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Atomistic potential for adsorbateÕsurface systems: CO on Pt
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An atomistic interaction potential for adsorbate/surface systems is presented, based on the modified
embedded-atom method~MEAM ! and applied to CO on Pt. All parameters are determined using both density-
functional theory~DFT! calculations, as well as the necessary experimental data. Whereas current DFT imple-
mentations suffer from problems in predicting the correct adsorption site of CO on Pt$111%, the current MEAM
potential quantitatively describes the adsorption energies on the Pt$100% and$111% surfaces. With this potential,
one is able to model, amongst others, diffusional properties and the CO induced lifting of the Pt$100%-hex
surface reconstruction.

DOI: 10.1103/PhysRevB.66.235409 PACS number~s!: 68.43.Bc, 68.43.Fg, 82.20.Wt
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I. INTRODUCTION

This paper is concerned with the derivation of potenti
energy parameters for a carbon monoxide adsorbate laye
platinum, within the framework of the modified embedde
atom method~MEAM ! developed by Baskes.1 The MEAM
has proven to be able to cover a wide range of bulk a
surface systems.2–7 While the original parametrization b
Baskes for metals and binary alloys was based on empi
data, we have shown that improved parameters can be
rived by fitting to ~additional! theoretical data, in particula
from density-functional~DFT! calculations.6 We here extend
that methodology to parametrize a adsorbate/metal sys
~CO/Pt!, for which parametrization can only be done by u
ing a combination of empirical~experimental! and theoreti-
cal ~DFT! results. The motivation of this work is to be ab
to model the complex phenomena of adsorbate-induced
construction of metal surfaces that have attracted much
tention, especially since the advent of scanning tunne
microscopy.

The MEAM parametrization method that we present h
should be applicable to a multitude of adsorbate/metal s
cies, but we have chosen CO/Pt as a first example since
one of the most intensively studied systems in surface
ence; the oxidation of CO on Pt has a similar archetypal r
in catalysis~excellent overviews of both aspects are given
Ertl, and Imbihl and Ertl in Refs. 8,9!. The subject is at once
simple in terms of its constituent elements—simple m
ecules and well-characterized surface~s!—as well as rich in
resulting phenomenology, such as complex adsorb
induced restructuring and spatiotemporal oscillation of re
tion rates. The experimental studies of the CO/Pt sys
have been supplemented by theoretical work, which has
to a proper fundamental understanding of the
processes.8–11 An example of recent progress in this area
the elucidation of the mechanism behind the CO-indu
lifting of the Pt$110%-(132) missing row reconstruction b
Thostrupet al.11 using DFT and Monte Carlo~MC! simula-
tions. The counterpart of this reconstruction on the$100%
0163-1829/2002/66~23!/235409~11!/$20.00 66 2354
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surface, however, is a more tedious exercise due to the
that the symmetry of the surface lattice changes from squ
to hexagonal, which makes a lattice-gas method~as the
Monte Carlo study mentioned above! impossible—or at leas
inaccurate at the atomic level. It can therefore only be m
eled realistically at the atomic level when accurate fo
fields are available.

As said, the~square! Pt$100% surface exhibits—when ex
posed to vacuum—a surface reconstruction in which the
face atoms adopt a quasihexagonal closest packing and
consequence, the surface plane contains;20% more atoms
than the unreconstructed square phase. Upon adsorptio
CO ~and several other adsorbates!, this ‘‘hex’’ reconstruction
is lifted by forcing the excess Pt atoms out of the plane. T
is also referred to as ‘‘restructuring’’ or ‘‘deconstruction
The expelled Pt atoms can, by surface diffusion, coale
into islands and form steps.12 Furthermore, the deconstruc
tion proceeds anisotropically,13,14 and its rate depends in
highly nonlinear way on the local CO coverage.15 The un-
derlying mechanism obviously involves a variety of atom
rearrangement processes, impossible to cover all wit
lattice-gas model, such as the MC approach used for
Pt$110% case.11 In studying these and similar mechanism
classical molecular dynamics~MD! simulations using effec-
tive force-field potentials are essential.16–19Here, the deriva-
tion of such a force-field potential is described, with app
cations to surface diffusion and reconstruction.

The organization of this paper is as follows. In Sec. II, t
experimental and theoretical data of the CO/Pt system
which the potentials are fit are introduced and—whe
relevant—their uncertainty is discussed. This section a
contains a technical discussion of the main differences
tween the monoatomic and heteroatomic MEAM. Furth
the physical interpretation of some of the parameters is
dressed, as well as the method to determine their val
Section III describes the computational techniques regard
the DFT and MEAM simulations. In Sec. IV, the CO/Pt p
tential is tested and its application to the Pt$100% surface
restructuring is discussed.
©2002 The American Physical Society09-1
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II. DERIVATION OF MEAM PARAMETERS

In this section, we introduce the most characteristic f
tures of the CO/Pt systems and extend the MEAM para
etrization scheme for monoatomic fcc metals to the hete
atomic system adsorbate/surface system. Although i
applied to CO/Pt here, the method has the potential to
used for other adsorbate/surface systems as well.

A. The COÕPt system

According to several experimental studies, CO gener
prefers binding at low-coordination sites, such as on-top o
Pt atom or bridging two Pt atoms. The data available
adsorption energies at these sites however, is not conclu
For instance, Yeoet al.20 find, using calorimetric measure
ments, an adsorption energy of21.94 eV for CO on
Pt$111%, whereas Ertlet al.21 from isosteric measuremen
find 21.40 eV. The calorimetric measurements were p
formed for a series of Pt surfaces, including the Pt$100%-hex
surface,22 which makes, at least, comparison of the relat
differences of the adsorption energies physically reliable
hence suitable to use in the fitting procedure. Unfortuna
it is experimentally not possible to determine the differen
in adsorption energy between the atop and bridge sites
straightforward manner. Schweizeret al.23 determined from
their infrared measurements, using an empirical model,
binding on Pt$111% at the atop site is preferred by;60 meV
relative to the bridge. On Pt$100%, Martin and co-workers24

find, using infrared spectroscopy, at a CO coverage of
monolayers~ML !, a mixture of domains of all bridge or a
atop species but the relative proportions of each vary a
function of temperature with the bridge domains being
vored at the lowest measured temperature, 90 K. This i
cates that the difference in binding energy between the
sites is rather small and in the present work, we arrived
CO/Pt potential for which the bridge site is preferred ov
the atop site by no more than 0.04 eV, in the limit of ze
coverage. More intriguing still, is the experimental fact th
CO binds stronger to the eight-coordinated$100% surface
than to both the more closed nine-coordinated$111% surface
and the more open~and thus generally more reactive! seven-
coordinated$110% surface.25

Theoretical treatment of the CO on Pt system is far fr
trivial, as evidenced by the conclusion of Feibelmanet al.,26

that current DFT implementations underestimate CO’s p
erence for low-coordination binding sites on Pt$111%. In their
extensive review, Feibelman and co-workers show that
is, without exception, found to favor hollow over atop s
adsorption, contradicting experimental studies. Although
as pronounced as Pt$111%, we have found that the Pt$100%
surface suffers from similar problems in the sense that b
ing at the atop site is underestimated, Table I. Some lim
empirical descriptions of the CO/Pt interaction exist,23,27 but
to our knowledge, no realistic CO/Pt potential has been c
structed yet.

As will be discussed in Sec. II C, DFT calculations sho
that the lateral CO-CO interaction is rather insensitive to
site and surface the CO molecules are adsorbed on. Fur
more, in agreement with experiment,28 the interaction has
23540
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been found to be pairwise in nature: the~repulsive! energy
increases proportionally with the number of CO-CO intera
tions. This phenomenon is a feature of the ‘‘Pauli repulsio
picture, in which two CO molecules are so close that
wave functions associated with their closed shells overla

The potential presented in this work, defined within t
framework of the modified embedded-atom method, wh
we will elaborate on more in depth in the following sectio
is in principle able to describe the most relevant propert
In the present work, we choose a parametrization based
$111% and$100% reference data. Since CO binds invariably
the Pt surface atoms via the C atom, we simplified the s
tem by considering CO as an effective atom, leaving o
two different ‘‘atoms’’ participating in the system. The CO t
Pt distance is then defined as the distance between the
center of mass and Pt. In the current implementation of
MEAM, we incorporate only nearest-neighbor~NN! interac-
tions. This implies that CO on-top of a Pt atom, cannot d
tinguish whether this Pt atom is part of, e.g., a$100% surface,
or a $110% surface. Therefore, the difference in adsorpti
energy is entirely governed by the Pt atom to which CO
adsorbed. Within the concept of bond order and bond-or
correction, which is at the heart of the MEAM,6 reactivity of
the Pt atom is in first instance determined by its number
NN’s. Therefore, within the current NN model, the$110%
surface, with only seven PtuPt bonds, will always be more
reactive towards any adsorbate molecule than the$100% sur-
face, with 8 PtuPt bonds. Consequently, no CO/Pt para
etrization will be able to describe the correct order of re
tivity of the different surfaces when interactions are limit
to NN’s only. Thus, when parametrization is based on pr
erties of the CO/Pt$111% and CO/Pt$100% surfaces, bonding to
the$110% surface will always be overestimated. Alternative
one could choose to use CO/Pt$110% properties to fit the
MEAM parameters to, but this will result in an underestim
tion of CO binding on Pt$111% and Pt$100%.

B. The MEAM

In the present introduction of the MEAM,1 we will just
briefly discuss the general concept for monoatomic syste
and more extensively the current heteroatomic case.

TABLE I. DFT values for the adsorption energy of CO on P
The Pt surface is kept fixed to mimic electronic effects only.
explained in Ref. 26, binding to the lower-coordinated sites is g
erally underestimated by current DFT implementations, especi
for Pt$111%.

Site DFT~PW91! Experiment

$100% top 21.77 >22.28
$100% bridge 22.05 22.28
$100% hollow 21.50
$111% top 21.51 21.94
$111% bridge 21.62 21.88a

$111%-fcc hollow 21.70

aAdsorption energy is obtained from empirical difference betwe
$111% bridge and atop sites according to Ref. 23.
9-2
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ATOMISTIC POTENTIAL FOR ADSORBATE/SURFACE . . . PHYSICAL REVIEW B 66, 235409 ~2002!
In the formalism of the MEAM, the total potential energ
of a system of atoms is generally written as

E5(
i

Ei5(
i

F1

2 (
j (Þ i )

f i j ~r i j !1Fi~ni !G , ~1!

whereEi is the energy of atomi, which depends on its en
vironment by means of a pair potentialf i j between atomsi
and j, and bond-order energyFi . The multibody interaction
Fi , originally termed embedding energy, depends on the
fective coordination numberni of atom i. This number is
constituted by the electronic density and the spatial distri
tion of the neighboring atoms. In the following equations w
will denote, in order to generalize for any adsorbate/me
system, CO byA and Pt byM. The labelsi andj denote both
‘‘atom’’ types. The bond-order energyFA for CO is, apart
from a scaling constant, equivalent toFM for metallic ele-
ments,

FA~nA!5E0
A nA

N0
A

lnS nA

N0
AD , ~2!

whereE0
A andN0

A are fit parameters. This functional form fo
F has been shown previously,6 to correctly describe the
bond-order conservation principle29 ~BOCP! in metallic sys-
tems. In general, one uses a reference system, such a
ideal fcc crystal, to assign physical meaning to the basic
parameters. In that case,E0 andN0 denote, respectively, th
sublimation energy and the number of nearest neighbor
the reference system~e.g.,N0512 for a fcc or hcp metal!.
For CO, such an obvious reference system cannot be
signed, and therefore the derivation and physical interpr
tion of the individual parameters ofF is not straightforward.
In the present work, we have found that a proper descrip
of the CO/Pt system is obtained whenFA , as well asfAA
and fAB , is parametrized using a system where CO is
sorbed on Pt, rather than using an isolated CO refere
system. The drawback, however, is that the physical mea
of the CO parameters in Eq.~2! is not very clear.

Due to the lack of multibody character in the CO-C
interaction energy mentioned in Sec. II A, the~multibody!
bond-order energyFA of CO, unlikeFM of Pt, is chosen to
include only effects of the Pt surface atoms, i.e.,nA consists
solely of neighboring Pt atom contributions. Consequen
the CO-CO interaction is entirely described by thefAA pair-
potential. This interaction energy has been found experim
tally and theoretically to be repulsive and to decay expon
tially with increasing CO-CO distance, so thatfAA ~denoted
asfA) can be defined as

fA~r !5f0
Ae2gAr , ~3!

wheref0
A is a preexponential factor,gA describes the expo

nential decay of the lateral repulsion, andr denotes the
CO–CO distance.

In monoatomic metallic systems, one often uses the u
versal equation of state as derived by Rose and co-worke30
23540
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to derivef.1 For heteroatomic systems, the choice forf i j is
less obvious. In a first attempt, Baskes proposed to cons
a pair potential for bimetallic alloys by taking some avera
form of two monoatomic pair potentials.1 For adsorbate/
surface systems, this approach is not likely to be very s
cessful, since especially the physical properties of the ad
bate drastically change compared to the desorbed ga
state. We have therefore chosen to fit the parameters of s
functional form directly to the available DFT and experime
tal reference data of the CO/Pt system. Thisfunctional form
~and not thephysical interpretation! we use, is simply a
Rose-like function ~alternatively, one could choose
Lennard-Jones or Morse potential!. Then

fAM~r !52E0
AM@11aAM~r !#e2aAM(r ), ~4a!

where

aAM~r !5aAMS r

r 0
AM

21D . ~4b!

Here,E0
AM is related to energy of adsorption,aAM relates to

the rigidity of adsorbed CO and therefore to vibrational pro
erties of the COuPt bond, andr 0

AM relates to the COuPt
distance.

In comparison with previous forms, the effective coord
nation number for PtnM is extended with a smoothed ste
functionS, in order to prevent unphysical behavior due to t
small or even imaginary values forn,

nM5nM
(0)A11S~GM !GM; S~G!5H 1 for G.0

0 for G,0.
~5!

Here, nM
(0) is the zeroth-order contribution ton and G con-

tains effects of directional bonding.G is essentially the
modification to the embedded-atom method~EAM! and is
constituted by angular contributionsn(k), with k5123,

GM5 (
k51

3

wM
(k)S nM

(k)

nM
(0)D 2

, ~6!

wherewM
(k) are weighting factors. Although described in d

tail in Refs. 1,6, we give for sake of completeness as
example the first-order angular contribution ton,

~nM
(1)!25 (

j ,l (Þ i )
r j

(1)~r j !r l
(1)~r l !cos~u j i l !, ~7!

wherer j
(1)(r ), defined below, is the first-order correction

the electronic density of atomj at distancer j from the atom
under consideration.u j i l is the angle between atomsi , j , and
l.

As explained above, the effective coordination numbernA
of CO contains only contributions of Pt atoms. Further, sin
the number, and not the angular configuration, of CO’s
9-3
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neighbors has proved to be the dominant factor, we neg
angular dependencies by settingGA50, thereby describing
nA effectively in the EAM limit,

nA5nA
(0)5 (

j PM
r j

(0)~r j !, ~8!

where r j
(0)(r ) is the zeroth-order electronic density of

atom j at distancer j from the CO molecule under conside
ation.

For the Pt atoms, a description that does includek.0
terms is essential, because CO lifts the quasihexagona
construction on the Pt$100% surface, and it has been esta
lished previously,6 that thek52 contribution to the effective
coordination numbern plays a determining role in the stab
lization of the hexagonal overlayer on the square$100% sub-
strate. In this respect, it seems logical to disrupt this stab
ing effect by introducing~at least! a k52 contribution from
these specific adsorbate molecules to the metal atoms.
tributions fromk51,3 may also be included, but would re
quire a larger data set for fitting, including for example da
on binding of CO to steps or kinks. In general, it is not to
expected that these additional angular contributionsk51,3 to
n will drastically improve the robustness of the descriptio
Moreover, one should see to it that propertiesnot included in
the reference fit data—such as diffusion—are correctly p
dicted. The electronic-density contribution of a CO molec
to the effective coordination number of Pt is therefore w
ten as

rA
(k)~r !5 f A expF2bA

(k)S r

r 0
A

21D G , k50,2, ~9!

where electronic decay parametersbA
(0) and bA

(2) , and dis-
tance parameterr 0

A ~usually the equilibriumA-A distance in
some reference structure! are to be determined. In mono
atomic systems the value of electron-density amplitudef is
irrelevant, since it cancels out of the coordination num
ratio in F of Eq. ~2!, whereN0 is equivalent to the equilib-
rium background density defined in Ref. 1 which is prop
tional to f. However, when different types of atoms intera
the value off becomes an issue.

C. Determination of COÕPt parameters

Due to the lack of cubic symmetry in the CO/Pt syste
an obvious separation of parameters is not possible.1 There-
fore, most CO and CO-Pt parameters have to be fittedsimul-
taneouslyto the available reference data. Such a proced
implies that most of the CO-specific parameters depend
plicitly on the value of the previously determined Pt para
eters. For this Pt potential, the parameter sets of Ref. 1
Ref. 6 could be used. Here, we use a slightly altered par
eter set for Pt, based on the scheme described in Ref. 6
fit to a slightly different set of reference data: instead
using the DFT value for the vacancy formation energyEv

f ,
an average of experimental values,31 1.45 eV, has been used
This potential parametrization represents the physical p
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erties of the Pt$100% better than the previous potential, whic
tends to overestimate binding energies within the hexa
nally reconstructed surface layer.

The CO/Pt reference data include adsorption energies
lateral interactions on the$100% and$111% surfaces, see Table
II and Figs. 1 and 2. Although not explicitly mentioned, th
adsorption energies on the threefold and fourfold holl
sites are considerably higher than on the lower-coordina
sites ~in the order of 0.5 to 1 eV!. The resulting MEAM
parameters for CO and CO/Pt are shown, together with th

FIG. 1. Adsorption energyEa for a CO molecule on a Pt$100%-
bridge site as a function of CO to surface distanced ~measured from
the CO center of mass to the surface plane!. The open circles rep-
resent the DFT calculations, shifted down by 0.23 eV to match
experimental value of Ref. 22. The solid line depicts the MEAM
used to determine the CO-Pt and most of the CO parameters l
in Table III.

TABLE II. Experimental data and the resulting MEAM fit val
ues. Experimental data taken from Refs. 20,22, where calorime
heats of adsorption were measured at CO coverages of 0.01 to
ML. Also listed, the MEAM values after allowing the Pt surfac
atoms to relax, at CO coverages around 0.01 ML.

Site Experiment MEAM fit MEAM after relaxation

$100% top >22.28 22.20 22.24
$100% bridge 22.28 22.24 22.28
$100% hex 22.00 ^22.05& a

$111% top 21.94 22.09 22.12
$111% bridge 21.88b 21.90 22.03
$110% top 22.00 22.35c

$110% bridge >22.00 22.44c

aAveraged value for different bridge and atop sites of hexagon
reconstructed surface. This value is not included in the fit.

bAdsorption energy is obtained from empirical difference betwe
$111% bridge and atop sites according to Ref. 23.

cBonding of CO to Pt$110% is overestimated due to the restriction
the interaction to nearest neighbors. Details are explained in
text.
9-4
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ATOMISTIC POTENTIAL FOR ADSORBATE/SURFACE . . . PHYSICAL REVIEW B 66, 235409 ~2002!
parameters, in Table III and are further discussed bel
Since the type of~surface! systems to which the paramete
are fitted, are rather similar, some degree of arbitrarines
the fitting scheme remains unavoidable.

1. CO and CO-Pt parameters

Here, the derivation of all CO parameters exceptf0 and
g, and all CO-Pt parameters is described. In short, all par
eters are, through the analytical MEAM expressions for
atomic energy@Eq. ~1!#, simultaneously fitted to the refer
ence data of the adsorption and relaxation energies of CO
Pt$100% and Pt$111%. This procedure is similar to the case
homogeneous metallic systems, where surface energies
surface layer relaxations have been used.6

Some physical meaning to the CO MEAM parameters
be imposed by assigning tor 0

CO, e.g., the equilibrium value

FIG. 2. Lateral CO-CO interactionEl as a function of intermo-
lecular separationr. r 0

Pt denotes the Pt NN distance. The data poi
represent the DFT calculations and the solid line depictsfCO of Eq.
~3! fitted to the DFT results. The repulsion energy is proportiona
the number of CO-CO bonds within a few meV. The dashed l
denotes the empirical repulsion, Ref. 28, of which the dense
indicates the empirically reliable range (r *0.9r 0

Pt). Several con-
figurations are indicated, e.g., aroundr 50.71r 0

Pt , the interaction of
CO molecules located at nearest bridge positions on the$100% sur-
face, and around 0.87r 0

Pt the CO-CO interaction at next-neare
bridge positions on$111%. At r 5r 0

Pt , five configurations and corre
sponding energies are indicated.
23540
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of the lateral CO-CO distance in the (CO)2 gas-phase dimer
Since this value is larger than the value forr 0

Pt, the electronic
density of CO, Eq.~9!, is larger than the electronic density o
Pt at a given distancer. A value for f CO smaller than 1 may,
to some extent, compensate for this effect. Although sev
physical plausible values forf have been proposed,32 in this
work a value of 0.5 forf CO is found to properly describe th
current system.

It has been shown previously, that the intramolecular C
and the intermolecular Pt-C stretching vibrations are c
rectly described within current DFT implementations,33–36

despite the fact that calculation of adsorption energies
cumbersome. This implies that the change in adsorption
ergy as a function of CO to Pt distance is correctly rep
duced by DFT. As a result, for determining the CO a
CO-Pt parameters, DFT calculations are best used after
rection for the off-sets of the adsorption energies using
perimental data. The interaction energy as a function of
CO distance to the Pt$100% bridge site is shown in Fig. 1. The
Pt atoms have been kept fixed, in order to mimic electro
effects only.

Table II displays the empirical reference data, as well
the resulting MEAM fit to it. The adsorption energies for C
on Pt$110%, as reproduced by the current MEAM potentia
are typically 0.4 eV too low compared to experiment. T
reason for this artifact—in the current model inevitable—li
in the restriction to NN interactions, as explained above
Sec. II A. Despite the artifact, the general trends of the c
rent CO/Pt potential are in better agreement with experim
than current DFT implementations and to our knowledge,
CO/Pt potentials exists which performs better.

2. CO-CO parameters

As mentioned in Sec. II A, the CO-CO interaction is pa
wise and more or less independent of adsorption site
surface. Since the CO-CO interaction energy is described
just the pair potential of Eq.~3!, the parametersf0

CO andgCO

entirely define the interaction. Using DFT, the lateral inte
action at different coverages and adsorption sites can ea
be calculated for both the$100% and$111% surfaces. Again, to
separate the electronic effects from the atomic relaxation
fects, the Pt surface is kept fixed and only the C and O ato
are allowed to relax their interatomic distances perpendic
to the surface plane. The results are summarized in Fig
and agree reasonably well with the empirical relation for C
on Pt$111% derived by Perssonet al.28 Part of the discrepancy
between the DFT calculations and the empirical data mi
be assigned to inhibited relaxations of the Pt surface.27 This

o
e
rt
terpre-

TABLE III. MEAM parameters for CO and Pt. ParametersE0 andf0 are in eV/atom,r 0 in angstrom, and

g in Å21. The physical interpretation of the Pt parameters is discussed in Refs. 1,6. The physical in
tation of the CO and CO/Pt parameters is discussed in the text.

E0 r 0 a A N0 f0 g f b (0) b (1) b (2) b (3) w(0) w(1) w(2) w(3)

Pt 5.47 2.82 6.23 0.99 12 1 4.32 4.64 0.50 2.33 1 0.1421.38 6.00
CO 3.21 4.01 1 3.22 799.6 2.87 0.5 4.05 5.13 1 0.0 0.0 0.0
CO-Pt 1.77 2.40 10.75
9-5
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effect arises because an adsorbed CO molecule induce
calized relaxations of the substrate lattice around the ads
tion site and when another CO molecule is close enough,
perturbation caused by one CO molecule influences
other, and the total adsorption energy is not exactly the s
of the adsorption energies of the isolated adsorbates, i.e
effective interaction energy appears. This indirect repuls
is not present in the DFT calculations, since the Pt subst
is kept fixed, see Sec. III. In MD simulations, the indire
repulsion will of course naturally emerge as a function of C
coverage~not shown here!.

III. COMPUTATIONAL METHODS

The DFT calculations were performed using theVASP

package,37,38 which uses periodic cells, a plane-wave ba
set, and ultrasoft Vanderbilt pseudopotentials with sca
relativistic corrections. For the GGA the PW91 functional
used. point sampling and energy cutoff. In all DFT calcu
tions the energy cutoff was 350 eV and thek-point summa-
tions were done on 15-point to 45-point meshes in the i
ducible part of the Brillouin zone. For all surfac
calculations, five-layered periodic slabs were used. In
$100% slab, each plane contains four Pt atoms; in the$111%
slab, three Pt atoms. All Pt atoms were kept fixed, as
quired by the fit procedure described above and to mi
electronic effects only. The CO molecules were allowed
fully relax their internal CO bond length, but kept perpe
dicular to the surface plane. In calculating the lateral CO-
repulsion, the C-Pt distance was also optimized. The
coverage limit is approximated by one CO molecule per u
cell, resulting in coverages of 0.25 and 0.33 ML for$100%
and$111%, respectively. From the lateral CO-CO interactio
and from the (CO)2 gas-phase dimer calculations, it follow
that the interaction vanishes around 4 Å, approximat
equal to the next-nearest-neighbor distance of Pt. There
it may be assumed that these coverages represent the
coverage limit reasonably well, also taking into account
fact that the Pt substrate is not allowed to relax.

The MEAM calculations were performed using th
CAMELION code as developed by Thijsse an
co-workers.39CAMELION solves Newton’s equations of mo
tion and applies the velocity-verlet algorithm using au
matic time-step adaptation for time evolution. The intera
tions between atoms are in the present work restricted by
interactions only, using a radial cutoff. The same cutoff d
tance is assumed for both CO and Pt. The effect of vary
the cutoff distance is discussed below in Sec. IV A. T
quasihexagonal surface reconstruction of Pt$100% is approxi-
mated by periodic (531) unit cells on top of a bulk-
terminated (131) substrate.

IV. APPLICATIONS AND DISCUSSION

In this section, the main characteristics of the CO/Pt
teraction potential are investigated by evaluating
potential-energy surfaces of CO on Pt$100% and $111%. The
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effect of varying the radial interaction cutoffr c is compared
with DFT calculations in order to establish a physically ju
tified value forr c . Further, diffusion of CO on both Pt sur
faces is probed and the main concepts of the mechan
driving the CO-induced lifting of the Pt$100%-hex reconstruc-
tion are discussed. A more extensive study on the detail
the dynamics and mechanism of this process will be p
lished elsewhere.40

A. Potential-energy surfaces

The nature of an adsorption site, e.g., onefold~atop! or
twofold ~bridge!, is in first instance determined by the num
ber of Pt surface atoms interacting with the adsorbate m
ecule. Obviously then, this is related to the value of the
teraction cutoffr c , which must ensure that CO does n
interact with, e.g., any of the four next-nearest Pt ato
when adsorbed atop on Pt$100%. The CO/Pt interaction en
ergy at intermediate adsorption sites is therefore largely
termined by the choice of the value forr c and thus whether
CO is bound to, e.g., two or three Pt atoms. The effect
varying r c on the potential-energy surface of CO/Pt$100% is
shown in Fig. 3. At lower cutoffs, an artificial local minimum
in the PES starts to appear at a position between top
hollow; at higher cutoffs this local minimum vanishes. Th
suggests that a lower limit tor c exists around 3.3 Å. At all
relevant simulation temperatures, sayT.100 K, this artifact
should be unimportant. In order to obtain a physically jus
fied value forr c , the change in interaction energy when C
moves parallel to the surface from the bridge to the holl
site on Pt$100%, is compared to~shifted! DFT calculations,
Fig. 4. It is concluded that, considering the accessible val
of r at relevant simulation temperatures up to;1000 K, r c

53.45 Å gives the best agreement with the DFT results.
On the Pt$111% surface things are a bit more delicate sti

since at the bridge position, CO is relatively close to the t
next-nearest Pt atoms. In order to avoid interaction, an up
limit to r c exists for this surface around 3.3 Å. Figure
displays the PES of CO on Pt$111% with this cutoff. Since, as
mentioned before, DFT has problems with this specific s
face, a direct comparison between the MEAM potential a
DFT is not possible, as compared to the CO/Pt$100% case,
where at least the ‘‘right order’’ of adsorption energies
reproduced, Table I.

Thus, depending on the surface and simulation temp
ture, an adequate value forr c would be between 3.3 and 3.4
Å.

As can be seen from Figs. 3 and 5, both the bridge
atop sites are local minima, being separated by a barrie
0.2–0.3 eV. This agrees with the conclusions of Schweizeet
al.,23 who estimated from their IRAS measurements a bar
of 0.3 eV between bridge and atop for CO on Pt$111%, and
Ma et al.,41 who find from diffraction measurements a barri
of 0.13–0.20 eV. Also, Geet al.42 calculated for CO on
Pt$110% a barrier of;0.15 eV between the bridge and ato
sites. Another way to compare the energy barriers to exp
9-6
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FIG. 3. 2D and 3D plots of the CO/Pt$100% potential-energy surfaces, centered around the atop site. The Pt substrate is keptr
denotes the distance from the hollow site located at~0,0!. In ~a! and ~b! the interaction cutoffr c is 3.3 Å, in ~c! and ~d! it is 3.45 Å. The
contour lines in~a! and~c! indicate energies ranging from22.2 to21.5 eV, separated by intervals of 0.1 eV. The adsorption energy a
bridge is the lowest,22.24 eV, followed closely by the atop site,22.20 eV.
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cal
mental data, is by obtaining the diffusion coefficientD from
molecular-dynamics simulations and assuming an Arrhen
temperature dependence,

D5D0 exp~2Ed /kBT!. ~10!

Here,Ed is the energy barrier between the two local minim
at the atop and bridge sites, andD0 denotes a prefactor con
taining entropic contributions from the substrate. The val
measured forEd are in good agreement with the MD result
Table IV and Fig. 6. For CO on Pt$111% a wide range of
23540
s

s

values forD0 is measured,43 which makes quantitative com
parison with our MD simulation results rather pointless. M
et al. conclude from their measurements that these exp
mental discrepancies are caused by surface defects. Unf
nately, experimental data for diffusion of CO on Pt$100% is
not available at all.

As can be seen, the simulated values ofD0 and Ed for
CO/Pt$111% are larger than for CO/Pt$100%. This might be
related to the fact that, compared to the atop site, the lo
minimum at the bridge site on$111% is higher than on$100%,
which causes CO on$111% to effectively hop from atop to
9-7
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atop site, passing a higher-effective barrier and, by skipp
the bridge site, resulting in a larger hop length and th
largerD0. On the other hand, in the Arrhenius plot, the sim
lation values of CO/Pt$111% are more scattered than those
CO/Pt$100%, resulting in a considerably larger statistical err
for D0 andEd of $111%, which makes direct comparison mo
difficult.

FIG. 4. Adsorption energyEa as a function of the distance from
the hollow site. Atr 50.5r 0

Pt the bridge site is located. The dashe
line indicates the DFT calculations, the solid lines depict
MEAM calculations with different interaction cutoffsr c as indi-
cated by the arrows. A cutoff around 3.4 Å gives the best agreem
with DFT calculations.
23540
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B. CO-induced restructuring of Ptˆ100‰ hex

The adsorbate-induced lifting of the Pt$100%-hex surface
reconstruction is among the most intensively studied surf
phenomena~see for instance Refs. 13–15,24,46–48 and r
erences therein!. The hex phase contains approximately 20
more Pt atoms than the bulk-terminated (131) phase. One
of the most pronounced features of the CO-induced rest
turing, as observed in STM measurements,13,14 is the highly
anisotropic growth of (131) domains on the otherwis
~quasi! hexagonal surface. Despite the initial controversy,
nucleation of the restructuring is concluded to occur at~spe-
cifically oriented! defects at the surface.14 Although many
details of the underlying mechanism have been revealed
atomistic model is still lacking.

Studying the mechanism behind the surface restructu
with lattice-gas methods, such as Monte Carlo~MC!, is
doomed to failure, due to the large variety of possible
ementary steps involved in the displacement of the exces
surface atoms, and due to the complexity of the ove
change in surface density and structure. It should be m
tioned, however, that the more straightforward mechan
describing the CO-induced lifting of the Pt$110%-(132) re-
constructioncanbe modeled using MC,11 since the processe
involved there are less complicated and more evident. A
when incorporating the surface reconstruction in an effec
way, the CO oxidation reaction can be modeled as well,
ing lattice-gas methods.10,49–52Classical molecular-dynamic
simulations, using the proper effective potential, would
the obvious method to study such processes.

Using a periodic slab with a stepped Pt$100%-hex surface,
MD simulations with our MEAM potential for CO/Pt indee
reveal an anisotropic mechanism for the phase transition

nt
and the
e

FIG. 5. 2D and 3D plots of the CO/Pt$111% potential-energy surfaces, centered around the atop site. The Pt substrate is kept fixed
interaction cutoffr c is 3.3 Å. The contour lines in~a! indicate energies ranging from22.1 to21.5 eV, separated by intervals of 0.1 eV. Th
adsorption energy is lowest at the atop site,22.09 eV. The local energy minimum at the narrow bridge sites is21.90 eV.
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TABLE IV. Diffusion parametersD0 (cm2/s) andEd ~eV! for CO on the Pt$100% and $111% surfaces.
MEAM-1 denotes the results of MD simulations with an interaction cutoffr c of 3.3 Å and MEAM-2 denotes
the results withr c53.45 Å. The standard errors in the fit parameters are considerably larger for$111% than for
$100%. Obviously, the effect of varying cutoff is small. Experimental data for the$100% surface are not
available. For the$111% surface the experimental values forD0 and forEd vary significantly, depending on
the surface coverage and the applied technique, Ref. 43.

Expt.a MEAM-1 MEAM-2
System D0 Ed D0 Ed D0 Ed

CO/Pt$100% 1.43102460.3 0.2660.04 8.73102560.5 0.2160.07
CO/Pt$111% 131026,731021 0.17,0.54 4.03102360.9 0.4360.13

aSee Refs. 44,45, respectively.
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Fig. 7 it is clearly visible that excess Pt atoms of the h
phase arecollectively ejectedin chains from the surface to
form chains adatoms, which indicates that the restructu
mechanism is nonlocal, extending over several atoms,
stead of a local, isolated phenomenon, as usually assum
MC simulations.10 The observed process makes sense w
one realizes that with a collective ejection of atoms, few
PtuPt bonds are broken than in the case of ejection o
single Pt atom from the surface. In addition, no excess
mass transport is required, apart from a local rearrangem
of the remaining surface atoms.

Of course, one may argue that binding of CO to the low
coordinated Pt atoms in the ejected chains is overestima
as exemplified by CO binding to Pt$110%, Table II. But then
again, this would also hold for single, isolated adatom
Therefore, this overestimated binding to lower-coordina
Pt atoms would, at worst, result in anenhancedrestructuring
mechanism, not in adifferentmechanism. Still, the stronges
support for the observed mechanism comes from experim
the resemblance with the STM images, in which similar a
isotropic features are observed, is excellent~Figs. 6 and 7 in
Ref. 14!, which means that the phenomenon of the C
induced lifting of the Pt$100%-hex reconstruction is succes
fully simulated.

FIG. 6. Arrhenius plots of the CO diffusion on Pt$100% and
$111%. In all simulations the interaction cutoffr c is 3.3 Å ~i.e.,
MEAM-1 in Table IV!.
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The details are discussed more in depth in a compan
paper,40 but it is worth noting that we find a similar nonlinea
CO-coverage dependence of the restructuring rate as
served experimentally.15 In addition, by varying the simula-
tion temperature, an effective activation energy of 0.4 eV
the restructuring process could be estimated. This valu
obviously lower than the experimental value of;1 eV for
the reverse process: the reconstruction restoring the
phase. This is in line with the experimental observations t
deconstruction~simulated here! occurs at temperatures a
low as 150 K,53 whereasreconstruction occurs at higher tem
peratures: around 400 K.46

Apart from the overall agreement with experimental da
the predictive capabilities and physical reliability of th
MEAM is also illustrated by the fact that when all CO
removed after the deconstruction is completed and the sq
bulk-terminated phase is restored, the surface starts to re
struct again to the hex phase, by ‘‘absorbing’’ the adat
chains directly into the surface. Although this is the exa
reverse of the deconstruction mechanism, in reality the a
tom chains will condense into larger and more stable isla
before all CO can be removed. Then different mechanis
for reconstruction will become more important.

V. CONCLUDING REMARKS

The results discussed above support the idea that
CO/Pt MEAM potential presented in this work can be su
cessfully applied in MD simulations to model physical pro
erties of CO-covered Pt surfaces. Even more, the cur
parametrization scheme can be expected to work for sim
adsorbate/surface systems as well, such as NO on Rh,
sidering the adequate description of CO/Pt presented
and the previous undeniable success of the MEAM in g
eral. Further, an extension of the interatomic interactions
next-nearest neighbors may contribute to an improved
scription of adsorbates on all surfaces, such that the cur
overestimated binding of CO to Pt$110% can be resolved.

The work presented here can therefore contribute to
hanced application of effective-potential based MD simu
tions in theoretical research of surface science and catal
a field in which MC and DFT have been the predomina
techniques.
9-9
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FIG. 7. MD simulation snapshots of the initial CO-induced transformation of the Pt$100%-hex reconstruction, where the excess Pt ato
are ejected in chains. For clarity CO is not shown. Darker colors represent lower levels. These simulations were performed with
temperature of 850 K and CO coverage of 0.5 ML, but similar behavior is found at, e.g., a temperature of 600 K and a coverage of
The transformation is nucleated at the step~marked by the arrow! and proceeds anisotropically with the preferred direction perpendicula
the step. The resemblance with the STM images by Borget al. is remarkable~Ref. 14!.
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51F. Chávez, L. Vicente, A. Perera, and M. Moreau, J. Chem. Ph

112, 8672~2000!.
52E. I. Latkin, V. I. Elokhin, and V. V. Gorodetskii, J. Mol. Catal. A

Chem.166, 23 ~2001!.
53J. A. Davies, T. E. Jackman, D. P. Jackson, and P. R. Norton, S

Sci. 109, 20 ~1981!.
9-11


