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1
General Introduction

This thesis is concerned with the surface reconstruction of the platinum-group
metals, and more specifically, with the theoretical study of the influence of carbon-
monoxide molecules on the structure of the platinum surface. In this introductory
Chapter I will introduce the system of interest, the interactions of molecules with
metal surfaces, and the basic ideas behind theoretical techniques to simulate them.
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1.1 Surfaces and Adsorbates

The topic of research covered in this thesis deals with the interplay of adsorbates
and surfaces. To start with the latter, surfaces form the boundaries of a crystal. A
crystal can be thought of as a gigantic molecule, consisting of ∼ 1023 atoms∗, which
are clustered in an ordered, periodic way. In our case, these atoms are the so-called
Pt-group metal atoms rhodium, palladium, iridium, or platinum.

The periodic ordering of the atoms in the bulk of the crystal is reflected by these
bulk-terminated crystal surfaces, Fig. 1.1, and depending on the specific overall
ordering of the crystal and the direction in which the surface plane is oriented
with respect to this internal ordering, a surface may exhibit, for instance, a square,
hexagonal, or even a kinked structure.

“Adsorbates” is the general term for atoms and molecules which establish an
attractive interaction with a surface. As a consequence, they adsorb on the surface,
where they may diffuse, react with other adsorbates, or — in case of molecules —
can dissociate, and from which they may ultimately desorb.

When atoms or molecules are adsorbed on surfaces, their chemistry (i.e., reac-
tivity) towards other atoms and molecules changes. The case for which reactivity or
a specific reaction pathway between adsorbed species is enhanced in comparison
with the desorbed situation, is believed to be the basis of (heterogeneous) catalysis.

In the next two Sections I will explain a bit more the changes of surface struc-
tures and the interactions of adsorbates with surfaces. Here I closely follow the
book by Somorjai, Ref. 1, which gives a nice introduction to surface chemistry.
Other good books are the ones by Masel [2, 3].

1.1.1 Surface Reconstructions

For covalently bonded semiconductor surfaces (Si, Ge, InSb, etc.), the surface
atoms exhibit “broken” or “dangling” bonds and cannot compensate for the loss
of nearest neighbors they had in the bulk. These broken bonds created at the sur-
face can then only be restored through drastic rearrangements of the surface atoms
and, as a consequence, the surface may reconstruct.

A surface reconstruction can be considered as a rearrangement of atoms at the
surface, such that the surface assumes an atomic structure that differs fundamen-
tally from the structure one would expect if the bulk structure terminated abruptly
at the surface.

Most semiconductor surfaces reconstruct, and major rebonding between sur-
face atoms occurs in this process. The associated perturbation propagates several
layers into the surface until the bulk lattice is recovered.

Many metal surfaces also reconstruct. For example, at the {100} surfaces of Ir,
Pt, and Au it then becomes more favorable for this originally square ordering of
atoms to collapse into a ∼ 20% more dense quasihexagonally (hex) close-packed

∗To get an idea about the density of a surface: in an area of one by one centimeter, there are about
1015 (i.e., 1000 000 000 000 000) surface atoms.
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Figure 1.1: Examples of the {100} surfaces of a face-centered-cubic (fcc) metal, with two CO
molecules adsorbed on top of surface atoms (the two darker atoms represent the C atoms,
the two brighter ones are O atoms). During the “hex” reconstruction the surface layer (and
only the surface layer) changes its square structure to a (quasi) hexagonal structure. Also
visible is a step, where the surface continues at a lower level.

layer, see Fig. 1.2. The {110} crystal face of the same metals exhibits the so-called
“missing row” (MR) reconstruction. In this circumstance, a whole row of metal
atoms is periodically missing.

1.1.2 Interaction of Adsorbates with Surfaces

When atoms or molecules adsorb on ordered crystal surfaces, they usually form
ordered overlayer structures over a wide range of temperatures and surface cov-
erages. The driving force for ordering originates in mutual interatomic interac-
tions. Here, an important distinction must be made between adsorbate-adsorbate
and adsorbate-substrate interactions. The adsorbate-adsorbate forces are usually
small compared to the adsorbate-substrate binding forces, so that the adsorbate lo-
cations are determined by an interplay between their entropy-related accessibility
and the optimum adsorbate-substrate bonding. The adsorbate-adsorbate interac-
tions dominate the long-range ordering of the overlayer. These interactions can be
studied experimentally by examining, e.g., the changes in the overlayer structure as
a function of coverage, or by theoretical calculations. The surface coverage is thus
an important parameter in ordering.

By definition, a coverage θ of one monolayer (ML) corresponds to one adsor-
bate atom or molecule for each unit cell of the clean, unreconstructed substrate
surface. Thus, if carbon monoxide (CO) molecules bond to every other top-layer
metal atom exposed at the Pt{100} surface, θ equals 0.5 ML.

Most nonmetallic adsorbed atoms or molecules will not compress into a mono-



4 | General Introduction

Figure 1.2: The two surface phases of the {100} surfaces of Ir, Pt, and Au. Left, the square
bulk-terminated (1×1) phase and right, the ∼20% more dense quasihexagonal (5×1) or
“hex” reconstructed phase. The symmetry of each of the surface phases is indicated by the
circles with solid lines. For the hex phase, the (5×1)-size unit cell is indicated by the cir-
cles with broken lines, which represent five atoms in the (square) second layer, below the
hex layer. In vacuum, the {100} surface layer of the late 5d-metals adopts the hex phase
on top of the otherwise square substrate (bulk), while in the presence of several adsorbate
molecules — such as CO and NO — the {100} surface layer of these metals deconstructs to
the square phase of the substrate.

layer overlayer on the closest-packed metal substrates. There is a short-range re-
pulsion that keeps these atoms apart by approximately a Van der Waals distance.
Attempts to compress the overlayer further by increasing the coverage (which is
carried out by exposing the surface to higher pressures of the corresponding gas)
either fail or result in diffusion of the atoms into the bulk.

The effects of a strong adsorbate-substrate bond on the surface structure of
the substrate can be large. The presence of an adsorbed overlayer often removes
the reconstruction of clean surfaces: the substrate surface atoms usually return
to their bulk-like equilibrium position. The thermodynamic driving force for
adsorbate-induced restructuring is the difference in strength of the adsorbate-
substrate bonds for the reconstructed and unreconstructed surfaces. More specifi-
cally: the loss in adsorption energy is larger than the gain in energy associated with
the reconstruction of the clean surface. If massive diffusion-controlled atom trans-
port along the surface is not needed, the time scale of adsorbate-induced restruc-
turing may be short, on the order of adsorption times (∼ 10−6 sec) of a monolayer.

As the discussion above indicates, adsorption can alter the surface structure
of the substrate. We should therefore never assume a rigid substrate lattice dur-
ing adsorption, as is often assumed in theoretical modeling. The formation of the
adsorbate-substrate bond and the resulting adsorbate overlayer could very likely
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be accompanied by adsorbate-induced restructuring of the substrate.

1.2 Our Main Interest: Clean and CO-Covered Pt{100}

The motivation of the work described in this Thesis, is to be able to model and
understand the complex phenomena of surface reconstruction and adsorbate-
induced deconstruction that have attracted much attention, especially since the
advent of scanning tunneling microscopy (STM). We will focus mainly on the sur-
face properties of clean and CO-covered Pt, since these are among the most inten-
sively studied systems in surface science; the oxidation of CO on Pt has a similar
archetypal role in catalysis (excellent overviews of both aspects are given by Ertl,
and Imbihl and Ertl in Refs. 4, 5). The subject is at once simple in terms of its con-
stituent elements — simple molecules and well characterized surface(s) — as well
as rich in resulting phenomenology, such as complex adsorbate induced restruc-
turing and spatiotemporal oscillation of reaction rates. The experimental studies
of the Pt and CO/Pt systems have been supplemented by theoretical work, which
has contributed to a more fundamental understanding of these processes [4–10].
An example of recent progress in this area is the elucidation of the mechanism be-
hind the CO-induced lifting of the Pt{110}-(1 × 2) missing row reconstruction by
Thostrup et al. [10] using, among others, Monte Carlo simulations (see Section 1.3
below). The counterpart of this reconstruction (and its lifting) on the {100} surface
however, is a more tedious exercise due to the fact that the symmetry of the sur-
face lattice changes from square to hexagonal, which makes a lattice-gas method
(as the Monte Carlo study mentioned above) impossible — or at least inaccurate at
the atomic level. It can therefore only be modeled realistically at the atomic level
when accurate force fields are available. The modeling of clean Pt and CO/Pt, and
the construction of these force fields are the essence of the work conducted during
my period of research.

1.3 Modeling in Surface Science

The dominating techniques in the theoretical study of surface science and catalysis
are the electronic structure methods, more specifically Density Functional Theory
(DFT), and the Monte Carlo (MC) methods.

DFT can be used to determine, among others, molecular structure and stability,
energetics of reaction pathways, infrared spectra, etc. Apart from the (chemical)
accuracy, DFT is valid only at a (non-chemical) temperature of 0 K. If, for instance,
a reaction, or a reaction step in a reaction pathway, is energetically found to be
possible, it does not necessarily have to occur. Namely, the mechanism by which
chemical processes occur is described by kinetics, which is controlled by temper-
ature and the concentration (pressure) of the reactants. Thus, DFT provides the
energetic relationships between different chemical states, whereas the sequence
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and rate of events that occur as molecules transform between their various possi-
ble states is described by kinetics.

To get a better idea about the statistics and hence the kinetics of a certain reac-
tion, Monte Carlo simulations offer a solution. MC methods have been widely ap-
plied to model adsorbate surface structures and reaction statistics [9]. In MC meth-
ods, using a strictly defined set of events (i.e., molecular processes like a diffusion
jump or the dissociation of a molecule), realizations of a system are generated with
certain probabilities, related to the statistical description of the system. The draw-
back of this method is, that it is (in practice) a “lattice-gas” method, which makes
it impossible to model any mechanism or process that is not (indirectly) included
in the sequence of allowed events. This usually includes subtle atomic relaxations
or (unnoted) complex cooperative processes involving several atoms.

An alternative simulation technique which is widely used in several fields of
research, but is surprisingly rather uncommon in surface science, is Molecular Dy-
namics (MD). MD can be used to obtain statistical time averages, but does not need
a pre-defined set of allowed atomic events. Molecular Dynamics simulations are
the basis of the results presented in this thesis and I will therefore give a brief intro-
duction to MD as well as the associated method for deriving the interatomic forces:
the Modified Embedded-Atom Method (MEAM). Parametrization of the MEAM, in
turn, is based on DFT, which I will introduce first.

1.3.1 Density Functional Theory

Here I will give a brief overview∗ of the main features of Density Functional Theory
(DFT). There are many text books available on DFT, and the interested reader is
referred to the classics by Parr & Yang [11] and Dreizler & Gross [12]. A good and
more up-to-date book is the one by Koch and Holthausen [13]. Nice, but slightly
more technical review papers have been written by Payne et al. [14] and Nagy [15].

Density Functional Theory is a quantum mechanical theory, which describes
the interaction between the electrons and nuclei of a system. In comparison to
other electronic structure methods, DFT takes a somewhat special place. Its aim
is not to obtain a good approximation to the ground-state wave function of a sys-
tem, but rather to find the ground-state energy of the system as a functional† of the
electron density, without reference to the wave function.

DFT has gained much popularity throughout the last decade and is now widely
applied in several fields of research, including catalysis, biochemistry, and drug de-
sign. The reason is rather simple: DFT is relatively fast and still quite (read: chemi-
cally) accurate — binding energies are accurate typically within 0.05eV per atom.

That such an approach, based on the electron density, is in principle possible
and is formally justified was shown in 1964 by Hohenberg and Kohn [16] (Kohn was
awarded the Nobel prize in 1998 for his pioneering work). The proof that all observ-

∗Based on lecture notes by S.J.A. van Gisbergen, available at http://www.theochem.kun.nl/han.
†A functional can be considered as a “function of a function”: a function is a rule for going from a

variable x to a number f (x), a functional is a rule for going from a function f to a number F [ f ].
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ables of a many electron system, including the energy, are unique functionals of the
electron density provides the theoretical basis for DFT.

This Hohenberg-Kohn theorem does not yet provide a practical approach for
calculations. For that the Kohn-Sham equations are needed. In their 1965 paper
Kohn and Sham [17] showed that if, for a non-interacting particle system, a local
external potential exists (called the Kohn-Sham potential), such that the density
of the non-interacting particle system is identical to the density of the interacting
particle system, then this potential must be unique.

Although formally stated, this theorem provides a simple practical scheme for a
system of non-interacting particles in a local potential. However, the local potential
is (partly) unknown and needs to be approximated. In practice the quality of DFT
calculation results therefore depend on the reliability of the approximation to this
partly unknown potential [referred to as the exchange-correlation (xc) potential].
Fortunately, chemically reliable approximations to the xc-potential have been de-
veloped, which enables one to obtain reasonably accurate numbers for properties
as geometries, bonding energies, vibrational frequencies, etc.

Although DFT scales better with system size in comparison with other elec-
tronic structure methods, there is still a “limit” (mainly determined by available
computer power) to the number of particles in a system and to simulation times
that can be handled. As a rule-of-thumb, one could say that, at the present day,
systems up to 102 atoms and simulation times up to 10−12 seconds (picoseconds)
can be handled with current super-computer facilities. Since the surface recon-
structions described in this thesis generally involve several thousands of atoms and
nanoseconds of simulation time, an alternative approach, based on classical me-
chanics, is needed. This approach — Molecular Dynamics simulation with interac-
tion potentials according to the Modified-Embedded Atom Method — is described
in the next two Sections.

1.3.2 The Modified Embedded-Atom Method

The Modified Embedded-Atom Method (MEAM) [18], an extension of the
Embedded-Atom Method (EAM) [19], is a semi-empirical, many-atom potential for
computing the total potential energy of a system of atoms. The EAM was originally
designed for metallic systems, but with the appearance of the MEAM, which in-
corporates the angular effects of directional bonding, covalently bonded systems
such as Si and Ge have successfully been described. In this thesis we even extend
its application further, into the field of adsorbates and surfaces, in which DFT and
Monte Carlo have been the predominant modeling techniques.

The EAM is based on DFT and its original idea was that each atom is embedded
in a host electron gas created by its neighboring atoms. The atom–host interaction
is described in a way that goes beyond a simple pair-interaction (i.e., “adding up”
the bonds), which broadens the applicability. This immediately links the interpre-
tation of the EAM to the concept of Bond-Order Conservation [20], which describes
in fact the non-linear character of multi-body effects in chemical bonding.
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With the introduction of the modification to the EAM, the concept of a true
background electron density became physically incorrect, since due to this modi-
fication it is no longer a conserved property [21]. This resulted in a new interpreta-
tion of the physical concept of the MEAM, in which each atom is said to experience
an effective coordination number, which is determined by the electron density of
the neighboring atoms as well as by their spatial configuration. The atom–host
interaction is thus better described in terms of a Bond-Order extension to a pair-
interaction model rather than in terms of embedding in a (total) background elec-
tron density only.

The main difference between such a classical, effective force-field method as
the MEAM and electronic structure methods such as DFT, is that in these classi-
cal methods interactions between atoms are calculated in stead of interactions be-
tween electrons and nuclei. In other words, electrons exist only in an effective way
in these effective potential methods. This implies that quantum effects and elec-
tron transfer are not directly present and cannot be modeled in a straightforward
manner.

Fortunately, large metallic systems do not depend very much on the rather sub-
tle quantum effects. Only when we consider the translational or rotational motion
of light atoms or molecules (like He and H2), or vibrational motion such that the
vibrational quantum energy hν is larger than the thermal energy kBT , should we
worry about quantum effects. This makes the MEAM a suitable tool for modeling
of surface phenomena. The main advantage over DFT is the possibility to model
systems containing as much as 106 atoms (or even more) and simulation times in
the order of nanoseconds (10−9 s).

The MEAM is the basis for most of the simulation results presented in this the-
sis. It will therefore be described more extensively in a separate Chapter.

1.3.3 Molecular Dynamics

Many good books have been written on Molecular Dynamics, such as the ones by
Allen and Tildesley [22], and by Frenkel and Smit [23]. Here I will briefly introduce
the general concepts.

Molecular Dynamics (MD) simulation is a technique to compute the equilib-
rium and response properties of a classical many-body system. In this context, the
word classical means that nuclear motion of the constituent particles obeys the
laws of classical mechanics.

In other words, MD is concerned with atomic motion. Newton’s equation is
used in the MD formalism to simulate this atomic motion. The magnitude and di-
rection of motion (velocity) are governed by the forces that the atoms of the system
exert on each other as described by Newton’s equation. In practice, the atoms are
assigned initial velocities that conform to the total kinetic energy of the system,
which, in turn, is dictated by the desired simulation temperature. The basic ingre-
dients of MD are the calculation of the force on each atom, and from that informa-
tion, the position of each atom throughout a specified period of time [typically on
the order of nanoseconds (10−9 s)].
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The force on an atom can be calculated from the change in energy between its
current position and its position a small distance away. This can be recognized
as the derivative of the energy with respect to the change in the atom’s position.
Energies can be calculated using either effective potentials, such as the MEAM, or
quantum mechanics methods, such as DFT (this is often referred to as ab initio
MD, although the nuclear motion of the atoms still obeys the laws of classical me-
chanics).

Knowledge of the atomic forces and masses can then be used to solve for the
positions of each atom along a series of extremely small time steps (on the order
of femtoseconds, 10−15 s). The resulting series of snapshots of structural changes
over time is called a trajectory.

In practice, trajectories are not directly obtained from Newton’s equation due
to lack of an analytical solution. Several algorithms have been designed to do this
numerically. The MD software package used for the simulations presented in this
thesis [24], uses the so-called Verlet algorithm. This algorithm, perhaps the most
widely used, is based on the particle positions and accelerations at a certain time
and the positions from the previous step. It is interesting to note that the velocities
of the particles are not needed. They can, however, be calculated afterwards to,
e.g., compute the temperature of the system.

1.4 Scope of this Thesis

The ultimate goal of theoretical modeling in surface science and catalysis is to pre-
dict molecular properties and chemical reactions at catalytic surfaces, preferably
with high accuracy. Although with the current state-of-the-art simulation tech-
niques fairly accurate descriptions of ideal cases in surface science are possible, it
is currently impossible to come even close to real catalytic processes. This is mainly
due to the so-called “pressure gap”, a fancy word for the fact that processes in vac-
uum conditions are completely different from processes under reactive conditions
at high pressures and temperatures. This is illustrated by the fact that catalytic sur-
faces undergo severe changes during relative simple reactions like the oxidation of
carbon monoxide [25].

Still, the original subject of my Ph.D. research was devoted to understanding of
“catalytic etching” — a process of severe surface roughening under reaction con-
ditions — by means of a theoretical surface science approach. The idea was that
the severe, macroscopic roughening during catalytic etching should be related to
microscopic surface reconstructions. It turned out that the original plans were a
way too ambitious and we stayed at the stage of modeling of microscopic surface
reconstructions. But, surprisingly, we found that current theoretical descriptions
and experimental knowledge were lacking, and that there were still many aspects
about surface reconstructions to be discovered.

This surface reconstruction, Pt{100}-hex, and its lifting by CO, has been the pro-
totype surface reconstruction for several decades of experimental research in sur-
face science. Moreover, it has never been fully simulated and understood on the
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theoretical level. Therefore, we present in this thesis the first theoretical simula-
tions of the atomic processes involved with the surface reconstruction of the plat-
inum {100} surface and its lifting upon adsorption of carbon monoxide.

The former absence of an adequate theoretical description then immediately
explains why we ended up at the point where we wanted to start in the first place:
the theoretical tools were simply not there yet. Development of these tools, by
means of extending the existing MEAM parametrization, was therefore essential
and covers most of the work presented in this thesis.

The outline of this thesis is then as follows. In general, all Chapters are part of
papers which have been or will be published. In the next Chapter the Modified
Embedded-Atom Method will be described and its extension to adsorbate/surface
systems. In Chapter 3 the basic properties of the clean Rh, Pd, Ir, and Pt surfaces
will be explored, including the driving force for surface reconstruction. Chapter 4
describes the details of the dynamics and mechanism of this Pt{100}-hex surface
reconstruction. In Chapter 5 the diffusion and overlayer structure of CO on Pt sur-
faces will be addressed and in Chapter 6 the mechanism behind the lifting of the
Pt{100}-hex surface reconstruction by CO is described. The main conclusions of
the results from the foregoing Chapters will be recaptured in Chapter 7. Finally
there will be a summary in English and Dutch, a list of my publications, and I will
finish with my curriculum vitae.
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2
The Modified Embedded-Atom Method

Abstract

In this Chapter the theoretical background of the Modified Embedded-Atom
Method and the derivation of its parameters will be described. The Modified
Embedded-Atom Method (MEAM) is an effective force-field potential method,
which describes the interaction between the atoms in a system. The interaction
potentials are based on the empirical Bond-Order Conservation Principle and their
parameters have been determined by fitting to DFT calculation results and to some
experimental data.

Based on: P. van Beurden and G.J. Kramer, Phys. Rev. B 63 (2001), 165106;
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2.1 Introduction

2.1.1 Single-Type Metallic Systems

The Modified Embedded-Atom Method (MEAM), as developed by Baskes and
coworkers [1–3], is able to describe many fcc, bcc, and hcp bulk properties of vari-
ous metals [3–5], as well as the {110}-(1 × 2) missing row (MR) surface reconstruc-
tion of Pt [6] and several surface properties of the Si {100} and {111} surfaces [7, 8].
However, considerable and inherent arbitrariness still is contained in the original
potential parametrization, mainly due to the lack of experimental data to which the
parameters were fitted. The aim of the forthcoming Sections 2.2 and 2.3 is twofold.
First, we present a scheme to derive parameters for the MEAM potentials from DFT
calculations and and secondly, the physical picture of the MEAM is put in a slightly
different perspective to enhance the physical interpretation of the results of our
simulations. The Sections 2.4 to 2.6 deal with the derivation of the MEAM parame-
ters and the application of the MEAM in general.

One of the surface properties of interest in this Thesis, is the (quasi) hexagonal
surface reconstruction of the clean {100} surface of the late 5d elements Ir, Pt, and
Au. It plays an important role in, e.g., the CO oxidation on Pt and has been the sub-
ject of many experimental and theoretical studies. Theoretically this phenomenon
has proved to be a challenging feature: of the applied methods — DFT in the Local
Density Approximation (LDA) [9], Effective Medium Theory (EMT) [10], and glue-
Hamiltonian [11–13] — only the last is able to actually predict the hexagonal sur-
face reconstruction. Drawbacks of the glue-Hamiltonian, however, are the large
parameter set (44 in total), the restriction to systems with a coordination num-
ber higher than 7, and the ill-defined physical meaning of its interaction functions
when considered separately.

We have developed potentials for Rh, Pd, Ir, and Pt based on metal properties
calculated with DFT. The advantage of using theoretical data is that the input data
set can be enlarged at will and may include information on systems which cannot
be investigated experimentally (such as hcp-Pt). This is all the more relevant when
modeling heteroatomic interactions such as adsorbate/surface interactions. Our
MEAM parametrization is based on a fit to selected DFT reference data; it is sub-
sequently tested, in Chapter 3, on a different set of data, relating in particular to
surface properties. The physical interpretation of the MEAM we use to interpret
our results is based on the Bond-Order Conservation Principle (BOCP) [14].

2.1.2 The CO on Pt Adsorbate/Surface System

Sections 2.7 and 2.8 are concerned with the derivation of potential energy param-
eters for a carbon monoxide adsorbate layer on platinum, within the framework
of the Modified Embedded-Atom Method (MEAM). In these Sections, we extend
the MEAM methodology of parametrizing single-type, metallic systems to an ad-
sorbate/metal system (CO/Pt), which can only be done by using a combination of
empirical (experimental) and theoretical (DFT) results.
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The MEAM parametrization method that we present here should be applica-
ble to a multitude of adsorbate/metal species, but we have chosen CO/Pt as a first
example since it is one of the most intensively studied systems in surface science.

2.2 Monoatomic Metals

In this Section the Modified Embedded-Atom Method (MEAM) due to Baskes [3] for
a system of single type particles is recaptured and also its physical interpretation is
discussed.

The original Embedded-Atom Method (EAM) is an empirical, many-atom po-
tential for computing the total energy of a metallic system. The EAM has been ex-
tensively applied to various systems of interest and has proved to give good results
on a wide range of applications. For a review on the EAM, see Ref. 15. The Modified
Embedded-Atom Method (MEAM) is an extension to the EAM, initially introduced
to describe covalent bonding in Si and Ge [1]. The extension lies in the fact that
angular forces and therefore the effects of directional bonding are included. The
total potential energy E of a system of single type atoms in both the EAM and the
MEAM can be written as

E =

∑
i

Ei =

∑
i

[
1
28i + F

(
ni

)]
, (2.1a)

with
8i =

∑
j (6=i )

φ(r i j ). (2.1b)

Here, Ei denotes the energy of atom i , which depends on its environment by means
of the total pair potential 8i and a many-body correction term F . The distance
between atoms i and j is denoted r i j , and φ describes the actual pair interaction.
Within the EAM one has

ni =

∑
j (6=i )

ρ(r i j ). (2.2)

Baskes and coworkers introduce ρ(r i j ) as the spherically averaged atomic electron
density of atom j and ni as the background electron density at site i .

In the original interpretation, every atom is considered to be embedded in the
electron sea (background density) constituted by all other atoms of the system.
Therefore, F is conventionally termed the Embedding Function. While not dis-
carding this general view, a slightly different interpretation, namely the BOCP, can
be employed to understand the physical meaning of F and the general success of
both the EAM and the MEAM, see Sec. 2.3.

The essential difference between the EAM and the MEAM is in the way ni is
computed. In the MEAM it is written as:

ni = n(0)
i

√
1 + 0i , (2.3a)
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0i =

3∑
k=1

w(k)

(
n(k)

i

n(0)
i

)2

, (2.3b)

where the n(k)
i are corrections to ni that include angular dependence and the w(k)

are weighting factors. Although other forms for ni are used [16–19], we found the
form of Eq. (2.3a) to be most adequate for our applications, especially for systems
involving low coordination.

The n(k)
i are written as:

n(0)
i =

∑
j (6=i )

ρ(0)(r i j ), (2.4a)

(
n(1)

i

)2
=

∑
µ

∑
j (6=i )

ρ(1)(r i j )
r i j µ

r i j

2

, (2.4b)

(
n(2)

i

)2
=

∑
µ,ν

∑
j (6=i )

ρ(2)(r i j )
r i j µ

r i j ν

r i j
2

2

−
1

3

∑
j (6=i )

ρ(2)(r i j )

2

, (2.4c)

(
n(3)

i

)2
=

∑
µ,ν,τ

∑
j (6=i )

ρ(3)(r i j )
r i j µ

r i j ν
r i j τ

r i j
3

2

, (2.4d)

where µ, ν, and τ denote the components of the distance vector between atoms
i and j . The n(0)

i has spherical symmetry and setting 0i equal to 0 would retrieve
the EAM expression for ni , with ρ(0) being the spherically averaged atomic electron
density of Eq. (2.2). This form of n ensures that in a nearest-neighbor model the
energy of a hcp lattice is different from a fcc lattice, which is neither the case in the
EAM, nor in the glue-Hamiltonian.

The partial atomic electron densities are assumed to be given by a simple expo-
nential form:

ρ(k)(r ) = exp

[
−β(k)

(
r

r0
− 1

)]
, (2.5)

where β(k), k = 0 − 3, are parameters to be determined and where r0 denotes the
equilibrium nearest-neighbor distance in the bulk of the perfect fcc crystal.

Thus, whereas in the EAM n can be thought of as an electron density, in the
MEAM n cannot be associated any longer with the physical electron density. This is
due to the fact that the specific forms of Eqs. (2.4b)–(2.4d) imply that n is no longer
conserved whereas the atomic densities ρ(k) of the individual atoms do not change
for different systems. For instance, the value for n experienced by an atom in a fcc
lattice is different from that in a hcp lattice with the same atom–atom distances,
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despite the fact that the number of nearest-neighbors and the atomic densities are
equal. The difference in n is therefore clearly an angular dependent effect and not
a particle density effect. Instead, one can consider n to be an effective coordination
number [11], into which the MEAM incorporates both the atomic electron density
as well as angular effects. Consequently, F can be considered a bond-order (BO)
correction term to the total pair potential 8, which accounts for the fact that the
effective coordination number n — and therefore the BO — changes according to
the number of atoms and the symmetry of the system.

For a symmetric cubic crystal ni and n(0)
i in Eqs. (2.3) and (2.4) are equiva-

lent, and n(0)
i reduces to Nρ(0) when considering nearest-neighbors only; as will

be done from now on. As pointed out by Baskes, some justification for ignoring
all but nearest-neighbors lies in the surprising result that the equilibrium spacings
between layers is governed by highly screened local interactions [20]. Also, Baskes
and coworkers recently found that the forces in Al may be well described by a short-
range many-body potential [21].

The embedding function F , which in our terminology is referred to as the bond-
order function (BOF), is given by

F(n) = AE0
n

N0
ln

(
n

N0

)
, (2.6)

where A is a scaling parameter to be determined, E0 is the sublimation energy (be-
ing the negative of the cohesive energy Ecoh), and N0 is the number of nearest-
neighbors in the bulk of the perfect fcc crystal (N0 = 12). The functional form of
F is shown to give the same logarithmic relationship between the bond length and
the number of bonds that has been noted by Pauling [2]. As will be shown later this
is related to the BOCP mentioned earlier.

Using Eq. (2.1) and the equation for the energy per atom in a fcc lattice Efcc as
a function of the nearest-neighbor distance r as proposed by Rose et al. [22], φ can
be specified:

φ(r ) =
8

N0
=

2

N0

[
Efcc(r ) − F(n0(r ))

]
, (2.7)

where n0 = N0ρ
(0) denotes the effective coordination number of an atom in a fcc

lattice. The universal energy function Efcc is given by:

Efcc(r ) = −E0 [1 + a(r )] e−a(r ), (2.8a)

with

a(r ) = α

(
r

r0
− 1

)
. (2.8b)

Exponential decay factor α is related to the bulk modulus and the atomic volume:
α =

√
9B�/E0.

Now we can write for the energy per atom for any configuration of single type
atoms at r = r0:

Ei = −
N

N0
E0 + F(ni (r0)), (2.9)
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where N denotes the number of nearest-neighbors for a specific configuration. The
physical picture is that, in a certain system, the interaction energy per atom is pro-
portionally equal to the interaction energy in a fcc lattice corrected by a bond-order
energy in terms of the bond-order function F . For systems with atomic distances
other than r0, Eq. (2.9) becomes slightly more complicated, but the general view of
the energy per atom being approximately proportional to the number of nearest-
neighbors with a correction for the BO still remains valid.

2.3 Bond Order and the Bond Order Function

In this Section the Bond-Order Conservation Principle (BOCP) [14] and its relation
to the current formulation of the MEAM will be addressed. The concept of bond-
order will be shown to follow naturally from DFT calculations performed on several
Rh systems and it will prove to be useful in explaining relations between properties
of the fcc metals studied here.

The BOCP states that a certain amount of bonding strength is shared among all
bonds of an atom. This rationalizes the well-known fact that, when the number of
bonds of an atom is reduced, the strength of each of the remaining bonds increases.
The dependence of bond strength on coordination is the reason for the inadequacy
of simple two-body interactions to describe metallic systems: when using a two-
body interaction potential only (where each bond has the same strength, regardless
of the number of bonds) one needs to correct for this BOCP. Within the (M)EAM,
F obviously accounts for this phenomenon [see, e.g., Eq. (2.9)] and therefore, we
choose to refer to F as the bond-order function (BOF).

In its original formulation, where an atom is considered to be embedded in the
electron density constituted by the other atoms of the system, F has no clear phys-
ical meaning. Here this picture is extended to a BO-corrected interaction, both the-
oretically and physically well understood, which depends on the effective coordi-
nation number. Note that the BO picture is inherent to the current forms for φ and
F , whereas the original view is more general since the non-uniqueness between φ
and F allows more general forms for φ and F . This is, e.g., the case for the initial
formulation of the EAM, where φ was assumed to be entirely repulsive [23]. This
resembles the mathematically equivalent formulation by Finnis and Sinclair [24],
who use a tight-binding interpretation in which φ represents a core-core repulsion
and F a band energy. In the case of Ercolessi and coworkers’ glue-Hamiltonian,
the physical interpretation of both their forms for both φ and F is not well defined,
when considered separately [13].

In order to theoretically support the BO picture and its functional form in the
MEAM, DFT is used to calculate the energy of a Rh atom Ei in several systems
with varying number of nearest-neighbors. These systems are fcc (Nfcc = 12), bcc
(Nbcc = 8), simple cubic (Nsc = 6), diamond cubic (Ndc = 4), and a single atom
(N = 0), which is set as a reference of 0 eV. For simplicity, r is set equal to the equi-
librium nearest-neighbor distance of bulk fcc r0 and we neglected higher than k = 0
contributions to ni , which appear only in the case of the four-coordinated system.
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Figure 2.1: Bond-order function F and bond-order correction energy per bond F/n for Rh.
Values indicated by the circular symbols are obtained using Eq. (2.9) and calculating with
DFT the atomic energies of fcc, bcc, simple cubic (sc), and diamond cubic (dc) systems. In
all systems the atoms are equally spaced at r0, the equilibrium nearest-neighbor distance of
Rh in a fcc lattice. The solid line depicts the fit to the calculated values according to Eq. (2.6),
resulting in AE0=5.48 eV.

By neglecting k > 0, the MEAM is reduced to the EAM, but, again, the EAM and the
MEAM differ here only for the four-coordinated system (i.e., the k = 3 contribution
is nonzero in the MEAM). The energy per atom Ei is then given by Eq. (2.9) with
ni = N. By substituting the DFT value for E0 (which is obtained by the procedure
described below in Sec. 2.4.2) and using Eq. (2.9), F as it is determined by DFT is
found. Fitting to it the functional form of (2.6) results in the function as depicted in
Fig. 2.1. Obviously, the functional form for F of Eq. (2.6) accurately fits the calcu-
lated atomic energies. This confirms the BOCP and the interpretation of F as a BO
function.

2.4 Determination of Parameters for Pt-Group Metals

In general, parameters can be obtained by relating them to physical quantities. In
the original derivation of (M)EAM parameters, experimental data for bulk prop-
erties were used [3]. However, due to the lack of data, some parameters were set
arbitrarily.

Apart from filling up these “experimental gaps”, theory can provide detailed in-
formation on the physical behavior of atoms in systems which are not observed
experimentally, such as the surface energy as a function of surface relaxation, or
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Table 2.1: Results of the DFT calculations used for fitting MEAM parameters compared with
experimental data. The values listed are sublimation energy E0 (eV/atom) [25], equilibrium
nearest-neighbor distance in bulk fcc r0 (Å) [26], exponential decay factor α (related to the

bulk modulus) [27], unrelaxed vacancy formation energy E f
v (eV) [28, 29], hcp/fcc phase

energy difference 1E at r = r0 (eV/atom) [30, 31], and unrelaxed surface energies of the low

index surfaces σhkl (eV/Å2) [32]. For E f
v of Rh, Pd, and Ir we used the LDA-DFT values of

Refs. 28, 33, 34, since our GGA-DFT values differ over 0.5 eV from the experimental values.
The experimental values for 1E have been derived from stacking fault or phase diagram
information. The experimental surface energies are polycrystalline average values, which
have been crudely extrapolated from the melt to 0 K and are accurate at least to 10%.

Rh Pd Ir Pt
DFT expt. DFT expt. DFT expt. DFT expt.

E0 5.72 5.75 3.68 3.91 7.44 6.93 5.47 5.77
r0 2.72 2.69 2.80 2.75 2.75 2.72 2.82 2.77
α 5.89 6.00 6.34 6.43 6.37 6.52 6.23 6.44

E f
v 2.26a 1.9 − 2.5 1.65b 1.7 − 1.85 2.27c 1.07 1.2 − 1.6

1E 0.04 0.19 0.03 0.10 0.07 0.32 0.08 0.15
σ100 0.147 〈0.162〉 0.094 〈0.125〉 0.180 〈0.187〉 0.114 〈0.156〉
σ110 0.153 〈0.162〉 0.100 〈0.125〉 0.187 〈0.187〉 0.121 〈0.156〉
σ111 0.122 〈0.162〉 0.082 〈0.125〉 0.142 〈0.187〉 0.092 〈0.156〉
aSee Ref. 33.
bSee Ref. 34.
cSee Ref. 28.

the cohesive energy in a hcp lattice. The overall results of the DFT calculations
used to determine the MEAM parameters and (where available) the experimental
values are listed in Tables 2.1 and 2.2. All DFT values are reproduced by the MEAM
within a few percent. The resultant parameters are given in Table 2.3.

2.4.1 DFT Calculations

The DFT calculations have been performed using the VASP package [36, 37], which
uses periodic cells, a plane wave basis set, and ultrasoft pseudopotentials with
scalar relativistic corrections. For the GGA the PW91 functional is used. In all the
calculations on the different systems the total energy was converged to approxi-
mately 1 meV with respect to the k-point sampling, energy cutoff, and cell size. In
calculating the unrelaxed vacancy formation energy (calculated only for Pt, since
the values for Rh, Pd, and Ir were obtained from calculations reported previously;
see Sec. 2.4.3), the method described in Ref. 28 was followed, where E f

v is deter-
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Table 2.2: Results of the DFT calculations for the {100} and {111} surface layer relaxations,
used for fitting MEAM parameters β(1) and β(3) (see also Fig. 2.2). All layers except the sur-
face layer are kept fixed. The optimized change in first-layer–second-layer spacing 1d12
obtained in this way is given as a percentage of the ideal bulk spacing (a negative value in-
dicates inward relaxation). The calculated relaxations for {100} are in good agreement with
the DFT results presented in Ref. 9. Note that our DFT calculations predict the relaxation of
the {111} surfaces to be in opposite direction for elements of different rows of the Periodic
Table of Elements. Also shown are experimental results, mostly obtained by low energy elec-
tron diffraction, reported in Ref. 35. Note that, in general, the experimental errors are too
large to be conclusive about the actual direction of the relaxations.

1d12{100} 1d12{111}
DFT expt. DFT expt.

Rh −4.1 0.5 ± 1.1, 0.5 ± 1.0 −2.1 −1.4 ± 0.9, 0.0 ± 4.4
Pd −1.2 0.3 ± 2.6, 3.1 ± 1.5a 0.5 0.0 ± 4.4, −0.9 ± 1.3
Ir −4.8 −3.6 ± 0.5 −2.1 −2.6 ± 4.5
Pt −2.6 0.0 ± 5.1, 0.2 ± 2.6 0.7 0.5 ± 0.9, 1.1 ± 4.4,

0.0 ± 2.2, 1.4 ± 0.9
aMultilayer relaxation.

Table 2.3: MEAM parameters for Rh, Pd, Ir, and Pt. Values listed are sublimation energy E0
(eV/atom), equilibrium nearest-neighbor distance in bulk fcc r0 (Å), exponential decay fac-
tor of the Efcc(r ) function α, scaling parameter A for the bond-order function, exponential

decay factors for the atomic densities β(k), and weights for the corrections to the effective
coordination number w(k) (w(1) is 1 in all cases).

E0 r0 α A β(0) β(1) β(2) β(3) w(1) w(2) w(3)

Rh 5.72 2.72 5.89 3.07 0.72 2.04 0.29 1 2.98 5.26 2.06
Pd 3.68 2.80 6.24 5.28 4.07 4.93 2.18 1 2.27 6.22 3.68
Ir 7.44 2.75 6.37 3.54 0.81 1.40 0.40 1 0.45 −1.30 6.84
Pt 5.47 2.82 6.23 4.39 2.74 1.00 2.08 1 1.76 −3.90 4.55

mined according to:

E f
v = E(1) −

N − 1

N
E(0). (2.10)

Here E(i ) denotes a cell with i vacancies and N denotes the number of atoms in the
cell without vacancies. It was found that N = 32was sufficient [28].

The surface energy per (1 × 1) surface unit σ was calculated according to:

σ = (E − N Ecoh)/N1×1, (2.11)

where E is the total energy of the periodic slab (generally 10–13 layers), N is the
number of atoms in the slab, and N1×1 is the total number of (1 × 1) surface units.
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Figure 2.2: Pt{100} surface energy per atom σ as a function of the surface layer relaxation
1d12 (in units of lattice constant a). The {100} and {111} surface relaxations are used to

determine β(k), k=1,3. At 1d12=0, all surface layers are equally spaced at a/2. The symbols
represent the DFT calculations at different first-layer–second-layer spacings (apart from the
surface, all planes are kept fixed). The solid line results from fitting the corresponding ana-
lytical MEAM energy expression of this system to the DFT calculations. The small off-set is
due to the fact that the MEAM value for σ at r = r0 (i.e., 1d12=0) does not depend on β(k) and

is determined entirely from fitting w(k) (see Sec. 2.4.3). The parameters β(k), k=1,3 obtained
here, describe the fact that the {100} surface undergoes inward relaxation, rather than the
actual energy.

2.4.2 Reference Structure Equation of State

For the equilibrium lattice structure of the Pt-group metals treated here, the proce-
dure used by Baskes is closely followed, but in reverse order. The reference struc-
ture equation of state is obtained from DFT calculations. By fitting the function of
Eq. (2.8) to the calculated energy per atom as a function of the nearest-neighbor
distance, values for E0, r0, and α are readily obtained.

2.4.3 Partial Weights and Scaling Parameter

In systems where all nearest-neighbor distances are equal to r0, the atomic den-
sities all equal 1 [see Eq. (2.5)]. This indicates that the energy of such a system
is, apart from A, E0, r0, and α, entirely determined by the weighting factors w(k).
The scaling parameter A should be close to unity in order to avoid anomalies such
as negative values for the unrelaxed vacancy formation energy in the EAM limit.
Further, we chose not to use a value for A derived from the procedure sketched in
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Fig. 2.1, since there k > 0 contributions are neglected and all computed systems are
fixed with atom–atom spacings of r0 (i.e. nonequilibrium configurations for the dc,
sc, and bcc systems). For these reasons and for simplicity, A is chosen to equal 1 in
all parameter sets. Alternatively, one could follow the procedure sketched in Fig. 2.1
to determine A (in this case, it would result in A = 0.96 for Rh). Such a procedure
would probably be most suitable for parametrizing potentials which are used to
describe a wide range of different bulk systems.

The weighting factors w(k) are fitted to the unrelaxed surface energies of the low
index planes, the fcc/hcp crystal structure energy difference, and the unrelaxed
vacancy formation energy. In general, DFT in the Generalized Gradient Approxi-
mation (GGA) tends to underestimate for the late 5d elements the values for quan-
tities such as the surface energy and the unrelaxed vacancy formation energy, as
compared to experimental measurements. A similar feature has been discussed by
Schmid et al. concerning the sublimation energy of Pt [38]. They suggest that this
underestimation is due to the GGA rather than to relativistic effects. Although we
consider the discrepancies between DFT and experiment for the sublimation and
surface energies to be acceptable (at most around 0.3 eV per atom), the discrep-
ancies for the unrelaxed vacancy formation energies of Rh, Pd, and Ir are too large
(around 0.5 − 1.0 eV per atom) for obtaining reliable parameter sets. Therefore, for
these three metals the unrelaxed vacancy formation energies as calculated previ-
ously in the Local Density Approximation by others are used [28, 33, 34].

2.4.4 Atomic Electron Densities

As shown in Eq. (2.5), the atomic densities are assumed to depend only on one
additional parameter (β) at distances other than r0. In order to include bulk as well
as surface properties, systems are used from which information about the elastic
constants and surface relaxations can be extracted.

Information about the elastic constants is obtained by systematically calculat-
ing, using DFT, the energy of a fcc unit cell in which the layer spacing in the [100]
direction is varied. Due to symmetry, the effective coordination number n of this
system depends only on k = 0, 2. Using the previously determined value for w(2),
the parameters β(0) and β(2) can then be determined by fitting the analytical MEAM
expression for the energy of this system to the DFT calculations. It turns out, as al-
ready indicated by Baskes, that the k = 2 contribution to the energy of a system
close the bulk fcc is rather unimportant. In the case of Pt, the value for β(2) tends
even to unphysical values (i.e., negative values), and is therefore fixed to unity, con-
sidering that this hardly affects the energy. This implies that most of the elastic
properties are contained in β(0) and that β(2) is the least important parameter in
our fits. It should be noted that the weighting parameters influence the energy
most, whereas the exponential decay parameters rather determine mostly relax-
ation effects.

For the surface energy as a function of the relaxation of the top layer, all pa-
rameters contribute to the total effective coordination number n. Thus, from the
previously determined values of w(1), w(2), w(3), and β(0), β(2), values for β(1), β(3)
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can then be obtained by similarly fitting the corresponding MEAM energy expres-
sion to the DFT calculations of the relaxation of the {100} and {111} surfaces (see
Table 2.2 and Fig. 2.2).

2.4.5 Differences with Existing Parameter Sets

To recapitulate, parameters w(k) include both bulk and surface properties (un-
relaxed vacancy formation energy, unrelaxed surface energies, hcp-phase en-
ergy). Parameters β(0) and β(2) are determined by nonequilibrium bulk properties,
whereas parameters β(1) and β(3) are determined by surface relaxations. In this way
we combined several important bulk and surface properties in our parameter sets,
which should imply certain robustness, such that a wide range of bulk and surface
properties — in addition to the ones used for the fit — are reproduced.

The parameter sets as originally determined by Baskes for several fcc metals in-
clude, as already noted, considerable arbitrariness due to lack of data. For instance,
β(k), k = 0, 2 and w(2) were all determined from two shear elastic constants, instead
of a function as in the present derivation. Moreover, as already indicated, w(2) is not
very sensitive to these shear elastic constants and consequently one cannot obtain
a unique value in this way. Although rather unimportant for several bulk proper-
ties, w(2) appears to be rather important for surface properties (see Sec. 3.3), which
emphasizes the fact that a more secure procedure is required.

Further, in the original paper β(1) is set equal to β(3). As Baskes already pointed
out, this selection of β(k) is not optimized and theoretical calculations are recom-
mended for a more definitive evaluation of the β’s.

In contrast to determining the values for w(k) simultaneously, Baskes deter-
mines the value for w(3) independently from the stacking fault energy or the hcp-
phase energy obtained from phase diagrams.

All together, the main advantage of using DFT in determining parameter sets
is that it circumvents the lack of reference data. The drawback, however, is the (in
some cases) poor description of DFT in the GGA. A summary of the schemes used
to obtain parameter sets is given in Table 2.4.

2.5 Interaction Cutoff

In the few papers on the MEAM that have appeared so far, screening is generally ap-
plied to limit the interactions to nearest-neighbors. Screening, however, introduces
even more angular dependence and its own “physics” (e.g., the diffusion barrier for
an adatom on Pt{100} is without screening 1.21 eV and with screening 1.43 eV).
Therefore, when used, screening should be considered a fundamental part of the
MEAM.

Since, apart from the arguments addressed later in Sec. 3.2.1, screening has not
given better results [39], we have chosen not to apply screening in our simulations.

A cutoff has its own drawbacks. For instance, when simulating bcc systems,
where the ratio of second- to first-neighbor distances is 1.15, one should apply a
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Table 2.4: Parameters and their correspondence with input data, according to the schemes
presented here and in the work of Baskes.

parameter this work (DFT input) Baskes (experimental input)
E0 equation of state, Eq. (2.8) direct
r0 equation of state, Eq. (2.8) direct
α equation of state, Eq. (2.8) bulk modulus, Eq. (2.8b)
A fixed fcc/bcc energy difference
β(0) elastic properties shear elastic constants
β(1)

{100} and {111} surface relaxation behavior near
relaxations vacancy and surface, fixed

β(2) elastic properties shear elastic constants
β(3)

{100} and {111} surface fixed to β(1)

relaxations
w(1) vacancy formation energy, vacancy formation energy

surface energies, and
fcc/hcp energy difference

w(2) vacancy formation energy, shear elastic constants, fixed
surface energies, and
fcc/hcp energy difference

w(3) vacancy formation energy, fcc/hcp energy difference
surface energies, and
fcc/hcp energy difference

smaller cutoff distance than the one we used in the present work (being 1.13r0),
or extend the model to include next-nearest-neighbors as well. Also, somewhat
rugged interactions may result when the number of nearest-neighbors changes
during a simulation. In our case this is probably best shown by the energy bar-
rier of an adatom passing a bridged site when diffusing from one hollow site on
the {100} surface to another (Fig. 2.3). Similar artifacts in other systems may be
expected from a screening procedure as well, since screening is similar to a cutoff
in the sense that it can be considered as an angular dependent cutoff: a cutoff is
applied only for certain spatial configurations.

However, since this anomaly is rather small (in the order of meV), we do not
believe severe problems or artifacts will appear in Molecular Mechanics (MM) or
Molecular Dynamics simulations (MD): in MD simulations a diffusion process as
shown in Fig. 2.3 will most probably hardly be affected.



26 | The Modi�ed Embedded-Atom Method

Figure 2.3: Self-diffusion energy path of Pt/Pt{100} when a cutoff at r =1.13r0 is applied. All
degrees of freedom, except the distance of the adatom to the bridged site d, have been fully
optimized. An artificial “plateau” appears due to the absence of interaction with other than
nearest-neighbors. At a distance of approximately 0.1r0 from the bridging site the interac-
tion with two additional surface atoms is established. At approximately d=0.2r0 the cutoff
region is passed and the adatom interacts with four surface atoms according to the regular
MEAM functions. At d=0.5r0 the adatom is located in the hollow site. Further, a side view of
the diffusion process is shown, where the adatom moves from the two-coordinated bridged
site at d=0 to the four-coordinated hollow site at d=0.5r0.

2.6 Limitations of the MEAM

As every classical effective potential method, the MEAM has its limitations. For
instance, the preference for either fcc or hcp sites on the {111} surface of the fcc
metals studied here, always appears to be the fcc site, see Table 3.1, in contrast with
experimental results [40, 41]. Also (not shown) the alternating preference for small
groups of adatoms to form either an island or a chain, as studied experimentally
by Schwoebel and coworkers [42] and modeled using the EAM by Schwoebel and
coworkers [42] and Wright and coworkers [43], is not found for any of the MEAM
potentials presented in this work or in the work by Baskes.

We believe that further improvements of the MEAM should be focused mainly
on the way n is constituted, since, e.g., the above mentioned island shape alterna-
tion is correctly predicted in the EAM. However, the current form for n may serve
as a good basis, since it appears to be essential in predicting several surface prop-
erties in combination with the current forms of φ and F . Also, the current forms
of φ and F are responsible for supporting the BOCP, which makes adjusting them
undesirable.
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2.7 Extension to Adsorbates on Surfaces: CO on Pt

In this Section we extend the MEAM formalism for homogeneous metallic systems
to adsorbate/surface systems; more specifically, CO on Pt {100} and {111}.

2.7.1 The CO/Pt System

According to several experimental studies, CO generally prefers binding at low co-
ordination sites, such as on-top of a Pt atom or bridging two Pt atoms. The data
available for adsorption energies at these sites however, is not conclusive. For in-
stance, Yeo et al. [44] find, using calorimetric measurements, an adsorption energy
of −1.94eV for CO on Pt{111}, whereas Ertl et al. [45] from isosteric measurements
find −1.40 eV. The calorimetric measurements were performed for a series of Pt
surfaces, including the Pt{100}-hex surface [46], which makes, at least, comparison
of the relative differences of the adsorption energies physically reliable and hence
suitable to use in the fitting procedure. Unfortunately it is experimentally not pos-
sible to determine the difference in adsorption energy between the atop and bridge
sites in a straightforward manner. Schweizer et al. [47] determined from their in-
frared measurements, using an empirical model, that binding on Pt{111} at the
atop site is preferred by ∼ 60 meV relative to the bridge. On Pt{100}, Martin and
coworkers [48] find, using infrared spectroscopy, at a CO coverage of 0.5 monolay-
ers (ML), a mixture of domains of all bridge or all atop species but the relative pro-
portions of each vary as a function of temperature with the bridge domains being
favored at the lowest measured temperature, 90K. This indicates that the difference
in binding energy between the two sites is rather small and in the present work, we
arrived at a CO/Pt potential for which the bridge site is preferred over the atop site
by no more than 0.04 eV, in the limit of zero coverage. More intriguing still, is the
experimental fact that CO binds stronger to the 8-coordinated {100} surface than
to both the more closed 9-coordinated {111} surface and the more open (and thus
generally more reactive) 7-coordinated {110} surface [49].

Theoretical treatment of the CO on Pt system is far from trivial, as evidenced
by the conclusion of Feibelman et al. [50], that current DFT implementations un-
derestimate CO’s preference for low coordination binding sites on Pt{111}. In their
extensive review, Feibelman and coworkers show that CO is, without exception,
found to favor hollow over atop site adsorption, contradicting experimental stud-
ies. Although not as pronounced as Pt{111}, we have found that the Pt{100} surface
suffers from similar problems in the sense that binding at the atop site is under-
estimated. With respect to the reactivity of CO towards the different Pt surfaces
mentioned above, we have found that DFT does not pass the test with flying colors,
though it does a reasonable job in predicting the correct order of reactivity, see Ta-
ble 2.5. Some limited empirical descriptions of the CO/Pt interaction exist [47, 51],
but to our knowledge, no realistic CO/Pt potential has been constructed yet.

As will be discussed in Sec. 2.8, DFT calculations show that the lateral CO–CO
interaction is rather insensitive to the site and surface the CO molecules are ad-
sorbed on. Furthermore, in agreement with experiment [52], the interaction has
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Table 2.5: DFT values for the adsorption energy of CO on Pt. The Pt surface is kept fixed to
mimic electronic effects only. As explained in Ref. 50, binding to the lower-coordinated sites
is generally underestimated by current DFT implementations, especially for Pt{111}. For
the computational details, see Sec. 2.8.1.

site DFT (VASP; PW91) experiment
{100}-top −1.77 ≥ −2.28
{100}-bridge −2.05 −2.28
{100}-hollow −1.50 � −2.28
{111}-top −1.51 −1.94
{111}-bridge −1.62 −1.88a

{111}-fcc hollow −1.70 � −1.88
aDifference between {111} bridge and atop according to Ref. 47.

been found to be pair-wise in nature: the (repulsive) energy increases proportion-
ally with the number of CO–CO interactions. This phenomenon is a feature of the
“Pauli repulsion” picture, in which two CO molecules are so close that the wave
functions associated with their closed shells overlap.

The potential presented in this work, defined within the framework of the Mod-
ified Embedded-Atom Method, which we will elaborate on more in depth in the
next Section, is in principle able to describe the most relevant properties. In the
present work, we choose a parametrization based on {111} and {100} reference
data. Since CO binds invariably to the Pt surface atoms via the C atom, we simpli-
fied the system by considering CO as an effective atom, leaving only two different
“atoms” participating in the system. The CO to Pt distance is then defined as the
distance between the CO center-of-mass and Pt. In the current implementation of
the MEAM, we incorporate only nearest-neighbor (NN) interactions. This implies
that CO on-top of a Pt atom, cannot distinguish whether this Pt atom is part of, e.g.,
a {100} surface, or a {110} surface. Therefore, the difference in adsorption energy is
entirely governed by the Pt atom to which CO is adsorbed. Within the concept of
bond-order and bond-order-correction, which is at the heart of the MEAM [53], re-
activity of the Pt atom is in first instance determined by its number of NNs. There-
fore, within the current NN-model, the {110} surface, with only seven Pt–Pt bonds,
will always be more reactive towards any adsorbate molecule than the {100} sur-
face, with eight Pt–Pt bonds. Consequently, no CO/Pt parametrization will be able
to describe the correct order of reactivity of the different surfaces when interactions
are limited to NNs only. Thus, when parametrization is based on properties of the
CO/Pt{111} and CO/Pt{100} surfaces, bonding to the {110} surface will always be
overestimated. Alternatively, one could choose to use CO/Pt{110} properties to fit
the MEAM parameters to, but this will result in an underestimation of CO binding
on Pt{111} and Pt{100}.
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2.7.2 The MEAM for Adsorbate/Surface Systems

Here we will extend the general concept for monoatomic systems to adsor-
bate/surface systems, applied to CO on Pt.

In the formalism of the MEAM, the total potential energy of a system of atoms
is generally written as

E =

∑
i

Ei =

∑
i

1
2

∑
j ( 6=i )

φi j (r i j ) + Fi (ni )

 , (2.12)

where Ei is the energy of atom i , which depends on its environment by means of
a pair potential φi j between atoms i and j , and bond-order energy Fi . The multi-
body interaction Fi , originally termed embedding energy, depends on the effective
coordination number ni of atom i . This number is constituted by the electronic
density and the spatial distribution of the neighboring atoms. In the following
equations we will denote, in order to generalize for any adsorbate/metal system,
CO by A and Pt by M . The labels i and j denote both “atom” types. The bond-order
energy FA for CO is, apart from a scaling constant, equivalent to FM for metallic
elements:

FA(nA) = EA
0

nA

N A
0

ln

(
nA

N A
0

)
, (2.13)

where EA
0 and N A

0 are fit parameters. This functional form for F has been
shown previously [53], to correctly describe the bond-order conservation princi-
ple (BOCP) [14] in metallic systems. In general, one uses a reference system, such
as the ideal fcc crystal, to assign physical meaning to the basic fit parameters. In
that case, E0 and N0 denote, respectively, the sublimation energy and the num-
ber of nearest-neighbors in the reference system (e.g., N0 = 12 for a fcc or hcp
metal). For CO, such an obvious reference system cannot be assigned, and there-
fore the derivation and physical interpretation of the individual parameters of F is
not straightforward. In the present work, we have found that a proper description
of the CO/Pt system is obtained when FA, as well as φAA and φAB, is parametrized
using a system where CO is adsorbed on Pt, rather than using an isolated CO ref-
erence system. The drawback however, is that the physical meaning of the CO pa-
rameters in Eq. (2.13) is not very clear.

Due to the lack of multi-body character in the CO–CO interaction energy men-
tioned in Sec. 2.7.1, the (multi-body) bond-order energy FA of CO, unlike FM of
Pt, is chosen to include only effects of the Pt surface atoms, i.e., nA consists solely
of neighboring Pt atom contributions. Consequently, the CO–CO interaction is en-
tirely described by the φAA pair-potential. This interaction energy has been found
experimentally and theoretically to be repulsive and to decay exponentially with
increasing CO–CO distance, so that φAA (denoted as φA) can be defined as:

φA(r ) = φA
0 e−γAr , (2.14)
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where φA
0 is a pre-exponential factor, γA describes the exponential decay of the lat-

eral repulsion, and r denotes the CO–CO distance.
In monoatomic metallic systems, one often uses the universal equation-of-state

as derived by Rose and coworkers [22] to derive φ [3]. For heteroatomic systems, the
choice for φi j is less obvious. In a first attempt, Baskes proposed to construct a pair-
potential for bimetallic alloys by taking some average form of two monoatomic
pair-potentials [3]. For adsorbate/surface systems, this approach is not likely to
be very successful, since especially the physical properties of the adsorbate dras-
tically change compared to the desorbed gas-like state. We have therefore chosen
to fit the parameters of some functional form directly to the available DFT and ex-
perimental reference data of the CO/Pt system. This functional form (and not the
physical interpretation) we use, is simply a Rose-like function (alternatively, one
could choose a Lennard-Jones or Morse potential). Then

φAM(r ) = −EAM
0

[
1 + aAM(r )

]
e−aAM(r ), (2.15a)

where

aAM(r ) = αAM

(
r

r AM
0

− 1

)
. (2.15b)

Here, EAM
0 is related to energy of adsorption, αAM relates to the rigidity of adsorbed

CO — and therefore to vibrational properties of the CO–Pt bond, and r AM
0 relates

to the CO–Pt distance.
In comparison with previous forms, the effective coordination number for Pt

nM is extended with a smoothed step function S, in order to prevent unphysical
behavior due to too small or even imaginary values for n:

nM = n(0)
M

√
1 + S(0M )0M ; S(0) =

{
1 for 0 > 0
0 for 0 < 0

. (2.16)

Here, n(0)
M is the zeroth order contribution to n and 0 contains effects of directional

bonding. 0 is essentially the modification to the embedded-atom method (EAM)
and is constituted by angular contributions n(k), with k = 1 − 3, as described in
detail in Sec. 2.2 and in Refs. 3, 53.

As explained above, the effective coordination number nA of CO contains only
contributions of Pt atoms. Further, since the number, and not the angular con-
figuration, of CO’s Pt neighbors has proved to be the dominant factor, we neglect
angular dependencies by setting 0A = 0, thereby describing nA effectively in the
EAM limit:

nA = n(0)
A =

∑
j ∈M

ρ
(0)
j (r j ), (2.17)

where ρ
(0)
j (r ) is the zeroth order electronic density of Pt atom j at distance r j from

the CO molecule under consideration.
For the Pt atoms, a description that does include k > 0 terms is essential, be-

cause CO lifts the quasi-hexagonal reconstruction on the Pt{100} surface, and it has
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been established previously [53], that the k = 2 contribution to the effective coor-
dination number n plays a determining role in the stabilization of the hexagonal
overlayer on the square {100} substrate. In this respect, it seems logical to disrupt
this stabilizing effect by introducing (at least) a k = 2 contribution from these spe-
cific adsorbate molecules to the metal atoms. Contributions from k = 1, 3 may
also be included, but would require a larger data set for fitting, including for ex-
ample data on binding of CO to steps or kinks. In general, it is not to be expected
that these additional angular contributions k = 1, 3 to n will drastically improve
the robustness of the description. Moreover, one should see to it that properties
not included in the reference fit data — such as diffusion — are correctly predicted.
The electronic density contribution of a CO molecule to the effective coordination
number of Pt is therefore written as:

ρ
(k)
A (r ) = fA exp

[
−β

(k)
A

(
r

r A
0

− 1

)]
; k = 0, 2 (2.18)

where electronic decay parameters β
(0)
A and β

(2)
A , and distance parameter r A

0 (usu-
ally the equilibrium A − A distance in some reference structure) are to be deter-
mined. In monoatomic systems the value of electron density amplitude f is irrele-
vant, since it cancels out of the coordination number ratio in F of Eq. (2.13), where
N0 is equivalent to the equilibrium background density [3]), which is proportional
to f . However, when different types of atoms interact, the value of f becomes an
issue.

2.8 Determination of Parameters for CO on Pt

Due to the lack of cubic symmetry in the CO/Pt system, an obvious separation of
parameters is not possible [3]. Therefore, most CO and CO–Pt parameters have
to be fitted simultaneously to the available reference data. Such a procedure im-
plies that most of the CO-specific parameters depend implicitly on the value of the
previously determined Pt parameters. For this Pt potential, the parameter sets of
Ref. 3 or Ref. 53 could be used. Here, we use a slightly altered parameter set for
Pt, based on the scheme described in Ref. 53, but fit to a slightly different set of
reference data: instead of using the DFT value for the vacancy formation energy
E f

v , an average of experimental values [29], 1.45 eV, has been used. This poten-
tial parametrization represents the physical properties of the Pt{100} better than
the previous potential, which tends to overestimate binding energies within the
hexagonally reconstructed surface layer.

The CO/Pt reference data include adsorption energies and lateral interactions
on the {100} and {111} surfaces, see Table 2.6 and Figs. 2.4 and 2.5. Although not
explicitly mentioned, the adsorption energies on the 3-fold and 4-fold hollow sites
are considerably higher than on the lower coordination sites (in the order of 0.5
to 1 eV). The resulting MEAM parameters for CO and CO/Pt are shown, together
with the Pt parameters, in Table 2.7 and are further discussed below. Since the type
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Table 2.6: Experimental data and the resulting MEAM fit values. Experimental data taken
from Refs. 44 and 46, where calorimetric heats of adsorption were measured at CO coverages
of 0.01 to 0.04 ML. Also listed, the MEAM values after allowing the Pt surface atoms to relax,
at CO coverages around 0.01 ML.

site experiment MEAM fit MEAM after relaxation
{100}-top ≥ −2.28 −2.20 −2.25
{100}-bridge −2.28 −2.24 −2.28
{100}-hex −2.00 〈−2.05〉a

{111}-top −1.94 −2.09 −2.12
{111}-bridge −1.88b −1.90 −2.03
aAverage value for different adsorption sites (not included in the fit).
bDifference between {111} bridge and atop according to Ref. 47.

of (surface) systems to which the parameters are fitted, are rather similar, some
degree of arbitrariness in the fitting scheme remains unavoidable.

2.8.1 DFT Calculations

The DFT calculations were performed using the VASP package [36, 37], which uses
periodic cells, a plane wave basis set, and ultrasoft Vanderbilt pseudopotentials
with scalar relativistic corrections. For the GGA the PW91 functional is used. In all
the calculations the total energy was converged to within a few meV with respect to
the k point sampling and energy cutoff. For all surface calculations, 5-layered pe-
riodic slabs were used. In the {100} slab, each plane contains four Pt atoms; in the
{111} slab, three Pt atoms. All Pt atoms were kept fixed, as required by the fit pro-
cedure described above and to mimic electronic effects only. The CO molecules
were allowed to fully relax their internal CO bond length, but kept perpendicular
to the surface plane. In calculating the lateral CO–CO repulsion, the C–Pt distance
was also optimized. The low coverage limit is approximated by one CO molecule
per unit cell, resulting in coverages of 0.25and 0.33ML for {100} and {111}, respec-
tively. From the lateral CO–CO interactions and from the (CO)2 gas phase dimer
calculations we performed, it follows that the interaction vanishes around 4 Å, ap-
proximately equal to the next-nearest-neighbor distance of Pt. Therefore, it may
be assumed that these coverages represent the zero coverage limit reasonably well,
also when taking into account the fact that the Pt substrate is not allowed to relax.

2.8.2 CO and CO–Pt Parameters

Here, the derivation of all CO parameters except φ0 and γ , and all CO–Pt parameters
is described. In short, all parameters are, through the analytical MEAM expressions
for the atomic energy [Eq. (2.12)], simultaneously fitted to the reference data of the
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Figure 2.4: Adsorption energy Ea for a CO molecule on a Pt{100}-bridge site as a function of
CO to surface distance d (measured from the CO center-of-mass to the surface plane). The
open circles represent the DFT calculations, shifted down by 0.2 eV to match the experimen-
tal value of Ref. 46. The solid line depicts the MEAM fit, used to determine the CO–Pt and
most of the CO parameters listed in Table 2.7.

adsorption and relaxation energies of CO on Pt{100} and Pt{111}. This procedure is
similar to the case of homogeneous metallic systems, where surface energies and
surface layer relaxations have been used [53].

Some physical meaning to the CO MEAM parameters can be imposed by as-
signing to r CO

0 , e.g., the equilibrium value of the lateral CO–CO distance in the (CO)2
gas-phase dimer. Since this value is larger than the value for r Pt

0 , the electronic den-
sity of CO, Eq. (2.18), is larger than the electronic density of Pt at a given distance
r . A value for fCO smaller than 1 may, to some extent, compensate for this effect.
Although several physical plausible values for f have been proposed [54], in this
work a value of 0.5 for fCO is found to properly describe the current system.

It has been shown previously, that the intramolecular C–O and the intermolec-
ular Pt–C stretching vibrations are correctly described within current DFT imple-
mentations [55–58], despite the fact that calculation of adsorption energies is cum-
bersome. This implies that the change in adsorption energy as a function of CO to
Pt distance is correctly reproduced by DFT. As a result, for determining the CO and
CO–Pt parameters, DFT calculations are best used after correction for the off-sets
of the adsorption energies using experimental data. The interaction energy as a
function of the CO distance to the Pt{100} bridge site is shown in Fig. 2.4. The Pt
atoms have been kept fixed, in order to mimic electronic effects only.

Table 2.6 displays the empirical reference data, as well as the resulting MEAM
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fit to it. The adsorption energies for CO on Pt{110}, as reproduced by the current
MEAM potential, are typically 0.4 eV too low compared to experiment (not shown).
The reason for this artifact — in the current model inevitable — lies in the restric-
tion to NN interactions, as explained above in Sec. 2.7.1. Despite the artifact, the
general trends of the current CO/Pt potential are in better agreement with experi-
ment than current DFT implementations.

2.8.3 CO–CO Parameters and Cutoff

As mentioned in Sec. 2.7.1, the CO–CO interaction is found from our DFT calcu-
lations to be pair-wise and more or less independent of adsorption site and sur-
face. Since the CO–CO interaction energy is described by just the pair-potential
of Eq. (2.14), the parameters φCO

0 and γCO entirely define the interaction. Using
DFT, the lateral interaction at different coverages and adsorption sites can easily
be calculated for both the {100} and {111} surface. Again, to separate the electronic
effects from the atomic relaxation effects, the Pt surface is kept fixed and only the
C and O atoms are allowed to relax their interatomic distances perpendicular to
the surface plane. The results are summarized in Fig. 2.5 and agree reasonably well
with the empirical relation for CO on Pt{111} derived by Persson et al. [52].

Part of the discrepancy between the DFT calculations and the empirical data
might be assigned to inhibited relaxations of the Pt surface [51]. This effect arises
because an adsorbed CO molecule induces localized relaxations of the substrate
lattice around the adsorption site and when another CO molecule is close enough,
the perturbation caused by one CO molecule influences the other, and the total
adsorption energy is not exactly the sum of the adsorption energies of the isolated
adsorbates, i.e., an effective interaction energy appears. This indirect repulsion is
not present in the DFT calculations, since the Pt substrate is kept fixed. In MD
simulations, the indirect repulsion will of course naturally emerge as a function of
CO coverage (see also Section 5.3.2).

Although at nearest-neighbor CO–CO separations, around 3 Å, the repulsion en-
ergy is considerable, the DFT calculation results indicate that at next-nearest sepa-
rations, around 4 Å, the repulsion has practically vanished: < 1 meV. This suggests
that, for the CO–CO interaction cutoff rc, a value in the range of 3.3 − 3.9 Å should
be acceptable: a value close to 3.3 in order to enhance CO surface diffusion in MD
simulations, a value close to 3.9 in order to obtain well-defined CO overlayer struc-
tures.

2.8.4 Potential Energy Surfaces and CO–Pt Interaction Cutoff

The nature of an adsorption site, e.g., 1-fold (atop) or 2-fold (bridge), is in first in-
stance determined by the number of Pt surface atoms interacting with the adsor-
bate molecule. Obviously then, this is related to the value of the interaction cutoff
rc, which must ensure that CO does not interact with, e.g., any of the four next-
nearest Pt atoms when adsorbed atop on Pt{100}. The CO/Pt interaction energy at
intermediate adsorption sites is therefore largely determined by the choice of the
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Figure 2.5: Lateral CO–CO interaction El as a function of intermolecular separation r . r Pt
0 de-

notes the Pt NN distance. The data points represent the DFT calculations and the solid line
depicts φCO of Eq. (2.14) fitted to the DFT results. The repulsion energy is proportional to
the number of CO–CO bonds within a few meV. The dashed line denotes the empirical repul-
sion [52] of which the dense part indicates the empirically reliable range (r &0.9r Pt

0 ). Several

configurations are indicated, e.g., around r =0.71r Pt
0 , the interaction of CO molecules located

at nearest bridge positions on the {100} surface, and around 0.87r Pt
0 the CO–CO interaction

at next-nearest bridge positions on {111}. At r =r Pt
0 , five configurations and corresponding

energies are indicated.

value for rc and thus whether CO is bound to, e.g., two or three Pt atoms. The ef-
fect of varying rc on the Potential Energy Surface (PES) of CO/Pt{100} is shown in
Fig. 2.6.

At lower cutoffs, an artificial local minimum in the PES starts to appear at a po-
sition between top and hollow; at higher cutoffs this local minimum vanishes. This
suggests that a lower limit to rc exists around 3.3 Å. At all relevant simulation tem-
peratures, say T > 100K, this artifact should be unimportant. In order to obtain a
physically justified value for rc, the change in interaction energy when CO moves
parallel to the surface from the hollow to the bridge site on Pt{100}, is compared
to DFT calculations. The results are shown in Fig. 2.7. It appears that the exact
shape of the interaction energy, as a function of the CO position between hollow
and bridge, cannot be fully recovered with the current model and potential. How-
ever, it can be concluded that, considering the accessible values of r at relevant
simulation temperatures up to ∼ 1000K, rc = 3.45 Å gives the best agreement with
the DFT results.
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Figure 2.6: 2D and 3D plots of the CO/Pt{100} Potential Energy Surfaces, centered around
the atop site. The Pt substrate is kept fixed. r denotes the distance from the hollow site
located at (0,0). In (a) and (b) the interaction cutoff rc is 3.3 Å, in (c) and (d) it is 3.45 Å.
The contour lines in (a) and (c) indicate energies ranging from −2.2 to −1.5 eV, separated
by intervals of 0.1 eV. The adsorption energy at the bridge is the lowest: −2.24 eV, followed
closely by the atop site: −2.20 eV. These two adsorption energies have been fitted to, see
Tables 2.6 and 2.7; the energy barrier between the top and bridge site emerges naturally
from the MEAM.
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Figure 2.7: Adsorption energy Ea as a function of the distance from the hollow site. At
r =0.5r Pt

0 the bridge site is located. The dashed line indicates the DFT calculations, the solid
lines depict the MEAM calculations with different interaction cutoffs rc as indicated.

Figure 2.8: 2D and 3D plots of the CO/Pt{111} Potential Energy Surfaces (the Pt substrate is
kept fixed). The interaction cutoff rc is 3.3 Å. The contour lines in (a) indicate energies rang-
ing from −2.1 to −1.5 eV, separated by intervals of 0.1 eV. The adsorption energy is lowest at
the atop site, −2.09 eV. The local energy minimum at the narrow bridge sites is −1.90 eV.
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On the Pt{111} surface things are a bit more delicate still, since at the bridge
position, CO is relatively close to the two next-nearest Pt atoms. In order to avoid
interaction, an upper limit to rc exists for this surface around 3.3 Å. Fig. 2.8 displays
the PES of CO on Pt{111} with this cutoff. Since, as mentioned before, DFT has
problems with this specific surface, a direct comparison between the MEAM po-
tential and DFT is not possible, as compared to the CO/Pt{100} case, where at least
the “right order” of adsorption energies is reproduced, Table 2.5.

Thus, depending on the surface and simulation temperature, an adequate value
for rc would be between 3.3 and 3.45 Å.

A more extensive study of the effect of varying the interaction cutoff is con-
ducted in Sections 5.2 and 5.3.
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3
Exploring the Surface Properties of the Pt-Group

Metals

Abstract

The basic properties of the clean Pd, Rh, Ir, and Pt surfaces have been investigated.
It turns out that the Bond-Order picture, introduced in Chapter 2, provides an ade-
quate framework for interpretation of the MEAM simulation results. Additionally, a
common origin behind the phenomena of surface reconstruction, vacancy forma-
tion energy, and surface self-diffusion is identified in terms of the MEAM param-
eter w(2). This parameter reflects the influence of relativistic effects on the s and
d band structure of metals and the related ability of stabilizing low-coordinated
atoms and defects.

Based on: P. van Beurden and G.J. Kramer, Phys. Rev. B 63 (2001), 165106.
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3.1 Introduction

The platinum-group metals are among the most important in heterogeneous catal-
ysis, which makes the study and prediction of their surface properties of great inter-
est. Examples include clean surface reconstructions of the {100} and {110} surfaces
of Pt and Ir. Much research on these metals has been performed both experimen-
tally and theoretically.

Still, the quasihexagonal (hex) surface reconstruction of the late 5d elements Ir,
Pt, and Au has proved to be a challenging feature: of the applied methods — DFT in
the Local Density Approximation (LDA), Effective Medium Theory (EMT) [1], and
glue-Hamiltonian [2–4] — only the last is able to actually predict the hexagonal
surface reconstruction. The drawback of the glue-Hamiltonian, however, is the ill-
defined physical meaning of its interaction functions when considered separately.

In this Chapter, we will apply the MEAM potentials, derived in Chapter 2, to
basic properties of the Pt-group metals Rh, Pd, Ir, and Pt. In particular, the hex re-
construction on Ir and Pt as well as the absence on Rh and Pd is discussed, using
an extensive analysis in terms of the Bond-Order picture. Additionally, a possible
physical explanation in terms of relativistic effects is proposed for the different be-
havior of the 4d metals Rh and Pd, and 5d metals Ir and Pt, with respect to surface
reconstruction.

3.2 Properties of Clean Pt-Group Metal Surfaces

In this Section, the pure-metal potentials and the MEAM itself are put to the test
in calculating, e.g., diffusion barriers of single adatoms on {100} and {111}, and
surface reconstructions of the {100} surface [(1 × 5)-hex] and the {110} surface
[(1 × 2)-MR]. Of course, the results can at best be as good as the DFT results on
which the parameter set was based.

3.2.1 Computational Details

For the MEAM energy minimization calculations of the clean metal surfaces, the
DYNAMO code as developed by Baskes and coworkers was used [5].

Since we focus mainly on the general features of our potentials and the scheme
for obtaining them, not all simulated properties, such as relaxations of atoms and
layers, have been investigated extensively.

As mentioned in Sec. 2.2, we restrict ourselves to nearest-neighbor interactions
only. By choosing to consider only nearest-neighbor interactions, it is necessary
to provide a cutoff or screening procedure that defines what a nearest-neighbor
is. This procedure must be continuous in the energy and its first two derivatives
to insure that, e.g., no force discontinuities appear in Molecular Dynamics (MD)
calculations.

Initially Baskes opted for a method that imposes only screening between an
atom and its neighbors [6], whereas in more recent work he included a radial cutoff
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as well [7]. There are several arguments for choosing a cutoff besides (or instead of)
screening.

First, in our work the MEAM parameters are explicitly fitted to nearest-
neighbors only, which means that by taking into account contributions from atoms
other than nearest-neighbors (as is done in a screening-only method), artifacts can
be introduced in the interaction.

Second, the parameters are fitted to systems which are all at or near equilib-
rium. Therefore, the specific choice of the parameters may be expected to fail in
describing properly systems far from equilibrium. Even when this is not the case,
the energy differences between a cutoff and screened interaction can be expected
to be rather unimportant at these off-equilibrium and hence high-energy systems.

A third argument, which applies when using no screening at all, but only a cut-
off, is of a computational nature: since, in contrast to screening, a cutoff does not
depend on the actual spatial configuration of the atoms under consideration, it can
be evaluated faster and more straightforwardly than angular screening (i.e., screen-
ing cannot be cast in the computationally efficient two-particle form).

Finally, we should remark here that it appears from our simulations (discussed
in Sec. 2.5) that screening introduces its own specific behavior. Since, to our knowl-
edge, this behavior has not been verified very thoroughly and since it makes the
MEAM altogether less transparent, we chose not to apply screening in our MEAM
simulations. Instead, only a smooth cutoff as described in Ref. 7 is applied at dis-
tances greater than 1.13r0 (≈ r0 + 0.4 Å) from the atom. The cutoff region is taken
to be 0.1 Å in all cases.

Typically the slabs used here consisted of ∼ 600atoms, which appeared to be
sufficient to exclude finite-size effects. In order to model bulk effects, the cen-
tral layer in the slab was fixed in the simulations for the surface energies and
the bottom layer was fixed in all other simulations. For calculating the hexago-
nal reconstruction energies on {100}, a (1 × 5) hexagonal surface reconstruction is
used, which is equal to the hexagonal reconstruction observed on Ir{100} [8,9], but
slightly different from the two hexagonal phases observed for Pt{100} [10, 11].

The heat of reconstruction of a surface Hr is defined according to Ref. 12 as:

Hr = (Eu + 1N Ecoh − Er )/N1×1, (3.1)

where Eu is the total energy of the unreconstructed slab, Er is the total energy of the
reconstructed slab, 1N is the difference in number of atoms between the two slabs
[i.e., 1N = 2 for each slab unit of {100}-(1 × 5) versus its {100}-(1 × 1) counterpart
and 1N = 0 for {110}-(1×2) versus {110}-(1×1)]. N1×1 is the total number of (1×1)
surface units in the unreconstructed slab. This refers the energy to the area of the
(1 × 1) slab. A positive value for Hr thus indicates that reconstruction is favored.

The self-diffusion barrier was obtained by taking the difference of the energies
of a fully relaxed slab with an adatom on a bridging site and a fully relaxed slab
with an adatom on a hollow site. On the {111} surface two 3-coordinated hollow
sites exist: a fcc and a hcp site. The hollow site, which is found from our MEAM
simulations to be preferred, is used in determining the self-diffusion barrier.
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3.2.2 Simulation Results

The simulation results are compared with experiment (where available) and the re-
sults obtained using the potentials determined by Baskes [6]. All results are shown
in Table 3.1.

Table 3.1: Results of the MEAM simulations with the potentials of Table 2.3 and the poten-
tials by Baskes [6]. Where available, experimental data are listed. Values listed are heat of
reconstruction of the {100}-hex phase Hhex{100} and {110}-MR phase HMR{110}, adatom
adsorption energies Eads{hkl}, self-diffusion barriers Ediff {hkl}, and adatom adsorption en-

ergy difference of fcc and hcp sites on {111} 1Eads{111} = Efcc
ads{111} − E

hcp
ads{111}. All val-

ues are in listed in units of eV. The experimental self-diffusion barriers on Pd are estimated,
based on the experimental data from the other metals. For Ir and Pt there exists an atomic
exchange mechanism for the self-diffusion process on {100} [13]. Therefore, the “experi-
mental” value reported here for Pt is an estimated value and for Ir the DFT value by Boisvert
et al. [14] is used.

experiment this work Baskes
Hhex{100} < 0.0 −0.17 −0.08
HMR{110} < 0.0 −0.08 −0.08
Eads{100} −5.06 −5.21

Rh Ediff {100} 0.88± 0.02a 1.01 0.96
Eads{111} −4.50 −4.56
Ediff {111} 0.16± 0.02a 0.23 0.35
1Eads{111} −0.02 −0.03

Hhex{100} < 0.0 −0.09 0.06
HMR{110} < 0.0 −0.07 −0.02
Eads{100} −3.27 −3.68

Pd Ediff {100} ∼ 0.6 − 0.8b 0.57 0.70
Eads{111} −2.94 −3.22
Ediff {111} ∼ 0.1 − 0.2b 0.06 0.14
1Eads{111} −0.02 −0.03

Hhex{100} > 0.0 0.08 −0.31
HMR{110} > 0.0 0.05 −0.13
Eads{100} −6.88 −5.94

Ir Ediff {100} 1.39± 0.04c 1.67 1.07
Eads{111} −5.87 −5.43
Ediff {111} 0.22± 0.03,d0.267± 0.003e 0.42 0.51
1Eads{111} 0.022± 0.001,d0.016± 0.001f −0.06 −0.04



3.2 Properties of Clean Pt-Group Metal Surfaces | 47

(continued)

Hhex{100} 0.21± 0.03, 0.26± 0.03g 0.28 0.31
HMR{110} > 0.0 0.06 0.03
Eads{100} −5.34 −5.80h

Pt Ediff {100} ∼ 1.0 − 1.2b 1.21 1.15
Eads{111} −4.50 −5.00
Ediff {111} 0.25± 0.02i 0.16 0.12
1Eads{111} < −0.06j −0.04 −0.05

aSee Ref. 15. fSee Ref. 16.
bEstimated value. gSee Ref. 17.
cDFT value, see Ref. 14. hUnphysical value: lower than −E0, see Table 2.1.
dSee Ref. 18. iSee Ref. 19.
eSee Ref. 20. jSee Ref. 21.

Apart from the prediction of the preferred site on Ir{111}, which is according to
experiment the hcp site [16, 18], it can be seen from Table 3.1 that there is good
agreement of our MEAM calculations with experiment. Also the results based on
the potentials determined by Baskes agree quite well.

The surface reconstructions especially agree very well with experiment. In or-
der to compare with other theoretical studies, we mention the DFT calculations
in the Local Density Approximation (LDA) approach by Fiorentini et al. [12] who
predict the Pd{100} surface not to reconstruct, but they find for Pt{100} a slightly
negative heat of reconstruction, which is not in agreement with experiment. The
EMT calculations performed by Ritz et al. [1] predict the unreconstructed Pt{100}

surface to be more stable and the EAM potentials by Foiles [22] and Voter et al. [23]
are reported to suffer from the same problem [1]. To our knowledge, only the glue-
Hamiltonian for Au by Ercolessi et al. [2–4] is able to predict a hexagonal recon-
struction on the Au{100} surface. As mentioned before, this method has a lower
limit to the coordination number as high as 8 and requires four times as much pa-
rameters as the current formulation of the MEAM, making its extension beyond Au
and certainly to binary systems problematic.

The self-diffusion energy barriers calculated with our potentials as well as
Baskes’ potentials are generally in qualitative agreement and in most cases in quan-
titative agreement with experiment. Even more, they appear to be on the same
level of agreement with experiment as, e.g., the LDA-DFT calculations performed
by Feibelman et al. [19]. They obtain a diffusion barrier of 0.38eV for Pt/Pt{111}.

It should be noted from Table 3.1 that the original potentials by Baskes still per-
form remarkably well, in view of the considerable amount of arbitrariness involved
in determining the potentials from the scarce experimental data, as commented
on in Chapter 2.
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3.3 Physical Evaluation of Surface Reconstruction

As a demonstration of the BO picture and the descriptive power of the MEAM, we
address the question why the 4d metals Rh and Pd do not reconstruct, while the 5d
metals Ir and Pt do. In addition, the relation between the occurrence of this hexag-
onal reconstruction on {100} and the vacancy formation energy will be discussed.

3.3.1 Bond-Order Correction

It can be seen from Table 2.1 that relatively high values for E f
v with respect to E0

are found for the 4d elements Rh and Pd, which do not reconstruct to a hexagonal
phase on the {100} surface. For the 5d metals Ir and Pt, on the other hand, E f

v

is relatively low with respect to E0. A similar observation can be found in Ref. 24.
Within the MEAM it can be understood qualitatively that there is a relation between
these two phenomena.

Recalling Fig. 2.1 one sees that, for n > 4.4, large BO corrections (i.e., high values
of n(k)) to n result in less BO correction energy (higher value of F). This implies
less stabilization of the bonds of the atom under consideration. Equivalently, the
metal–metal bonds are less stabilized. Higher values for n(k) thus result in a higher
value of, for example, the vacancy formation energy where the atoms neighboring
the vacancy each have 11 less stabilized bonds.

In first instance, one might expect the hexagonal reconstruction on {100} sur-
faces, where the real coordination (i.e., the local atomic density) of a surface atom
is increased, to always be favored, since the total pair potential 8 is then lowered.
However, two effects play an important role here. First, in case of relatively high n(k)

described above, the bonds in the hexagonally reconstructed surface are less sta-
bilized. This is the result of a higher effective coordination, since n will be higher.
A second effect is the appearance of repulsion in the second layer, which increases
with higher n(k) values, since then the effective coordination is considerably higher
than 12. This results in a positive value for the BO correction energy, as seen from
Fig. 2.1.

Re-inspection of Table 2.3 indicates that the sum of w(k) parameters, being an
indication of the correction to n, is higher for the 4d elements Rh and Pd than for
the 5d elements Ir and Pt, mainly due to the negative value of w(2) for the latter two
elements. This is also illustrated by the fact that Baskes’ potential for Ir does not
predict {100}-(1× 5), since in this parameter set the value for w(2) is as high as 8.10.
Further, Baskes’ potential for Pd does predict {100}-hex to occur, since w(2)

= 1.38
in this case, which is considerably smaller than the w(2) for Pd and Rh found here.
To illustrate the foregoing, Fig. 3.1 depicts the w(2) dependence of E f

v , σ100(1 × 1),
and σ100(1 × 5).
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Figure 3.1: (a) Plot of the surface energies per (1×1) surface unit of the {100}-(1×1) and
{100}-(1×5) phases of Rh [see Eq. (2.11)] as a function of parameter w(2). Also the resultant
heat of reconstruction, according to Eq. (3.1), is shown. All other parameters are kept fixed
(see Table 2.3). Obviously, the energy of the (1×5) reconstructed surface is more sensitive
to w(2) than the unreconstructed surface energy. (b) Plot of the unrelaxed vacancy forma-
tion energy as a function of parameter w(2). It can be seen that there is a one-to-one cor-
respondence with the heat of reconstruction depicted in (a). Using the GGA-DFT value for
Rh, which is approximately 0.5 eV too low (not shown), for determining the parameter set,
would lead to unrealistic behavior (the Rh{100} surface would be predicted to reconstruct,
since w(2) would be approximately 1.5, resulting a slightly positive value for Hr ).
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(continued)

Figure 3.2: (a) Plot of the average effective coordination number per layer 〈ni 〉 for the top
three layers of the {100} surfaces of Rh and Pt. Values are obtained from MEAM simulations
using the potentials of Table 2.3. The difference in 〈ni 〉 for the (1×5) reconstructed surface
layers of Rh and Pt is the result of angular dependent effects, rather than the particle density.
(b) Average value of the (normalized) total pair potential 〈8i 〉, which can be considered as
a measure for the average particle density per layer. Due to outward relaxation of the (1×5)
reconstructed surface layer, the particle density in the second layer is reduced and therefore
〈8i 〉 is increased. (c) Average (normalized) energy per particle 〈Ei 〉. It can be easily seen that
for Pt the total energy (i.e., the sum the average energies) for the hexagonally reconstructed
phase is lower than the total energy for the unreconstructed phase. For Rh this is not the
case.

3.3.2 Effective Coordination

In Fig. 3.2 the average values for ni , 8i , and Ei per layer are shown. The repulsion in
the layer below the hexagonally reconstructed surface layer due to 〈n〉 > 12causes
an outward relaxation (approximately 0.3 Å, not shown). This causes 〈n〉 for this
layer to drop from approximately 11.3 (not shown) to a value even below 〈n〉 of the
(1 × 1) surface layer. For Pt, 〈n〉 is reduced to a lower value than for Rh due to the
smaller average contribution of n(k) to n for Pt. Inspection of the 〈8〉-plot, which
can be considered as a measure of the real coordination, shows that the second
layer has a higher value for 〈8〉 for (1 × 5) than for (1 × 1) (i.e., lower real coordi-
nation). This is to be expected, since due to the outward relaxation of the recon-
structed surface layer the real coordination is reduced in the second layer. Further,
the 〈8〉 values for the two surface phases are nearly equal in the first and third layer.
This indicates that the difference in 〈n〉 for Pt and Rh in the (1 × 5) surface layer is
entirely determined by angular dependent effects.



52 | Exploring the Surface Properties of the Pt-Group Metals

This gives a simple explanation within the MEAM model of the relation be-
tween a the relative height of the vacancy formation energy and the occurrence of
{100}-hex surface reconstruction. Additional support is found from the case of Ag
versus Au: Au undergoes {100}-hex surface reconstruction and has a lower E f

v /E0
ratio (0.23) than Ag (0.39), which indeed does not reconstruct.

Considering the features addressed in Sec. 3.3.1, it might seem natural for the
EAM, which has no n(k) contributions at all, to predict {100}-(1 × 5) surface re-
construction for any fcc metal. Indeed, in the case of the EAM limit, the unre-
laxed vacancy formation energy is extremely low (around 10% of the actual value,
not shown here). However, as explained above, the crucial factor in determining
whether reconstruction is favored or not is the angular dependence. Since this is
absent in the EAM, hexagonal reconstruction cannot be predicted by the EAM in
its current form. We should note however, that Ercolessi and coworkers are able to
predict {100}-(1 × 5) surface reconstruction for Au without use of any symmetry.
This indicates that the derivation of φ, F, and n(k) in the current form of the MEAM
is inherent to a proper description of surface reconstructions.

The fact that the effective coordination number n in the surface layer is deter-
mined by symmetry rather than actual coordination can be understood as follows.
Due to the outward relaxation of the (1 × 5) top layer, as mentioned before, the
contribution of the second-layer atoms to 〈n〉 of the top-layer atoms is reduced.
The real coordination remains more or less unchanged, such that 8 (and in the
EAM F as well) remains more or less the same on average. However, from Eq. (2.4)
it can be derived that atoms within a plane tend to cancel each others contribution
to n(k), k ≥ 1. Then, due to the reduced contribution from atoms below the surface
plane and due to the increased contribution from the additional atoms within the
(1 × 5) surface plane, the n(k) are canceled more in the (1 × 5) than in the (1 × 1)
surface plane. This causes 〈n〉 for the (1 × 5) surface to decrease, even below 〈n〉

of the unreconstructed {100} surface. Since the n(k) contributions to n in total are
larger for Rh than for Pt, the remaining contributions in the (1 × 5) surface layer
are also larger for Rh than for Pt. This can be seen in Fig. 3.2. Again we emphasize
that this is a pure symmetry related effect and therefore an implicit property of the
MEAM.

3.4 Concluding Remarks

Now that apparently uncorrelated phenomena are found to be related in a quite
straightforward way within the MEAM by means of parameter w(2), it would be in-
teresting to find a common origin in terms of electronic structure and, inherently,
the value of w(2). The fact that 5d elements Ir, Pt, and Au have similar surface re-
constructions, which are absent in the corresponding 4d elements Rh, Pd, and Ag,
suggests that the different behavior cannot lie in any particular detail of d band
electronic structure. From work carried by Fiorentini et al. [12], it was concluded
that these differences must be related to the relativistic effects in the electronic
structure, which are more dominant for the late 5d elements than for the late 4d
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elements. These relativistic effects result in a stronger bonding of low-coordinated
atoms (e.g., at defects) of the 5d metals with respect to the 4d metals [12, 25–27]. A
similar discussion, concerning a common origin, is addressed by Smit et al. [28].

Similar arguments have been put forward by Yu and Scheffler [29], who per-
formed DFT calculations for the self-diffusion on Au{100} and Ag{100}. They con-
cluded that for the exchange diffusion, the tensile (excess) surface stress plays a
crucial role; a property which is, according to Fiorentini et al. [12], caused by the
enhanced relativistic effects in the late 5d metals. The adatom self-diffusion for Pt
and Ir on the {100} surface is known to proceed via such an atomic exchange (or
concerted substitution) mechanism [13, 20], rather than a conventional hopping
mechanism as observed for, e.g., Rh [15]. Although we have not thoroughly inves-
tigated the finer details of this mechanism, it turns out that the MEAM, with the
potentials derived in Chapter 2, indeed suggests that for Pt an exchange mecha-
nism is favored over a hopping mechanism by several tenths of an eV. For Ir, it is
found that the exchange and hopping are energy-neutral. For comparison: for Rh
we find that hopping is favored over exchange by ∼ 1 eV.

Inspection of the potential parameterization of Rh, Ir, and Pt in Chapter 2 re-
veals that an atomic exchange mechanism for self-diffusion is indeed to be ex-
pected for metals with a low (negative) w(2) parameter, analogous to the case of the
hex surface reconstruction on {100} discussed in the previous Sections. It has been
explained that a straightforward relation exists between this MEAM parameter and
the occurrence of a hexagonal reconstruction on the metal’s {100} surface as well
as a relatively low vacancy energy, Fig. 3.1. From this, it might be expected that
the same is true for the occurrence of the atomic exchange mechanism for adatom
diffusion on the {100} surface of a metal. In accordance with these presumptions,
we support the suggestion by Yu and Scheffler [29] that an atomic exchange mech-
anism is to be expected for gold (to our knowledge this has not been reported in
literature yet).

We think, however, that an obvious physical interpretation or derivation of w(2)

is not straightforward, if not impossible. Still, w(2) seems to be a measure of the
metal’s ability to enhance — and therefore stabilize — bonding near defects∗; a com-
mon feature of the late 5d metals Ir, Pt, and Au, and a result of the relativistic effects
in the electronic structure.
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4
The Pt{100}-hex Surface Reconstruction

Abstract

The dynamics and mechanism of the Pt{100}-hex surface reconstruction have been
investigated using Molecular Dynamics (MD) simulations within the framework
of the Modified Embedded-Atom Method. During this reconstruction the surface
changes from the bulk-terminated Pt{100}-(1×1) phase to a quasihexagonal phase,
whereby the surface atom density increases by approximately 20%. The MD sim-
ulations bring several interesting mechanisms to the fore. It was found that the
reconstruction occurs through an interplay between one homogeneously and two
heterogeneously nucleated processes. In one heterogeneous nucleation process at
linear defects, parts of steps are absorbed directly into the surface. In the second
heterogeneous process, entire rows are found to shift half an atomic distance in
the [011] direction. These rows can subsequently contract in the [011] direction to
acquire the ∼ 20% increase in atomic density. In homogeneous nucleation, sur-
prisingly, the required extra ∼ 20% atoms are extracted directly form the second
layer, leaving subsurface vacancies. This process is found to be the dominating
one. The activation energy for the vacancy creation process is found to be ∼ 1.2 eV,
which may explain the experimental activation energy for reconstruction of ∼ 1 eV.
These vacancies will coalesce by diffusion, with a diffusion barrier of 0.49± 0.1 eV,
to form craters and terraces.
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4.1 Introduction

Surface reconstructions are among the most fundamental and yet most compli-
cated surface phenomena. Due to their intriguing properties as well as their influ-
ence on chemical reactions between adsorbates, reconstructions have attracted a
lot of attention in the past decades on both the experimental as well as the theoreti-
cal level; especially the {100} quasihexagonal reconstruction of the late 5d metals Ir,
Pt, and Au have been a fruitful subject of many experimental and theoretical stud-
ies [1–8]. This quasihexagonal reconstruction of the {100} surface, also referred to
as “hex”, is interesting in its kind due to the change in symmetry from square to
hexagonal and the accompanying increase in atomic density in the surface layer of
about 20 to 25% (see Fig. 1.2).

When the bulk-terminated {100} surface reconstructs to the more dense quasi-
hexagonal phase, the required ∼ 20% extra atoms are incorporated in the surface
plane. However, it is far from trivial where these extra atoms come from. In first
instance, the most obvious way would be, that steps or islands act as a source of
these required atoms. This has been suggested by, e.g., Passerone et al. [7, 8], who
performed molecular dynamics (MD) simulations of Au{100}. In this Chapter, how-
ever, we show that an other process is possible — in fact, even more likely. This
process involves the extraction of the extra atoms from the second layer, leaving
subsurface vacancies. On larger time scales these second layer vacancies migrate
and cluster, so as to form steps and islands.

The organization of this Chapter is as follows. In Section 4.2 the computational
details are addressed. In Section 4.3.1 we will address the reconstruction mech-
anism, which occurs via the (homogeneously nucleated) creation of subsurface
vacancies. Section 4.3.2 discusses the other — less dominant — reconstruction
mechanisms, which are heterogeneously nucleated at, e.g., steps. Finally, in Sec-
tion 4.4, things are summarized and related to the counter part of this reconstruc-
tion: the CO-induced lifting of the hex reconstruction.

4.2 Computational Aspects

The DFT calculations were performed using the VASP package [9, 10], which uses
periodic cells, a plane wave basis set, and ultrasoft Vanderbilt pseudopotentials
with scalar relativistic corrections. For the GGA the PW91 functional is used. In all
DFT calculations the energy cutoff was 330eV and the k-point summations were
done on meshes containing only the 0-point in the irreducible part of the Bril-
louin zone. In the DFT calculations, the quasihexagonal surface reconstruction of
Pt{100} is modeled by periodic (5 × 1) unit cells on top of a three-layered bulk-
terminated (1 × 1) substrate.

For the classical MD simulations, we use the Modified Embedded-Atom
Method (MEAM) [11]. The MEAM/MD calculations were performed using the
CAMELION code as developed by Thijsse and coworkers [12]. CAMELION solves
Newton’s equations-of-motion and applies the velocity-Verlet algorithm using au-
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tomatic time step adaptation for time evolution. The MEAM parametrization for
Pt of Ref. 13 was used.

Due to the relatively slow progress of the surface reconstruction, elevated tem-
peratures have been applied in the MEAM/MD simulations, varying from 1200to
1400K. Simulation times typically are in the order of 0.5 to 1 ns. The simulation
slabs contain typically ∼ 103 Pt atoms; all bottom layers are kept fixed.

Two Pt{100} surface systems have been investigated: a surface with a step, and a
flat surface. The first system is used to allow any possible process (heterogeneously
or homogeneously) initiating the hex surface reconstruction. In this way, the role
of kinks and step edges as a source of the required extra atoms can be investigated.
The flat surface is used to estimate an effective activation barrier for the recon-
struction mechanism that proceeds through the intermediate phase involving the
creation of subsurface vacancies, mentioned in the introduction.

4.3 Results and Discussion

On the clean unreconstructed Pt{100} surface, where only large islands and ter-
races are present, a reconstruction mechanism through a complicated interplay
between the surface layer and the steps should be expected. When steps act as the
source for the approximately 20% extra atoms required — e.g, by direct absorption
of step-atoms into the surface layer — reconstruction would occur only locally, in
the vicinity of these steps. This suggests, that supplementary (or different) pro-
cesses are required to obtain a fully reconstructed surface.

Indeed, in the case of such a flat surface, we find in general three processes,
initiating the reconstruction, which occur more or less simultaneously. They can
be divided into two classes: heterogeneous processes at defects, such as the one
described above, and a homogeneous process which can occur anywhere at the
surface. These processes will be discussed below in Sections 4.3.1 and 4.3.2.

4.3.1 Homogeneous Reconstruction via Subsurface Vacancies

The homogeneously nucleated reconstruction process is a process which is rather
intriguing, since not only the surface layer but also the second layer, the layer be-
low the surface, is involved. Our simulations indicate that what happens, especially
at higher temperatures, is that the roughly 20% extra atoms required for the recon-
struction, are directly extracted from the second layer, leaving subsurface vacancies,
see Fig. 4.1. These vacancies will later, on a larger time scale, diffuse and coalesce
to form “craters” and steps.

Fig. 4.1 shows two snapshots from a simulation at 1300 K. In Fig. 4.1, two
adatoms have been formed, leaving two surface vacancies. These surface defects,
however, do not seem to affect the initial reconstruction arising at the top right area
of the surface. It can be seen that four subsurface vacancies have been formed in
the second layer, after a simulation time of about 0.3ns. The vacancy creation is ho-
mogeneously nucleated, in the sense that it can occur anywhere below the surface,
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initial stage of homogeneously nucleated reconstruction

surface layer second layer

final stage of homogeneously nucleated reconstruction

surface layer second layer

Figure 4.1: The {100}-hex surface reconstruction through the creation of subsurface vacan-
cies. Above, the surface layer and second layer of the initial stage of the reconstruction are
shown: four subsurface vacancies have been created. Below, the surface layer and second
layer are shown, after the formation of the intermediate stage during the hex reconstruc-
tion has been completed. The time difference between the two subsequent stages is 0.1 ns,
simulation temperature is 1300 K.
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regardless whether steps or defects are present. After about 0.4 ns the reconstruc-
tion is completed, which means that, after nucleation, subsequent reconstruction
proceeds relatively fast.

The observed intermediate stage of the reconstruction mechanism in Fig. 4.1,
becomes likely when one realizes that only a minimum amount of mass transfer
is required to establish a hexagonal surface layer. When, e.g., steps would act as
a source for the reconstruction, by providing the required additional 20% atoms,
mass transport over many atomic distances is necessary, in order to fully recon-
struct the large surface areas between the steps. The activation energy for such a
process would be much larger than for the homogeneously nucleated case.

Although the subsurface vacancy process seems counter-intuitive at first sight,
and we thought of them at first as an artifact, subsequent DFT calculations of these
and related systems does indicate that the system with subsurface vacancies below
the hexagonally reconstructed surface (hex-on-vac) and a bulk-terminated (1 × 1)
system are energy-neutral, as shown in Fig. 4.2. Note that the value of −0.01 eV
for the hex-on-vac system in Fig. 4.2d is conservative, since not all possible con-
figurations of subsurface vacancies have been investigated. In addition, the slabs
used in the DFT calculations contain 4 layers only, including the surface and the
vacancy containing second layer. This obviously restricts the degrees of freedom
for relaxation of the atoms in the vicinity of the subsurface vacancies.

MEAM energy minimization calculations of these hex-on-vac systems indicate
similar energies (equal to the DFT energies within 0.01 eV per atom). Moreover,
a more disordered system, containing vacancies, is entropically favored over the
highly ordered, ideal (1 × 1) system, which suggests that a reconstruction process
via a vacancy-containing intermediate configuration becomes highly probable —
especially at the elevated temperatures our MD simulations have been performed,
but definitely also at the “regular” temperatures around 400 K. We can therefore
confidently attribute the MD results to be entropically driven as well.

The effective activation energy Ea of the subsurface vacancy creation can be es-
timated when one assumes an Arrhenius-type relation between the turn-over fre-
quency per surface atom k of the reconstruction and the temperature T :

k = k0e−Ea/kBT , (4.1)

where k0 is a pre-exponential factor. In order to obtain reliable data, this requires
the MD simulations to be either very lengthy (beyond our current computing
power) or to be performed at rather high temperatures (above 1200K). Because of
large statistical fluctuations due to the elevated temperatures, limited system size,
and poor sampling, only a rough estimate for Ea could be made: Ea = 2.2 ± 1 eV
and k0 ∼ 1017±4 s−1. (see Fig. 4.3).

Usually, the pre-exponential factor is of order 1013, about 3 orders of magnitude
less than the value found here. Let us assume that k0 is indeed ∼ 1013 s−1 and that
the unphysically large fit value of 1017 s−1 found here, is due to statistical errors.
Then, re-fitting of Eq. (4.1), with k0 fixed at ∼ 1013 s−1, to the MD simulation results
gives Ea = 1.2 eV, which agrees very well with the experimental value of ∼ 1 eV [14].
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(a) bulk-terminated (b) ideal hex

0 (reference) −0.07

(c) hex with subsurface vacancies I (d) hex with subsurface vacancies II
(second layer) (second layer)

0.00 −0.01

Figure 4.2: The four configurations calculated with DFT: (a) is the square, bulk-terminated
(1×1) slab, (b) is the “ideal” (5×1)-hex reconstructed surface on-top of a vacancy-free sec-
ond layer, (c) and (d) are two possible “hex-on-vac” configurations of the intermediate hex
phase with vacancies in the second layer — for convenience, the hex surface layers are not
shown. Also indicated are the energy differences per (1×1) unit cell with respect to the unre-
constructed surface in (a). The final hex phase contains one atom extra per (5×1) unit cell.
This has been compensated for by subtracting, for each extra atom, the cohesive energy of a
bulk atom.
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Figure 4.3: Arrhenius plot of the rate of creation of subsurface vacancies. The error bars
denote the standard deviation obtained from two simulations at each temperature and give
an indication of the error. The effective activation energy for the creation of a vacancy is
2.2±1 eV.

To support the idea that these subsurface vacancies may eventually coalesce by
diffusion to form craters or steps, the diffusion energy barrier Ed is estimated by
means of a similar Arrhenius-type relation as Eq. (4.1):

N = N0e−Ed/kBT . (4.2)

The resulting energy barrier for diffusion is found to be: Ed = 0.49 ± 0.1 eV. The
prefactor N0 is approximately 1013 jumps/s, see Fig. 4.4. These values for Ed
and N0 imply that, at the experimentally established reconstruction temperature
around 400 K, each subsurface vacancy will jump ∼ 107 times per second, suffi-
cient to allow step formation by coalescence.

The barrier for diffusion of the subsurface vacancies Ed is considerably smaller
than the activation energy Ea for creation of these vacancies. This implies that at
lower temperatures — say, around 400K as applied experimentally — vacancy cre-
ation occurs at a much lower rate than the diffusion of these vacancies. As a con-
sequence, most vacancies will already be annihilated at steps or condensed into
craters, before new vacancies are created. Therefore, under experimental condi-
tions, the vacancy density will be low compared to the high-temperature MD sim-
ulation results presented here. Typically, Fig. 4.1 represents a high-temperature
configuration.

Surprisingly, when steps are introduced on the flat Pt{100} surface, the creation
of second-layer vacancies still dominates the reconstruction process, although
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Figure 4.4: Arrhenius plot of the jump rate of a subsurface vacancy. The diffusion barrier is
found to be 0.49±0.1 eV.

other (heterogeneously nucleated) processes at defects occur as well. These will
be addressed in the next Section.

4.3.2 Heterogeneous Reconstruction at Defects

Apart from the homogeneous vacancy formation process discussed above — and
which is generally dominant — two heterogeneous reconstruction processes are
observed in our MD simulations.

In the first, every next row of atoms in the surface is shifted half an atomic
distance in the [011] direction, Fig. 4.5. This mechanism has been proposed by
Heinz et al. [1, 15] for Pt{100} and for the similar reconstruction of Ir{100}, and it is
in accordance with the STM images of Gilarowski et al. [16], although not explic-
itly identified as such. This reconstruction process is generally initiated at edges of
steps or larger islands, since the edge atoms are more loosely bound and thus more
easily displaced, but may occur at other places as well. The hex phase, however, is
more dense than the square phase, which means that the islands should contract
by inward motion of the edge rows.

This contraction of rows is not directly observed in our simulations, most prob-
ably because it is beyond the nanosecond time-scales of our simulation possibil-
ities. Moreover, the 20% contraction of the increasing domains, due to additional
shifted rows, becomes exponentially more difficult with increasing contraction dis-
tance. This suggests that such a shift-and-contract mechanism is not likely be
dominant in the overall reconstruction process.
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Figure 4.5: Hex reconstruction process via the shifting of entire rows near linear defects. The
arrow at the top indicates where the shift is initiated and the lower arrow indicates the active
reconstruction site. Note that, at this stage, no subsurface vacancies have been created.
Simulation temperature is 1150 K; snapshot taken after ∼0.1 ns.

The second process is one in which step edges and corners of islands “dissolve”
and absorb into the surface layer, despite the relative inertness, see Fig. 4.6. Similar
behavior is observed by Passerone and coworkers [7] in their MD simulations of a
step on Au{100}.

The mechanism described in Fig. 4.6 occurs (by definition) locally, at the asso-
ciated defect (step), which implies that, when only such a local source of the 20%
extra atoms drives the reconstruction, large mass transport would be required in
order to fully reconstruct the entire surface.

Both heterogeneously nucleated reconstruction mechanisms proceed at a
lower rate than the homogeneously nucleated mechanism via the intermediate
“hex-on-vac” state. This is illustrated by the fact that in Fig. 4.6b, most of the recon-
struction away from the step edge, proceeds via the vacancy-creation process. Also
taking into account the fact that the reconstruction mechanism via the hex-on-vac
intermediate phase is energetically more favorable, it can be concluded that ho-
mogeneous reconstruction is dominant, even at lower temperatures.

4.4 Concluding Remarks

In our simulations, we find evidence for three different reconstruction processes:
one homogeneously (on flat as well as stepped surfaces) and two heterogeneously
nucleated processes (at step edges).

The homogeneously nucleated process, the dominating mechanism in all
cases, is the most intriguing as well as most counter-intuitive mechanism: here,
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(a) (b)

Figure 4.6: Example of heterogeneously nucleated hex surface reconstruction: the required
extra surface atoms are extracted from step edges, and directly absorbed into the surface.
Darker colors correspond to lower levels. Note that the surface reconstruction away from
the step proceeds via the creation of subsurface vacancies (i.e., homogeneously nucleated).
In (a) the initial situation is shown; (b) displays the situation after ∼1 ns. Simulation tem-
perature is 1200 K.

the required extra atoms for the hex surface reconstruction are directly extracted
from the second layer, leaving subsurface vacancies. The activation energy for
this process is proposed to be ∼ 1.2 eV, which agrees with the experimental value
of ∼ 1 eV [14], found for the activation energy of the hex reconstruction. These
vacancies will diffuse to form craters, or coalesce at steps. The energy barrier for
diffusion is found to be 0.49± 0.1 eV, with a vacancy jump rate of ∼ 107 s−1 at 400K.
Note that these vacancies, when trapped at steps, cause these steps to shrink or
even dissolve. This would, in experimental observations, falsely suggest that steps
act as a source for reconstruction, although in reality the origin is the creation of
vacancies in the second layer.

In the first heterogeneously nucleated process, rows are found to shift half an
atomic distance in the [011] direction, resulting in a hexagonal ordering of rows,
which is in agreement with STM data by Heinz and co-workers [1, 15]. These rows
should then contract in the [011] direction, to obtain the ∼ 20% increase in atomic
density. This contraction, however, becomes energetically very unfavorable with
increasing “shifted-row” domain size.

In the second heterogeneously nucleated process, steps are found to act as
sources of the required extra atoms, in agreement with the Grand Canonical Monte
Carlo and MD simulations of Au{100} by Passerone et al. [7, 8]. In this case, atoms
are absorbed directly into the surface. Full reconstruction of the surface, however,
would require an enormous mass transport from these steps over the entire sur-
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face.
All this together, indicates that the subsurface-vacancy driven mechanism gives

the best satisfaction to an adequate description of the hexagonal surface recon-
struction of Pt{100}.

As shown in Ref. 17 and in Chapter 6 of this Thesis, the hex surface reconstruc-
tion on Pt{100} is lifted upon adsorption of molecules like CO and NO. This decon-
struction proceeds through the cooperative ejection of the ∼ 20% excess surface
atoms in entire rows and the rearrangement of the remaining surface atoms. When,
right after the hex reconstruction has been lifted, CO is removed from the surface,
the resulting adatom chains will be directly absorbed into the surface layer to re-
cover the hex phase again (although observed in our simulations, it is not shown
here). This process can be considered the reverse of the CO-induced lifting of the
reconstruction. In practice, however, the adatoms and chains on the surface will
condense into more stable and rather inert islands, before all CO can be removed.
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5
Dynamics and Structure of CO on Pt {100} and

{111} Surfaces

Abstract

The dynamics and energetics of the CO covered Pt {100} and {111} surfaces have
been investigated by means of Molecular Dynamics simulations of CO surface dif-
fusion, CO overlayer structure, and CO–CO lateral interactions. It follows, amongst
others, that long-range ordering of CO is not a prerequisite of a highly resolved
LEED pattern. Also, the (repulsive) lateral interactions of CO at coverages above
0.5 ML are found to be mainly governed by direct closed-shell Pauli repulsion,
rather than indirect hindered relaxation effects.
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5.1 Introduction

The interaction of atoms and molecules with metal surfaces is the essence of sur-
face science and heterogeneous catalysis. Knowledge of the energetics and dynam-
ics of fundamental properties, such as surface (self-)diffusion, adsorbate overlayer
structure, and the related lateral interactions, is therefore essential for understand-
ing the basics of the interplay between adsorbates and surfaces.

In this Chapter, we will apply the MEAM potentials, derived in Chapter 2, to
investigate basic properties of the dynamics and energetics of CO covered Pt{100}

and Pt{111} surfaces, which include barriers for diffusion, CO overlayer structure,
and lateral interactions.

In Sections 5.3 and 5.2 we will go into more detail of the interaction of CO with
the Pt {100} and {111} surfaces, by simulating the diffusion of a single CO molecule
on these surfaces and analyze the results, by means of Transition State Theory, in
terms of diffusion barriers and the type of “hopping”-mechanism. Further, sur-
face structures of CO overlayers on Pt{100} at different coverages are modeled and
compared with available experimental data [1]. Finally, the (repulsive) lateral in-
teractions of CO are discussed and related to direct closed-shell (Pauli) repulsion
and indirect inhibited relaxations.

5.2 Surface Diffusion of CO

In this Section, Molecular Dynamic (MD) simulations and model calculations
based on Transition State Theory (TST) are employed to investigate the diffusion
of CO on Pt{100} and {111}. TST is used here to establish a link between the (sta-
tistical) diffusion coefficient and quantities computed from structural properties
of the system at zero temperature, such as the energy barriers between equilib-
rium sites. This requires knowledge of the Potential Energy Surface (PES), which
represents the interaction of CO with Pt surfaces. In general, a PES describes the
total potential energy as a function of the atomic positions. It thus provides essen-
tial information about the nature of the interaction between the adsorbate and the
surface. From the PES it is possible to acquire the transition state for diffusion and
hence, the diffusion barrier.

5.2.1 Theory of Surface Diffusion

Diffusion is described by means of the diffusion coefficient D, which can be de-
fined from the Einstein relation

D = lim
t→∞

〈r (t)2
〉

2dt
, (5.1)

where d is the dimensionality of the system, which for a flat surface is 2, and where
〈r (t)2

〉 = 〈|Er (t) − Er (0)|2〉 is the ensemble-averaged mean-square displacement of
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the diffusing particle [Er (t) denotes the position of the particle at time t]. The mean-
square displacement can be readily obtained from MD simulations.

Alternatively, when the diffusion trajectory is a Random Walk (RW) on a lat-
tice — i.e., diffusion proceeds through uncorrelated jumps of the adsorbate — with
jump frequency 0, we can write for D [2, 3]:

D =
l 20

2d
, (5.2)

where l is the jump-length of diffusion. One expects an Arrhenius temperature
dependence for the jump frequency, so that:

0 = 00 exp

(
−Ed

kBT

)
, (5.3)

where 00, the attempt-to-diffuse frequency, contains entropic contributions from
the substrate and Ed is the energy barrier for diffusion. Then, by substituting
Eq. (5.3) in Eq. (5.2), we find that diffusion exhibits an Arrhenius temperature de-
pendence:

D = D0 exp

(
−Ed

kBT

)
, (5.4a)

with

D0 =
l 200

2d
. (5.4b)

The diffusion coefficient prefactor D0 and energy barrier for diffusion Ed can
then be determined by fitting Eq. (5.4) to Eq. (5.1), with 〈r (t)2

〉 obtained from MD
simulations at different temperatures.

Ed and D0 can also be obtained from the PES using TST. Then, Ed is the energy
barrier separating adjacent equilibrium sites. In the classical harmonic approxi-
mation, 00 = nν, where n is the number of equivalent paths to escape out of a local
minimum, and ν is given by [4]:

ν =

3N∏
i =1

νi

3N−1∏
i =1

ν#
i

, (5.5)

where νi and ν#
i are the frequencies of the normal modes i of the system in the local

minimum and in the transition state, respectively (note that at the transition state
the imaginary frequency along the reaction coordinate is excluded). For the usual
jump mechanism for diffusion, we can go one step further and use the adiabatic
approximation, which considers only the frequencies of vibration of CO:

ν =
ν1ν2ν3

ν#
1ν#

2

, (5.6)
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Using the PES, these vibrational frequencies of CO can then be straightforwardly
calculated:

νi =
1

2π

√
ki

mCO
, (5.7)

where the ki are the force-constants of the harmonic oscillators at the local mini-
mum and the transition state saddle point, and mCO is the mass of a CO molecule.

5.2.2 Computational Details

The MEAM calculations for the CO/Pt system were performed using the CAME-
LION code as developed by Thijsse and coworkers [5]. CAMELION solves Newton’s
equations-of-motion and applies the velocity-Verlet algorithm using automatic
time step adaptation for time evolution. In addition, it allows for a more flexible
definition of the interaction potentials, such as the ones in Eqs. (2.14) and (2.15).

In order to study surface diffusion of CO on the {100} and {111} surfaces of Pt,
Molecular Dynamics (MD) simulations have been performed. The surfaces are
modeled by 5-layered, periodic 20× 20Pt slabs with one CO molecule. The simula-
tion temperature was varied between 600and 1000K. During the MD simulations,
the interaction cutoff rc has been set to 3.3 Å for the {111} system. In order to study
the effect of varying cutoff, in some cases two cutoffs have been applied for the
{100} system: 3.3 and 3.45 Å. Where the cutoff for {100} is not explicitly indicated,
rc = 3.45 Å has been applied. Simulation times are around 4 ns.

5.2.3 Potential Energy Surfaces and the Effect of Relaxation

For CO diffusion on Pt surfaces, the key feature is the barrier which exists between
the bridge and atop site, see Figs. 2.6 and 2.8. We shall see that different mecha-
nisms for diffusion exist: on {100} CO jumps from top to bridge, whereas on {111}

CO jumps mainly from top to top. We will come back to this later, see Fig. 5.5.
The Potential Energy Surfaces (PES) of CO on fully relaxed Pt{100} and Pt{111}

are shown in Figs. 5.1 and 5.2. For CO/Pt{100} the bridge and atop site are sepa-
rated by a barrier of 0.12 eV with respect to the atop site and 0.16 eV with respect
to the bridge site. For CO/Pt{111} the barriers are 0.09 and 0.18 eV with respect to
the top and bridge site, respectively. The effect of varying interaction cutoff and
relaxation of the surface atom positions is summarized in Table 5.1.

At a cutoff of rc = 3.3 Å the artificial local minimum, discussed in Sec. 2.8.4, is
still present in the PES of Pt{100}, which suggests that the lower and upper limits to
the value of the cutoff remain more or less unchanged upon relaxation.

The energy gain due to relaxation is for CO/Pt{100} at both the bridge and atop
site 0.05 eV. The local area (i.e., “size”) of the atop and bridge sites has increased
and the passage between atop and bridge has become wider. For CO/Pt{111} the
energy gain due to relaxation is at the atop site also 0.05 eV, but at the bridge site
0.13 eV. The reason for this increase at the {111} bridge site is that here the next-
nearest-neighbors are closer to CO than for the {100} bridge site. This results, for
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(a) (b)

Figure 5.1: Contour plots of the fully relaxed Potential Energy Surfaces of CO/Pt{100}, sepa-
rated by intervals of 0.1 eV. In (a) the interaction cutoff rc is 3.3 Å, in (b) it is 3.45 Å. The local
minima are −2.28 eV for bridge and −2.25 eV for atop.

Figure 5.2: Contour plot of the fully relaxed Potential Energy Surface of CO/Pt{111}, sepa-
rated by intervals of 0.1 eV. The interaction cutoff rc is 3.3 Å. The local minima are −2.03 eV
for bridge and −2.12 eV for atop.
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Table 5.1: Energy barriers 1E (eV) separating the atop and bridge sites for CO on the Pt
{100} and {111} surfaces. The values for the Pt{100} surface are determined at interaction
cutoffs rc of 3.3 and 3.45 Å. For the Pt{111} surface, a cutoff of 3.3 Å is used.

fixed substrate free substrate
system rc 1Etop 1Ebridge 1Etop 1Ebridge

CO/Pt{100} 3.30 0.27 0.31 0.12 0.16
CO/Pt{100} 3.45 0.33 0.37 0.16 0.20
CO/Pt{111} 3.30 0.36 0.17 0.18 0.09

a fixed substrate, in a more delicate balance between the positions of CO, the two
adjacent Pt atoms forming the bridge, and the two next-nearest Pt atoms. When
the substrate is allowed to relax, this “tension” is released, accompanied by a larger
gain in energy.

5.2.4 Results and Discussion of the Diffusion Simulations

In the Random Walk (RW) model the basic assumption is that the diffusing particle
has time to “thermalize” into an equilibrium site between two successive hops [2],
such that these hops are uncorrelated. It depends on the surface structure and
the temperature whether this atom will indeed thermalize. When the temperature
increases the chance that the CO molecule will “surf” over a few sites before ther-
malizing increases, in other words: the hops are correlated. The trajectories of the
diffusing CO molecule on the {100} and {111} surfaces of Pt is shown in Fig. 5.3, and
reveal indeed the somewhat jump like character of the motion, supporting the idea
that CO diffusion is a Random Walk. Moreover, an analysis of the velocity-auto-
correlation function (not shown here) confirms the observations from the diffusion
trajectory.

Then, using Eq. (5.4), the diffusion coefficient prefactor D0 and the barrier for
diffusion Ed can be determined, see Fig. 5.4 and Table 5.2.

From Tables 5.1 and 5.2 it can be seen that the simulated values for Ed are higher
than the energy barriers in the PES of the non-static (relaxed) surfaces of Figs. 5.1
and 5.2. A reason for this discrepancy can be that, during a jump of CO from one
equilibrium site to another, the Pt substrate cannot instantaneously adapt to the
motion of CO by full optimization (relaxation) of its atomic positions. Hence, the
barrier will resemble more the (higher) barrier of a fixed Pt substrate, see Sec. 2.8.4.
This effect is most pronounced for the Pt{111} surface, where the simulated diffu-
sion barrier is more or less equal to the energy barrier of the fixed Pt{111} surface.

To get a better understanding of the diffusion mechanisms involved, the molec-
ular processes are examined more closely. In order to do so, the position of CO dur-
ing diffusion is projected onto the (relaxed) PES of CO/Pt, see Fig. 5.5. Inspection of
Fig 5.5 reveals that CO occupies the top and bridge positions on the Pt{100} surface,
as expected, and thus CO diffuses by hopping from top-to-bridge-to-top.
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Figure 5.3: Part of the diffusion trajectory of CO on (a) Pt{100} and (b) Pt{111}. The tra-
jectory is recorded at a simulation temperature of 1000 K. CO can be seen to vibrate at an
equilibrium site before it moves along, which indicates that CO has sufficient time to “ther-
malize”.
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Figure 5.4: Arrhenius plots of the diffusion coefficient D for CO on Pt{100} and {111} in the
temperature range 600 to 1000 K. The radial interaction cutoff is 3.3 Å, see also Table 5.2.
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Table 5.2: Diffusion parameters D0 (cm2/s) and Ed (eV) determined from MD simulations
of CO on fully relaxed surfaces, see also Fig. 5.4. rc denotes the interaction cutoff applied
during the MD simulations. The standard errors in the fit parameters are considerably larger
for {111} than for {100}. Obviously, the effect of varying the cutoff is small. Experimental
data for the {100} surface is not available. For the {111} surface the experimental values for
D0 and Ed vary significantly, depending on surface coverage, temperature, and the applied
technique [6, 7].

system rc D0 Ed

CO/Pt{100} 3.30 7.02 · 10−5
− 2.79 · 10−4 0.26± 0.04

CO/Pt{100} 3.45 2.75 · 10−5
− 2.75 · 10−4 0.21± 0.07

CO/Pt{111} 3.30 5.04 · 10−4
− 3.18 · 10−2 0.43± 0.13
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Figure 5.5: Contour plots of the fully relaxed PES of CO on Pt{100} (rc=3.45 Å) and {111}
(rc=3.3 Å), with projections of the CO positions (represented by the black dots) during MD
simulations at 600 K. The occupation snapshots have been taken with intervals of 2 ps.
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On the Pt{111} surface however, CO is found to occupy only the atop site, which
suggests that CO diffuses on the Pt{111} surface by hopping directly from top-to-
top, skipping the bridge site. This is also confirmed by Fig. 5.3b, where thermaliza-
tion is only observed at atop sites.

Thus, in describing surface diffusion of CO on the Pt{100} surface, it is necessary
to consider D0 and Ed separately for the atop and bridge position, whereas for the
Pt{111} surface, one effective value for D0 and one for Ed need to be evaluated.

In order to interpret the MD results and to translate the proposed diffusion
mechanism into values for D0 and E0, Transition State Theory (TST) is used. In
TST, the diffusion barriers are readily obtained from the energy differences be-
tween the equilibrium sites and the transition states in the PES of Figs. 5.1 and
5.2 (although, as explained above, these energy differences from the fully relaxed
surfaces are lower limits to the actual diffusion barrier). For CO/Pt{111}, we as-
sume that the effective diffusion barrier is equal to the energy barrier for the atop
(1Etop) site. Table 5.3 displays these and other TST parameters, obtained from the
PES of the fully relaxed CO/Pt systems.

On the Pt{100} surface there are two distinct diffusion events and thus two rele-
vant diffusion coefficient prefactors: one for diffusion from top-to-bridge and one
for diffusion from bridge-to-top. The diffusion coefficient prefactor for bridge-
to-top is one to two orders of magnitude larger than for top-to-bridge. Since the
height of diffusion barriers for these two sites are similar, diffusion of CO from top-
to-bridge occurs significantly slower than CO diffusion from bridge-to-top. The
effective diffusion coefficient prefactor — obtained from the MD simulations and
measured experimentally — will therefore mainly be determined by the value of D0
for top-to-bridge, see also Table 5.2.

Both the calculated and simulated values for the diffusion parameters of
the Pt{111} surface agree reasonably well with the many experimental mea-
surements [6–8], where values for Ed and D0 varying between 0.17–0.54eV and
10−1–10−7 cm2/s, respectively, have been reported. The large discrepancies in the
experimental data have been attributed to surface defects by Ma et al. [7]. To our
knowledge, for the Pt{100} surface no experimental data exists.

5.3 CO Overlayer Structures on Pt{100}

Electron emission from surfaces induced by an electron beam is one of the most
successful means of studying structure, composition, and bonding at surfaces on
the atomic level. For instance, Low Energy Electron Diffraction (LEED) has proved
to be a powerful tool for providing information about periodic surface structures.

Often, no unique solution can be obtained from an observed LEED pattern and,
consequently, multiple real-space structures can be proposed. This is a result of the
fact that the specific adsorption sites cannot be distinguished, because the (imag-
inary) phase relation in the Fourier transform of the real-space structure is lost in
the (real) diffraction pattern. Further, the internal structure of an adsorbate over-
layer unit cell cannot always be resolved, since the variations in intensity of the
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LEED spots, which are determined by the internal unit cell structure, are often too
weak to detect.

Martin et al. [1] therefore proposed several real-space structures from their ob-
served LEED patterns of CO on Pt{100} at coverages varying between 0.5 and 0.75
monolayer (ML), see Fig. 5.6.

In order to determine which of these real-space structures is actually preferred
for each observed LEED pattern, Molecular Dynamics (MD) simulations have been
performed, as described below. The CO surface structures which thus appear, are
converted via a Fourier transformation into diffraction patterns and are compared
with the experimental LEED results.

5.3.1 Computational Details

For the CO overlayer surface structure simulations, a periodic 5-layered 20× 20 Pt
slab was used. Different CO overlayers, as described in Fig. 5.6, were deposited on
the Pt substrate. In order to compare the relative stability of each structure directly,
the total potential energies of all surface systems are minimized by means of full
relaxation of the atomic positions.

A more unbiased approach to the structure of overlayers is to run a MD sim-
ulation, allowing the adsorbates to rearrange, and to compare the LEED patterns
of the resulting overlayers with experiment. During these simulations, the surface
systems were equilibrated at 800K and subsequently cooled down to 0 K, which al-
lows all atoms to relax into their energetically most favored positions. Due to com-
putational limitations, cooling down is effectively a rapid quench which proceeds
at the nanosecond time scale: 0.6 · 10−9 s.

The radial cutoff rc of the interactions is, at temperatures above 300K, taken to
be 3.3 Å. At this temperature the artifacts in the PES described in Sec. 2.8.4 have no
significant influence on the simulation results, but surface diffusion is enhanced
due to the lower diffusion barrier and the wider passage between atop and bridge,
as mentioned in Sec. 5.2.3. When the simulation temperature drops below 300K,
rc is set to 3.45 Å for the Pt–Pt and CO–Pt interactions in order to get a “physically
justified” value for the interaction, see Fig. 2.7 in Sec. 2.8.4. The CO–CO interaction
cutoff, however, is set to 3.90 Å, to obtain well-defined adsorption sites and lateral
interactions, see Sec. 2.8.3.

5.3.2 Simulation Results and Discussion

Fig. 5.7 displays the optimized real-space structures, obtained from MEAM energy
minimization calculations, with the average adsorption energies per CO molecule
and the corresponding LEED patterns.

It can be seen from Fig. 5.7 that all proposed real-space structures are recovered
as local minima by the current MEAM potential [9], except for the structures at
θ = 0.75ML. In that case, the two structures are (energetically) similar but only one
structure is stable: structure 5.7dII.
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LEED Pattern Coverage, Real-Space Structure
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(continued)

LEED Pattern Coverage, Real-Space Structure

(d) θ = 0.75, c(4 × 2)

(I) (II)

Figure 5.6: Schematic diagrams of LEED patterns and real-space structural models as
proposed by Martin et al. [1] for (a) the (

√
2 ×

√
2)R45◦, (b) the c(5

√
2 ×

√
2)R45◦, (c) the

(3
√

2 ×
√

2)R45◦, and (d) the c(4×2) structures for CO overlayers on the Pt{100}-(1×1) sur-
face. These structures represent CO coverages of 0.5, 0.6, 0.67, and 0.75 ML, respectively.

In the current MEAM potential, the preference of a lone CO molecule for the
bridge position over a top position on Pt{100} is explicitly included, see Table 2.6.
Since this preference is only small and not even conclusive (Sec. 2.7.1), a preference
for one of the real-space structures over the other by the same order of magnitude
(or less), should be considered to be beyond the accuracy of the present MEAM
potential.

However, by analyzing the lateral CO–CO interactions for each of the structures
at a given coverage, relative stabilities can be obtained and direct comparison does
become possible. Knowledge of the (average) binding energy per CO molecule for
each coverage, as well as the relative occupation and binding energy at each ad-
sorption site [i.e., atop or bridge (more or less)] at zero coverage, see Sec. 5.2.3,
allows directly the computation average repulsion energies (see Sec. 2.8.3) at these
coverages. The (average) adsorption energy per CO molecule at coverage θ , Ea(θ),
is constituted by the CO–Pt binding energy [i.e., the fully relaxed adsorption energy
at θ = 0, Ea(0)], the lateral CO–CO interaction (closed-shell Pauli repulsion) EPauli

r ,
and the inhibited (repulsive) relaxation energy Erelax

r :

Ea(θ) = Ea(0) + EPauli
r (θ) + Erelax

r (θ). (5.8)

By subtracting Ea(0) from Ea(θ), one obtains the total repulsion per CO molecule,
Er = EPauli

r + Erelax
r , compared to the zero coverage limit (in which the repulsion

is, by definition, equal to 0). With the current computational method, the CO–CO
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LEED Pattern Coverage, Average Adsorption Energy (eV)
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(continued)

LEED Pattern Coverage, Average Adsorption Energy (eV)

(d) θ = 0.75
−1.97

(I) (II)

Figure 5.7: LEED patterns and corresponding possible real-space structural models, ob-
tained from an MEAM energy minimization procedure, for CO coverages of 0.5, 0.6, 0.67,
and 0.75 ML. Also shown are the average adsorption energies per CO molecule (eV) of each
of these real-space structures.

interaction φCO (see Sec. 2.7.2) can easily be “switched off”, such that EPauli
r = 0.

The value for Er obtained in this way, contains only hindered relaxation effects:
Er = Erelax

r . The difference between this repulsion and the repulsion which in-
cludes CO–CO interaction, gives directly EPauli

r . The results are shown in Table 5.4.
As can be seen from Table 5.4, the indirect repulsion due to inhibited relaxation

(compared to the zero-coverage limit) is more or less independent of the CO cover-
ages in the range investigated here. This suggests that the direct closed-shell (Pauli)
repulsion is dominant. This feature manifests itself by the fact that, at θ = 0.60ML,
structure (II) is preferred over structure (I), obviously entirely due to the Pauli re-
pulsion. This preference for structure 5.4bII over structure 5.4bI was also proposed
by Martin et al. [1], based on their IR measurements and similar arguments.

However, that some structures are energetically preferred over other structures
does not necessarily imply that those structures will also occur more often. Besides
the energetic effect, as modeled in Fig. 5.7, also entropic effects are important,
especially when surface temperatures are high.

Another way to investigate the preferred real-space structures, is by MD simula-
tions, in which a Pt surface with a specific CO coverage is heated to, e.g., 800K and,
after some equilibration time, cooled down to 0 K (further computational details
are addressed in Sec. 5.3.1).

These simulations, in which the systems are prepared in the energetically least
favored configuration, see Fig. 5.7, result in the structures and corresponding aver-
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(a) θ = 0.50, Ea = −2.13 (b) θ = 0.60, Ea = −2.06

(c) θ = 0.67, Ea = −2.03 (d) θ = 0.75, Ea = −1.96

Figure 5.8: Real-space structures and their corresponding LEED patterns as obtained from
MD simulations. The surface coverages and average adsorption energy per CO molecule
(eV) are indicated. For θ<0.75 ML, cooling occurred too fast for the system to obtain its pre-
ferred configuration. Remarkable is that, despite the apparent absence of ordered structure
in the CO overlayer, relatively clear LEED patterns are obtained.
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Table 5.4: CO–CO repulsion energies (eV) as they appear in the surface structures presented
Fig. 5.7. EPauli

r denotes the direct lateral Pauli repulsion, Erelax
r is the indirect repulsion due

to hindered relaxation, compared to the zero-coverage limit, and Er is the total repulsion.

EPauli
r Erelax

r Er

θ (ML) (I) (II) (I) (II) (I) (II)
0.50 0.00 0.00 0.03 0.03 0.03 0.03
0.60 0.18 0.13 0.03 0.03 0.21 0.17
0.67 0.15 0.03 0.19
0.75 0.26 0.04 0.29

age adsorption energies as shown in Fig. 5.8.
We see from Fig 5.8, that only at θ = 0.5 and 0.75 ML the expected coverage

unit cells are fully recovered. Since the average adsorption energies, except for
θ = 0.75 ML, are considerably higher than the average adsorption energies of the
ideal coverage structures, Fig. 5.7, it can be concluded that the absence of long-
range ordering of the CO overlayer is due to too fast cooling of the system, such
that the CO molecules were not given sufficient time to rearrange but, instead, were
“frozen” in energetically less favored positions.

Surprisingly, however, inspection of the corresponding LEED patterns indicates
that a surface containing only a few scattered (fragments of) overlayer unit cells,
among otherwise disordered coverage structures, can be sufficient to give rise to a
LEED pattern, which resembles the LEED pattern of an ideal overlayer structure.
In addition, the intensities of the LEED patterns shown here, are at least an order of
magnitude higher than the background intensity. From experimental LEED mea-
surements of CO on Co [10], it was found that the spot-intensities were typically
about 5 times higher than the background intensity. This suggests that interpreta-
tion of experimental LEED patterns should be done with care — not ignoring the
fact that, apart from overlayer structure, massive disorder may still exist.
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6
CO-Induced Lifting of the Pt{100}-hex Surface

Reconstruction

Abstract

The first atomistic simulations of the CO-induced lifting of the Pt{100}-hex re-
construction have been performed. During this phase transformation the surface
changes back to bulk-terminated Pt{100}-(1×1), whereby the surface atom density
decreases by approximately 20%. The simulations reveal a mechanism collective
in nature, indicating that restructuring proceeds through ejection of chains of Pt
atoms. These chains, representing the ∼ 20% difference in atomic density between
the hex and (1 × 1) phase, explain the anisotropy of the restructuring process as
seen in STM experiments. The restructuring is found to be heterogeneously nu-
cleated at linear defects, although homogeneous nucleation is possible at higher
temperatures. The growth rate of these heterogeneously nucleated (1×1) domains
depends non-linearly on the CO-coverage, but the absence of local clustering of
CO molecules excludes an explanation in terms of elementary reaction kinetics as
proposed previously. This non-linear behavior is rather explained in terms of the
collective nature of the phase transition.

Based on: P. van Beurden, B.S. Bunnik, G.J. Kramer, and A. Borg, Phys. Rev. Lett. (accepted).
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6.1 Introduction

One of the most intensively studied systems in surface science is adsorption of CO
on Pt{100}, for reasons of fundamental as well as applied interest. The oxidation of
CO on Pt{100} has a similar archetypal role in catalysis. Among its most interesting
features is the oscillatory behavior of the reaction under certain conditions [1, 2].
The reason for this behavior is related to the different reactivity of the two surface
phases that Pt{100} exhibits, towards the reactants. The clean Pt{100} surface is
reconstructed, exposing a quasi-hexagonal close-packed top layer (Fig. 6.1). This
reconstruction, normally referred to as the hex phase, which undergoes a slight
rotation of 0.7◦ above about 1100K, restructures to the regular, bulk-terminated
square (1×1) phase upon adsorption of CO, NO, and several other adsorbates. The
hex surface plane contains 20 to 25% more Pt atoms than the square surface plane
and it is generally believed that these excess surface atoms are forced up during
the surface deconstruction, to become adatoms, which can coalesce to form is-
lands and steps. Our current understanding of the mechanism of this CO-induced
hex → (1 × 1) phase transition is based on experimental data obtained by several
research groups, using techniques including RBS, LEED, IRAS, Molecular Beam,
and STM. Here we show that a theoretical study can reproduce some of the finer
details of these experiments and at the same time contribute to a deeper under-
standing of the atomistic driving forces of the process. The method we employ is a
novel approach to adsorbate/surface systems, using a Density Functional Theory
(DFT) based parametrization of Modified Embedded-Atom Method (MEAM) po-
tentials, enabling for the first time Molecular Dynamics (MD) simulations of the
adsorbate-induced lifting of a surface reconstruction. These MD simulations re-
veal for CO/Pt{100}-hex a restructuring mechanism which is collective in nature.

The experimental studies mentioned above, revealed that even at CO-coverages
below 0.1 monolayers (ML) the phase transition occurs locally at temperatures
around 300 to 500 K [4–6]. However, where it occurs, the local CO-coverage on
the resulting (1 × 1) patches is 0.5 ML [4, 7]. When the overall CO-coverage on
a fully restructured surface drops below ∼ 0.3 ML, the hex phase starts to reap-
pear [4, 8]. Further, despite the initial controversy, it was concluded that the re-
structuring is heterogeneously nucleated at linear defects and that growth of the
(1 × 1) domains proceeds anisotropically, the preferred direction being [011] (see
Fig. 6.2 and Ref. 9), with a rate that depends in a highly non-linear fashion on the
local CO-coverage [10].

On the theoretical side, when tackling this system one faces the problem of the
large number of atoms involved, which makes density functional theory (DFT) im-
possible at the present. A further complication is the fact that current DFT imple-
mentations are not able to reproduce the correct binding sites of CO on Pt [11].
Theoretical modeling using lattice-gas methods, such as Monte Carlo (MC) simu-
lations, have been successfully applied to study the oscillatory behavior of CO on
Pt{100} [12–16] as well as the CO-induced lifting of the Pt{110}-(2 × 1) missing row
reconstruction [17]. Lattice-gas simulations, however, are only possible when the
system undergoes rearrangement of atoms on a fixed, predefined lattice. It is pre-
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Figure 6.1: Top view of Pt{100}-hex with CO adsorbed (represented by the smaller black
dots). Darker colors correspond to lower levels. The (5×29) quasihexagonal periodic unit
cell is in our simulations approximated by a (5×1) unit cell, indicated by the white circles,
where the 6 atoms are on top of 5 substrate atoms in the [011] direction [3].

cisely the absence of such a fixed lattice in the hex → (1×1) phase transition which
makes it impossible to study the restructuring process on Pt{100} with lattice-gas
methods.

Recently, we have shown that molecular simulations using the Modified
Embedded-Atom Method (MEAM) [18], are able to describe a wide range of surface
properties of transition metals [19, 20]. It is this method that, in terms of number
of particles and time-scale, allows in principle investigation of systems at the re-
quired scale, such as the adsorbate-induced lifting of a surface reconstruction. We
have developed a potential parametrization for the CO/Pt system, based on DFT
calculations as well as experimental data, that correctly takes into account the CO–
CO lateral interaction and adsorption energies of CO at different surface sites on
the {100} and {111} surfaces [20]. The difference in adsorption energy on the (1×1)
and hex phases of Pt{100} is believed to be the driving force of the surface restruc-
turing and is therefore crucial in correct modeling of this system.

6.2 Computational Aspects

The MEAM MD simulations we performed using the CAMELION simulation package
developed by Thijsse and coworkers [21]. CAMELION solves Newton’s equations-of-
motion and applies the velocity-Verlet algorithm using time step adaptation for
time evolution. The MEAM parametrization of Ref. 20 is used, where the inter-
actions between the atoms are restricted to nearest-neighbors only, using a radial
cutoff. It is worth noting that the CO molecules are treated as effective atoms. This
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Figure 6.2: Successive STM images of the initial CO-induced lifting of the Pt{100}-hex re-
construction, recorded by Borg et al. [9] (reprinted with permission). The CO exposure
ranges from 0.2 L (image a) to 1.2 L (image d), 1 L=10−6 Torr·s. The arrow in the first im-
age indicates a starting point of the (1×1) phase.

can be justified when one realizes that CO binds only to the Pt surface through the
C atom.

In our simulations, the quasihexagonal reconstruction is approximated by
(5 × 1) unit cells, Fig. 6.1. Periodic 7-layered (1 × 1) slabs were used, of which the
bottom layers have been kept fixed. The top layer of each slab consists of two per-
pendicular hex-reconstructed domains; a domain consisting of 4 by 25 (5 × 1)-hex
unit cells and, to mimic a step, an elevated terrace consisting of 40by 5 (1 × 5)-hex
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Figure 6.3: Successive MD/MEAM simulation snapshots of the initial CO-induced lifting of
the Pt{100}-hex reconstruction. The CO coverage is 0.5 ML and simulation temperature
is 850 K. For clarity CO is not shown. The images cover a simulation time of ∼0.5 ns. The
simulation results clearly indicate that the observed anisotropy in the STM measurements is
caused by chains of surface atoms being collectively ejected, nucleated at the step (marked
by the arrows). The resemblance with the STM images in Fig 6.2 is striking.

unit cells.
The simulation temperatures were varied between 750 and 950 K; the CO-

coverage θ between 0.4 and 0.5 ML. In all cases, similar behavior was observed.

6.3 Results and Discussion

Our simulations reveal a restructuring mechanism that is collective in nature, in the
sense that entire chains of Pt atoms are squeezed out of the hex surface and forced
up to become adatoms, allowing the remaining surface atoms to rearrange and
adopt the bulk-terminated square symmetry. These chains constitute the ∼ 20%
excess atoms, see Fig. 6.3.
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A closer inspection reveals that the rows of surface atoms to be ejected, are typ-
ically the ones which are, due to the misfit between atoms in the hex and square
planes, closest to an on-top position with respect to the second layer atoms. Each
two rows adjacent to these on-top surface rows, close in through a zipper-like ac-
tion, to become neighboring rows and thereby sequentially forcing up the on-top
atoms. In agreement with STM observations, see Fig. 6.2 and Ref. 9, the phase tran-
sition is found to be heterogeneously nucleated, where the nucleation centers are
linear defects such as steps, causing disruption of the hexagonal structure in the
[011]-trough direction (i.e., the step edge is aligned along the [011] direction). We
should note however, that homogeneous nucleation was also found to be possible
in our simulations on a planar, non-stepped surface, but requires a higher activa-
tion energy and proceeds at a much lower rate (for an accurate investigation even
beyond our current computational possibilities).

The phenomenon of ejected chains and their nucleation only at “perpendicu-
lar” [011] steps is easily explained when one considers the activation of such a pro-
cess: ejecting a single Pt atom would involve more Pt–Pt bonds to be broken and
is therefore energetically less favored. Furthermore, perpendicular steps enhance
the ejection, since one end of the chain-to-be-ejected is already disconnected from
the hex surface. In addition to that, the step energy of these more open, perpendic-
ular steps is higher than the step energy of the more closed steps parallel to [011]
(approximately 0.1 eV/Å), which means that the steps parallel to [011] are less fa-
vorable and thus more prone to rearrangement. This also explains why Ritter and
coworkers [22] in their STM measurements on a part of the surface with only “inert”
steps along [011] did not see nucleation at these steps.

The activation energy Ea of the restructuring process, which can be determined
using Arrhenius’ law, relating the (1 × 1) growth rate r to temperature T by

r = r0 exp(−Ea/kBT), (6.1)

is found to be 0.45± 0.1 eV at θ = 0.5 ML (Fig. 6.4).
This rather modest value for Ea agrees with the experimental observation of

restructuring occurring at temperatures as low as 150K [23] (this to be compared
with the (1 × 1) → hex transition on clean Pt{100}, which has an activation energy
of about 1 eV and occurs only around 400K [24]). When varying the CO-coverage θ
on the initial hex surface, the growth rate r is found to vary non-linearly with θ , but
due to the large statistical error in our results, the order ν of the reaction cannot be
specified better than ν = 7.5 ± 2.5, Fig. 6.5. The non-linear dependence is in line
with experiment, where the relation r ∝ θν , ν = 4.5 ± 0.4 was found [10].

It is interesting to realize that at the higher coverages employed in our simula-
tions, we do not find evidence for a simple kinetic model as suggested by Hop-
kinson et al. [10] and Ali et al. [25], where four to five CO molecules approach
and somehow locally convert a few Pt atoms with hexagonal symmetry, to become
square. In our simulations, no local clustering of four to five (or, from our value
of ν, five to ten) CO molecules is observed at the nucleation centers of the phase
transformation (Fig. 6.6).
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Figure 6.4: Arrhenius plot of the rate of the restructuring process at θ=0.5 ML. The activation
energy Ea is found to be 0.45±0.1 eV.

Figure 6.5: Restructuring rate r as a function of CO coverage. The drawn line represents the
non-linear relationship: r ∝ θ7.5±2.5.
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Figure 6.6: Snapshot of the initial stage of the restructuring of Pt{100}-hex (θ=0.4 ML). The
smaller black dots represent CO. As seen there is no significant clustering of CO molecules
around the nucleation center at the step, marked by the arrow.

This suggests highly complex kinetics are involved and, in contrast to the em-
pirical model described above, the mechanism observed here is not diffusion lim-
ited in the sense that a certain number of CO molecules should cluster in order
to initiate restructuring. It appears from our simulation results that the adsorbed
CO molecules initiate relaxations of the [011] rows and surface tension due to the
preference for a square over a hexagonal symmetry, creating an environment in
which Pt atoms can be sequentially squeezed out of the surface to form chains of
adatoms, and realignment of the remaining surface area becomes possible. With
this cooperative ejection and rearrangement of Pt atoms, the entire concentration
of CO molecules in the vicinity to the critical area is involved, since, in general,
surface relaxations are not restricted to a few atoms only, but extend over several
atomic distances.

The results presented in this Chapter are in line with the Monte Carlo simu-
lation results by Kuzovkov et al. [26], who managed to reproduce the non-linear
coverage dependence of the growth rate as well, using a model in which the phase
transition is nucleated by cooperative processes, without any local clustering of
CO∗.

∗Kuzovkov et al. erroneously refer to this cooperative, and hence non-local, phenomenon as “ho-
mogeneous nucleation” — a term that is usually assigned to the homogeneous distribution of nucle-
ation sources at the surface, not to a homogeneous distribution of CO. In contrast, heterogeneous nu-
cleation refers to nucleation at heterogeneously distributed nucleation sources, such as surface steps.
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6.4 Concluding Remarks

In conclusion, the first atomistic simulations of the CO-induced lifting of the
Pt{100}-hex reconstruction have been performed and the results indicate that the
restructuring proceeds through cooperative ejection of chains of Pt atoms and rear-
rangement of the remaining surface atoms. These chains, representing the ∼ 20%
difference in atomic density between the two phases, explain the anisotropy of
the restructuring process. This mechanism resembles the mechanism proposed
by Mase et al. [27] for NO on Pt{100}-hex. The phase transformation is heteroge-
neously nucleated at linear defects, as concluded by Borg et al. [9], with an effective
activation energy of 0.45± 0.1 eV, although homogeneous nucleation is possible at
higher activation energies. The coverage dependence of the growth rate of these
heterogeneously nucleated (1 × 1) domains is non-linear, but cannot be explained
— at least at higher coverages — in terms of elementary reaction kinetics as pro-
posed by Hopkinson et al. [10] and Ali et al. [25]. This non-linear behavior is rather
explained in terms of CO-induced (structural) surface tension and relaxations of
the [011] rows of Pt atoms in the surface layer and the subsequent collective re-
structuring process.
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7
Concluding Remarks

Abstract

In this Chapter I will recapture the goals of our research and to what extent we have
reached these goals. Further, I will put the results of our research into perspective
and discuss how one may proceed future research.
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7.1 Goals and Starting Point of our Research

The original goal of our research was to investigate the atomic details of so-called
catalytic etching of the Pt-group metal surfaces, which manifests itself as severe
surface roughening under reaction conditions. This type of roughening is a macro-
scopic phenomenon, visible at the micrometer length scale.

We argued that the basics of such roughening processes should be related to
the more fundamental surface reconstructions on the atomic scale under the in-
fluence of adsorbates, as occurs during the CO oxidation on Pt{100}. Although
many research groups have intensively studied this CO oxidation reaction, using
both experimental as well as Monte Carlo simulations, the finer atomic details had
remained unclear. The very fact that such “simple” processes as the Pt restructur-
ing under CO are in fact so complicated at the atomic level, made the atomistic
treatment of catalytic etching elusive, and will — in the future — be approached in
a step-wise fashion. This redefined our research goal to the development of a suit-
able theoretical tool for investigating (adsorbate induced) surface reconstructions
at the atomic level.

So, where do we stand? Well, until just recently, modeling of surface properties
was the domain of the rigid-lattice Monte Carlo and size-limited DFT techniques.
Although these methods have been able to explain many experimental observa-
tions, and even fill up experimental gaps, several surface phenomena remained
inaccessible. It is the application of classical force-field potentials in the field of
surface science, which allows us to cover yet another area theoretically. We em-
ployed this method, by means of the Modified Embedded-Atom Method (MEAM),
to investigate the fundamental aspects of the quasihexagonal surface reconstruc-
tion on Pt{100} and its lifting by CO.

7.2 Summary of Main Results

In devising suitable MEAM interaction potentials, surface and bulk properties —
obtained using DFT calculations and the necessary experimental data — have been
used as reference data for fitting parameters. In this parametrization procedure,
we explicitly did not include surface reconstruction energies, nor the preference
for CO to adsorb on Pt{100}-(1 × 1) rather than on Pt{100}-hex.

The fact that the {100}-hex and {110}-(1 × 2) surface reconstructions for Ir and
Pt, as well as their absence on Rh and Pd, were correctly predicted by our MEAM
potentials, demonstrates their predictive power. Also the existence of energy bar-
riers between the atop and bridge adsorption sites for CO on Pt {100} and {111}

emerged naturally.
A more detailed investigation of the quasihexagonal surface reconstruction on

Pt{100} revealed that its stability is related to the magnitude of the vacancy for-
mation energy, as well as the preference for an adatom to diffuse according to an
exchange mechanism rather than the conventional hopping mechanism. This re-
lation is identified by the value of MEAM parameter w(2): a lower value (i.e., . 0)
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results in stronger bonding of low-coordinated atoms, which reflects the relativis-
tic effects in the electronic structure of the late 5d metals. This implies that defects
(such as a vacancy or the mismatch between a hex surface on a square substrate)
are better stabilized for the late 5d metals Ir, Pt, and Au, than for their 4d counter-
parts Rh, Pd, and Ag.

Apart from the energetics of the surface reconstruction, the dynamics have
been studied. An interplay between MEAM and DFT calculations brought an in-
teresting mechanism to the fore, in which the hex surface structure is obtained at
the expense of subsurface vacancy creation in the second layer. Such an interme-
diate phase makes sense when one realizes that, in this case, only a much reduced
number of atoms has to be displaced, in contrast to the more conventional mech-
anism involving (local) steps to act as a source of atoms for the entire (non-local)
surface.

It is interesting to note here that, without any indication from MEAM/MD sim-
ulations results, one would probably never have begun DFT calculations on second
layer defects as they are counter-intuitive and no precedent.

In Chapter 6, the MEAM was probably put to its severest test, when it was ap-
plied to simulating a far from trivial phenomenon involving two species: the CO
induced lifting of the Pt{100}-hex reconstruction. Here again, looking at things af-
ter the act, the most logical mechanism was found. In this case, entire rows of
excessive surface atoms were ejected and deposited as adatom chains on the re-
sulting square surface area. Such a mechanism involves the least number of Pt–Pt
bonds to be broken, in contrast to, e.g., a mechanism in which the excess atoms are
expelled from the surface one-by-one.

Of course, one may argue that binding of CO to the lower-coordinated Pt atoms
in the ejected chains is overestimated, as exemplified by CO binding to Pt{110} (see
Sec. 2.8.2). But then again, this would also hold for single, isolated adatoms. There-
fore, this overestimated binding to lower-coordinated Pt atoms would, at worst, re-
sult in an enhanced restructuring mechanism, not in a different mechanism. Still,
the strongest support for the observed mechanism comes from experiment: the
resemblance with the STM images, in which similar anisotropic features are ob-
served, is excellent (Fig. 6.2).

7.3 Final Remarks and Outlook for Future Research

The MEAM itself, as well as the parametrization schemes presented in this Thesis,
emphasize the predictive (and hence descriptive) power of the method. The sim-
ulation results indicate that the MEAM can be successfully applied in Molecular
Dynamics (MD) simulations to model physical properties of clean and CO-covered
Pt surfaces. The results also suggest that extension to related systems, such as hcp
or bcc metal surfaces with different adsorbates, is possible and straightforward to
some extend.

Obviously, the method has its flaws, inherent to the classical approximation of
atomic interactions. A starting point for improvement can be identified in terms of
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incorporating next-nearest-neighbors in the interactions, as well as in the way the
effective coordination number n is constituted. This can be done mainly in three
ways∗.

First, the physical background of the higher order correction terms n(k) to n
should be resolved, in order to improve their functional form. The onset for this
is provided in Chapter 3.

Second, additional higher order correction terms to n can be incorporated (i.e.,
adding n(k), with k ≥ 4), in order to improve the description of directional bonding.

Third, a complete revision of the functional form of n (and possibly F) by means
of including not only information about the type and position of the neighboring
atoms, but also information about the configuration of these neighboring atoms
(i.e., their chemical environment). In other words: compound parameters should
be included, in stead of only pure-element parameters as is currently the case.

In my opinion, an improvement of the functional form of n should not be looked
for in the properties of the real electron density, such as the s, p, and d bands. This
argument is based on the fact that the physics of the MEAM is expressed in terms
of Bond-Order and configurational symmetry — not in terms of electronic interac-
tions, for there are no “real” nuclei and electrons present!

This concludes my Thesis. What remains is an overall conclusion — a take-
home message as you wish — which I think is twofold:

• We have introduced the Modified Embedded-Atom Method into the field of
Surface Science, which enables modeling of previously inaccessible surface
phenomena;

• Using this method, we managed to elucidate the finer details of the Pt{100}-
hex surface reconstruction, being driven by the creation of subsurface vacan-
cies, and its lifting by CO, via the ejection of surface atom rows.

∗This issue has been extensively discussed at the 1st Eindhoven Workshop on the Modified
Embedded-Atom Method (October 24 and 25 2002), http://www.catalysis.nl/theory/MEAMworkshop.



Summary

This thesis deals with the surface reconstruction of the Pt-group metals and the in-
fluence of carbon monoxide on the surface dynamics. In particular, the possibility
of a (quasi)hexagonal reconstruction on the {100} surfaces of Rh, Pd, Ir, and Pt, and
more in depth, the mechanism and dynamics of the reconstruction on Pt{100} and
its lifting by CO is addressed.

These surface phenomena are theoretically investigated through an interplay
between Density Functional Theory (DFT) calculations and classical Molecular Dy-
namics (MD) simulations. In order to obtain a suitable description for the atomic
interactions used in the MD simulations, the Modified Embedded-Atom Method
(MEAM) — an effective interaction-potential method — has been extended for ap-
plication to surfaces and adsorbates.

Chapter 2 describes the derivation of MEAM parameters for Rh, Pd, Ir, Pt, and
CO–Pt, based on DFT calculations and the necessary experimental data for cases
where DFT fails. Also, a physical interpretation of the MEAM in terms of the Bond-
Order Conservation Principle is introduced.

In Chapter 3 it is shown that the MEAM parametrization correctly predict sev-
eral fundamental surface properties, which include surface reconstructions and
adatom diffusion barriers. Further, the stability of the hexagonal (hex) surface re-
construction is discussed for the various metals. In addition, a fundamental rela-
tion between the {100} surface reconstruction and the vacancy formation energy
is established, in terms of MEAM parameter w(2). This parameter is related to the
ability of a metal to stabilize bonding near defects. The physical origin of this pa-
rameter is identified in terms of the relativistic effects in the electronic structure,
which are more dominant for the late heavier 5d metals Ir and Pt than for the lighter
4d metals Rh and Pd.

Chapter 4 is concerned with the mechanisms and dynamics of the Pt{100} sur-
face reconstruction. The more densely packed hexagonally reconstructed Pt{100}

surface contains approximately 20% more atoms than the unreconstructed bulk-
terminated surface.

Using MEAM/MD simulations, it was found that the reconstruction to the more
dense hex phase proceeds mainly through an intermediate phase in which the re-
quired 20% extra surface atoms are extracted directly from the second layer, leaving
subsurface vacancies — even when steps or islands are present on the surface. Al-
though counter-intuitive at first sight, additional evidence was provided by DFT
calculations, which indeed revealed that such an intermediate phase is as stable
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or even more stable than the unreconstructed phase. Further MEAM/MD simula-
tions suggest that the subsurface vacancies can, by diffusion, coalesce and dissolve
steps, such that the final phase of an ideal and defect-free hex reconstruction arises.

The behavior of CO on the {100} and {111} surfaces of Pt is explored in Chapter
5, by means of studying the CO diffusion on these surfaces.

Additionally, the CO overlayer surface structures on Pt{100} at different cover-
ages are calculated and compared with Low Energy Electron Diffraction (LEED)
measurements. From these simulations, it appears that a long-range ordering of
adsorbates is not a prerequisite of a highly resolved LEED spectrum. In stead, or-
dered domains consisting of only a few adsorbates are sufficient to give rise to fairly
clear LEED patterns.

Finally, the repulsive lateral interactions between CO adsorbates were found to
consist of both direct (electronic) interactions and indirect (inhibited relaxation)
interactions. The first type is found to be dominating, when adsorbates are within
the interaction range. The second type extends over longer distances, but is smaller
and less sensitive to the CO surface coverage.

Chapter 6 deals with the mechanism and dynamics of the CO-induced lifting of
the Pt{100}-hex surface reconstruction.

This lifting of the reconstruction is found to proceed through the cooperative
ejection of entire rows of surface atoms, to become adatom chains at the surface. In
turn, these chains can condense into smaller islands and eventually larger terraces.
The MEAM/MD simulations revealed that the restructuring is heterogeneous nu-
cleated at step edges and proceeds anisotropically, in agreement with Scanning
Tunneling Microscope (STM) observations. In addition, the rate of restructuring
is found to depend in a highly non-linear way on the CO coverage at the surface,
in agreement with Molecular Beam (MB) experiments, although it cannot be ex-
plained in elementary reaction kinetics, which was suggested from the same MB
experiments. In stead, it is better explained in terms of CO-induced surface stress
and relaxations, which result in a collective restructuring mechanism.



Samenvatting

Dit proefschrift verhaalt over de oppervlaktereconstructie van de Pt-groep metalen
en de invloed van koolmonoxide op de oppervlaktedynamica. In het bijzonder
wordt de mogelijkheid van een (quasi)hexagonale reconstructie op de {100} op-
pervlakken van Rh, Pd, Ir en Pt besproken, en in meer detail het mechanisme en de
dynamica van de reconstructie en Pt{100} en de opheffing hiervan door CO.

Deze oppervlakteverschijnselen worden theoretisch bestudeerd door middel
van een samenspel tussen Dichtheids Functionaal Theorie (DFT) berekeningen en
klassieke Moleculaire Dynamica (MD) simulaties. Om een geschikte beschrijving
te verkrijgen voor de atomaire interacties, zoals gebruikt in de MD simulaties, is de
Modified Embedded-Atom Method (MEAM) — een effectieve interactiepotentiaal-
methode — uitgebreid voor toepassing op oppervlakken en adsorbaten.

Hoofdstuk 2 beschrijft de afleiding van MEAM parameters voor Rh, Pd, Ir, Pt en
CO–Pt, gebaseerd op DFT berekeningen en de vereiste experimentele data voor de
gevallen waarin DFT tekort schiet. Tevens wordt een fysische interpretatie van de
MEAM geı̈ntroduceerd in termen van het Bond-Order Conserverings Principe.

In Hoofdstuk 3 wordt getoond dat de MEAM parameterisatie verscheidene fun-
damentele eigenschappen van oppervlakken correct voorspelt, waaronder opper-
vlaktereconstructies en adatoom diffusiebarriéres. Verder wordt de stabiliteit van
de hexagonale (hex) oppervlaktereconstructie van de verschillende metalen be-
sproken. Daarnaast wordt een fundamenteel verband gelegd tussen de {100} op-
pervlaktereconstructie en de vormingsenergie van een vacature, in termen van
MEAM parameter w(2). Deze parameter is gerelateerd aan het vermogen van een
metaal om bindingen in de nabijheid van defecten te stabiliseren. De fysische oor-
sprong van deze parameter wordt toegeschreven aan de relativistische effecten in
de electronenstructuur, die voor de zwaardere 5d metalen Ir en Pt dominanter zijn,
dan voor de lichtere 4d metalen Rh en Pd.

Hoofdstuk 4 handelt over de mechanismes en dynamica van de Pt{100} opper-
vlaktereconstructie. Het dichtergepakte, hexagonaal gereconstrueerde Pt{100} op-
pervlak bevat ongeveer 20% meer atomen dan het ongereconstrueerde, bulkgeter-
mineerde oppervlak.

Uit onze MEAM/MD simulaties blijkt, dat de reconstructie naar de dichtgepakte
hexagonale fase hoofdzakelijk verloopt via een tussenfase waarin de benodigde
20% extra oppervlakteatomen worden onttrokken aan de tweede laag, zodat vaca-
tures onder het oppervlak ontstaan — zelfs in de aanwezigheid van stappen op het
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oppervlak. Hoewel dit op het eerste gezicht onwaarschijnlijk lijkt, leveren aanvul-
lende DFT berekeningen het bewijs dat zo’n tussenfase even stabiel of zelfs sta-
bieler is dan de ongereconstrueerde fase. Daarnaast geven verdere MEAM/MD
simulaties aan, dat deze vacatures, via diffusie, aan stappen kunnen verdwijnen,
zodat de ideale, vacature-vrije hex eindfase ontstaan.

Het gedrag van CO op de {100} en {111} oppervlakken van Pt wordt in Hoofd-
stuk 5 onderzocht, aan de hand van de bestudering van CO diffusie op deze opper-
vlakken.

Daarnaast wordt de oppervlaktestructuur van CO berekend bij verschillende
bedekkingsgraden en vergeleken met Lage Energie Electronen Diffractie (LEED)
metingen. Uit deze simulaties blijkt dat ordening van adsorbaten over lange af-
standen geen eerste vereiste is voor een goed LEED spectrum. In plaats daarvan
leiden geordende domeinen van slechts enkele adsorbaten al tot redelijke LEED
patronen.

Tevens werd gevonden dat repulsieve laterale interacties tussen CO adsorbaten
bestaan uit zowel directe (electronische) als indirecte (gehinderde relaxatie) inter-
acties. De eerste soort blijkt de meest dominante, indien adsorbaten zich binnen
elkaars interactieafstand bevinden. De tweede soort strekt zich uit over langere
afstanden, maar is kleiner en minder gevoelig voor de CO bedekking van het op-
pervlak.

Hoofdstuk 6 verhaalt over het mechanisme en de dynamica van de verwijdering
van de Pt{100}-hex oppervlaktereconstructie onder invloed van CO.

Het blijkt dat deze opheffing van de reconstructie verloopt via de coöperative
uitstoting van complete rijen oppervlakteatomen, waardoor adatoomketens op het
oppervlak ontstaan. Op hun beurt kunnen deze ketens samenclusteren to kleine
eilandjes en uiteindelijk tot grote terrassen. Onze MEAM/MD simulaties onthul-
den, in overeenstemming met Scanning Tunneling Microscoop (STM) waarnemin-
gen, dat de deconstructie heterogeen wordt genucleëerd aan stapranden en vervol-
gens anisotroop verloopt. Bovendien blijkt, in overeenstemming met Moleculaire
Beam (BM) experimenten, dat de deconstructiesnelheid niet linear afhangt van de
CO bedekking op het oppervlak. Dit verschijnsel kan echter niet worden verklaard
met elementaire reactiekinetiek, zoals gesuggereerd werd naar aanleiding van deze
MB experimenten. In plaats daarvan kan het beter verklaard worden in termen van
CO-geı̈nduceerde oppervlaktespanningen en -relaxaties, die resulteren in een col-
lectief mechanisme.
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door
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1. Het gebruik van veel-deeltjes interactiepotentialen is essentieel
voor een goede beschrijving van metaal-metaal interacties.

dit proefschrift

2. Over oppervlaktereconstructies moet men niet al te opper-
vlakkig denken, dieperliggende lagen spelen immers ook een
rol.

Hoofdstuk 4 van dit proefschrift

3. In the atom-scale description of catalysis one should not think
in terms of a static active site that awaits reactants, but rather
one should think of a surface that constantly reconstructs un-
der the influence of a (changing) adsorbate occupation, occa-
sionally giving rise to reaction.

Gert Jan Kramer

4. Het is onbegrijpelijk dat defectvrije oppervlaktemodellen nog
steeds worden gebruikt als uitgangspunt bij de theoretische
bestudering van chemische reacties op metaaloppervlakken.

5. Het gebruik van uitsluitend minimum-energiepad bereke-
ningen ter bestudering van chemische reacties is zinloos, om-
dat de belangrijkste factoren (temperatuur, druk en entropie)
worden genegeerd.

6. Uit hogedruk STM metingen aan de CO oxidatie op Pt(110)
blijkt dat oppervlakteprocessen in vacuum meestal niets met
katalyse te maken hebben.

Bas Hendriksen en Joost Frenken, Phys. Rev. Lett. 89 (2002), 046101

7. De term “ab initio” voor quantumchemische berekeningen is
misleidend, omdat het een afwezigheid van empirie suggereert
terwijl alle gebruikte fysische constanten experimenteel zijn
bepaald.

Robin Milot



8. Simulations are like miniskirts, they show a lot and hide the es-
sentials.

Hubert Kirrman

9. Religion is the opiate of the masses.

Karl Marx

10. Een wetenschapper begint waar de ingenieur ophoudt. Een in-
genieur begint waar de wetenschapper ophoudt.

11. Even zo schadelijk als een gebrek aan wetenschap in de politiek,
is een overschot aan politiek in de wetenschap.

Reinier Grimbergen

12. In Nederland wordt met “tolerantie” vaak het negeren van pro-
blemen bedoeld.

13. Er zijn drie typen mensen: zij die kunnen tellen en zij die dat
niet kunnen.

14. Het voordeel van een los blaadje met stellingen is dat de lezer
nooit zonder bladwijzer zit.
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