterrace row D 264 255 - -
Eterrace row E 264 255 - -
Eterrace row F 264 250 - -
Etop row 398 226 398 398
Elat 11.2 11 11.2 a

Esad terrace 234 220 234 234
Esad top 234 220 368 368
n jump 631012 631012 631012 631012

aThe lateral interaction within model No. 4 depends on the posit
of the two adsorbate atoms.Elat511.2 meV isonly valid if both
atoms are located on terrace rows. In the other cases the s
interaction parametersEtt , Ebb , Et* , Eb* , andEtb as in Table I
have been used.

FIG. 3. 1D coverages of different rows vs total~2D! coverage
from KMC adsorption simulations at~a! 60 K and~b! 80 K, using
interaction model No. 1~for parameters see Table II!.
7-5
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served, in which only asinglerow is more or less complete
before (A33A3)R30° islands are formed on the terrace
This is due to the fact that the first row takes a denser st
ture with an interatomic distance of 2aPt in order to take
advantage of the increased Xe-Pt attraction at the step e
On the other hand, the lateral interaction favors the (A3
3A3)R30° phase, which is therefore established on the
races once the step edge is decorated. Due to this large la
mismatch, the (A33A3)R30° phase cannot completely w
the first row.

B. Model No. 2

This model, suggested by Pouthieret al. in Ref. 7, assigns
individual adsorbate-substrate interaction energies for
eight different Xe rows within the (A33A3)R30° structure.
The potential shows a steady increase from the bottom
~considered as the energetically favored row! to the row on
top of the step edge, in which the Xe are most weakly bou
The corresponding simulation parameters are given in Ta
II.

Looking at the simulation results for 60 K and 80 K
shown in Fig. 5, the expected preferential growth of the b
tom row is clearly evident, especially at higher temperatu

FIG. 4. Schematic of the growth of Xe on Pt~997!, using inter-
action model No. 1 and the corresponding (A33A3)R30° struc-
ture. The sequence~a!–~d! sketches the typical scenario observed
the KMC simulation.
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The neighboring terrace rowA grows next, but well before
its completion, the third terrace rowB, and all subsequen
terrace rows become more populated than terrace rowA. The
top row is populated last, due to the low Xe binding ener
to the substrate and the additional lack of two lateral
neighbors. As with model No. 1 above, this is again t
signature of a ‘‘frustration,’’ intrinsic to all models based o
the (A33A3)R30° structure, namely, the mismatch betwe
the denser Xe row at the step edge (Q50.5) and the (A3
3A3)R30° phase with line density (Q50.33). This only
allows a few sites to be occupied within terrace rowA before
island formation sets in. A row-by-row growth of the firs
two rows is never achieved with this model, even though
terrace rowA is slightly favored by 5 meV with respect t
the next terrace rowB.

C. Model No. 3

According to the diffraction experiments,5,7,53 xenon
forms an incommensurateR0° structure with five close-
packed Xe rows fitting on a single terrace of the Pt~997!
surface@see Fig. 2~b!#. KMC simulations using the adsorbat
pseudolattice, defined by the positions of the Xe atoms
this ideal quasihexagonal structure, have been perform
The interactions and the binding preference to the step e
are the same as in model No. 1 but the structure of
growing adlayer is quite different. The simulation paramet
for this model are given in Table II.

FIG. 5. 1D coverages of different rows vs total~2D! coverage
from KMC adsorption simulations at~a! 60 K and~b! 80 K, using
interaction model No. 2~for parameters see Table II!.
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The growth behavior is best characterized by the par
coverages within each row, as a function of the total cov
age. Figure 6 shows the results of the KMC simulations
adsorption temperatures of 60 K and 80 K. For both tempe
tures, the energetically preferred top row is occupied first
80 K the first row is filled up completely, before the oth
rows even start to grow. At 60 K not all atoms are able
reach this row, and the other rows start to be occupied ea
With increasing exposure one can observe the completio
the three terrace rows and, eventually, the growth of the
tom row. Since the Xe atoms in the bottom row have a ma
mum of only four lateral neighbors instead of six within th
terrace rows, the bottom row is energetically most unfav
able.

In contrast to model Nos. 1 and 2, at least a partial wett
of the first row by a second row can be obtained as shown
the initial steep increase of the partial coverage of terr
row C after completion of the top row@see Fig. 6~b!#. In-
deed, there is no lattice mismatch between these two row
in the models based on the (A33A3)R30° structure. Never-
theless, the driving force for the attachment of Xe atoms n
to the completed first row, i.e., the lateral interaction 2Elat
522.4 meV, is rather small. In fact, a straightforward w
to enforce the subsequent growth of a neighboring row is

FIG. 6. 1D coverages of different rows vs total~2D! coverage
from KMC adsorption simulations at~a! 60 K and~b! 80 K, using
interaction model No. 3~for parameters see Table II!.
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increase the binding strength to the substrate within terr
row C or, alternatively, within the bottom row.

D. Model No. 4

The last interaction model to be presented was sugge
by Widdra et al.5 It is defined for the same aligned adlay
structure as model No. 3 but the interaction energies are s
that adsorption sites within the top row and~to a lesser ex-
tent! also at the bottom of the step are energetically favo
with respect to the terrace sites~Table II!. In addition, a
repulsion between neighboring Xe atoms adsorbed within
top row and for atoms approaching it from the upper terra
is introduced~see ‘‘Step edges’’ in Table I!. The hierarchy of
the binding strengths and the lateral repulsion were m
vated by the STM observations on the growth of Xe at
residual step edges on the Pt~111! surface.17,18 Again KMC
growth simulations have been performed at different te
peratures. The results for 60 K and 80 K are shown in Fig

Due to the stronger binding, the top and bottom rows
the first ones to grow. At 80 K@Fig. 7~b!# a distinct row-by-
row growth of the first two rows is observed. At the low
temperature of 60 K both rows grow nearly at the same ti
and are almost completed before the remaining terrace r
are occupied. Due to the lateral repulsion of the Xe ato

FIG. 7. 1D coverages of different rows vs total~2D! coverage
from KMC adsorption simulations at~a! 60 K and~b! 80 K, using
interaction model No. 4~for parameters see Table II!.
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located within the top row to neighboring atoms on the up
terrace, rowC is energetically unfavored and filled up las
The strong preferential binding within the top and botto
row should give rise to a strong peak in the reflected
intensity after completion of the first and second rows. T
is, indeed, observed experimentally~see Fig. 3 in Ref. 6!.
The details of the growth depend on the size of the repuls
within the top row (215.9 meV) and the choice of th
saddle points for diffusion will be discussed in Sec. V. F
nally, the chosen quasilattice does not allow for the energ
cally favored commensurate structure along the step ed
with a lattice spacing of 2aPt . Since the repulsion in this
structure is strongly reduced, the growth of an uncompres
top row should be energetically favored. Hence, the sequ
tial growth of the top and bottom rows is expected to be e
more distinct.

V. DESORPTION OF Xe FROM Pt„997…

While the results of the adsorption simulations based
model No. 4 are in good agreement with the experimen
results of Refs. 6 and 7, the step edge interaction param
given in Table I cannot be uniquely determined from t
comparison of the adsorption data alone. In fact, these
rameters have been proposed by Widdraet al.5 on the basis
of a rate equation analysis ofdesorptionspectra of Xe on the
Pt~997! surface: it turns out that the shape of the desorpt
curves is quite sensitive on the interaction of Xe at the ste

The experimental TPD curves from Ref. 5 are shown
Fig. 8 ~thin solid lines!. The submonolayer desorption spe
tra consist of a main peak with a maximum at about 103
and a broad shoulder at higher temperature~between 115 K
and 145 K!. The integrated peak area~i.e., the partial cover-

FIG. 8. TPD spectra of Xe on Pt~997!. Thin solid lines: experi-
mental data~Ref. 5!, Menzel-Schlichting plot, courtesy of W. Wid
dra. Black dots: simulated data, parameters according to mode
4 listed in Table II. The monolayer desorption peak splits into
peak containing about 80% of the total monolayer coverage, a
broad shoulder with an integrated intensity of about 20% o
monolayer. Heating rate: 1 K/s.
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age! of the shoulder is about 20% of a monolayer, while t
main peak contains the remaining 80%. As a conseque
one can attribute the shoulder to the desorption from a sin
Xe row with an additional binding energy, on top or at th
bottom of the step edge, whereas the main peak thus co
sponds to the desorption from four terrace rows. This p
vides additional support for the five-row structure of t
aligned phase~model Nos. 3 and 4! in contrast to the eight-
row model associated with a (A33A3)R30° structure. For
low initial coverages only the high-temperature desorpt
feature is observed. Its peak position shifts to lower tempe
tures with increasing initial coverage. This indicates a siza
repulsivelateral interaction between the Xe atoms adsorb
at the step edge.5,17 Finally, the main desorption peak show
a first-order behavior even at high initial coverage, in co
trast to the zero-order desorption observed on the exten
terraces on Pt~111! ~see Fig. 1!. This difference is related to
the finite size of the~111! terraces on the Pt~997! surface and
the strong influence of the step edge on the size and shap
the 2D Xe islands.

KMC simulations of the Xe desorption from the Pt~997!
surface were performed on the basis of model No. 4, alre
used in the adsorption studies. The same conditions~five Xe
rows per terrace, adsorbate pseudolattice, interaction pa
eters as listed in Tables I and II! were used. The simulate
TPD spectra are shown in Fig. 8 as the small dots. A qu
titative agreement between experiment and simulation is
tained. In particular, the main characteristic features are w
reproduced by the simulation:~i! the nearly first-order de-
sorption of Xe from the Pt terraces in the main peak,~ii ! the
relative peak areas and intensities corresponding to the
sorption from the terraces and step edges, respectively,
~iii ! the broad characteristic shape of the shoulder, origin
ing from the lateral repulsion within the top row.

VI. DISCUSSION

A. Reliability and relevance of the simulation parameters

A KMC simulation requires a set of parameters represe
ing the most important aspects of the potential energy s
face experienced by the adatoms: binding energies dep
ing on the adsorption site and the configuration of neighbo
transition-state energies for motion between such sites
the corresponding attempt frequencies@see Eq.~1!#.

In principle, there are three different sources from whi
appropriate parameter values may be obtained:~i! Param-
eters can be determined directly from experiments, e.g., f
desorption spectra or adsorption isotherms. However, no
required quantities are easily accessible from experime
data.~ii ! Parameters can be taken fromab initio calculations.
Unfortunately, such calculations for adatoms adsorbed
vicinal surfaces require large unit cells and, therefore,
mense computational effort.~iii ! Finally, parameters can b
extracted by fitting simulation results to experimental da
As most phenomena can be reproduced by several, qua
tively different sets of parameters, this procedure may ea
lead to misinterpretations.

o.

a
a

7-8



il-
nc

d
o
ti

re
ra

f

in
-

m
u-
th

th
th
io
-

2

io
os
uc
ra
n

lo

e
c

e
o

g.
el
t
tio

va
in
a
w
s
e
r

n-
-
th

e

eV

lid
the

est-
is
eV

this
of

the
ase
tly
the
ts
er-
for

rp-

sly
-
on
rp-

ced
h-
ore,
m-

bed
f
in
re.

ion,
Xe

ter-

and
-by-
i-
a

-
the

rp-
tep

in
d at
. In
tion

KINETIC MONTE CARLO INVESTIGATION OF Xe. . . PHYSICAL REVIEW B65 165407
Therefore, it is important to realize the origin and reliab
ity of the various parameters, as well as their releva
within the present context.

The desorption~kink! energies for the mono-, bi-, an
multilayer were determined from a leading edge analysis
the thermal desorption spectra, just like the preexponen
factor for motion perpendicular to the surface~i.e., the at-
tempt frequency for desorption!. Thus, these parameters a
comparably accurate and reliable, whereas lateral inte
tions, transition-state energies, and attempt frequencies
diffusion parallel to the surface cannot be obtained from
simple leading-edge analysis of the desorption spectra.

Desorption of Xe/Pt~111! has been shown to take place
2D quasiequilibrium.43 This should also be true for Xe ad
sorbed on the much smaller~111! terraces of the Pt~997!
surface. Equilibrium is ensured if the particles can overco
all transition states within a reasonable time, i.e., if all diff
sion processes are highly active. In this case, neither
diffusion attempt frequencies nor the exact values of
transition-state energies will influence the behavior of
system. Thus, the transition states for desorption simulat
have been chosen as high as possible~to increase the calcu
lation speed by avoiding needless jumps!, but as low as nec-
essary to guarantee that the system is able to maintain
equilibrium.

For studying adsorption, simple and reasonable transit
state energies and attempt frequencies have been ch
Since the real, unknown values might be different and m
more complex~e.g., depend on site, neighborhood, tempe
ture, etc.!, one cannot expect the simulation to provide u
ambiguous results for adsorption experiments at very
temperatures.

Finally, the measured kink energies have to be divid
into adsorbate-substrate and lateral adsorbate-adsorbate
tributions, respectively. At least a clear distinction betwe
attractive and repulsive lateral interactions can be made
the basis of the shape~order! of the desorption curves.42 In
the case of Xe/Pt~997!, the high-temperature shoulder in Fi
8 exhibits a second-order-like behavior. This indicates a r
tively strong lateralrepulsionwithin the energetically mos
preferable row. On the other hand, the zero-order desorp
behavior of the main peak of Xe/Pt~111! can be taken as
evidence forattractive lateral interactions on the terraces.

In the present case, the information on the parameter
ues is incomplete. Therefore, we do not attempt to determ
all remaining unknowns; nor do we pretend that such
unambiguous determination would be possible. Instead,
focus on the four parameter sets in Table I, which are ba
on earlier proposals. We find that among the four mod
only model No. 4 can quantitatively reproduce the expe
mentally observed adsorptionand desorption behavior for
Xe/Pt~997!. The impact of the simulation results on our u
derstanding of the Xe/Pt~997! system with respect to inter
action strengths, adlayer structure, and preferential grow
discussed below.

B. Comparison with the experimental data

Comparing the results of the KMC simulation with th
available experimental adsorption6,7 and desorption5 data we
can draw the following conclusions:
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~i! The desorption of Xe from the Pt~111! surface is well
reproduced assuming a binding energy of about 256 m
and a lateral interaction of 3Elat521 meV. This corresponds
to a total binding energy of 271 meV in the 2D-gas–so
coexistence regime. Both values compare quite well with
measured isosteric heats of adsorption ofQ05260
615 meV at low coverage andQ15298622 meV for the
unconstrained monolayer. However, the effective near
neighbor interaction between two Xe atoms of only 7 meV
surprisingly small as compared to the values of 11–15 m
expected from the experiment. As discussed in Sec. III
large difference could be due to the incomplete modeling
the Xe-Xe interaction. Both the long-range nature and
elastic strain of small 2D Xe islands are expected to incre
the density of the 2D Xe gas which is required to correc
reproduce the initial first-order desorption behavior. On
basis of the KMC simulations we can rule out kinetic effec
to be responsible for the first-order desorption at low cov
ages, since it would demand an unphysically large barrier
diffusion of a single Xe adatom.

~ii ! The KMC simulations on the adsorption and deso
tion of Xe on the vicinal Pt~997! surface provide interesting
information on the binding at the Pt step edges. Obviou
these step edges presenttwo energetically favored sites pro
moting the sequential growth of two Xe rows. This situati
is well described by model No. 4 where the preferred adso
tion sites are located on top~398 meV! and at the bottom
~287 meV! of the Pt step edges. These values are dedu
from the analysis of the peak position of the hig
temperature feature in the desorption spectra. Furtherm
the peak width and the pronounced shift towards lower te
perature with increasing coverage~step decoration! reveals a
sizable repulsive interaction between Xe atoms adsor
within the energetically most favored edge row. A value o
215.9 meV together with the other parameters listed
Table I gives a quantitative fit of the edge desorption featu

In addition to the system energetics and step interact
our analysis also provides indirect information on the
adlayer structure on Pt~997!.

First, we may conclude that the Xe adlayer on Pt~997!
forms an aligned phase, with five close-packed rows per
race at monolayer completion, rather than a (A3
3A3)R30° phase as on extended Pt~111! terraces. This can
be inferred from the relative area of the step-desorption
terrace-desorption peaks but also from the observed row
row growth as explained in Sec. IV. In fact, it is quite intu
tive that the strong binding to the step edge will favor
densely packed~aligned! Xe row instead of one with a Xe
spacing of 3aPt . This provides the driving force for the for
mation of an aligned phase on the small terraces of
Pt~997! surface.

In addition, we find evidence for the preferential adso
tion and successive decoration of two rows at the Pt s
edges. An energetic argument that another~second! row
should be energetically favored was already put forward
Ref. 6. There it was assumed that both rows were locate
the lower step edge rather than at either side of the step
fact, both situations should give rise to the same adsorp
and desorption scenario.54 Yet the additional binding strength
7-9
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of a Xe atom in the second row as compared to the terr
sites must be sufficiently strong in order to give rise to
distinct second-row growth at finite temperature. In fact, t
excess energy has been estimated to be about 18 m6

which is significantly larger than the 5 meV calculated
Ref. 7 ~see model No. 2! for the van der Waals attraction o
the step edge at the position of the second Xe row on
terrace. Evidently, this is not an issue if one assumes
both the first and second rows in question are located in
intermediate neighborhood of the step edge—one on top
the other at the bottom. In fact, the associated excess bin
energy in the bottom row~23 meV in model No. 4! is in
good agreement with the experimental estimate.

The fact that the first Xe row on Pt~997! grows with a
spacing of 2aPt55.54 Å rather than at the nearest-neighb
distance of 4.3 Å or smaller~in order to benefit from the
strong attraction to the step edge! clearly indicates a latera
repulsion between the Xe atoms within this row. This situ
tion is, indeed, reminiscent of the Xe/Pt~111! system where
such a repulsion was observed in for the adsorption of Xe
top of the residual step edges.17,18Certainly, the binding situ-
ation at the step edges on the vicinal Pt~997! could be differ-
ent than on Pt~111!. Yet the step interaction parameters
Table I derived for the Pt~997! surface give an equally goo
account for the influence of the residual step edges on
Pt~111! surface, where the step density is only 0.5%. T
suggests that the binding situation at the step edges on
vicinal Pt~997! is rather similar to the case of Pt~111! where
the steps are much further apart.

Finally, the presence of distance-2 commensurate e
structure raises another question on the growth scenari
Xe on the Pt~997! surface. Just as for the (A33A3)R30°
structure in model Nos. 1 and 2 an expanded interato
distance within the first Xe row would introduce a lattic
mismatch with respect to a second~closed-packed! row
growing in direct contact with the first one. As shown in Se
IV the lateral interactions favoring a spacing of 4.3 Å rath
than 5.54 Å would impede the formation of a complete s
ond row and lead to an incomplete wetting, i.e., 2D isla
formation on the terraces. This problem does not arise if
two rows are located on the top and at the bottom of the s
edge with only a weak interaction between the two ro
~actually zero in model No. 4!.

Another issue concerning the growth scenario is to w
extent the sequential adsorption or row-by-row growth
governed by equilibrium thermodynamics or surface kin
ics. Comparing the growth at different temperatures~espe-
cially for model No. 4; see Fig. 7!, we find that a perfect
row-by-row growth is only achieved at rather high tempe
tures, whereas the experiment reveals a distinct second
growth down to about 40 K.6 In fact, at lower temperature
(<60 K) the simulation predicts an almost simulataneo
formation of the first and second rows. This is due to
limited mobility of the Xe atoms, which have to surmount
barrier of 368–287581 meV to escape from the bottom ro
in order to reach the energetically favored top row. In oth
words, Xe atoms impinging on the terrace will reach t
nearest bottom or top row at either side of the terrace w
equal statistical probability and become confined with
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these two rows. Lowering the Ehrlich-Schwoebel barrier~be-
tween the top and bottom rows! would result in the thermo-
dynamically favored row-by-row growth at lower temper
ture and remedy the remaining discrepancy with
experiment.

In addition, we should emphasize that the mobility of t
rare gases often appears to be larger than expected on
basis of realistic estimates for the diffusion barrier.12,19 This
phenomenon has been attributed to a so-called transien
hyperthermal mobility: Xe atoms trapped on the metal s
face cannot readily accommodate the adsorption ene
which is thus transformed into a substantial kinetic ener
This allows a trapped Xe atom to move large distances e
at cryogenic temperatures until it eventually thermaliz
e.g., at step edges,12 impurities, or Xe islands that have a
ready formed on the surface.13 This excess energy could ac
tually allow Xe atoms arriving at the bottom row to reach
unoccupied neighboring site within the top row. Indee
STM images recorded after Xe deposition on a Pt~111! sur-
face show an almost exclusive decoration of the top of
step edges at 13 K before island nucleation at the bot
edge17,18 sets in. Likewise, large monolayer deep vacan
islands prepared by ion sputtering and subsequent anne
remain completely unfilled up to relatively high coverag
These observations suggest that Xe atoms impinging o
terrace can reach a neighboring step where they are lifte
onto the upper step edge.

VII. CONCLUSION

Kinetic Monte Carlo simulations offer a powerful tool t
study and analyze growth and desorption phenomena of
sorbed particles on crystal surfaces. They allow one to es
lish a direct connection between the interaction potent
and the behavior of a large ensemble of particles and, he
to connect between theory and experiment.

The unusual desorption behavior of Xe on Pt~111! was
interpreted in terms of a surprisingly low lateral Xe-Xe i
teraction of 7 meV, rather than by kinetic constraints o
reduced adsorbate mobility. The small ‘‘effective’’ lateral in
teraction could be an artifact arising from the neare
neighbor model which neglects the long-range nature of
Xe-Xe interaction and surface-mediated or three-body in
actions, as well as the possible influence of the lattice str

The adsorption of Xe/Pt~997! has been studied using fou
different structure and interaction models based on previ
suggestions in the literature. As a result, we can rule out
formation of a (A33A3)R30° adlayer structure on the te
race in favor of an aligned incommensurate phase as
gested by LEED and He diffraction. Furthermore, we co
clude that two Xe rows are energetically favored with resp
to the terrace sites. We can find a set of parameters~model
No. 4 in Table II!, which is able to reproduce the experime
tally observed sequential growth of the first two Xe rows p
Pt terrace. In this model the row on top and~to a lesser
extent! the row at the bottom of each Pt step edge are en
getically preferred and the Xe atoms adsorbed within the
row experience a local lateral repulsion.
7-10



d

zur
tract

KINETIC MONTE CARLO INVESTIGATION OF Xe. . . PHYSICAL REVIEW B65 165407
Thesameset of parameters has been successfully use
describe the desorption of Xe/Pt~997! as well as the influence
of the residual step edges on the Pt~111! surface. The simu-
lated TPD spectra matchquantitativelyto the experimental
ones.
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