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Preface

More than five years have passed since the first edition of this book was
published. Surface science is still a very active field of research, and the fact
that the Nobel Prize 2007 in chemistry was awarded to Gerhard Ertl “for his
studies of chemical processes on solid surfaces” reflects the recognition that
surface science has received in recent years. Nevertheless, the traditional sur-
face science approach of studying low-index surfaces and simple adsorbates is
no longer the focus topic of the research in this field. Instead, the interest has
been shifted to the study of more and more complex structures that are also
relevant for nanotechnology and even life sciences. The growing complexity
of the studied systems makes a close collaboration between theory and ex-
periment actually more essential in order to gain deeper insights into these
systems. In fact, there has also been substantial progress in the theoretical
treatment of structures and processes on surfaces. Therefore it was time to
revise and update this textbook.

First of all, in this second edition there is a new chapter on Surface Mag-
netism which reflects the growing interest in low-dimensional magnetic struc-
tures on surfaces for, e.g., the magnetic storage of data. In addition, all other
chapters have been updated in order to take into account novel developments
in theoretical surface science. This is reflected in the fact that there are now
more than one hundred new references. For example, one of the “hot” topics in
surface science is the structure and function of thin oxide films, so-called sur-
face oxides; therefore a discussion of their appropriate theoretical description
including some examples was added. Furthermore, the short section about
STM theory was expanded, and recent ab initio based molecular dynamics
simulations of molecular adsorption on surfaces are addressed. All other top-
ics were carefully reviewed and new important results were incorporated.

As far as the chapter on perspectives is concerned, I decided to leave the
list of topics unchanged. It is true that in every subject covered in this final
chapter there has been significant progress in the last years, which is reflected
in the new version of the chapter. However, all these fields have in my opinion



VIII  Preface

not sufficiently matured yet so that it is still justified to consider them as
promising subjects that deserve further consideration.

For the new parts of this textbook I am in particular indebted to my col-
leagues Stefan Bliigel, George Kresse, Karsten Reuter and Werner Hofer for
sharing their insights with me. Besides, I want to thank the PostDocs and
graduate students of my new research group in Ulm, Benjamin Berberich,
Christian Carbogno, Arezoo Dianat, Yoshihiro Gohda, Jan Kucera, Daniela
Kiinzel, Thomas Markert, Christian Mosch, Sung Sakong, Armin Sauter,
Sebastian Schnur, Katrin Tonigold. Doing research and teaching together with
them provided a most stimulating background for the completion of this sec-
ond edition. I also would like to acknowledge the continuing support of Claus
Ascheron from Springer who initiated the completion of this second edition.

Finally I want to thank my wife Daniella and my children Noah and Samira
for their encouragement and for reminding me from time to time that there
are also other things beyond theoretical surface science.

Ulm Axel Grofs
April 2009



Preface to the First Edition

Recent years have seen tremendous progress in the theoretical treatment of
surface structures and processes. While a decade ago most theoretical studies
tried to describe surfaces either on a qualitative level using empirical parame-
ters or invoked rather severe approximative models, there is now a large class
of surface system that can be addressed quantitatively based on first-principles
electronic structure methods. This progress is mainly due to advances in the
computer power as well as to the development of efficient electronic structure
algorithms. However, ab initio studies have not only been devoted to micro-
scopic aspects. Instead, starting from a description of the electronic structure
and total energies of surfaces, a hierarchy of methods is employed that allows
the theoretical treatment of surfaces from the microscopic length and time
scales up to the macroscopic regime. This development has led to a very
fruitful cooperation between theory and experiment which is reflected in the
large number of research papers that result from a close collaboration between
experimental and theoretical groups.

Still, in my opinion, this progress had not been reflected in the available
surface science textbooks. I felt that there was a need for an advanced textbook
on theoretical surface science. Rather than following a macroscopic thermody-
namic approach, the textbook should be based on a microscopic point of view,
so-to-say in a bottom-up approach. This provided the motivation to start the
project this book resulted from. The text is based on a class on theoretical
surface science held at the Technical University in Munich. The class and the
manuscript evolved simultaneously, taking into account the feedback from the
students attending the class.

I have tried to give a comprehensive overview of most fields of modern
surface science. However, instead of listing many different data I have rather
picked up some benchmark systems whose description allows the presentation
and illustration of fundamental concepts and techniques in theoretical surface
science. The theoretical results are compared to experiments where possible,
but experimental techniques are not introduced. Still this book is not only
meant for students and researchers in theoretical surface science, but also for
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experimentalists who either are interested in the basic concepts underlying the
phenomena at surfaces or want to get an introduction into the methods their
theoretical colleagues are using. Of course not every aspect of surface science
could have been covered, for example surface magnetism is hardly touched
upon.

I have tried to present derivations for most of the theoretical methods
presented in this book. However, I did not intend to overburden this book
with lengthy calculations. A detailed list of references is provided for the
reader who wants to get more detailed information on specific methods or
systems. In particular, I have tried to select excellent comprehensive review
papers that can serve as a basis for further reading. For that reason, the
reference list does not necessarily reflect the scientific priority, but rather the
usefulness for the reader. In this context I would also like to apologize to
all colleagues who feel that their own work is not properly presented in this
book. It is important to note that in fact I am not the first to use a bottom-up
approach in the presentation of first-principles calculations. This concept was
developed by Matthias Scheffler for his class on theoretical solid-state physics
at the Technical University in Berlin, and in using this concept for the present
textbook I am deeply indebted to him.

Such a book would indeed not be possible without interaction with col-
leagues. I am grateful to my students Arezoo Dianat, Christian Bach, Markus
Lischka, Thomas Markert, Christian Mosch, Ataollah Roudgar and Sung
Sakong for stimulating discussions in the course of the preparation of this
book and for their careful proofreading of the manuscript. Special thanks go
to my colleagues and friends Wilhelm Brenig, Peter Kratzer, Eckhard Pehlke
and again Matthias Scheffler for their careful and competent reading of the
manuscript and their helpful suggestions in order to further improve the book.

This book is also a product of the insight gained in the discussions and
collaborations with numerous colleagues, in particular Steve Erwin, Bjork
Hammer, Ulrich Hofer, Dimitrios Papaconstantopoulos, Helmar Teichler,
Steffen Wilke, Martin Wolf, and Helmut Zacharias. In addition, I am indebted
to Claus Ascheron from Springer-Verlag who supported this book project from
the early stages on.

Finally I would like to thank my wife Daniella Koopmann, my son Noah
and my yet unborn daughter for their patience and understanding for all the
time that I devoted to writing this book instead of taking care of them.

Miinchen Azxel Grof
April 2002
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1

Introduction

It has always been the goal of theoretical surface science to understand the
fundamental principles that govern the geometric and electronic structure of
surfaces and the processes occuring on these surfaces like gas-surface scatter-
ing, reactions at surfaces or growth of surface layers. Processes on surfaces
play an enormously important technological role. We are all surrounded by
the effects of these processes in our daily life. Some are rather obvious to
us like rust and corrosion. These are reactions that we would rather like to
avoid. Less obvious are surface reactions that are indeed very advantageous.
Many chemical reactions are promoted tremendously if they take place on a
surface that acts as a catalyst. Actually most reactions employed in the chem-
ical industry are performed in the presence of a catalyst. Catalysts are not
only used to increase the output of a chemical reaction but also to convert
hazardous waste into less harmful products. The most prominent example is
the car exhaust catalyst.

The field of modern surface science is characterized by a wealth of micro-
scopic experimental information. The positions of both substrate and adsor-
bate atoms on surfaces can be determined by scanning microscopes, the initial
quantum states of molecular beams hitting a surface can be well-controlled,
and desorbing reaction products can be analyzed state-specifically. This pro-
vides an ideal field to establish a microscopic theoretical description that can
either explain experimental findings or in the case of theoretical predictions
can be verified by experiment.

And indeed, recent years have seen a tremendous progress in the micro-
scopic theoretical treatment of surfaces and processes on surfaces. While some
decades ago a phenomenological thermodynamic approach was prevalent, now
microscopic concepts are dominant in the analysis of surface processes. A va-
riety of surface properties can be described from first principles, i.e. without
invoking any empirical parameters.

In fact, the field of theoretical surface science is no longer limited to ex-
planatory purposes only. It has reached such a level of sophistication and
accuracy that reliable predictions for certain surface science problems have

A. Gro83, Theoretical Surface Science,
DOI 10.1007/978-3-540-68969-0-1, (© Springer Verlag Berlin Heidelberg 2009



2 1 Introduction

Fig. 1.1. The virtual chemistry and physics lab at surfaces: simulation of surface
structures and processes at surfaces on the computer

become possible. Hence both experiment and theory can contribute on an
equal footing to the scientific progress. In particular, computational surface
science may act as a virtual chemistry and physics lab at surfaces. Computer
experiments can thus add relevant information to the research process. Such
a computer experiment in the virtual lab is illustrated in Fig. 1.1.

In this book the theoretical concepts and computational tools necessary
and relevant for theoretical surface science will be introduced. I will present
a microscopic approach towards the theoretical description of surface science.
Based on the fundamental theoretical entity, the Hamiltonian, a hierarchy of
theoretical methods will be introduced in order to describe surface processes.
But even for the largest time and length scales I will develop a statistical
rather than a thermodynamic approach, i.e., all necessary parameters will be
derived from microscopic properties.

Following this approach, theoretical methods used to describe static prop-
erties such as surface structures and dynamical processes such as reactions
on surfaces will be presented. An equally important aspect of the theoreti-
cal treatment, however, is the proper analysis of the results that leads to an
understanding of the underlying microscopic mechanisms. A large portion of
the book will be devoted to the establishment of theoretical concepts that
can be used to categorize the seemingly immense variety of structures and
processes at surfaces. The discussion will be rounded up by the presentation
of case studies that are exemplary for a certain class of properties. Thus I will
address subjects like surface and adsorbate structures, surface magnetism,
reactivity concepts, dynamics and kinetics of processes on surfaces and elec-
tronically nonadiabatic effects. All chapters are supplemented by exercises in
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which the reader is invited either to reproduce some important derivations or
to determine typical properties of surfaces.

The theoretical tools employed for surface science problems are not exclu-
sively used for these particular problems. In fact, surface science is a research
field at the border between chemistry and solid state physics. Consequently,
most of the theoretical methods have been derived either from quantum chem-
istry or from condensed matter physics. It is outside of the scope of this book
to derive all these methods in every detail. However, most of the methods
used commonly in theoretical surface science will be addressed and discussed.
Hence this book can be used as a reference source for theoretical methods.
It is not only meant for graduate students doing research in theoretical sur-
face science but also for experimentalists who want to get an idea about the
methods their theoretical colleagues are using.

However, it is fair to say that for a certain class of systems theoretical
surface science is still not accurate enough for a reliable description. These
problems will be mentioned throughout the book. The open problems and
challenges will be presented, but also the opportunities will be illustrated
that open up once the problems are solved.

In detail, this book is structured as follows. In the next chapter we first
introduce the basic Hamiltonian appropriate for surface science problems. We
will consider general properties of this Hamiltonian that are important for
solving the Schrédinger equation. At the same time the terminology necessary
to describe surface structures will be introduced.

A large part will be devoted to the introduction of electronic structure
methods because they are the foundation of any ab initio treatment of surface
science problems. Both wave-function and electron-density based methods will
be discussed. In addition, the most important techniques used in implemen-
tations of electronic structure methods will be addressed.

The structure and energetics of metal, semiconductor and insulators sur-
face are the subject of the following chapter. Using some specific substrates
as examples, the different microscopic principles determining the structure of
these surfaces will be introduced. In this context, the theoretical treatment
of surface phonons is also covered. In the succeeding chapter, the theoretical
description of surfaces will be extended to atomic and molecular adsorption
systems. Reactivity concepts will be discussed which provide insight into the
chemical trends observed in adsorption on clean, precovered and structured
surfaces. These concepts are also applied to simple reactions on surfaces.

Magnetic properties of low-dimensional systems can be quite different from
those of three-dimensional solids. This is of particular interest due to the
tremendous technological importance of the magnetic storage of data. The
effects of the dimensionality will be discussed in the chapter on surface mag-
netism where also the theoretical methods to treat magnetic systems will be
briefly introduced.

Dynamics of scattering, adsorption and desorption at surfaces is the sub-
ject of the next chapter. Classical and quantum methods to determine the
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time evolution of processes on surfaces will be introduced. The determina-
tion of reaction probabilities and distributions in gas-surface dynamics will
be illustrated. For processes such as diffusion, growth or complex reactions at
surfaces, a microscopic dynamical simulation is no longer possible. A theoret-
ical treatment of such processes based on ab initio calculations is still possible
using a kinetic approach, as will be shown in the next chapter.

While most of the processes presented in this book are assumed to occur
in the electronic ground state, there is an important class of electronically
nonadiabatic processes at surfaces. The theoretical description of nonadiabatic
phenomena has not reached the same level of maturity as the treatment of
electronic ground-state properties, as the following chapter illustrates, but
there are promising approaches. Finally, I will sketch future research directions
in surface science where theory can still contribute significantly to enhance
the understanding, and I will give examples of first successful applications.
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The Hamiltonian

Any theoretical description has to start with the definition of the system un-
der consideration and a determination of the fundamental interactions present
in the system. This information is all contained in the Hamiltonian which is
the central quantity for any theoretical treatment. All physical and chemical
properties of any system can be derived from its Hamiltonian. Since we are
concerned with microscopic particles like electrons and atoms in surface sci-
ence, the proper description is given by the laws of quantum mechanics. This
requires the solution of the Schrodinger equation.

In this chapter we will first describe the Hamiltonian entering the Schro-
dinger equation appropriate for surface science problems. One general approx-
imation that makes the solution of the full Schrédinger equation tractable is
the decoupling of the electronic and nuclear motion which is called the Born—
Oppenheimer or adiabatic approximation. We will then have a closer look at
the specific form of the Hamiltonian describing surfaces. We will discuss the
symmetries present at surfaces. Taking advantage of symmetries can greatly
reduce the computational cost in theoretical treatments. Finally, we will in-
troduce and illustrate the nomenclature to describe the structure of surfaces.

2.1 The Schrodinger Equation

In solid state physics as well as in chemistry, the only fundamental interaction
we are concerned with is the electrostatic interaction. Furthermore, relativistic
effects are usually negligible if only the valence electrons are considered. To
start with, we treat core and valence electrons on the same footing and neglect
any magnetic effects. Then a system of nuclei and electrons is described by
the nonrelativistic Schrodinger equation with a Hamiltonian of a well-defined
form,

H = Tnucl + Tel + Vnuclfnucl + Vnuclfel + v;elfel . (21)

Thuel and Tgp are the kinetic energy of the nuclei and the electrons, respectively.
The other terms describe the electrostatic interaction between the positively

A. Gro83, Theoretical Surface Science,
DOI 10.1007/978-3-540-68969-0-2, (© Springer Verlag Berlin Heidelberg 2009
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charged nuclei and the electrons. As long as it is not necessary, we will not take
the spin into account for the sake of clarity of the equations. Consequently, ne-
glecting spin the single terms entering the Hamiltonian are explicitly given by

L
T = Z P_? (2.2)
nucl — 2MI ) .
I=1
N 2
D;
Ta = — .
1 om’ (2 3)
=1
1 Z]ZJ@
Vnucl nucl o Z ) (2 4)
2 24 R — R/
Z]€2
Vnucl el Z |7'»L — R[| ) (2 5)
i,

and
Vel—e E 2.6
el |Tl - TJ| (2:6)

Throughout this book we will use CGS—Gaussucm units as it is common prac-
tice in theoretical physics textbooks. Atoms will usually be numbered by cap-
ital letter indices. Thus, Z; stands for the charge of the I-th nuclei. The factor
% in the expressions for Viucl—nucl and Vg_o ensures that the interaction be-
tween the same pair of particles is not counted twice.

In principle we could stop here because all what is left to do is to solve
the many-body Schrédinger equation using the Hamiltonian (2.1)

H®(R,r) = E®(R,r). (2.7)

The whole physical information except for the symmetry of the wave functions
is contained in the Hamiltonian. In solving the Schrédinger equation (2.7), we
just have to take into account the appropriate quantum statistics such as the
Pauli principle for the electrons which are fermions. The nuclei are either
bosons or fermions, but usually their symmetry does not play an important
role in surface science. Often relativistic effects can also be neglected. Only if
heavier elements with very localized wave functions for the core electron are
considered, relativistic effects might be important since the localization leads
to high kinetic energies of these electrons.

Note that only the kinetic and electrostatic energies are directly present
in the Hamiltonian. We will later see that the proper consideration of the
quantum statistics leads to contributions of the so-called exchange-correlation
energy in the effective Hamiltonians. However, it is important to realize that
the energy gain or cost according to additional effective terms has to be derived
from the energy gain or cost in kinetic and electrostatic energy that is caused
by the quantum statistics.
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Unfortunately, the solution of the Schrédinger equation in closed form is
not possible. Even approximative solutions are far from being trivial. In the
rest of the book we will therefore be concerned with a hierarchy of approxima-
tions that will make possible the solution of (2.7) at least within reasonable ac-
curacy. The first step in this hierarchy will be the so-called Born-Oppenheimer
approximation.

2.2 Born—Oppenheimer Approximation

The central idea underlying the Born—Oppenheimer [1] or adiabatic approxi-
mation is the separation in the time scale of processes involving electrons and
atoms. Except for hydrogen and helium, atoms have a mass that is 10* to 10°
times larger than the mass of an electron. Consequently, at the same kinetic
energy electrons are 102 to 103 times faster than the nuclei. Hence one sup-
poses that the electrons follow the motion of the nuclei almost instantaneously.
Most often one simply assumes that the electrons stay in their ground state
for any configuration of the nuclei. The electron distribution then determines
the potential in which the nuclei move.

In practice, one splits up the full Hamiltonian and defines the electronic
Hamiltonian He) for fixed nuclear coordinates { R} as follows

Hel({R}) = Tel + Vnucl—nucl + Vnucl—el + Vvel—el . (28)

In (2.8) the nuclear coordinates {R} do not act as variables but as param-
eters defining the electronic Hamiltonian. The Schrodinger equation for the
electrons for a given fixed configuration of the nuclei is then

Ha({R}¥(r, {R}) = Ea({R}¥(r, {R}). (2.9)

Again, in (2.9) the nuclear coordinates {R} are not meant to be variables
but parameters. In the Born-Oppenheimer or adiabatic approximation the
eigenenergy Eq({R}) of the electronic Schrédinger equation is taken to be
the potential for the nuclear motion. Ee({R}) is therefore called the Born—
Oppenheimer energy surface. The nuclei are assumed to move according to
the atomic Schrodinger equation

{Thwa + Ea(R)} A(R) = EnuadA(R). (2.10)

Often the quantum effects in the atomic motion are neglected and the classical
equation of motion are solved for the atomic motion:
M 62R = 4 Eq({R}) (2.11)
Igpir =35 R, el . .
The force acting on the atoms can be conveniently evaluated using the
Hellmann—Feynman theorem [2,3]
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Fr = o Ba((R)) = (0(r, (R))| 55 Ha((RYW(r, (R)) . (212)
1 1

In principle, in the Born—-Oppenheimer approximation electronic transitions
due to the motion of the nuclei are neglected. One can work out the Born—
Oppenheimer approximation in much more detail (see, e.g., [4]), however,
what it comes down to is that the small parameter m/M is central for the
validity of the adiabatic approximation (see Exercise 2.1). In fact, the Born—
Oppenheimer approximation is very successful in the theoretical description
of processes at surfaces. Still its true validity is hard to prove because it is
very difficult to correctly describe processes that involve electronic transition
(see Chap.9).

If it takes a finite amount of energy to excite electronic states, i.e., if
the adiabatic electronic states are well-separated, then it can be shown that
electronically nonadiabatic transitions are rather improbable (see, e.g., [5]).
In surface science this applies to insulator and semiconductor surfaces with
a large band gap. At metal surfaces no fundamental band gap exists so that
electronic transitions with arbitrarily small excitation energies can occur. Still,
the strong coupling of the electronic states in the broad conduction band leads
to short lifetimes of excited states and thus to a fast quenching of these states
[6] so that their influence on surface processes is often limited.

On the other hand, there are very interesting processes in which electronic
nonadiabatic processes are induced, as we will see in Chap.9. The theoret-
ical treatment of these systems requires special techniques that will also be
discussed later in this book.

2.3 Structure of the Hamiltonian

Employing the Born—Oppenheimer approximation means first to solve the
electronic structure problem for fixed atomic coordinates. The atomic po-
sitions determine the external electrostatic potential in which the electrons
move. Furthermore, they determine the symmetry properties of the Hamilto-
nian.

Surface science studies are concerned with the structure and dynamics of
surfaces and the interaction of atoms and molecules with surfaces. If not just
ordered surface structures are considered, then the theoretical surface scien-
tists has to deal with a system with only few degrees of freedom, the atom
or molecule, interacting with a system, the surface or semi-infinite substrate,
that has in principle an infinite number of degrees of freedom. Thus the sub-
strate exhibits a quasi-continuum of states. One faces now the problem that
usually different methods are used to treat the single subsystems: molecules
are treated by quantum chemistry methods while surfaces are handled by
solid-state methods.

To deal with both subsystems on an equal footing represents a real chal-
lenge for any theoretical treatment, but it also makes up the special attraction
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of theoretical surface science. We will focus on this issue in more detail in the
next chapter. But before considering a strategy to solve the Schrodinger equa-
tion it is always important to investigate the symmetries of the Hamiltonian.
Not only rigorous results can be derived from symmetry considerations, but
these considerations can also reduce the computational effort dramatically.
This can be demonstrated very easily [7]. Let T be the operator of a symme-
try transformation that leaves the Hamiltonian H invariant. Then H and T
commute, i.e. [H,T] = 0. This means that according to a general theorem of
quantum mechanics [8] the matrix elements (¢;|H |1;) vanish, if |¢;) and [;)
are eigenfunctions of T" belonging to different eigenvalues T; # T}.

This property of the eigenfunctions can help us enormously in solving
the Schrédinger equation. Imagine we want to determine the eigenvalues of a
Hamiltonian by expanding the wave function in an appropriate basis set. Then
we only need to expand the wave function within a certain class of functions
having all the same eigenvalue with respect to a commuting symmetry opera-
tor. Functions having another symmetry will belong to a different eigenvalue.
Since the numerical effort to solve the Schrodinger equation can scale very
unfavorably with the number n of basis functions (up to n” for very accurate
quantum chemical methods), any reduction in this number can mean a huge
reduction in computer memory and time.

The mathematical tool to deal with symmetries is group theory. It is be-
yond the scope of this book to provide an introduction into group theory.
There are many text books that can be used as a reference, for example
[7,9,10]. T will rather describe the symmetries present at surfaces, which
has also the important aspect of defining the terminology commonly used
to specify surface structures. To set the stage, we will first start with ideal
three-dimensional crystal structures.

A three-dimensional periodic crystal is given by an infinite array of iden-
tical cells. These cells are arranged according to the so-called Bravais lattice.
It is given by all the position vectors of the form

R = niai + n2a2 + nzas . (213)

The a; are the three non-collinear unit vectors of the lattice, the n; are inte-
ger numbers. The lattice vectors R are not necessarily identical with atomic
positions of the crystal, but in most cases they are indeed identified with
atomic positions. In addition to the translational symmetry, there are also so-
called point operations that transform the crystal into itself. Operations such
as rotation, reflection and inversion belong to this point group. Furthermore,
translations through a vector not belonging to the Bravais lattice and point
operations can be combined to give additional distinct symmetry operations,
such as screw axes or glide planes.

There are 14 different types of Bravais lattices in three dimensions. Now
there can be more than one atom per unit cell of the Bravais lattice. Then the
crystal structure is given as a Bravais lattice with a basis which corresponds to
the positions of the additional atoms in the unit cell. If the lattice has a basis,
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[ ] [ ] [ ] [ ]
[ J o [
Fig. 2.1. Wigner—Seitz cell for a two-
o @® dimensional Bravais lattice. The six
sides of the cell bisect the lines join-
ing the central point to its six nearest
([ ] (] { { neighbors. (After [11])

the symmetry of the corresponding crystal will usually be reduced compared
to a crystal with just spherical symmetric atoms at the Bravais lattice sites.
This enhances the number of symmetrically distinct lattices to in total 230.
Details of these structure can be found in any text book of solid-state physics
such as in [11,12].

There is no way to uniquely choose the primitive unit cell of a Bravais
lattice. Any cell that, when translated through all the Bravais lattice vectors,
fills all space can serve as a unit cell. However, it is convenient to select a unit
cell that has the full symmetry of the Bravais lattice. The so-called Wigner—
Seitz cell has this property. It is defined as the region of space around a
lattice point that is closer to that point than any other lattice point [11]. The
construction of the Wigner—Seitz cell is demonstrated in Fig.2.1 for a two-
dimensional Bravais lattice. Select a lattice point and draw lines to the nearest-
neighbors. Then bisect each connection with a line and take the smallest
polyeder that contains the points bounded by these lines. Note that in two
dimensions the Wigner—Seitz cell is always a hexagon unless the lattice is
rectangular (see Exercise 4.3).

The periodicity of a crystal lattice leads to the existence of a dual space
that mathematically reflects the translational symmetry of a lattice. The dual
space to the real space for periodic structures is called reciprocal space. The
basis vectors are obtained from the basis vectors of the real space a; via

as X as

by =2 (2.14)

|a1 . (CLQ X 0,3)| '
The other two basis vectors of the reciprocal lattice by and bz are obtained
by a cyclic permutation of the indices in (2.14). By construction, the lattice
vectors of the real space and the reciprocal space obey the relation

a; - bj = 27’(‘51']' ; (215)

where d;; is the Kronecker symbol.
The reciprocal space is often called k-space since plane wave character-
ized by their wave vector k are represented by single points in the reciprocal
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Fig. 2.2. Illustration of the defini-
tion of the Brillouin zones for a two-
4 2 4 dimensional square reciprocal lattice.
Note that only the first three Brillouin
zones are entirely within the shaded
areas. (After [11])

space. The eigenenergies of the electronic wave functions in periodic lattices
are usually plotted as a function of their k-vector in the first Brillouin zone
which is defined as the Wigner—Seitz cell of the reciprocal lattice. As the name
first Brillouin zone suggests, there are also higher-order Brillouin zones. Their
construction is illustrated in Fig. 2.2 in two dimensions for a square reciprocal
lattice. The n-th Brillouin zone is defined as the set of points that can be
reached from the origin by crossing the n — 1 nearest bisecting planes. Note
that each Brillouin zone is also a primitive unit cell of the reciprocal lattice. In
fact, by translating the different sections of the higher-order Brillouin zones
by appropriate reciprocal lattice vectors they can be rearranged to cover the
first Brillouin zone. This can be easily checked for the second and third Bril-
louin zone in Fig. 2.2. In the periodic electronic structure theory this is called
backfolding.

Reciprocal lattice vectors are used to denote lattice planes of the real-
space lattice. Lattice planes of a Bravais lattice are described by the shortest
reciprocal lattice vector hb; +kbs+hbs that is perpendicular to this plane. The
integer coefficients hkl are called Miller indices. Lattice planes are specified
by the Miller indices in parentheses: (hkl). Family of lattice planes, i.e. lattice
planes that are equivalent by symmetry, are denoted by {hkl}. Finally, indices
in square brackets [hkl] indicate directions. For face-centered cubic (fcc) and
body-centered cubic (bee) crystals the Miller indices are usually related to
the underlying simple cubic lattice, i.e., fcc and bee crystals are described as
simple cubic lattices with a basis.

For hep crystals such as Ru, Co, Zn or Ti, the Miller index notation used
to describe the orientation of lattice planes is slightly more complex since no
standard Cartesian set of axes can be used. Instead the notation is based upon
three axes at 120 degrees in the close-packed plane, and one axis (the c-axis)
perpendicular to these planes. This leads to a four-digit index structure. How-
ever, since the first three axes are coplanar, the first three indices are not
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independent but have to add up to zero. Hence the third index is redundant;
in fact, it is sometimes omitted. For example, both Ru(001) and Ru(0001)
describe the close-packed hexagonal plane of the hcp metal Ru.

The power of group theory to derive rigorous results can be nicely illus-
trated for periodic structures. The solution ¥ of the electronic Schrodinger
equation (2.9) is a many-body wave function that incorporates the electron-
electron interaction. However, as we will see below, there are many schemes to
solve the electronic Schrodinger equation that involve the solution of effective
one-particle Schrodinger equations of the form

{37+ van() b vs(r) = cntr). 210

where the effective one-particle potential veg(7) satisfies translational sym-
metry:
Vett (1) = vet (r + R) , (2.17)

with R being any Bravais lattice vector.

The translational operations Tg form an Abelian group since the order of
translations does not matter for the result of applying two successive transla-
tions. As mentioned above, the solutions of the Hamiltonian can be classified
according to their symmetry properties. In group theory one says that solu-
tions of different symmetries belong to so-called different representations of
the symmetry group. Now there is an important theorem that the represen-
tations of an Abelian group are one-dimensional [7], which means that the
eigenfunctions of the translational group can be written as

Tripi(r) = ¢i(r + R) = ci(R)ihi(r) . (2.18)

The eigenvalues ¢;(R) are complex numbers of modulus unity that have to
satisfy
¢i(R)ci(R') = c;(R+ R), (2.19)

which can be derived by applying two successive translation. From this relation
it follows that the eigenvalues ¢;(R) are complex numbers of modulus one that
can be expressed in an exponential form

ci(R) = R, (2.20)

The eigenfunction 1;(r) is thus characterized by the crystal-momentum k that
acts as a quantum number. Equation (2.18) can now be reformulated to state
that the eigenstates of a periodic Hamiltonian can be written in the form

Ui (r) = e®Tug(r) (2.21)
with the periodic function

u(r) = up(r + R) (2.22)
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Fig. 2.3. Left panel: fcc crystal with 100 faces and one 111 face, right panel: fcc
crystal with 100 faces and one 110 face

for all Bravais lattice vectors R. This is the famous Bloch theorem which is an
exact result since it is purely based on symmetry properties. Functions that
obey the relation (2.21) are usually called Bloch functions.

A surface can be thought to be created by just cleaving an infinite crys-
tal along one surface plane. A bulk-terminated surface, i.e. a surface whose
configuration has not changed after cleavage, is called an ideal surface. Such
ideal surfaces are shown in Fig.2.3 where two fcc crystals are plotted that
are terminated by the square {100} faces. In addition, the cubes are further
cleaved to indicate the other low-index faces of a face-centered cubic crystal.
In the left panel of Fig. 2.3, the (111) face is shown which is perpendicular to
the diagonal of the cubic unit cell. This (111) face with its hexagonal struc-
ture is the closest-packed fcc surface. In the right panel a (110) face is shown
that is perpendicular to the diagonal of one of the square faces. The (110)
surface has already a rather open structure with troughs running along the
[110] direction.

A semi-infinite solid with an ideal surface has no longer the three-
dimensional periodicity of the crystal. Still there is a two-dimensional pe-
riodicity present parallel to the surface. In two dimensions, Bravais lattices
can also be defined, equivalently to the three-dimensional case. Furthermore,
there is also a two-dimensional Bloch theorem for a crystal having a periodic
structure parallel to the surface which says that the electronic single-particle
wave functions can be written as

Ui, (1) = ™I Muy (1) (2.23)

where uy (r) has the two-dimensional periodicity of the surface.

There are five two-dimensional Bravais lattices which are sketched in Ta-
ble 2.1. In fact, the centered rectangular lattice is just a special case of an
oblique lattice, but it is usually listed separately. Examples of low-index planes
of fce and bece crystals with the corresponding symmetry are also plotted. The
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Table 2.1. The five two-dimensional Bravais lattices. In addition, examples of low-
index planes of fcc and bee crystal with the corresponding symmetry are plotted

2D lattice Schematic sketch Examples
fce(100)

Square

la1| = |az]

¢ =90°

Hexagonal

lai| = |az|

= 120°

Rectangular

la1] # |az|

¢ =90°

Centered

rectangular

bee(110)

la1] # |az|
¢ =90°

Oblique
|la1| # |as|

fee(210)

© #90°
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square (100) surface has a fourfold symmetry axis. The hexagonal (111) sur-
face with its sixfold symmetry axis corresponding to the closest-packed surface
is usually the most stable surface. Rectangular surfaces such as the (110) sur-
face have already a more open structure. In fact, the low-index (100), (111)
and (110) faces are the most often studied surfaces in surface science. Oblique
surfaces are usually rather complex. Often they correspond to stepped surfaces
like the example of the (210) surface that is shown in Table 2.1.

The planes plotted in Table 2.1 correspond to ideal surfaces where the
interatomic distances are the same as in the bulk. However, at a real surface
the fact that the bonding situation is entirely different compared to the bulk
situation will cause a rearrangement of the atoms at and close to the surface.
If this rearrangement preserves the symmetry of the bulk plane of termina-
tion, it is called relaxation. The corresponding surface structure is refered to
as a (1 x 1) structure. However, if a significant restructuring of the surface
occurs that changes the periodicity and symmetry of the surface, it is termed
reconstruction.

Such a structure is labeled with respect to the ideal termination of the
corresponding surface plane. If the new surface unit cell is spanned by new
vectors aj = may and a§ = naz, the surface is labeled by (hkl)(m x n).
Sometimes (hkl)p(m x n) is written, where p stands for primitive. Frequently,
surface structures are observed with two atoms in the unit cell where the
second atom occupies the centre of the unit cell. Such a situation is then
labeled by (hkl)c(m x n), where ¢ stands for centered [13].

The difference between relaxation and reconstruction is illustrated in Ta-
ble 2.2 using the fcc(110) surface as an example. In the relaxed geometry just
the distance between the top and the second layer is decreased with respect
to the ideal surface. The top view of the relaxed structure indicates that the
lateral symmetry of the surface remains unchanged. The last column of Ta-
ble 2.2 presents a very prominent example for surface reconstructions, namely
the so-called missing-row reconstruction which occurs for a number of mate-
rials such as Au(110) [14] or Pd(110). Every second row of the (110) surface
running in [110] direction is missing. The surface unit cell becomes twice as
large resulting in a 2 x 1 structure. Note that the microfacets forming the two
ledges of the troughs correspond to close-packed triangular structures.

Semiconductor surfaces often show much more complex reconstruction pat-
terns than metals. This is caused by the covalent nature of bonding in semi-
conductors where creating a surface strongly perturbs the bonding situation.
The most famous example is the 7 x 7 reconstruction of the Si(111) surface.
But also compound semiconductor such as GaAs exhibit extremely complex
reconstruction patterns, as will be demonstrated in Sect. 4.3.

The periodicity of a surface can also be perturbed by the presence of adsor-
bates. For sufficiently strong adsorbate-substrate interactions commensurate
adlayers will be created that result in larger surface unit cells as, e.g., for the
0O(2 x 2)/Pt(111) structure, where one fourth of the surface three-fold hollow
sites are occupied by oxygen atoms. If the adsorbate-substrate interaction is
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Table 2.2. Illustration of relaxation and reconstruction of the fcc(110) surface.
In the relaxed structure just the distance between the top and the second layer is
changed leaving the surface symmetry unchanged while in the (2 x 1) missing-row
reconstruction every second row on the surface is missing

Structure Ideal Relaxed Reconstructed

1x1 1x1 2x1

o . .
weaker than the adsorbate-adsorbate coupling strength, as is often the case
for organic adlayers, the adsorbate adlayer is not necessarily in registry with
the surface resulting in an incommensurate adlayer for which no longer any
surface periodicity can be expressed. This makes any theoretical treatment
rather cumbersome.

A surface that is only slightly misaligned from a low index plane is called
a vicinal surface. A vicinal surface is structured as a periodic array of terraces
of a low-index orientation separated by monoatomic steps. In Fig. 2.4, a (911)
surface is shown illustrating the structure of a vicinal surface. The high-index
(911) surface consists of 5 atomic rows of (100) orientation separated by a
step with a (111) ledge, i.e., the ledge represents (111) microfacets. In fact,
in order to make the structure of vicinal surfaces immediately obvious, they
are often denoted by n(hkl) x (h'k'l") where (hkl) and (h'K'l") are the Miller
indices of the terraces and of the ledges, and n gives the width of the terraces in
numbers of atomic rows parallel to the ledges. By studying vicinal surfaces, the
influence of steps on, e.g., adsorption properties or reactions on surfaces can

be studied in a well-defined way. Further defects that can exist on surfaces are
kinks, adatoms, vacancies and adatom islands. These defects are illustrated in

Side view
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terrace  [100] step [111]

Fig. 2.4. A stepped (911) = 5(100) x (111) vicinal surface. Steps with ledges of
(111) orientations separate (100) terraces that are 5 atom rows wide

adatom island kink
step with (100)-oriented ledge

adatom

vacancy

Fig. 2.5. Illustration of defects on surfaces such as steps, kinks, adatoms, adatom
islands, and vacancies

Fig. 2.5. In fact, the plotted surface corresponds to a defected (755) = 5(111) x
(100) surface where the steps are made of (100)-oriented microfacets. The
creation of defects is usually associated with a cost of energy. Yet, at non-zero
surface temperature there will always be a certain amount of defects present
because of entropic reasons. This is a particular problem for experimentalists
who have to check whether their observed results on nominally flat surfaces
might be dominated by minority defect sites.

On the other hand, the study of defects is important because often the de-
fects are considered to be the active sites for surface reactions. This is relevant
for the understanding of, for example, real catalysts which usually exhibit a
very defect-rich structure. Furthermore, the defects depicted in Fig.2.5 all
appear during growth processes on surfaces. Thus the properties are relevant
for a true understanding of growth, as will be shown in Sect. 8.5.
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Exercises

2.1

2.2

2.3

24

Born—Oppenheimer Approximation

Expand the eigenfunctions of the total Hamiltonian
H = Tnucl + Tel + Vnuclfnucl + Vnuclfel + %lfel (224>

according to

(R,r) = Y Au(R) ¥u(r, R), (2.25)

where the ¥, (r, R) are the eigenfunctions of the electronic Hamiltonian
Hel({R}) = Tel + Vnucl—nucl + Vnucl—el + Vvel—el . (226)

By multiplying the many-body Schrédinger equation (2.7) by <LT/,,|, a set
of coupled differential equations for the nuclear wave functions A4, (R)
can be obtained.

a) Write down the coupled equations for the nuclear wave functions
A, (R). Which terms are neglected in the Born-Oppenheimer approxi-
mation (compare with (2.10))?

b) Discuss the meaning of the neglected terms. Give an estimate for the
terms that are diagonal in the electronic wave functions.

Surface Structures

a) Determine the structure and the reciprocal lattice of the (100), (110)
and (111) unreconstructed surfaces of bee and fee crystals. Give the basis
vectors of the corresponding unit cells in units of the bulk cubic lattice
constant a.

b) Find the surface first Brillouin zone for each surface.

Wigner—Seitz Cell in Two Dimensions

Consider a Bravais lattice in two dimensions.
a) Prove that the Wigner—Seitz cell is a primitive unit cell.

b) Show that the Wigner—Seitz cell for any two-dimensional Bravais lat-
tice is either a hexagon or a rectangle.

Reciprocal Lattice
a) Show that the reciprocal lattice belongs to the same symmetry group
as the underlying Bravais lattice in real space.

b) Determine the reciprocal lattices and the first Brillouin zones of all
the two-dimensional Bravais lattices shown in Table 2.1.
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2.5 Lattice Spacing and Vicinal Surfaces

Consider a lattice plane in a three-dimensional crystal described by the
Miller indices (hkl).

a) Show that the reciprocal lattice vector G = hby + kbs + [bs is perpen-
dicular to this plane.

b) Show that the distance between two adjacent (hkl) planes is given by

27
dnit = 157
|G|

c¢) Consider the unreconstructed (11n) surface of a fcc crystal with cubic
lattice constant a and n an odd number. This surface consists of (001)
terraces terminated by steps of [110] orientation. Show that the terraces
have a width of a x n/ V8 and that the interlayer distance is given by
a/v/n? + 2. Prove that the miscut angle between (11n) and (001) surfaces
is arctan(v/2/n).

d) The unreconstructed (10n) surface of a fcc crystal with cubic lattice
constant a also consists of (001) terraces terminated by monoatomic steps.
Determine the terrace width, the lattice distance between adjacent (10n)
planes and the miscut angle to the (001) plane.
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Electronic Structure Methods
and Total Energies

In this chapter, we will discuss electronic structure methods for the determi-
nation of total energies of surface systems. The evaluation of total energies is a
prerequisite for the theoretical treatment of many properties and processes at
surfaces. There are two main techniques, wave-function and electron-density
based methods that originate from quantum chemistry and solid-state physics,
respectively. Both types of methods will be introduced and discussed in some
detail. Special attention will be paid to the discussion of electronic exchange
and correlation effects.

Electronic structure calculations for surface science problems are domi-
nated by density functional theory (DFT) methods. Therefore we will have
a closer look at some specific implementations of electronic structure algo-
rithms based on DFT. This chapter will be concluded by an introduction to
the tight-binding method which is well-suited for a qualitative discussion of
band structure effects.

3.1 Hartree—Fock Theory

We start the sections about electronic structure methods with the so-called
Hartree and Hartree-Fock methods. This does not only follow the historical
development [15,16], but it also allows to introduce important concepts such
as self-consistency or electron exchange and correlation.! In this whole chap-
ter we are concerned with ways of solving the time-independent electronic
Schrédinger equation

HaW(r) = Eq¥(r). (3.1)

1T thank Matthias Scheffler for providing me with his lecture notes on his theoret-
ical solid-state physics class held at the Technical University Berlin on which the
sections about Hartree-Fock and density functional theory are based to a large
extent.

A. Gro83, Theoretical Surface Science,
DOI 10.1007/978-3-540-68969-0-3, (© Springer Verlag Berlin Heidelberg 2009
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Here we have omitted the parametric dependence on the nuclear coordinates
(c.f. (2.9)) for the sake of convenience. As already stated, except for the sim-
plest cases there is no way to solve (3.1) in a close analytical form. Hence we
have to come up with some feasible numerical scheme to solve (3.1). Mathe-
matically, it corresponds to a second order partial differential equation. There
are methods to directly integrate partial differential equations (see, e.g., [17]).
However, if N is the number of electrons in the system, then we have to deal
with a partial differential equation in 3N unknowns with N commonly larger
than 100. This is completely intractable to solve. The way out is to expand
the electronic wave function in some suitable, but necessarily finite basis set
whose matrix elements derived from (3.1) can be conveniently determined.
This will then convert the partial differential equation into a set of algebraic
equations that are much easier to handle. Of course, we have to be aware that
by using a finite basis set we will only find an approximative solution to the
true many-body wave function. However, by increasing the size of the basis
set we have a means to check whether our results are converged with respect
to the basis set. Hence this corresponds to a controlled approximation because
the accuracy of the calculations can be improved in a systematic way.

Furthermore, for the moment we are mainly interested in the electronic
ground-state energy Fjy. There is an important quantum mechanical principle —
the Rayleigh—Ritz variational principle [18] — that provides a route to find
approximative solutions for the ground state energy. It states that the expec-
tation value of the Hamiltonian in any state |7) is always larger than or equal
to the ground state energy Ej, i.e.

(U|H|WP)
Fo= "y

Hence we can just pick some suitable guess for |[@). Then we know that
(V|H|w)/(@|¥) will always be an upper bound for the true ground state en-
ergy. By improving our guesses for |7), preferentially in a systematic way, we
will come closer to the true ground state energy.

Before we proceed, we note that the potential term Viuci—el (2.5) acts as
an effective external one-particle potential for the electrons. Hence we define
the external potential for the electrons as

Z1€
'Uezt Z |’I' — RI (33)

Now let us assume that the number of electrons in our system is N and that we
have already determined the N lowest eigenfunctions [¢;) of the one-particle
Schrédinger equation

{_%w () () = e (). (3.4

(3.2)

Here we have completely neglected the electron-electron interaction. Still, we
might simply consider the product wave function
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U (ry,...,rN) = ¢P1(r1) - ... - ¥n(rN) (3.5)

in which every one-particle state is only occupied once, as a first crude guess for
the true many-particle wave function. Then we can determine the expectation
value of the electronic Hamiltonian (2.8) using the wave function (3.5). Thus
we obtain

(Wi H|¥11) = i [ i) (o vear)) it

N 2
s )3 / i < AP + Vit (36)
7,j=1

Now we would like to minimize the expectation value (3.6) with respect to
more suitable single-particle functions ;(r) under the constraint that the
wave functions are normalized. This is a typical variational problem with the
constraint taken into account via Lagrange multipliers. If we consider the wave
functions 1, (r) and ¢} (r) as independent, we can minimize (3.6) with respect
to the 1} under the constraint of normalization via

0

oP;

N
(@ H|2u) = 3 {1l = (i)} =0. (3.7)

The €; act as Lagrange multipliers ensuring the normalization of the eigen-
functions. This minimization leads to the so-called Hartree equations [15]:

[ — 'l

2 N 2
gy Vet (1) + Z/dw ()P b i(r) = eshi(r) .
(3.8)

The Hartree equations correspond to a mean-field approximation. Equa-
tion (3.8) shows that an effective one-particle Schrédinger equation is solved
for an electron embedded in the electrostatic field of all electrons including
the particular electron itself. This causes the so-called self interaction which
is erroneously contained in the Hartree equations.

Using the electron density

n(r) = 3 [i(r)* (39)

the Hartree potential vy can be defined:

2

va(r) = /d?’r'n(r') (3.10)

r =
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Initial guess:

no(r) — vgﬁr(r)

!

Solve Schrodinger equations:

{ E vé;f<r>} W) = eV ()

A

2m

Determine new density: ..
N Mlxl(ngr 1s;cheme:
n(j+1)(r) _ Z |¢5j+1)(7°)|27 veﬁf (r) = av‘eﬁ(r)
im1 + (1 = a)vlg" (r)
and new effective potential vig" (7) with a > 0.9

I

Do v2§¥(r) and vlg(r) differ by
more than ¢ < 17

Ready

> Yes

Fig. 3.1. Flow-chart diagram of a self-consistent scheme to solve the Hartree equa-
tions

It corresponds to the electrostatic potential of all electrons. With this defini-
tion the Hartree equations can be written in a more compact form as

{;mv2+vem(r) +vH(r)}1/Ji(r) =ei(r). (3.11)

The Hartree equations have the form of one-particle Schrodinger equations.
However, the solutions 1;(r) of the Hartree equations enter the effective one-
particle Hamiltonian; hence the exact solutions are needed in order to solve
the equations. This dilemma can be resolved in an iterative fashion: One starts
with some initial guess for the wave functions which enter the effective one-
particle Hamiltonian. The Hartree equations are then solved and a new set
of solutions is determined. This cycle is repeated so often until the iterations
no longer modify the solutions, i.e. until self-consistency is reached. Methods
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such as the Hartree approximation that include a self-consistency cycle are
also known as self-consistent field (SCF) methods.

Such a self-consistent scheme is illustrated in a flow-chart diagram in
Fig. 3.1 where we have combined the external and the Hartree potential to an
effective potential Ve (1) = Vext (7) + vu (7). Furthermore, we have included a
mixing scheme between the new effective potential and the one of the previous
step for the construction of the effective potential entering the next iteration
cycle. Usually a mixing scheme speeds up the convergence of the iteration
scheme significantly; sometimes convergence can even not be reached with-
out a mixing scheme. Note that the general self-consistency cycle depicted in
Fig. 3.1 is not only applicable for the solution of the Hartree scheme but for
any method that requires a self-consistent solution of one-particle equations.

The expectation value of the total energy in the Hartree approximation
Fy can be written as

1 2 /
<"ADH|H|Q7H> - & — §/d3rd3T/M + Vnuclfnucl

=

-

@
Il
—

& — VH + ‘/nucl—nucl = EH (312)

|
KMZ

Il
i

2

The integral in (3.12) is the so-called Hartree energy Vi. It corresponds to the
classical (or mean-field) electrostatic energy of the electronic charge distribu-
tion. It is contained twice in the Hartree eigenvalue; in order to correct for this
double-counting it has to be subtracted in (3.12). In fact, the total energy in
(3.12) would only be a sum over single-particle energies if the particles were
non-interacting (except for the term Viuel—nucl, which in this context for fixed
nuclei just acts as an energy renormalization constant). If we evaluate the to-
tal energy for interacting particles by self-consistently solving a set of effective
single-particle equations, the total energy is not just a sum over single-particle
energies, but there will always be correction terms reflecting the interaction
between the particles.

The Hartree ansatz obeys the Pauli principle only to some extent by pop-
ulating each electronic state once. However, it does not take into account the
anti-symmetry of the wave function. The Pauli principle requires that the
sign of |¥) changes when two electrons are exchanged. The simplest ansatz
obeying the antisymmetry requirement is to replace the product wave func-
tion (3.5) by a single Slater determinant. In order to correctly incorporate the
Pauli principle we have to consider the spin degree of freedom in the following,
i.e. we write the single-particle wave functions as 1(ro), where o denotes the
spin. The Slater determinant is then constructed from the single-particle wave
functions by
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¢1(7’1€71) 1/)1(7°202) 1/11(7'NUN)
1| Y2(rio1) a(raoz) ... ha(rNon)
Yyr(rio1,...,TNON) = W

Yn(rio1) Yn(reos) ... Yn(rNoN)

Now we follow the same procedure as for the Hartree ansatz; we start by
writing down the expectation value of the total energy:

(Yur|H|Pup) = ﬁ;/dsmﬁ(ﬂ (—%VQ +ert(T)) ¥i(r)

+1§l/ﬁﬁﬂ‘¥|wwmwwW+v

2 = |T‘ _ ,r.ll ? J nucl—nucl
1 N s 5 2 ) o

-3 Z /d rd>r i 7r,|5aiaj¢i ()i (r )5 (r)y(r) . (3.14)

4,J=1

There is now an additional negative term for electrons with the same spin.
This extra term is called the exchange energy Fy. Note that the total-energy
expression (3.14) is self-interaction free because the diagonal terms of Ey with
i = j exactly cancel the corresponding terms in the Hartree energy Vig.

Again, we minimize the expression (3.14) with respect to the 4} under the
constraint of normalization. This yields the Hartree-Fock equations [16]:
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The additional term, called the exchange term, introduces quite some com-
plexity to the equations. It is of the form [V (r,r")i(r")d>, ie., it is an
integral operator. In more compact form, the expectation value of the total
energy in the Hartree-Fock approximation is given by

N
(Yur|H|Vur) = Eur = Z g — Vu — Ex + Viucl—nual - (3.16)

i=1

Analogously to (3.12), the Hartree energy Fy and the exchange energy Fy
have to be subtracted since they enter the Hartree-Fock eigenvalues twice. In
order to understand the physical nature and the consequences of the exchange
term, we will focus on a case where the exchange can be exactly determined:
the homogeneous electron gas.

In this case the resulting electron density n(r) will be just uniform. Let
us assume that the electrostatic potential of the electrons is compensated by
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a positive charge background. This is also called the “jellium model”. Then
the external potential and the Hartree potential exactly cancel: vext(r) +
vi(r) = 0. Let us further apply the other mathematical methods usually em-
ployed in order to deal with infinite systems: we normalize the wave functions
with respect to a cube of volume V' and assume periodic boundary conditions
at the faces of the cube. Within the cube we place N electrons. The eigen-
functions of the Hartree equations for the homogeneous electron gas are just
plane waves: .
iki-r

Pi(r) Wiz e . (3.17)
Furthermore, for a positive charge background the Hartree term Vi1 entering
the expression for the total energy exactly cancels with Viucl—nuel in (3.12).
The total energy is then simply given by the sum over the kinetic energy of

the electrons:
N

Bu=>) clk)=2 )Y F;:j . (3.18)

i=1 k| <kp

Here we have introduced the Fermi vector kg which gives the wave vector of
the occupied one-electron levels of highest energy. It can be related to the
electron density via [11] (see Exercise 3.1)

1/3
kp = <3w25> = (372n)"° (3.19)
|4
The factor of 2 in (3.18) is due to the spin.

Now we also consider the exchange term. It can be shown that the solutions
of the Hartree-Fock equations for the homogeneous electron gas are still plane
waves, but an extra term due to the exchange appears in the expression for
the one-particle energies. If we set |k| = k, we obtain (see Exercise 3.3)

k2 2e2 k
k) = — —kpF | — 3.20
(), o
where 5
1 1—=x 1+x
F = - 1 21
@) =3+ ‘1 e (3:21)

Note that the kinetic energy remains unchanged when the anti-symmetry of
the wave-functions is taken into account.

In Fig. 3.2 the one-particle energies of the Hartree and the Hartree-Fock
approximation for the homogeneous electron gas are compared. They are plot-
ted in units of the free-electron Fermi energy ep = (h*k2)/(2m) as a function
of the wave vector normalized to kg. It is apparent that taking into account the
exchange leads to a strong decrease in the one-particle energies that stabilizes
the homogeneous electron gas. Furthermore, the band width of the occupied
electron states in the Hartree—Fock approximation is increased dramatically
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Fig. 3.2. One-particle energies of the homogeneous electron gas in the Hartree and
the Hartree—Fock approximation

with respect to the Hartree approximation. In fact, this large increase of the
band width is not supported by photoemission experiments [11]. There is
another alarming feature of the Hartree—Fock single-particle energies (3.20).
The derivative de/0k becomes logarithmically infinite at k = kr which results
in a vanishing density of states at the Fermi level.

The total energy of the homogeneous electron gas in the Hartree—Fock
approximation is given by

h2 k2
=2 Y %

m
k<kp k<kp
3 3 e?
= - - - —k . 3.22
(5 F 4 F) ( )

Note that in the first line, we have added a factor of 2 in order to take account
of the spin; however, for the second term, we have to subtract F, once in order
to avoid a double counting (see (3.16). The exchange energy ex per electron
in the homogeneous electron gas can be expressed as
3 e? 1/3
Ex = *Z ? (37T2Tl) /
3¢z (or\'/? 1
=2 Iy~ (3.23)
4 © \ 4 T
where we have used the Wigner—Seitz radius
3 \ /3
= | — 3.24
n= () (3:29)

which corresponds to the radius of the sphere whose volume V/N = 1/n
equals the volume per electron in the homogeneous electron gas.
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Fig. 3.3. Normalized mean electron density n = N/V and exchange-hole density
ng(7,0) in the homogeneous electron gas as a function of the distance in units of
the inverse Fermi vector kg

Taking into account exchange leads to a strong decrease in the one-particle
energies and thus also in the total energy of the homogeneous electron gas.
However, it is important to note that the exchange energy is not a new kind of
energy form. It represents the modification of the kinetic and the electrostatic
energy when the anti-symmetry of the many-body wave function is correctly
taken into account.

Both the Hartree and the Hartree—Fock wave function describe the homo-
geneous electron gas. But while in the Hartree approximation the positions
of the electrons are not correlated, the antisymmetry of the electronic wave
function in the Hartree—Fock ansatz results in the so-called exchange hole:
electrons of the same spin can not be at the same position. This can be illus-
trated by introducing the concept of the exchange-hole density n’ (r,7’) of a
electron in state i. It can be defined as

N ()i () ()
- Z Yi(r)

Srsor - (3.25)

j=1

The exchange-hole density satisfies

/dST/ ni(r,r) = —1. (3.26)

With this exchange-hole density the exchange term in the Hartree-Fock equa-
tions (3.15) can be written as

62
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Fig. 3.4. Exchange and exchange-correlation energy per particle in the homoge-
neous electron gas. Typical valence electron densities of metals are in the range of
5-10 x 10 (A73)

The exchange-hole density n’ (r,r’) describes a nonlocal exchange hole of the
electron in state i. Due to

N
’I’Li(T,T) = _Z |wj("ﬂ)|2 50in ) (3'28)
j=1

the exchange-hole density n (r,r’) represents the depletion of the remaining
electrons with the same spin from the location of the i-th electron.
Usually the local exchange density is defined as

ny(r,r’) = g(r,r") —n(r'), (3.29)

where g(r,7') is the conditional density to find an electron at »’ if there is
already an electron at r. It can be expressed as the average of n’ (r,r’) over
all electrons

N (e (r, ) (r
nx(T,T/):Z l/}z( )1(7 )1/)()

n(r’)

Sosor - (3.30)

For the homogeneous electron gas n, (7, ') can be determined analytically. It
only depends on the distance |r — r’| = ¥ between two electrons and is given
by (see Exercise 3.4)

N (T)

_ — : = 2
9N (kpr cos(kpT) — sm(kpr)) (3.31)

- 5? (k‘Ff)?’

We have plotted the sum of the average density n = N/V and the normalized
exchange-hole density n,(r,0) as a function of the distance from the origin for
a electron at ' = 0 for the homogeneous electron gas and compared it to n
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in Fig. 3.3. Since taking into account the exchange leads to a depletion of the
remaining electron density close to the position of the electron, the exchange
energy just corresponds to the repulsive Coulomb interaction between elec-
trons which is saved when the antisymmetry of electrons with the same spin
is taken into account. The denser the homogeneous electron gas, the larger
the reduction caused by the exchange. This is demonstrated in Fig. 3.4 where
the mean exchange energy per electron in the homogeneous electron gas is
plotted. The net energy gain due to exchange increases monotonically with
increasing electron density.

Since the Hartree ansatz does not take into account the antisymmetry
of the electronic many-body wave function, it does not yield a proper solution
of the many-body Schrodinger equation. The Hartree-Fock method incorpo-
rates the antisymmetry requirement and leads to a reduction of the total en-
ergy. Hence it should be a more appropriate solution for the true ground-state
already on the basis of the Rayleigh-Ritz variational principle. However, in
the Hartree—Fock ansatz, electrons of opposite spin are still not correlated. If
these electrons are also avoiding each other, the energy can be further reduced.
This additional effect is called electron correlation. The electron correlation
energy is defined as the difference between the exact energy of the system and
the Hartree—Fock energy. The distinction between electron correlation and ex-
change is somehow artificial because the Hartree—Fock exchange is in principle
also an electron correlation effect. The correlation energy in the homogeneous
electron gas has been determined by quantum Monte Carlo calculations [19].
In Fig. 3.4, the exchange-correlation energy which is the sum of the exchange
and the correlation energy is also plotted. There is an additional reduction in
the energy of up to more than 1eV per electron due to the consideration of
electron correlation in the homogeneous electron gas.

3.2 Quantum Chemistry Methods

Many surface reactions are enormously accelerated through the presence of
a catalyst. Therefore, historically chemists were the first to be interested in
the theoretical description of surfaces and processes at surfaces. The theo-
retical tools used by chemists are designed to describe finite systems such
as molecules. In the quantum chemistry approach, surfaces are regarded as
big molecules and modeled by a finite cluster. This ansatz is guided by the
idea that bonding on surfaces is a local process. The validity of this picture
thus depends on the localization of the electronic orbitals which can be es-
timated to be inversely proportional to the width of the band gap. Hence
the cluster approach is most appropriate for wide-gap insulators, but it has
also been used extensively for metal surfaces for which this approach is more
questionable.

One typical example of a cluster used to describe surfaces is shown in
Fig.3.5. A SigHj cluster is plotted which is used as a model for the Si(100)
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Fig. 3.5. SigHi2 cluster used to model a Si(100) substrate. The silicon atoms are
plotted as the darker large balls while the hydrogen atoms are presented by the
lighter small balls

surface. At an ideal surface there are two broken Si-Si bonds per surface
atom. In order to reduce the number of these dangling bonds that correspond
to unsaturated orbitals, the Si(100) surface reconstructs by creating Si dimers
at the surface. The SigHps cluster just contains one of these surface dimers.
The hydrogen atoms are added to the Si cluster in order to saturate the silicon
dangling bonds that would be bonded to other silicon atoms.

Once the surface is modeled by a finite cluster, it can be treated by quan-
tum chemistry methods [20]. Usually Hartree-Fock theory is a good starting
point for the theoretical description of molecules and clusters. The exact total
energy of a molecule is often reproduced to up to 99% [21]. Unfortunately,
the missing part, namely the electron correlation energy, is rather important
for a reliable description of chemical bond formation. As Fig. 3.4 shows, the
correlation energy per electron can easily be more than 1eV. Chemists often
demand an accuracy of 1kcal/mol~0.04eV (“chemical accuracy”) for energy
differences in order to consider the calculations useful. If the uncertainty of
the total energies is already above several eV, then only by a fortuitous can-
cellation of errors chemical accuracy can be achieved.

Quantum chemists have developed a whole machinery of so-called post-
Hartree-Fock (post-HF) theoretical methods that treat the electron correla-
tion at various levels of sophistication [22,23]. These methods can be divided
into two categories, the so-called single-reference and the multiple-reference
methods. Both methods take into account the fact that the electrons do not
only experience the mean field of all other electrons, but that they are con-
stantly interacting which each other. In real space, this corresponds to the
consideration of collisions of the electrons which can be described as the ex-
citation of virtual excited orbitals. The most probable and therefore most
important processes are collisions of two electrons which are represented by
double or pair excitations.
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In the single-reference methods, one starts with the Slater determinant
that is the solution of the Hartree-Fock equations. As discussed above, the
electron correlation between electrons with opposite spin is neglected in
Hartree-Fock theory. One way to introduce correlation effects is by consid-
ering virtually excited states. These can be generated by replacing occupied
orbitals in the Slater determinant by unoccupied ones, i.e., by states that do
not correspond to the N lowest Hartree—Fock eigenvalues. By replacing one,
two, three, four or more states, single, double, triple, quadruple or higher
excitations can be created. In the Mgller—Plesset theory [24], these excita-
tions are treated perturbatively by regarding the Hartree-Fock Hamiltonian
as the unperturbed Hamiltonian and the difference to the true many-body
Hamiltonian as the perturbation.

To derive the Mgller-Plesset theory, we first rewrite the Hartree—Fock equa-
tions (3.15) as

Wit i(r) = eq (r) (3.32)

where the effective one-electron operator hf'F acts on the i-th electron. If we
neglect the nuclear-nuclear interaction Viuc1—nucl for a moment, the Hartree—
Fock Hamiltonian Hy can be defined as

Hup =Y _h'" = Vi — Ex. (3.33)

i

Here Vi3 and FEy are just treated as constants determined with the true
Hartree—Fock ground state wave-function. Note that Hyp does not corre-
spond to the correct many-body electronic Hamiltonian He (2.8) since the
correlation effects between electron with opposite spins are not included. The
difference between H, and Hyp is now treated as the perturbation H’:

H' = H. — Hyp . (3.34)

The expression for the ground-state energy in second-order perturbation the-
ory becomes
| H' |Wo))?
E® = F U, | H'|W, [ H' o) "
ur + (Yol H'| 0>+l;0 Fo_ B,

ts. (3.35)

The sum over states [ other than the ground state corresponds to Slater de-
terminants with single, double, triple, etc. excitations. In fact it can be easily
shown [24] that the Hartree—Fock theory is correct to first order, i.e., the
first-order correction (¥y|H'|¥y) vanishes. If we now introduce the following
notation for the Coulomb integral

2 62
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the second-order expression is given by
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where the sum is performed over all occupied and unoccupied (virtual) or-
bitals. Second-order Mgller—Plesset theory is usually denoted by MP2. If
higher-order corrections are included, the methods are named MP3, MP4
and so forth.

MP2 is a very popular method due to its conceptual simplicity. However,
due to the perturbative treatment of electron correlation its applicability is
still limited. Instead of perturbatively treating single and double excitations
one might just directly express the wave function as a sum of the Hartree—
Fock determinant plus other determinants obtained by replacing one or two
orbitals:

Wersp = Ve + e vl + 3 ePu? (3.38)
The optimum wave function is then found by varying the coefficients cz(-] )
Since different configurations (or Slater determinants) are included in (3.38),
this method is called configuration interaction (CI). If only single (S) and
double (D) excitations are included in the sum, one refers to the method
as CISD. This approach does not obey one important desirable property of
electronic structure methods, namely the so-called size consistency or size
extensivity. In principle, with size extensivity the linear scaling of the energy
with the number of electrons is meant. For infinitely separated systems, this
comes down to additive energies of the separated components. This property
is not only important for large systems, but even for small molecules [21].
The CISD method does not fulfill size extensivity because the product of two
fragment CISD wave functions contains triple and quadruple excitations and
is therefore no CISD function. One elegant way to recover size extensivity is
to exponentiate the single and double excitations operator:

Ycesp = exp(Th + 1z) Wnr (3.39)

This approach is called coupled cluster (CC) theory, the limitation to single
and double excitations is denoted by CCSD. If also triple excitations are
included, the method is called CCSDT. However, the computational effort
of this method has an eighth-power dependence on the size of the system
and is therefore rather impractical. The scaling is more favorable if the triple
excitations are incorporated perturbatively; still, this CCSD(T) method is
very accurate.

The single-reference methods can be very reliable in the vicinity of equi-
librium configurations, but they are often no longer adequate to describe a
bond-breaking process. One Slater determinant plus excited states derived
from this determinant are not sufficient because the dissociation products
should be described by a linear combination of two Slater determinants tak-
ing into account the proper spin state. Note that there are even some ground-
state configurations such as for example the triplet m; = 0 state that cannot



3.2 Quantum Chemistry Methods 35

be represented by a single Slater determinant. However, any many-particle
electronic wave function can in principle be represented by a sum over, if nec-
essary, infinitely many Slater determinants. Hence by considering more and
more configurations in the calculations, the accuracy can be systematically
improved. If all possible determinants are included in an electronic structure
calculation, the method is called full configuration interaction (FCI). Because
of the large computational effort required, FCI calculations are limited to
rather small systems. In particular, the treatment of larger clusters necessary
to model surface science problems is not possible with FCI. Hence approxi-
mate multi-reference methods are needed.

In the multiconfigurational self-consistent field (MCSCF) approach, a rel-
atively small number of configurations is selected and both the orbitals and
the configuration interactions coeflicients are determined variationally. The
selection of the configurations included in a MCSCF calculation cannot be
done automatically; usually chemical insight is needed [21] which, however,
might introduce a certain bias in the calculations. This can be avoided to a
certain extent by the complete active space (CAS) approach. In a CASSCF
calculations a set of active orbitals is identified and all excitations within this
active space are included. This method is again computationally very costly.
After all, if the active space is increased to include all electrons and orbitals,
we end up with a FCI calculation.

For a proper treatment of the electronic correlation, not only the appropri-
ate many-body method has to been chosen, but also the basis set for the one-
particle wave functions has to be sufficiently large enough. Quantum chemical
methods usually describe the electrons by a localized basis set derived from
atomic orbitals. The preferred basis functions are Gaussian functions because
they allow the analytical evaluation of the matrix elements necessary to per-
form an electronic structure calculations. In fact, the most popular electronic
structure code used in quantum chemistry, the GAUSSIAN program [23], is
named after the type of basis functions employed in the program.

Quantum chemists have developed a particular nomenclature to describe
the quality of a basis set. It is beyond the scope of this book to give a full
introduction into the terminology. I will only give a short overview. The sim-
plest choice of just one atomic orbital per valence state is called “minimal
basis set” or “single zeta”. If two or more orbitals are included, the basis set
is called “double zeta” (DZ), “triple zeta” (TZ) and so on. Often polarization
functions are added which correspond to one or more sets of d functions on
first row atoms. Then a “P” is added to the acronym of the basis set resulting
in, e.g., DZ2P. These polarization functions describe small displacements of
the atomic orbitals from the nuclear centers. For rather delocalized states such
as anionic or Rydberg excited states, further diffuse functions are added.

In quantum chemical methods the accuracy of the treatment of electron
correlation can be improved in a systematic way by either choosing a more
refined method or by increasing the basis set. This is a very attractive property
of these wave function based methods. Unfortunately, the accuracy is paid by
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an immense computational effort so that accurate calculations are limited
to a rather small number of atoms, typically about 10-20. This is often not
sufficient to model an extended substrate. The accuracy is worthless if the
evaluated system does not correspond to the “real” system it is supposed to
model. There has been a very lively and sometimes heated discussion about
the value of cluster calculations to model surfaces. Adsorption geometries
are usually well-reproduced by cluster calculations, but adsorption energies
often exhibit an strong dependence on the cluster size and can be seriously in
error, in particular for metal surfaces [25]. Cluster calculations can still yield
qualitative trends, but they are “often best used for explanatory rather than
predictive purposes” [26]. In recent years one method has become more and
more popular that is not based on a representation of the many-body wave
function, but on the electron density: density functional theory [27-31].

3.3 Density Functional Theory

There is a simple predecessor of density functional theory, the Thomas—Fermi
theory [32]. In the homogeneous electron-gas, in the presence of a constant
external potential veyxy the chemical potential p can be expressed as
LTIy
= %(37{ 1)*" + Vegt (3.40)
which follows for example from (3.19). In an inhomogeneous situation, finding
the electron density n(r) usually requires the determination of all occupied
one-particle wave functions by solving the effective one-particle Schrodinger
equations
52
{—Q—VQ + Veft (’I‘)} ’lbi (T‘) = Eiwi (T‘) . (341)
m
In the case of free, i.e. non-interacting electrons in a constant external poten-
tial vegr, the eigenenergies are given by

_ n’k?

e(k) 5

+ Veff - (342)

Now one assumes that (3.42) also holds for weakly varying effective potentials
Vett (1), 1.€.,

e(k) = T + Ve (T) (3.43)
The energy of the highest occupied state corresponds to the Fermi energy ep
which at 7" = 0 equals the chemical potential p which has to be constant
throughout the whole system:

h2k2,
2m

+ve(r) =ep=p . (3.44)
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This corresponds to assuming a position dependent Fermi wave vector
kp(r) = (3m°n(r)) Vs (3.45)

Inserting (3.45) into (3.44) yields the so-called Thomas—Fermi equation

2

h—(37r2n(r))2/3 + Vet (1) = 11, (3.46)
2m

which can also been derived from a variational principle. This equation pro-
vides a relation between the effective potential and the electron density at
each point in space. However, (3.43) is strictly only valid for a constant ex-
ternal potential. Therefore, it is only a good approximation for systems that
vary slowly on the length scale of a Fermi wavelength 1/kp. Furthermore, it
is not clear whether there is also a strict relation between the electron density
appearing in the Thomas—Fermi equation and the corresponding many-body
wave function [31].

This connection is in fact provided by the Hohenberg—Kohn theorem [27]
density functional theory (DFT) is based upon. This theorem states that the
ground-state density n(r) of a system of interacting electrons in an exter-
nal potential uniquely determines this potential. The proof for this theorem
which is rather simple will be presented here in order to demonstrate that
also theories that are based on simple ideas can lead to a Nobel prize (Walter
Kohn, Nobel prize for chemistry 1998). However, the formulation of its rigor-
ous mathematical foundations was only completed several years after the first
presentation of the Hohenberg-Kohn theorem (see, e.g., [29]).

Let us assume for the sake of simplicity that the system of interacting elec-
trons has a nondegenerate ground state (the extension to degenerate cases is
straightforward). Let the wave function ¥; be the nondegenerate ground state
of the Hamiltonian H; with external potential v;(7) and the corresponding
ground-state density n(r). The ground-state energy F; is then given by

E,=(W | H |¥)

:/ vi(r)n(r) dr + (0 | (T+U) | ¥ ). (3.47)
Here T and U are the operators of the kinetic and the interaction energy.
Now let us assume that there is a second potential vo(r) which differs from

v1(r) by not just a constant, i.e. va(r) # vi(r) + const., but leads to the same
electron density n(r). The corresponding ground state energy is

Ey = (W | Hy | W5 )

_ / wn(r) &r + (U | (T+U) |0 ). (3.48)

Now we can apply the Rayleigh-Ritz variational principle. Since the ground
state ¥ is assumed to be nondegenerate, we obtain the true inequality
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:/ n(n@) & + (B | (T+U) | ¥ )

=FE, + /(vl(r) — wva(r)) n(r) d*r. (3.49)

Equivalently, we can use the Rayleigh-Ritz variational principle for Hy. We
have not explicitly assumed that W5 is nondegenerate, hence we obtain

E, < (W | Hy | W)
=FE + / (va(r) — vi(r)) n(r) d®r. (3.50)
If we add (3.49) and (3.50), we end up with the contradiction
FEi+FEy < Ey+ Es. (351)

Hence the initial assumption that two different external potential can lead to
the same electron density is wrong. This concludes the proof of the Hohenberg—
Kohn theorem.

Since the density n(r) is uniquely related to the external potential and
the number N of electrons via N = [ n(r)d®r, it determines the full Hamilto-
nian. Thus in principle it determines all quantities that can be derived from
the Hamiltonian such as, e.g., the electronic excitation spectrum. However,
unfortunately this has no practical consequences since the dependence is only
implicit.

In the derivation of the Hartree and the Hartree-Fock methods we have
used the Rayleigh-Ritz variational principle. This demonstrated the impor-
tance of variational principles. In fact, there is also a variational principle for
the energy functional (i.e., a function whose argument is another function),
namely that the exact ground state density and energy can be determined by
the minimization of the energy functional E[n]:

Eiot = min En] = min(T[n] + Vext[n] + Via[n] + Exc[n]) . (3.52)

n(r) n(r)

Vext[n] and Vz[n] are the functionals of the external potential and of the clas-
sical electrostatic interaction energy that corresponds to the Hartree energy,
while T'[n] is the kinetic energy functional for non-interacting electrons, i.e. the
kinetic energy functional of a non-interacting reference system that is exposed
to the same external potential as the true interacting system. All quantum me-
chanical many-body effects are contained in the so-called exchange-correlation
functional E*°[n]. Yet, this non-local functional is not known; probably it is
even impossible to determine it exactly in a closed form. However, it has the
important property that it is a well-defined universal functional of the electron
density, i.e., it does not depend on any specific system or element. Instead of
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using the many-body quantum wave function which depends on 3N coordi-
nates now only a function of three coordinates has to be varied. In practice,
however, no direct variation of the density is performed, although there is re-
cently a renewed interest in so-called orbital-free DFT calculations [33]. One
of the reasons why the formulation (3.52) is not directly used is that apart
from the exchange-correlation functional the kinetic energy functional T'[n] is
not well-known either.
The density is rather expressed as a sum over single-particle states

N
n(r) =3 li(r)*. (3.53)

Now we make use of the variational principle for the energy functional and
minimize E[n] with respect to the single particle states under the constraint
of normalization. This procedure is entirely equivalent to the derivation of the
Hartree and the Hartree-Fock equations (3.8) and (3.15), respectively. Thus
we obtain the so-called Kohn-Sham equations [28]

{;mv2 + 'Ue:nt(r) + 'UH(T) + ch(r)} 1/11(7’) =& 1/’1(7') . (354)

The effective one-electron potential acting on the electrons is given in the
Kohn-Sham formalism by

Vet (1) = Vext (7) + v () + vxe(T) - (3.55)

The exchange-correlation potential vy.(7) is the functional derivative of the
exchange-correlation functional Ey.[n]

0Fxc[n)

relr) = 2 (3.56)
The ground state energy can now be expressed as
N
E= Z g; + Exc[n] — /vxc(r)n(r) &®r — Vit + Vauel—nuel - (3.57)
i=1

Here we have added the term Viucl_nucl in order to have the correct total en-
ergy of the electronic Hamiltonian (2.8). In solid-state applications, the sum
over the single-particle energies in (3.57) is often called the band-structure
energy. However, it is important to keep in mind that the “single-particle
energies” ¢; enter the formalism just as Lagrange multipliers ensuring the
normalization of the wave functions. The Kohn-Sham states correspond to
quasiparticles with no specific physical meaning except for the highest occu-
pied state [29]. Still it is almost always taken for granted that the Kohn—
Sham eigenenergies can be interpreted, apart from a rigid shift, as the correct
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electronic one-particle energies. This is justified by the success since the
Kohn—Sham eigenenergy spectrum indeed very often gives meaningful physi-
cal results, as will be shown in the next chapters.

Note that if the exchange-correlation terms F,. and wvy. are neglected
in (3.54)—(3.57), we recover the Hartree formulation of the electronic many-
body problem. Hence the Kohn—Sham theory may be regarded as a formal
extention of the Hartree theory. In contrast to the total energy expression
in the Hartree and the Hartree—Fock approximation, the ground-state energy
(3.57) is in principle exact. The reliability of any practical implementation of
density functional theory depends crucially on the accuracy of the expression
for the exchange-correlation functional.

The exchange-correlation functional Fy.[n] can be written as

Eyeln] = /d?’r n(r) exc[n](r), (3.58)

where e4.[n](r) is the exchange-correlation energy per particle at the point r,
but depends on the whole electron density distribution n(r). In order to dis-
cuss the properties of Fy.[n], it is helpful to introduce the exchange-correlation
hole distribution

nxe(r,7') = g(r,v") —n(r'), (3.59)

where g(r,7’) is the conditional density to find an electron at ' if there is
already an electron at r. Every electron creates a hole corresponding to exactly
one electron out of the average density n(r). This is expressed through the
sum rule

/ &r' nye(r,r') = —1. (3.60)
Furthermore, the exchange-correlation hole vanishes for large distances:

nee(r, ')  — 0, (3.61)

|r—r’|—o00

and there is an asymptotical result for the integral

!
/dgrf Mxe(ryr’) 1 (3.62)

|r —r'| |r|—c |7

Since the exchange-correlation functional Ey.[n] is not known in general, the
exchange-correlation energy ex.[n](r) cannot be exactly derived either. What
is known is the exchange-correlation energy for the homogeneous electron
gas, i.e. for a system with a constant electron density [19]. This energy is
plotted in Fig.3.4. In the so-called Local Density Approximation (LDA), the
exchange-correlation energy for the homogeneous electron gas is also used for
non-homogeneous situations,

XC

ELPA[p] = /d37° n(r) eLPA(n(r)), (3.63)
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Table 3.1. Oz binding energy obtained by DFT calculations using LDA and differ-
ent GGA exchange-correlation functionals [38]

functional LDA PW91 PBE RPBE Exp.
Oz binding energy (eV) 7.30  6.06 5.99 559  5.23

As (3.63) shows, at any point in space the local exchange-correlation energy
eLDA(n(r)) of the homogeneous electron gas is used for the corresponding den-
sity, ignoring the non-locality of the true exchange-correlation energy exc[n].

In a wide range of bulk and surface problems the LDA has been surpris-
ingly successful [30]. This is still not fully understood but probably due to
a cancellation of opposing errors in the exchange and the correlation expres-
sion in the LDA. Furthermore, the LDA satisfies the sum rule (3.60) which
is apparently also very important. For chemical reactions in the gas phase
and at surfaces, however, the LDA results are not sufficiently accurate. Usu-
ally LDA shows over-binding, i.e. binding and cohesive energies turn out to
be too large compared to experiment. This overbinding also leads to lattice
constants and bond lengths that are smaller than the experimental values.
These shortcomings of LDA were the reason why many theoretical chemists
were rather reluctant to use DFT for a long time. There had been attempts
to formulate a Taylor expansion of the exchange-correlation energy ey.[n],
but these first attempts had not been successful because by a straightforward
gradient expansion the sum rule (3.60) is violated. Only with the advent of
exchange-correlation functionals in the Generalized Gradient Approximation
(GGA) [34-38] this situation has changed [39]. In the GGA the gradient of
the density is also included in the exchange-correlation energy,

ESSA ] = [ dr n(r) 89 n(r), [Vn(r)) (361

but the dependence on the gradient is modified in such a way as to satisfy the
sum rule (3.60). In addition, general scaling properties and the asymptotic
behavior of effective potentials are taken into account in the construction of
the GGA. DFT calculations in the GGA achieve chemical accuracy (error
< 0.1eV) for many chemical reactions. This improvement in the accuracy
of DFT calculations finally opened the way for Walter Kohn to be honored
with the Nobel prize in chemistry in 1998 for the development of DFT which
is somewhat paradox because DFT was accepted in the physics community
much earlier than in the chemistry community.

Still there are important exceptions where the GGA also does not yield
sufficient accuracy. In Table 3.1 DFT results for the O5 binding energy ob-
tained using LDA and different GGA exchange-correlation functionals [38§]
are compared to the experimental value. The LDA result shows the typical
large overbinding. The GGA functional by Perdew and Wang (PW91) [36]
and by Perdew, Burke and Ernzerhof (PBE) [37] have been constructed to
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give similar results. The revised PBE functional (RPBE) [38] follows the same
construction scheme as the PBE functional, just a different interpolation that
is not specified by the construction scheme is used. This leads to a difference
of almost half an eV for the O; binding energy. This is a rather unsatisfac-
torily result because this means that there is an intrinsic uncertainty of up
to half an eV for energy differences obtained within the generalized gradient
approximation. And still the theoretical Oz binding energies are much larger
than measured in experiment.

The binding energy of O is not the only case where DFT calculations are
rather inaccurate. A list of the failures of DF'T with present-day functionals
includes: (i) van der Waals forces are not properly described, (ii) negative ions
are usually not bound, i.e. electron affinities are too small, (iii) the Kohn—
Sham potential falls off exponentially for large distances instead of o 1/r,
(iv) band gaps are underestimated in both LDA and GGA by approximately
50%, (v) cohesive energies are overestimated in LDA and underestimated in
GGA, (vi) strongly correlated solids such as NiO and FeO are predicted as
metals and not as antiferromagnetic insulators.

The problem in the development of a more accurate exchange-correlation
functional is the reliable representation of the non-locality of this functional.
One could say that all present formulations of the exchange-correlation func-
tional in principle still represent an uncontrolled approximation. There is no
systematic way of improving the functionals since there is no expansion in
some controllable parameter.

Still the development of more accurate exchange-correlation function is a
very active research field. One route is the development of so-called meta-
GGA’s that include higher-order powers of the gradient or the local kinetic
energy density [40]. Another ansatz is to include to some extent “exact ex-
change” in the construction of the functional [41,42]. Very accurate results for
small molecules can be obtained by methods based on orbital functionals such
as the optimized potential method (OPM) or the optimized effective potential
(OEP) method [43]. In this approach, the exchange-correlational functional
does not explicitly depend on the density but on the individual orbitals. Thus
the self-interaction can be avoided. It is still true that all improved function-
als mentioned above require a significant increase in the computational effort.
Therefore they have not been used yet in standard applications of DFT cal-
culations for surface science problems.

In surface science problems, relativistic effects can often be neglected. How-
ever, for heavy elements such as Au the large charge of the nucleus can accel-
erate the electrons to velocities close to the velocity of light so that relativistic
effects become important [44]. Furthermore, the spin-orbit coupling becomes
important for molecules and materials containing heavy elements [45] and also
for the proper theoretical treatment of magnetism (see Chap. 6). Here we will
not dwell on details of relativistic quantum mechanics which can be found in
standard text books [18]. We will simply note that based on the Dirac equa-
tion, there is an extension of the Hohenberg-Kohn theorem to the relativistic
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regime [46]. Using the four-current J#, a relativistic energy functional can be
defined [29]

i /
E[JHM] = T,[J*] + / d3rJ, AL (r) + % / d%d%’% + Exc[J"],
rTr—r

(3.65)

where A* is the four-potential. The variation of the energy functional (3.65)
leads to the relativistic Kohn-Sham or Kohn-Sham-Dirac equations

{ca : (fiV - EAeﬁ) + Bmec? + meﬁ«(r)} bi(r) =& (1), (3.66)

O(r el S
Vet (T) = <Agxt /dgrl |7{_( 7“)'| + 65{}05)]) (3.67)

with

and

J(r) 5EXC[J“]) (3.68)

A = - Ao S/
(r) e( t+/dr|r—r’|+ 5 (r)

for all negative and positive energy orbitals where o and 3 are the usual Dirac
matrices [18]. It should be mentioned that the solution of the Kohn-Sham-—
Dirac equations is computationally rather demanding so that they are still
not routinely applied to surface science problems.

In any practical implementation of DF'T the computational effort increases
significantly with the number of electrons that have to be taken into account.
However, most chemical and solid-state properties are determined almost en-
tirely by the valence electrons while the influence of the core electrons on these
properties is negligible. Indeed there is a way to replace the effect of the core
electrons by an effective potential so that they do not have to be taken into
account explicitly, namely by constructing so-called pseudopotentials. Since
this significantly reduces the number of electrons that have to be taken into
account, the use of pseudopotentials leads to an enormous saving of computer
time.

3.4 Pseudopotentials

The concept of pseudopotentials is based on the observation that the chemi-

cal properties of most atoms are determined by their valence electrons. Core

electrons hardly participate in any chemical interaction. The starting point

for the generation of pseudopotentials is an all-electron calculation for the

isolated atom. We rewrite the one-particle wave function of a valence electron
s [47,48]

| v ) = Vs ) ZI% (We: | ps ) - (3.69)
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The |t).,) are core states with one-particle energies e.,. The valence wave
function is assumed to be orthogonal to the core states. Indeed, in the form
(3.69) the matrix element (1), |t).,) of the valence wave-function with any core
state will vanish by construction. However, the pseudo-wave function |iys) is
not uniquely defined by (3.69) since the coefficients (¢, |1ps) can be chosen
arbitrarily. Substituting the wave function (3.69) into an effective one-particle
Schrédinger equation such as the Kohn—Sham equations (3.54) for the isolated
atom

hQ
{va2+veﬂ} | Yo ) =¢0 | Y0 ) (3.70)
leads to

52
{_%VQ +UPS} | Yps ) = €v | Vps ), (3.71)

with the pseudopotential vps given by

Ups = Vert (1) + Z (ev — €¢;) [We;) (Yeil- (3.72)

It is a non-local potential since it does not simply operate on a wave func-
tion by a multiplication of a r-dependent function. In addition, it is energy-
dependent. This constitutes the difference to a “true” potential and is the
reason why it is called a “pseudo-potential”. Since €, > e., and the core
states are localized, the sum in (3.72) acts as a short-range repulsive poten-
tial. Note that the wave function ¢ps(r) has the same one-particle energy ¢,
as the true valence wave function ¢, (r). Furthermore, 1,¢(r) does not need
to be orthogonal to the core states. Consequently, it does not have to have a
nodal structure in the core region. Therefore one has the freedom to choose
a smooth pseudo-wave function which is rather advantageous when the wave
function is expanded in some set of basis functions.

The derivation (3.69)—(3.72) captures the essentials of the pseudopotential
generation. Still this simple formulation has some drawbacks. For example, the
pseudo-wave function [i,s) entering (3.69) is not normalized. This can easily
be checked by taking the norm on both sides of (3.69) under the assumption
that |4, ) is normalized. The deviation of the norm from unity is given by

L= (ps | Pps ) = Z (e, | %ps )2 (3.73)

which is typically of the order of 0.1. One can of course explicitly normalize
the pseudo-wave function but this leads to an incorrect distribution of the
valence charge. This problem can be avoided by the construction of so-called
norm-conserving pseudopotentials [49,50]. Their construction is guided by the
following requirements. Asymptotically a pseudopotential should describe the
long-range interaction of the core. Outside of a core radius 7. the pseudo-
wavefunction should coincide with the full wavefunction. Inside of this radius
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Fig. 3.6. Schematic illustration of the difference between the all-electron (solid line)
and pseudo 3s wave function (dashed line) and their corresponding potentials. The
core radius r. is indicated by the vertical line

both the pseudopotential and the wavefunction should be as smooth as pos-
sible to reduce the computational effort. This property is also referred to as
the softness of the pseudopotential. The requirement that the norm of the
pseudo-wave function is conserved then automatically ensures that it has the
same one-particle energy ¢, as the true valence wave function.

The general form of norm-conserving pseudopotentials is given by

UPS(T) = Z |}/lm> 'Ul(T) ( Y2m| (374)

im

This form is called semi-local because it is local in the radial part and non-local
in the angular part. The requirements for the construction of norm-conserving
pseudopotentials still leaves a lot of freedom for the specific generation. A
further important property of pseudopotentials which should be considered in
their construction is the transferability. A pseudopotential should give reliable
results independent of the particular environment in which it is used.

The most common pseudopotential generation schemes have been devel-
oped by Bachelet, Hamann and Schliiter [50] and by Troullier and Martins
[51,52]. The Troullier-Martins pseudopotentials are constructed in such a way
as to give particularly soft potentials. A comparison of a typical pseudo-wave
function s and the pseudopotential v,s with the corresponding all-electron-
results is illustrated in Fig. 3.6 for a 3s state.

A further significant improvement has been the development of the Van-
derbilt or ultra-soft pseudopotentials [53]. In the generation of this pseudopo-
tentials the norm-conserving constraint has been removed. They are rather
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constructed by a generalized orthonormality condition. In order to recover
the correct charge density, augmentation charges are introduced in the core
region. The electron density can thus be subdivided in a delocalized smooth
part and a localized hard part in the core regions. As the name already sug-
gest, by this procedure very soft pseudopotentials can be created that enable
a dramatic reduction in the necessary size of the basis set.

3.5 Implementations of Density Functional Theory

Density functional theory was first accepted as a very valuable method in solid-
state physics where one deals with periodic structures. Many bulk properties
of materials were accurately reproduced by DFT calculations in the local
density approximation. The natural basis to describe periodic structure is
made of plane waves .

G _ = Li(k+G)r

1/% (T‘) \/V S

because plane waves are already of the form (2.21) required by the Bloch
theorem. In (3.75), G is a reciprocal lattice vector and k is supposed to lie
within the first Brillouin zone. Due to the symmetry properties of an infinite
crystal, plane wave with wave vectors that do not differ by a reciprocal lattice
vector do not couple, i.e.

: (3.75)

(Yr|h|n) =0 for k#k +QG, (3.76)

where h is an effective one-particle Hamiltonian, for example the one entering
the Kohn—Sham equations. Hence the expansion of any wave function solving
the Kohn—Sham equations only contains plane waves that differ by reciprocal
lattice vectors. To determine the total energy of a crystal, still a summation
over the lowest eigenvalues has to be performed. For infinite periodic systems,
this band structure energy in the total energy expression has to be replaced
by an integral over the first Brillouin zone

Zsi — Y %/ Pk ej(k), (3.77)

bands j BZ

where over all occupied energy bands has to be summed. Fortunately this
integral can be approximated rather accurately by a sum over a finite set
of k-points, either by using equally spaced k-points within the first Brillouin
zone or by using so-called special k-points [54]. In practice this means that one
performs a number of calculations for different k-points. The electron density
n(r) in real space that enters the self-consistency cycle is also constructed by
a Fourier transform over these k-points. Finally the eigenenergies ¢;(k) at the
different k-points are summed up for the band structure term.

The expansion of the electronic wave functions in plane waves is com-
putationally very efficient. This is due to the fact that the plane waves are
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Surface
unit cell

Fig. 3.7. Ilustration of the supercell approach, in which surfaces are represented
through an infinite array of slabs

eigenfunctions of the momentum operator and that the kinetic energy oper-
ator is diagonal in momentum space. Hence the kinetic energy can be easily
computed in momentum space whereas the potential energy is evaluated in
real space. The switching between real and momentum space is done by Fast-
Fourier-Transformation (FFT) techniques [17]. However, this expansion usu-
ally requires a three-dimensional periodicity of the considered system. If one
wants to use plane-wave codes for surface science problems, the surface has to
be cast into a three-dimensional periodicity. This is achieved in the so-called
supercell approach, in which a surface is represented through an infinite array
of slabs. The supercell approach for surfaces is illustrated in Fig. 3.7. In order
to give a reliable description of surfaces, firstly, the vacuum layer between the
slabs has to be sufficiently wide to avoid any interaction between the slabs,
and secondly, the slabs have to be thick enough to be a reasonable model for
a surface of a semi-infinite substrate. Both these properties can be checked by
convergence tests of any calculated property with respect to the width of the
vacuum layer and the thickness of the slab.

In the discussion of the pseudopotentials we already mentioned that their
introduction leads to a significant reduction in the computational cost because
of the smaller number of electrons that have to be taken into account explicitly.
In plane wave calculations, however, the softness of a pseudopotential plays an
essential role. The smoother, i.e, the softer a pseudopotential is, the smaller the
number of plane waves necessary in the expansion of the wave function. So to
say, less Fourier coefficients are needed in order to resolve smooth structures.
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This is the reason why many of the modern plane wave DFT codes [55] have
implemented ultrasoft pseudopotentials [53].

Even within the pseudopotential concept the solution of the single-particle
equations would still require the diagonalization of a rather large matrix. The
size of this matrix is determined by the number of plane waves in the expansion
of wave functions. Usually the kinetic energy of the highest Fourier component,
the so-called cutoff energy

R (k + G)?

o (3.78)

Eeutoft = mCi}X
is used as a parameter characterizing the size of the plane wave basis set.
Employing norm-conserving Troullier—-Martins pseudopotentials, this cutoff
energy is typically about 10 Ryd for semiconductors and more than 50 Ryd
for transition metals. Using ultrasoft pseudopotentials, the cutoff energy for
transition metals can be reduced to about 20 Ryd. Depending on the number
of atoms in the supercell, the number of plane waves in the expansion can
easily be larger than 10,000. The diagonalization of a 10,000 x 10, 000 matrix
is computationally still very demanding. A full diagonalization is anyways not
required because often only the lowest 100 to 1000 eigenvalues are needed.
Hence in almost all modern DFT algorithms the diagonalization is avoided
by using the fact that the diagonalization can be regarded as a minimization
problem for which many efficient algorithms exist.

The use of pseudopotentials still represents an approximation. For some
elements, there is a significant interaction between core and valence electrons.
Hence all-electron calculations are desirable for systems containing these el-
ements. There are indeed electronic structure methods for extended periodic
systems that do take into account the core electrons. I will present a brief
sketch of the development of these methods which cumulated in the develop-
ment of the so-called PAW method [56] that combines an all-electron treat-
ment with the efficiency of ultra-soft pseudopotentials.

The basic idea, proposed by Slater in 1937 [57], is to expand the electronic
wave function in the core region in a different basis set than in the interstitial
region. In the first implementations, the effective potential was approximated
by the muffin-tin potential

0 interstitial region
Vet (1) = (3.79)

UMT(|’I‘ — Rz|) |’I‘ — Ri| < TMT

This means that the effective potential is approximated by a constant poten-
tial in the interstitial region and by a radial symmetric potential within the
muffin-tin radius ryr in the core region. As the basis set for the expansion of
the correct solution of the effective one-particle equations within the muffin-
tin approximation (3.79) augmented plane waves (APW) are used which are
defined as
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elkr interstitial region
Pree(r) = ., (3.80)
: Yo aim(k,g) w(ri,e) Yim(0,0) |r— Ri| <rmr
Im

3

where we have set r; = |r — R;| and where 6 and ¢ are related to the origin at
R;. The plane waves are so-to-say augmented by spherical harmonics times
a radial function in the core region. The augmented plane waves are defined
to be continuous at the boundary between core and interstitial region. The
functions wu(r,€) are solutions of the radial Schrodinger equation

rd? RPI(41)
— —_ +U
2mdr?  2m 2

M (r) — 5} ru(r,e) =0. (3.81)

Note that one can define augmented plane waves for any wave vector k and any
energy ¢; there is no constraint relating the two quantities. The continuity re-
quirement at the boundary between core and interstitial region then uniquely
determines the expansion coefficients aj,, (k,e) for any given combination of
k and e, but the derivative is discontinuous at the boundary. The correct so-
lution of the one-particle Schrodinger equation is written as a superposition
of augmented plane waves, all with the same energy:

Vi(r) = Z cG Pk+G,e(T), (3.82)

G

where the sum is over reciprocal lattice vectors. The APW method for a given
muffin-tin potential can in principle be exact, but it is computationally rather
costly. This is so because the basis functions, the augmented plane waves,
depend on the energy. Therefore the basis set cannot be used for the whole
energy spectrum.

This problem is avoided by the concept of the linearized augmented plane
waves (LAPW) that was proposed by Andersen in 1975 [58]. First, the basis
functions and their first derivative are required to be continuous at the bound-
ary between core and interstitial region. This makes only an approximative
solution of the Schrédinger equation possible, but the associated error is rather
small [58]. Secondly and more importantly, the radial functions u;(r,e) are
expanded around a fixed energy ¢;, i.e. they are written as

ul(T,E) :ul(T,EZ)Jrlll(T,El) (E*El)Jr... , (3.83)
where 4 (r,£;) is the energy derivative

duy(r,€)

w(r,e) = 0=

(3.84)

E=¢g]

The fixed energy €; should be in the middle of the corresponding energy band
with [ character.
The LAPW basis functions are then given by
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The augmentation parameters a;, (k) and by, (k) are determined through
the continuity requirement of both the wave function and its first derivative.
Through the linearization (3.83) the basis functions become energy indepen-
dent and the corresponding radial functions w;(r,&;) only have to be deter-
mined once. This leads to an enormous increase in the efficiency of the method
compared to the original APW method.

The restriction to spherical symmetric potentials in the core region and
constant potentials in the interstitial region can also be lifted in the LAPW
method. The potential is expanded corresponding to the wave function as

3 v (G) G interstitial region
G
Vet (1) = (3.86)
) S0l (1) Yim(6,6)  |r — Ra| < e
m

Since now the “full potential” (FP) can be taken into account, this method is
called FP-LAPW method.

One problem arises for the determination of the atomic forces. The LAPW
basis functions (3.85) depend on the atomic position and move according to
the dynamics of the atoms. For such a basis set the atomic forces are not
simply given by the Hellmann—Feynman theorem (2.12), but in addition basis
set corrections have to taken into account, the so-called Pulay forces. This
makes the evaluation of the atomic forces more complex, but they are now
implemented in standard FP-LAPW packages [59].

All-electron DFT calculations using the FP-LAPW method are considered
to give the most accurate results apart from the errors associated with the
exchange-correlation functional. This requires a large computational effort.
Therefore FP-LAPW calculations are usually more expensive than plane-wave
calculations using ultrasoft pseudopotentials.

An all-electron method that only requires the computational effort of ultra-
soft pseudopotential calculations is based on the so-called projected augmented
waves (PAW) [56,60]. The augmentation procedure differs from the LAPW
method in that partial-wave expansions are not determined through the con-
tinuity requirement of both the wave function and its first derivative at the
muffin-tin radius, but rather by the overlap with localized projector functions
[56]. In fact, there is a formal relationship between the ultrasoft pseudopo-
tential method and the PAW method. It can be shown that they only differ
by one-center terms [60]. This makes the PAW method to a computationally
very efficient all-electron method.

One of the main goals of total-energy calculations is to find equilibrium
structures of a particular system. These structures corresponds to the minima
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in the Born—Oppenheimer energy surface. Usually the determination of the
minima requires many calculations of the energies and the gradients of the
Born—Oppenheimer surface. In fact, it is not necessary to perform many calcu-
lations on the Born-Oppenheimer surface in order to find the minima. Instead,
taking advantage of the variational principle of density functional theory, both
nuclear and electronic degrees of freedom can be relaxed simultaneously. This
approach which is now known as the Car—Parrinello method [61] was first
proposed by Bendt and Zunger [62]. For a satisfactory convergence, however,
this method requires the existence of an electronic band gap. Therefore, for
metallic systems the Born—Oppenheimer approach is recommended [63]. Still
the Car—Parrinello has been used extensively, in particular for biologically
relevant systems [64].

3.6 Further Many-Electron Methods

Although density functional theory has been remarkably successful, there are
severe shortcomings, as listed on page 41, that need to be overcome. For
weakly correlated solids, very accurate ground-state expectation values can
be obtained by quantum Monte Carlo (QMC) methods [65]. In general, the
term Monte Carlo denotes computational techniques that are based on ran-
dom sampling. There are indeed also several versions of quantum Monte Carlo
methods. In the simplest of these, variational Monte Carlo (VMC), the ex-
pectation values with respect to a chosen trial many-body wave function are
evaluated by a Monte Carlo integration scheme. This requires a good initial
guess for the trial wave function. The more sophisticated diffusion quantum
Monte Carlo avoids this limitation. It corresponds to a projector technique in
which a stochastic imaginary-time evolution is used to suppress the higher-
states components of the trial wave function.

Quantum Monte Carlo calculations can provide very accurate results. For
example, the parameterization of the exchange-correlation energy in the local
density approximation is based on quantum Monte Carlo [19]. On the other
hand, QMC simulations are computationally very demanding so that their
applications are still limited to systems with a rather small number of atoms.
Furthermore, while probabilistic methods such as DMC usually require posi-
tive distributions, many-fermion wave functions change sign due to their an-
tisymmetry. This leads to the fermion sign problem in quantum Monte Carlo.
Therefore there are almost no approximation-free QMC algorithms treating
fermion systems. Usually the fixed-node approximation is employed in which
the nodal structure of the wave-functions is determined by the trial wave func-
tion and kept fixed in the simulation. In spite of these problems, remarkable
progress has been made in the development of efficient and accurate quantum
Monte Carlo algorithms, and first applications to surface science problems
have been carried out.
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As an intermediate approach that is computationally less demanding than
quantum chemistry or quantum Monte Carlo methods but more accurate than
standard DFT methods, natural orbital functional theory [66] has been pro-
posed. Natural orbits are the eigenfunctions of the one-particle density matrix
with the occupation numbers n; as their eigenvalues. In this approach, the true
many-body kinetic energy can be expressed in terms of the natural orbitals so
that the still unknown exchange-correlation functional only includes poten-
tial energy contributions whereas the exchange-correlation functional in the
Kohn—Sham formulation contains both potential and kinetic energy contribu-
tions. This method has not matured yet, but it can produce atomic energies
as good as, and atomic densities that are better than those obtained from the
most accurate DFT implementations [66].

3.7 Tight-Binding Method

Total energy calculations using density functional theory are still computa-
tionally rather expensive. Consequently, the systems treated are often limited
to well below 100 atoms within the supercell. There is a computational scheme
of the early days of computational physics [67] that is still rather popular:
the tight-binding method [68] in which the essentials of quantum mechanics
are retained. Still it is computationally much more effective than a true self-
consistent electronic structure calculation. Compared to ab initio methods,
tight-binding is about two to three orders of magnitude faster, depending on
the particular system. This allows the treatment of large systems with more
than 1000 atoms, in particular in combination with so-called order(N) meth-
ods [69] in massively parallel calculations. Tight-binding is also two to three
orders of magnitude slower than empirical methods which, however, hardly
reproduce the quantum mechanical nature of bonding.

In short, the tight-binding method can be characterized by saying that
it assumes an expansion of the eigenstates of the effective one-particle
Hamiltonian in an atomic-like basis set and replaces the exact many-body
Hamiltonian with parameterized Hamiltonian matrix elements [68]. The
atomic-like basis functions are usually not considered explicitly, but the ma-
trix elements are assumed to have the same symmetry properties as matrix
elements between atomic states. Tight-binding is very similar to the Hiickel
and extended Hiickel methods used in quantum chemistry.

To be specific, in tight-binding one formally starts with a basis of atomic
functions

¢za(T) = ¢a(T - Rl) ’ (387)
where 7 labels the lattice site and « the type of the atomic orbital such as s, p,
d etc. From the atomic orbitals (3.87) periodic functions can be constructed
by forming Bloch sums

1 ik-R.
Gak(r) = \/_N zl: i da(r — R;), (3.88)
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where N is the number of unit cells within the periodic boundary conditions.
For simplicity we have assumed here that there is only one atom per unit cell.
The extension to a lattice with a basis is straightforward. The sums (3.88) are
then used to determine the matrix elements

hap(k) = <¢ak|h|¢ﬁk>
N Ze““ (R;—Ri) /¢ r — R;) h ¢p(r — R;) d°r

-3 e [ontr hostr ~ Ry)

= Z BB (Goalhldie) = D ™ hap(Ry), (3.89)
J J
where we have used the translational invariance of the Bravais lattice. The
key idea in tight-binding which was formulated by Slater and Koster [67] is
to replace the explicit determination of the integrals hog(R) by a parame-
terized function depending on the interatomic distances R. This requires the
so-called two-center approximation. The evaluation of the matrix elements
hag(R) usually involves integration over two atomic orbitals and the poten-
tial part of the Hamiltonian. This potential is due to all atoms in the system.
This leads to three and four-center integrals in the evaluation of hyg(R) which
are neglected in the two-center approximation. In this approximation h,g(R)
becomes a function of the square modulus R = |R| and of the direction cosines
k, 1, m of R. These direction cosines have been tabulated [67]. Often the atomic
orbitals and matrix elements are further expanded as a sum over functions
with well-defined angular momentum with respect to the axis between the
two atoms, i.e., in o, m, § bonds etc.
Any eigenfunction xg of the one-particle Hamiltonian can be written as

Xu(r) =Y calk) a(r). (3.90)

(03

The band energies £(k) can then be evaluated as the eigenvalues of
h(k) c(k) = S(k) e(k) c(k), (3.91)

where S(k) is the overlap matrix given by

=3 R (Goaldip) = Y * T Ss(R;). (3.92)
J J

This means that the dispersion curves £(k) can be obtained by the diagonal-
ization of S(k)~'h(k). This method is called non-orthogonal tight-binding.
A further simplification results if one assumes that the atomic orbitals are
already orthogonalized according to the Lowdin scheme [70]
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Via(r Z Sidi bialr). (3.93)

In this orthogonal tight-binding the eigenenergies are just obtained by the
diagonalization of the Hamilton matrix h(k). If there are N, atoms in the
unit cell and [ atomic orbitals per atoms, then a N.l x N.l matrix has to be
diagonalized.

In (3.91), often only the valence electrons are taken into account, i.e. it is
assumed that pseudopotentials are used in the effective one-particle Hamil-
tonian h. As already mentioned, the atomic basis functions do not explicitly
appear in the tight-binding formulation, but only implicitly via the matrix el-
ements hog(R) and S,3(R) which are both written in a parameterized form.
Hence it is the parameterization scheme that determines the reliability and
accuracy of any tight-binding calculation.

In order to obtain total energies rather than just band energies, usually a
repulsive term written as a sum of pair terms is added

Etot - Eband + Erep

=> e(k)+> Uij. (3.94)
k ij

Such a form looks similar to the total energy in DFT (3.57) under the as-
sumption that the exchange-correlation energy and the Hartree energy can
be combined as a pairwise repulsive interaction. In fact, the validity of (3.94)
has been derived from DFT considerations [71]. There is, however, also a
tight-binding scheme in which the repulsive term is contained in the band
energies [72].

Tight-binding supplies a very useful scheme to understand qualitative
trends of band structures. For example, if one assumes in orthogonal tight-
binding that only nearest neighbors (nn) integrals contribute significantly,
then the dispersion for a s-band in a metal is given by

5(k)=6+2’y cosk- R, (3.95)

where 8 = (¢os|h|pos) is the so-called on-site term and v = (¢os|h|P(nn)s) 18
the hopping matrix element connecting nearest neighbors. For a fcc crystal
the s-band width turns out to be 12+. Hence it is the magnitude of the overlap
integral to the neighboring atoms that determines the band width: the larger
the overlap, the broader the band. This qualitative picture will be important
for the so-called d-band model (see Sect. 5.6).
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Exercises

3.1

3.2

Fermi Energy of Free Electrons

Consider a system of N free electrons in a volume V = L3 that corre-
sponds to a cube with sides L. Assume that there are periodic boundary
conditions at the faces of the cube.

a) How does the ground state of this system look like in k-space?

b) Show that in the ground state the maximum energy of the electrons
is given by

h2 k3
ep = S (3.96)
with
5 \1/3

¢) Determine kp for a two-dimensional electron gas.

Self-consistent Field Scheme
Consider two electrons in one dimension with coordinates r; and ro in the
Hartree approximation. The effective one-particle Hamiltonian is given by

. h2 m hw
(1) — 2 2 o2 %0 2 2
H 3 Vi + ( 5 wjy + 5 n (O)) r; (3.98)

with

n(0) =3 [ (0)f (399)

The electron system is assumed to be in its ground state.

a) Solve the problem self-consistently. As the initial guess for the density
n(0) at the origin take the solution for two independent electrons in the
harmonic oscillator potential:

i h2 m
H"Y = ~5- Vi + it (3.100)
Hint: Recall that the ground-state wave function of the harmonic oscil-

lator is given by

1 1 2 /(92
= ———— /(%) 3.101
Yo(r) mi/4 \/:r_oe ( )
with
h

How many iterations does it take until the relative change of n(0), i.e.
the ratio [(nU+1(0) —n)(0))|/n7)(0), is smaller than € = 10~°? Does a
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mixing scheme speed up the convergence?

b) Solve the problem analytically.

Hartree—Fock Theory for Free Electrons

Assume that the electrostatic potential of the electrons is compensated
by a uniform positive charge background.

a) Show that then the Hartree-Fock equations are

—2— v%ﬂz - 2 Z/CP ! |’I’* ’L( )’(/JJ(’I") = & wi(’l"). (3103)

/|
b) Show that the one-particle eigenenergies are given by

h2k? 3K 1
e(k) = — 4r é? / —
k'<kp

2m (2m)3 |k — K'|?
h2k? 2¢2 k
= — — kp F 3.104
2m r <kp) ( )
where 5
1 1 —x 1 +
F(z) = 5 T pP ln‘1 —| (3.105)

- 1 d3q 1 , ,
Hint: Replace P by 4w on) & exp(i g - (r—r")).

c¢) Explain briefly the lowering of the energy.

d) Show that for small & the Hartree—Fock one-particle energies can be
approximated by

R’k 2e?
k) =~ - —k 3.106
e() = 5~k (3.106)
where the effective mass of the electrons m* is given by
m* 4e2 m \ '
= 1+ ——— . 3.107
m ( " thF) (3.107

Exchange Hole

Verify that the exchange hole in the homogeneous electron gas is given by
9N (k’pr cos(kpt) — sin(kpr) ) 2

2V (kp7)3

Hint: Express the sums in (3.30) as the appropriate integrals.

ng(7) =

(3.108)
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Thomas—Fermi Theory

Show that the Thomas—Fermi equation in the Hartree approximation
5—2(37r2n(r))2/3 + Vext(r) + /dgr’n(r’)i = u (3.109)
2m |r — /] ’

can be derived from a variational principle.

Hint: Express the expectation value of the total energy in the Hartree
approximation (3.12) in terms of the density n(r) and assume that the
kinetic energy term

Tn] = /d3r n(r) tin(r)] (3.110)

can be evaluated using the kinetic energy density ¢(n) of the homogeneous
electron gas (see (3.22)). Then minimize the energy expression with re-
spect to the electron density under the constraint of particle conservation.
Density Functional Theory

Consider an inhomogeneous electron gas of N electrons in the volume Vj
subject to the external potential vext (7).

a) Show that a system of noninteracting electrons exists that has the same
ground state density as the inhomogeneous electron gas. Derive that the
functional of the kinetic energy of the noninteracting electrons

N 2 N
—h
Ts[n] = Z/g@f(r) %Vi @i(r) d*r with density n(r) = Z li(r)]?
i=1 i=1

can be written as
N
Ts[n] = Zei — /veg(r)n(r)dsr (3.111)
i=1

where the effective potential is given by (3.55) and €; and ¢; are deter-
mined by the Kohn—Sham equation

[—;—qu% + 'Ueff(’r):| QDZ'(T‘) = ei(pi(r) . (3112)

b) Show that the total energy
Etot - T[n()] + V;:xt [710] + VH [710] + Exc [n()] + Vnuclfnucl (3113)
can be expressed as (3.57)

N
E = Z g; + Exc[no] — /vxc(r)no(r) dr — Vit + Vauel—nuel » (3.114)

i=1
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where ng is the ground state density of the inhomogeneous electron gas.

c) We assume now that the external potential depends parametrically on
the position of the nuclei: v(r) — v(r,{R;}). Show that the gradient of
the ground state energy is given by

OF :/avext(Ta{RI})

a‘/nucl—nucl
OR,; OR,; '

OR;

no(r, {Rr})d®r + (3.115)

Surface States in the Tight-Binding Approximation

Consider an equidistant linear chain of identical atoms having only one s
orbital |¢>l> at each site [. Use the orthogonal tight-binding approximation
with only nearest-neighbor interactions. The on-site and hopping matrix
elements are given by

(d1|h|dm) = Boim + Vomz1- (3.116)

a) Determine the “bulk” band structure for an infinite chain of atoms.

b) Now we consider a semi-infinite chain of atoms with sites n = 0,1, ...
as a model for a crystal with a surface. The on-site term for the surface
atom differs from the bulk value, i.e.

(¢olhlgo) = B # 8. (3.117)

Show that for a strong perturbation of the on-site term at the surface
|8" — B| > ||, new states above and below the bulk continuum appear.
These states are called Tamm surface states.

¢) Show that the Tamm states are surface states, i.e., that they are lo-
calized at the surface.



4

Structure and Energetics of Clean Surfaces

In the preceding chapter electronic structure methods were introduced which
allow the evaluation of the total energy of a particular system. At zero temper-
ature, the stable structure of a specific system is given by the structure with
the minimal total energy. Therefore total-energy calculations are so impor-
tant for the structural determination of surfaces. As far as finite temperature
effects are concerned, the minimum of the free energy is the appropriate quan-
tity. In the following sections, the electronic and geometric structure and the
energetics of clean surfaces and their determination by first-principles calcu-
lations will be addressed. In addition, the underlying principles that lead to a
particular structure will be thoroughly discussed. Since the surface vibrational
modes are strongly related to the structure of the surface, surface phonons
will also be addressed in this chapter.

4.1 Electronic Structure of Surfaces

Naturally, at the surface of a solid the electronic structure is strongly modified
compared to the bulk electronic structure. The three-dimensional periodicity
of an infinite crystal is broken so that the wave number k., of the Bloch waves
no longer is a good quantum number. Still the periodicity parallel to the
surface is conserved. As we will see, this can lead to electronic bands localized
at the surface. Here we will first introduce some basics about the electronic
structure at surfaces.

Some fundamental properties of the electronic structure of metal sur-
faces, in particular simple metal surfaces, can be deduced from a very simple
model in which the positive ion charges are replaced by a uniform charge back-
ground. In this jellium model, which has already been introduced on p. 26, the
positive ion charges at a surface are simply represented by

n, z2<0
ny(r) = 0 -0 (4.1)

A. Gro83, Theoretical Surface Science,
DOI 10.1007/978-3-540-68969-0-4, (© Springer Verlag Berlin Heidelberg 2009
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Fig. 4.1. Charge density as a function of the distance from the surface in Fermi
wavelengths determined within the jellium model for two different background den-
sities. (After [73])

Here z denotes, as usual, the direction perpendicular to the surface. The
charge density in the jellium model is commonly specified by the corresponding
Wigner—Seitz radius in atomic units, i.e., in multiples of the Bohr radius.

The electronic charge distribution evaluated within the jellium model using
density functional theory in the local density approximation [73] is plotted in
Fig.4.1. Two different background densities have been chosen corresponding
to a high-density (rs = 2) and a low-density metal (rs = 5). The electron
distribution does not follow the sharp edge of the positive background. Instead,
it decreases smoothly and the electrons spill out into the vacuum. In fact this
creates an electrostatic dipole layer at the surface because above the surface
there is now an excess negative charge density while directly below the jellium
edge there is an excess positive charge density. This dipole layer is sometimes
also called double layer [11].

Furthermore, the charge density profile exhibits a damped oscillatory
structure inside the jellium. These Friedel oscillations are a consequence of
the sharp edge of the background density in the jellium model. The electrons
try to screen out the positive background. Only electrons with wave vectors up
to the Fermi wave vector kr are available while in principle arbitrarily large
wave vectors are needed. Thus the screening is incomplete and the Friedel
oscillations with wavelength 7/kp result. For the high-density case (rs = 2),
however, these oscillations are already rather small.

The work function @ is defined as the minimum work that must be done
to remove an electron from a solid at 0 K. Consider a neutral slab representing
the solid. Then the work function is given by

® = ¢() + Exy_1 — En. (4.2)
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Fig. 4.2. Schematic representation of the electrostatic potential ¢(z), the chemical
potential fi, and the work function @

Here ¢(00) is the total electrostatic potential far from the surface and Ejy is
the ground-state energy of the slab with M electrons but with an unchanged
number of positive charges. As Fig. 4.1 indicates, the spilling out of the elec-
trons at a surface creates a dipole layer. In order to carry the electron through
the electric field of the dipole double layer at the surface, work has to be done.
The work function can therefore be expressed as [74]

S=Ab — f
= (b(OO) - E€F, (43)

where A¢ is the change in the electrostatic potential across the dipole layer,
i is the intrinsic chemical potential of the electrons inside the bulk relative
to the mean electrostatic potential there (see Fig.4.2), and ep is the Fermi
energy. It is important to note that there are two contributions to the work
function: an intrinsic one due to the binding of the electrons and the effect of
the dipole layer at the surface (see, e.g., the detailed discussion in [11]).

The jellium model has been used to evaluate the work function of simple
and noble metals [74]. In order to estimate the variation of the work function
from one crystal face to another, the ions have been modeled by pseudopo-

tentials
0, r<re

wir) =4z (4.4)
’I”’ r Te

These potentials have been added a posteori in this ion lattice model, i.e.,
the energies and work functions have been evaluated using the electron dis-
tribution determined self-consistently within the jellium model without the
pseudopotentials.

The calculated values of the work function are compared with experimental
results for polycrystalline samples in Fig.4.3. The plotted results of the ion
lattice model correspond to the mean value of the work function for the (110),
(100) and (111) surface for the cubic metals and to the (0001) surface for the
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Fig. 4.3. Comparison of theoretical values of the work function obtained in the
jellium model and the ion lattice model with the experiment. The experimental
values were measured for polycrystalline samples, while the plotted results of the
ion lattice gas model correspond to an average over the (110), (100) and (111)
surfaces for the cubic metals and to the (0001) surface for the hcp metals Zn and
Mg. (After [74])

hep metals Zn and Mg. For the simple metals there is a rather good agreement
between the jellium calculations and the experiment which is even somewhat
improved by taking into account the ion lattice contributions. The variations
in the work function between the different surface orientations is of the order
of 10% of the mean work function [74]. In general, the lowest work function is
found for the least densely packed surface considered which is the (110) face
for the fcc metals and the (111) face for the bee metals.

In addition to the simple metals, the work functions for the three noble
metals Cu, Au and Ag have been calculated. As Fig. 4.3 demonstrates, there
are already large quantitative differences between experiment and jellium cal-
culations for these metals. Although the rather crude jellium model is able to
reproduce certain features of the sp-bonded simple metals with rather delocal-
ized electron orbitals, the jellium approximation breaks down when it comes
to metals with d electrons which are much more localized. Thus, for noble and
transition metals, a more realistic theoretical description is needed.

Despite its shortcomings, the jellium model is well-suited to describe qual-
itative aspects of the change of the electron density in real space at a surface
and related quantities such as the dipole layer. However, it neglects the lat-
tice aspects in the description of the electronic structure at surfaces. These
aspects related to the crystal structure can be best addressed qualitatively
in the nearly-free electron model [11] in which the influence of the screened
positive ion cores is approximated by a weak periodic pseudopotential.
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Let us first focus on a simplified one-dimensional description. Within the
simplest version of the nearly-free electron model, we describe an infinite solid
as a chain of atoms creating an effective potential for the electrons given by

V(z) = Vo +VgcosGz, (4.5)

where G = 27 /a is the shortest reciprocal lattice vector of the chain. Using
perturbation theory for degenerate states at the Brillouin zone edge, it is
easy to show [12] that the periodic potential causes the opening up of a gap
of E, = 2V at the zone boundary (see Exercise 4.1). In the gap, solutions
of the one-particle Schrodinger equation with the potential (4.5) also exist,
but they correspond to exponentially growing wave functions. Therefore they
are physically unreasonable. However, at a surface the wave functions that
increase exponentially towards the surface can be matched with wave functions
that decay into the vacuum. This leads to the existence of localized states at
the surface with energies in the gap that are called Shockley surface states.

If the local atomic orbitals are strongly perturbed at the surface, as for
example in the case of semiconductor surfaces with broken bonds, additional
surface states above and below the bulk continuum can appear. The existence
of these so-called Tamm surface states can most easily be derived using a
tight-binding description of the surface (see Exercise 3.7).

In the one-dimensional description, the surface state corresponds to a lo-
calized bound state. In three dimensions, crystal surfaces are still periodic in
the lateral directions and can be characterized by a two-dimensional surface
Brillouin zone. In other words, the wave vector k| is still a good quantum
number. This leads to a whole band of surface states. On the other hand,
due to the broken symmetry in the z-direction, the discrete reciprocal lattice
points along the surface normal are turned into rods which reflects that k.
is no longer a good quantum number. In order to analyze the surface band
structure and to determine the nature of the electronic states at the surface,
the presentation of the projected bulk band structure is rather helpful.

The construction of the projected bulk band structure is illustrated in
Fig. 4.4. Two surface state bands are indicated by the solid lines in the band
gaps of the projected bulk band structure. The chosen hypothetical example
corresponds to a metal since for any energy ¢ there is at least one bulk state
somewhere in the three-dimensional k-space. A semiconductor or an insulator
would have a band gap completely across the entire surface Brillouin zone
(see, e.g., Fig.4.13).

In the one-dimensional band structure for k = (0,0, k), plotted in Fig. 4.4,
two band gaps are present. The lower one is due to the interaction at the
Brillouin zone boundary while the upper one results from an avoided crossing
of two bands. In such a hybridization gap, also true surface states can exist, as
is indicated by the upper surface band. The lower surface band, on the other
hand, joins the projected bulk band structure and mixes with delocalized bulk
states. By this mixing, a bulk state with a significantly enhanced amplitude
at the surface is created. Such a state is called a surface resonance.
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(k)

Fig. 4.4. Schematic illustration of the
projected bulk band structure which
is indicated by the grey-shaded areas.
In addition, two surface state bands
are included in the band gaps of the
projected bulk band structure. While
the upper band corresponds to true
surface states, the lower surface band
mixes with bulk states leading to sur-
face resonances

(0,0,k;)

The analysis of the band structure is not always a convenient tool for the
determination and discussion of the bonding situation at surfaces, in particular
when it comes to the understanding of adsorption phenomena [75]. Here, in
particular the local density of states n(r,e) (LDOS) can be rather useful. The
LDOS is defined as

n(r,e) = Z s (1) 6(e — &4) . (4.6)

Using (4.6), the global density of states and the electron density can be con-
veniently expressed through the following integrals

n(e) = /n(r,a) dr,
n(r) = / n(r,e) de. (@.7)

Thus the band-structure energy in the total-energy expression (3.57) can also
be written as an integral

N
Z g = /n(s) e de. (4.8)
i=1

Furthermore, the projected density of states (PDOS),

na(e) = Z [(@il¢a)l* 8(c — i), (4.9)
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is also a useful tool since it allows the determination of the nature and sym-
metry of chemical bonds. Actually, its analysis is already very illuminating
even in the case of a clean surface. In Fig. 4.5, the layer-resolved local d-band
density of states is plotted for the three uppermost surface layers of Pd(210).
The electronic structure had been determined by GGA-DFT calculations [76].
The (210) orientation corresponds to a rather open surface that can be re-
garded as a stepped surface with a high density of steps. Due to the lower
coordination of the surface atoms, the d-band width is significantly reduced
at the surface. Since the number of d-electrons remains the same, the local
narrowing of the d-band leads to an upshift of the d-band center which is
indicated by the vertical lines in Fig.4.5. Otherwise the entire d-band would
be located below the Fermi energy resulting in an increased occupation of the
d-band. As we will see in the next chapter, the upshift of the d-band center
leads to a higher reactivity of the surface (see p.132).

The local d-band of the second layer is still somewhat narrower than the Pd
bulk d-band, but already the third-layer d-band is practically indistinguishable
from the bulk band. This is a consequence of the good screening properties
of metals which lead to a rapid recovery of bulk properties in the vicinity of
imperfections, which also includes surfaces.

4.2 Metal Surfaces

After introducing the basic concepts relevant for the discussion of the elec-
tronic structure of surfaces, I will first focus on metal surfaces, in particular
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Fig. 4.6. Electron density of a
Cu(001) surface along a (010) plane
demonstrating electron smoothing
at a metal surface. The electronic
density has been calculated by
DFT-GGA calculations using ultra-
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on first-principles studies of noble and transition metals. Low-index metal
surfaces do usually not reconstruct. The electron density of a Cu(100) sur-
face determined by GGA-DFT calculations using ultrasoft pseudopotentials is
shown in Fig. 4.6. Recall that the jellium model turned out not to be appropri-
ate for Cu surfaces (see Fig. 4.3). Figure 4.6 confirms that the electron density
of Cu(100) is indeed rather inhomogeneous. Directly at the surface, however,
the electron distribution is much smoother than in the bulk. At the surface,
the electrons are free to lower their kinetic energy by becoming more uniformly
distributed which results in the so-called Smoluchowski smoothing [77].

Let us now turn from the electronic structure in real space to the electronic
structure in reciprocal space. The calculated band structure of Cu(111) is
shown in Fig. 4.7. The projected bulk d-band is indicated by the darker shaded
areas whereas the lighter shaded areas correspond to states of the sp-bands.
The sp states exhibit an almost free electron behavior which can be infered
from the parabolic shape of the lower and upper band edge. There is a pair
of surface states in the upper band gap which also shows nearly-free-electron
features. If a parabola e(k) = h*k?/2m* is fitted to the surface band around
I, a so-called effective mass of m* = 0.37m, is derived [78]. These surface
states correspond to Shockley states in the sp-band gap.

There is another surface state just above the d-band which is located
approximately 1.5 eV below the Fermi level. This is a Tamm state which
is pushed out of the top of the d-band. Although it lies mostly in the sp-
continuum along I'M, it is still a true surface state since it has a different
symmetry than the sp-states and is therefore orthogonal to the sp-continuum.
There are also surface resonances present at the Cu(111) surface plotted as
dashed lines in Fig.4.7. For example, focus on the Tamm surface state band.
This band emanating from M bends down and would enter the d-band con-
tinuum were it not repelled. At the point where the surface state is repelled, a
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Fig. 4.7. Projected bulk band structure (shaded areas), surface states (solid lines)
and surface resonances (dashed lines) at a Cu(111) surface determined by LDA-
DFT calculations. The darker shaded areas correspond to states of d-character.
(After [78])

surface resonance splits off and enters the d-band. Another surface resonance
originates at the I" point where it is degenerate with the Tamm surface state.
The band structure of Cu(111) is shown up to the vacuum level 5 eV above
the Fermi level which corresponds to the energy of an electron at infinity.
The calculated LDA-DFT work function of 5 ¢V is in good agreement with
experimental values (see Fig.4.3). A striking feature of the band structure is
the large band gap along the surface normal at I". For Cu(100), the projected
bulk band structure looks qualitatively rather similar [79], although there
is no Shockley surface state in the sp-band gap. However, the projected sp-
band gap along the surface normal even extends above the vacuum level. This
has the consequence that an electron with energy below the vacuum energy
can be trapped in the potential well formed by the attractive image potential
Vim = —€2/4Z (see p. 104) and the repulsive surface barrier [80]. The resulting
quantized image-potential states form a Rydberg series with energies

0.85eV

T n=12,.... 4.10
(n+a)27n » = ( )

€n = Evac —
The constant a in the denominator is called the quantum defect which ap-
proximately takes into account the fact that the surface potential is no hard
repulsive wall. These image-potential states are sketched in Fig. 4.8; they have
indeed been detected in experiment and even the dynamical evolution of a
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coherent superposition of several quantum states has been observed by time-
resolved photoelectron spectroscopy [81]. Still there is an overlap of the wave
functions with the bulk electronic states which leads to a finite lifetime 7 of
the image-potential states. This lifetime increases from 7 = 40 fs for then = 1
state to 73 = 300 fs for the n = 3 state [81] since the higher lying states are
located further away from the surface and thus have a smaller overlap with
the bulk states.

We will now turn from the electronic to the geometric structure of metal
surfaces, still using Cu surfaces as our exemplary system. The stability of
a particular surface structure is given by its surface energy. In Sect. 2.3, we
demonstrated that a surface can be assumed to be created by just cleaving
an infinite solid. This will cost energy because otherwise the crystal would
cleave spontaneously. Put in other words, creating surfaces by cleaving a solid
is energetically hindered because the bonds between the atoms of the cleavage
planes have to be broken. The surface energy v is defined as the surface excess
free energy per unit area of a particular crystal face. The pure jellium model
has some severe shortcomings as far as the evaluation of surface energies is
concerned. Calculated surface energies are found to be negative for high den-
sities (rs < 2.5) [73] which means that the crystal would not be stable. Only if
the lattice structure is included non-self-consistently by representing the ion
cores by simple pseudopotentials (4.4), there is semi-quantitative agreement
with the experiment [73].

For a quantitative determination of the surface energy, a realistic self-
consistent electronic structure calculation using the slab model is required. At
zero temperature the surface energy of a monoatomic crystal may be derived
from a N-layer slab calculation for a 1 x 1 surface unit cell by

1
= — (Eyw— N - Epy 411
y 2A( lab bulk) (4.11)
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Fig. 4.9. Polar plot of the surface en-
ergy v and the Wulff construction to de-
termine the crystal equilibrium shape

where Eq,p, is the total energy of the slab per supercell, Fyyk is the bulk energy
per atom, and A is the surface area in the supercell. The factor of 2 in the
denominator takes account of the fact that in the slab we have two surfaces,
one at the bottom and one at the top of the slab. In the limit of large NV,
(4.11) should give the correct surface energy. For close-packed metal surfaces
often 4-6 layers are already sufficient to obtain converged results due to the
good screening properties of metals. If the two surfaces are not equivalent as
may happen in the case of binary compounds, then the value of v evaluated
according to (4.11) corresponds to the average of the two surface energies.
The equilibrium shape of finite mesoscopic crystals can be directly derived
from the surface energies by the so-called Wulff construction which is based on
the concept that the crystal seeks to minimize its total surface energy subject
to the constraint of fixed volume (see Exercise 4.3). The Wulff construction
is illustrated in Fig.4.9. Draw radius vectors from the origin of the polar plot
of the surface energies. At the points of the intersections, construct a plane
perpendicular to the corresponding radius vector. These planes are known as
Wulff planes. The equilibrium shape of the crystal is given by the interior
envelope of all such possible Wulff planes. This is a convex figure where the
distance of each face from the origin is proportional to its surface energy.
Besides its importance for the equilibrium shape, the determination of
surface energies is also important for an understanding of crystal growth phe-
nomena. Yet it is experimentally not trivial to determine surface energies. It
is hard to directly measure absolute values. Often they are only determined
relative to other surface energies. In fact, many reported surface energies are
derived from surface tension measurements which are made in the liquid phase
and extrapolated to zero temperature [82]. This does also mean that these
surface energies are not related to any particular crystal face. Due to these
problems associated with the measurements, the reliable theoretical determi-
nation of surface energies from first principles is of particular importance. For
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the low index surfaces of 60 metals databases of calculated surface energies
using density functional theory are available [83,84].

The more densely packed a certain lattice plane and the higher coordinated
the atoms in that plane, the less bonds have to be broken upon cleavage.
Hence the most densely packed surface should have the lowest surface energy.
This is indeed the case for almost all 3d, 4d and 5d transition metals. We
have illustrated this trend in Table 4.1 where we have compiled the surface
energies for some copper surfaces determined by DFT calculations as well as by
experiment. The theoretical results have been obtained by a plane-wave DFT
code [93] using ultrasoft pseudopotentials [53] or the projector augmented-
wave technique [56,60], respectively, within the PW91-GGA functional [36].

For the low-index surfaces of Cu the trend 7(111) < Y(100) < Y(110) is Ob-
vious. Furthermore, we have included some stepped copper ((2n — 1),1,1)
surfaces. The ((2n — 1),1,1) surfaces are in fact n(100) x (111) surfaces ac-
cording to the notation introduced on page 16, i.e., they consist of (100) ter-
races separated by steps with (111)-oriented ledges. A (911) = 5(100) x (111)
surface is plotted in Fig.2.4. For large n the ((2n — 1),1,1) surface energy
will approach that of the (100) surface, therefore the surface energy decreases
with increasing n. In fact, from the sequence of ((2n—1), 1, 1) surface energies
the step formation energy can be derived.

We have included an experimentally determined surface energy for copper
in Table 4.1. As already mentioned, the measured energy does not correspond
to a particular crystal surface. The most important information gained by
the comparison experiment—theory is thus the fact, that the measured surface
energy has the same order of magnitude as the calculated ones.

Table 4.1. Surface energies 7 and relaxations of the uppermost layer of various
Cu surfaces. The relaxations are given in percent relative to the bulk layer spacing
do(hkl)

Surface  Method « (J/m?)  Adis Adas Adszs  do(hkl) (A)

Cu(111) Theory® 1.30 -0.9 -0.3 2.10
Cu(111)  Exp. ~1.79° —0.7°

Cu(100) Theory® 1.45 —2.6 1.5 1.821
Cu(100)  Exp. ~1.79° —2.14 0.44 0.14 1.807
Cu(110) Theory® 1.53 —10.8 5.3 0.1 1.29
Cu(110)  Exp. ~1.79 —8.57 2.37

Cu(311) Theory? 1.82 —15.0 40  —06 1.10
Cu(311)  Exp.” —11.9 1.8 1.10
Cu(511) Theory? 1.68 —11.1  —164 8.4 0.70
Cu(511)  Exp’ —13.2 —6.2 5.2 0.70

References: a) [85], b) [82], ¢) [86], d) [87], ) [88], ) [89], g) [90], h) [91], i) [92]
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Fig. 4.10. First-principles surface energies for the 4d transition metals calculated
using density functional theory within the local density approximation [83]. The
energies have been determined for the (111), (100) and (110) surfaces in the fcc
structure even for the hep metals Y, Zr, Tc and Ru and for the bce metals Nb and
Mo. (a) surface energy in eV /atom, (b) surface energy in J/m?

In order to analyze chemical trends within the transition metals, in
Fig. 4.10 calculated surface energies in eV per surface atom and in J/m? [83]
are plotted for the 4d transition metals. The results have been obtained using
density functional theory within the local density approximation for the (111),
(100) and (110) surfaces. To make the dependence on the d-band occupation
more obvious, all surface energies have been calculated for the fcc structure,
even for the hep metals Y, Zr, Tc and Ru and for the bee metals Nb and Mo.

The parabolic dependence of the surface energy on the d-band occupa-
tion is obvious. The surface energy is largest for a half-full band, while it is
minimal for either an empty or a completely full d-band. The same trend
is also observed for the 3d and the 5d transition metals [84] and is already
well-known for the cohesive energies [11]. This trend can be understood con-
sidering the fact that the lower half of the d band corresponds to bonding
states and the upper part to anti-bonding states, as will be discussed in the
context of Fig.5.8 in Chap.5 on adsorption on surfaces.

Using the so-called bond-cutting model, a more quantitative comparison
between surface energies and cohesive energies can be made. A surface atom
of a (111) surface is still nine-fold coordinated compared to the twelve-fold
coordination in the bulk. Thus three out of twelve bonds have to be broken
in order to create a surface; consequently, one would assume that the surface
energy per atom is 3/12 = 0.25 of the cohesive energy. However, this simple
estimate gives surface energies that are about twice as large as the calculated
ones [83] because it does not take into account the fact that the bond strength
varies with the coordination number. For a low-coordinated atom the single
bonds are stronger than for a high-coordinated atom. In a simple tight-binding
picture, the band width is linearly related to the coordination number N,
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Fig. 4.11. Definition of the layer spacings illustrated for a (110) surface

which leads to an energy gain proportional to (Nc)l/ 2 due to the down-shift
of the occupied states (see Exercise 4.4). Thus the energy per bond can be
assumed to scale with (Nc)l/ 2. If we denote the surface energy per atom by
o, we can estimate it by

/Nbulk Novwrs )
\/W Ecoh7 (4'12)

where NY"* and N2“/ are the coordination number of the bulk and the
surface, respectively, and E’_, is the cohesive energy related to a non-magnetic
atom for a non-magnetic surface. For a fce(111) surface, (4.12) yields a surface
energy per atom of ¢ = 0.134E’ _, which gives results rather close to the ones
plotted in Fig.4.10a. Within this bond-cutting model also the increase in
surface energy for the rougher, more open surfaces can be understood. The
coordination of the surface atoms in the (100) surface is eight, while it is only
six for the (110) surfaces. Thus the more bonds are broken to create a surface,
the higher the surface energy per atom.

If we plot the surface energies in J/m? (Fig.4.10b), the parabolic depen-
dence on the d-band occupation is much more dramatic. This is due to the
fact that the lattice constant becomes smaller with larger bond strength which
increases the surface energy per unit area for the metals with a half-full band.
On the other hand, the anisotropy in the surface energies between the (111),
(100) and (110) surfaces becomes suppressed because the more open surfaces
have a larger surface area per atom.

In Table 4.1, additionally the relaxations of the top crystal layers with
respect to the bulk layer spacings are tabulated. The definition of the layer
spacings is illustrated in Fig.4.11. At metal surfaces, the smoothening of the
electron density usually leads to a contractive relaxation of the first layer.
For the densely packed (111) and (100) Cu surfaces, this contraction is rather
small, for the more open surfaces, in particular the stepped surfaces, it can

g =
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Fig. 4.12. Schematic sketch of the electron redistribution and the resulting first
interlayer contraction at a metal surface

already be a rather significant effect. Furthermore, many metal substrates
respond to the contraction of the first interlayer spacing by an expansion of
the second interlayer, as for example the Cu(100), (110) and (311) surfaces.
However, this oscillatory behavior does not necessarily occur, as the case of
the Cu(511) surface demonstrates.

A simple model that explains the first interlayer contraction of metal sur-
faces was proposed by Finnis and Heine [94] based on the Smoluchowski
smoothing [77] already demonstrated in Fig.4.6. The electron smoothing is
sketched schematically in Fig. 4.12. The plotted quadratic cells correspond to
the Wigner—Seitz cells in this plane. In a first approximation, the electron
density is assumed to be uniform with the density falling off abruptly at a
plane parallel to the surface. This causes a charge transfer from the areas de-
noted by + to the regions labeled by —. Thus the surface Wigner—Seitz cells
become distorted.

Consequently, due to the modified charge distribution the surface ions
are no longer in electrostatic equilibrium, and a net electrostatic force on
the positively charged ions results. The ionic cores will rearrange to a new
equilibrium structure which is determined by the requirement that the electric
field of both the positive ions and negative electronic charge is small outside
the distorted surface Wigner—Seitz cell. This electric field is determined by

(r 1)

-_— 4.13
|’I“ _ ’I“'|3 ( )

E(r)= /d3r' p(r)

Thus the atomic cores will relax to positions at the “electrostatic center” of
the electron charge distribution that is given by

3 r_
/ d°r n(r) e 0, (4.14)
ws
where the integral is performed over the surface Wigner—Seitz (WS) cell. This

means that the atom cores will be located at positions where the electric field
of the electron charge distribution of the Wigner—Seitz cells vanishes. This
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leads to an inward relaxation of the first atomic layer which is illustrated by the
arrows in Fig.4.12. For fcc metals the surface Wigner—Seitz cells correspond
to distorted rhombic dodecahedra. Performing the integrals for the (111),
(100) and (110) surfaces of fcc metals yields inward relaxations of —1.6%,
—4.6% and —16%, respectively [94]. This inward relaxation is somewhat too
large compared to experiment and ab initio calculations (see Table 4.1), but
the trend and the relative differences are well-reproduced, in particular with
respect to the fact that the assumptions of the simple model, uniform electron
distribution in the Wigner—Seitz cells and abrupt electron density fall off at
the surface, are crude and not realistic, as Fig. 4.6 demonstrates.

This simple model cannot explain, however, the outward relaxation of the
second layer spacing, because no net effect occurs on the second layer atoms.
In order to understand this mechanism, the change of the electron density
upon the first interlayer contraction has to be taken into account. The inward
relaxation causes a charge accumulation at the second layer. In order to reduce
the density to a bulk-like value that is energetically more favorable, the second
interlayer spacing expands.

4.3 Semiconductor Surfaces

While the surface energies of the transition metals can be reliably estimated
by the modified bond-cutting model given by (4.12), the situation for the
divalent fcc and bee sp-metals is already more complicated. For metals such
as Ca, Sr or Ba one finds that the surface energy of the second most close-
packed surface is consistently lower than that of the most close-packed surface
[84]. Even more complex is the situation for semiconductor surfaces. Truly
directional bonds between atoms will be broken upon cleavage. This creates
an highly unstable state. The surface will try to minimize the number of
unsaturated bonds, the so-called dangling bonds. A prominent example of the
resulting surface reconstruction is provided by the Si(100) surface. In the ideal
(1 x 1) surface termination, every silicon atom on the surface is only two-fold
coordinated. One of the two surface dangling bonds per atom is used to bind
to a neighboring atom. This dimerization creates a (2 x 1) surface structure.
Still there is one dangling bond per surface atom left.

In Fig.3.5 we have already shown a model of the Si(100)-(2x1) surface
with a symmetric dimer. At each of the dimer atoms an equivalent dangling-
bond orbital is located which are coupled by a 7 interaction. The 7 states
are split into a bonding 7 band and an antibonding 7* band. In Fig.4.13a,
the LDA band structure of the Si(100) surface is plotted [95]. The upper
panel shows the 7 and 7* band in the symmetric-dimer model (SDM). The
interaction between neighboring dangling bonds is rather strong leading to a
significant dispersion of the bands. In fact, for Si(100) these bands overlap
and the surface becomes metallic.
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Fig. 4.13. Surface band structure of the Si(100)—(2 x 1) surface. (a) LDA calcula-
tions of the band structure in the symmetric dimer model (SDM) and the asymmetric
dimer model (ADM) (after [95]). (b) Comparison of the LDA and GWA band struc-
ture for the asymmetric dimer model (after [96]). The grey-shaded areas correspond
to the calculated projected bulk band structure. In all panels experimental results
of [97] (squares) and [98] (circles) are included

Now it is energetically unfavorable for semiconductors to have metallic
surfaces. The metallic state at the Si(100)-(2x1) can actually be avoided if
there is charge transfer between the dangling bonds so that one of the dang-
ling bonds per dimer is completely filled while the other one becomes empty.
The effect is similar to the Jahn—Teller effect observed in solid-state physics.
Through the interaction between the dangling bonds and the silicon lattice
the symmetry of the surface will be reduced and thus the degeneracy of the
two dangling bond states will be lifted. Geometrically this leads to asymmetric
buckled dimers where the dangling bond at the atom closer to the surface is
unoccupied. The asymmetrically buckled dimer is illustrated in Fig. 4.14.

Because of the asymmetry of the dimers, there is a pronounced splitting
of the related energy bands D, and Dgown whose states are mainly located
at the up or down atoms, respectively, of the surface dimer. According to
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Fig. 4.14. Si(100) (2x2) surface structure with alternating asymmetric buckled
dimers

the LDA calculations, there is a band gap of 0.1 eV between the two bands
so that the surface is semiconducting, as it is found in the experiment. In
Fig.4.13 experimental photoemission data of the surface states [97,98] are
also included, showing a good agreement for the occupied Dy, band with the
LDA calculations.

As far as the width of the band gap is concerned, the LDA projected
bulk band structure shown as the grey shaded areas in Fig.4.13a only ex-
hibits a band gap of approximately 0.5eV. This is in fact much smaller than
the experimental value of 1.17eV [11]. Recall that the interpretation of the
Kohn—Sham eigenenergies as electronic one-particle energies does not rest on
a firm theoretical ground (see page 39). Still the underestimation of band
gaps is a well-known shortcoming of LDA-DFT calculations which is also not
corrected for within GGA. The local exchange-correlation potential vy ()
does not adequately describe the dynamical correlations of the electrons in a
strongly inhomogeneous environment. In order to obtain a correct treatment
of the correlation effects, the potential vy.(7) has to be replaced by a nonlo-
cal, energy-dependent self-energy operator X (r,r’, ¢) that enters the effective
one-particle Schrodinger equation

{%VQ + Vext(r) + vn(r) } i(r)

+ / B’ Z(r,r' ) ¥i(r') = & ¥i(r). (4.15)

An exact solution of the one-particle equations using the self-energy operator
is not possible. In fact, several coupled integral and differential equations have
to be solved. An approximate expression of the self-energy operator can be
obtained by an expansion of the operator in a series containing the Green
function G and the screened interaction W of the system [99,100]. In the
so-called GW approximation (GWA), only the first term of the expansion is
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retained so that the self-energy is written as
X(r,r'e) = QL/ dw 70 G(r, 7' e —w) W(r, 7' w) . (4.16)
™

The single particle Green function can be expressed as

by Vi(r)Y;(r')
G(r,r',e) = Z Tt 0 sen(e =) (4.17)

whereas the dynamically screened Coulomb interaction is defined as
W = elv, (4.18)

where € is the dielectric function and v the unscreened Coulomb interaction.
The dielectric function can be evaluated from the polarization within the
random phase approximation. Still the evaluation is computationally rather
complex and costly. Once the GW self-energy operator is defined, the effec-
tive one-particle equations (4.15) have to be solved self-consistently since the
one-particle wave functions ; enter the expression for the self-energy. How-
ever, although often the LDA energies are not reliable enough, the LDA wave
functions P4 and consequently the LDA electron density are usually rather
accurate. Hence the self-consistency cycle can be avoided in order to reduce
the computational cost and the GW one-particle energies are determined from
the LDA wave functions via

i = &P + Zi(prPM D) — v DM PR (4.19)
The energy dependence of the self-energy is approximately taken into account
by the renormalization constant Z;. Interestingly enough, a self-consistent
determination of the one-particle energies using the GW expression for the
self-energy in general does not lead to improved results. It is important to
realize that the GW formulation still yields an approximate expression for the
self-energy. Apparently, there is an error cancellation if LDA wave functions
are used in a non-self-consistent GW calculation. Note that no total energies
can be derived from the GW approximation since it only yields the electronic
band structure.

This band structure, however, is improved significantly within the GW ap-
proximation. Figure 4.13b shows a comparison between the LDA and GWA
dangling bond bands of the buckled Si(100)-(2 x 1) surface. The shaded
area corresponds to the projected bulk band structure obtained within the
GW approximation. For bulk silicon, the fundamental band gap is increased
to 1.23eV [96] in excellent agreement with experiment. Also the indirect fun-
damental surface band gap is increased from 0.2eV (LDA) to 0.7eV (GWA).
Note that in Fig.4.13b the top of the valence band has been defined as the
energy zero for both the LDA and the GWA results. In fact, the GWA leads to
a downshift of the D, band by 0.20-0.35eV while the Dqown band is shifted
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up by 0.10-0.25eV [96]. Although the shifts are slightly energy dependent,
it is apparent from Fig.4.13 that the improved description of the exchange-
correlation effects with the GWA leads to a rather constant opening of the
band gap. The shape and dispersion of the valence and conduction bands
remain more or less unchanged.

Apart from the single-particle electronic excitations, in addition there are
coupled electron-hole pair excitations. Because of the two-particle nature of
these excitations, their theoretical description is much more demanding [101]
because the so-called Bethe-Salpeter equation for the excited states has to be
solved. This is not trivial, however, it can also be done from first principles. If
the electron-hole pair is bound and localized, it is called an exciton. This re-
quires that its energy is in a band gap because otherwise the electron-hole pair
would couple to the continuum of delocalized states. For the Si(111)-(2 x 1)
surface, a surface exciton at 0.43eV above the valence band has been identi-
fied by an ab initio approach [102], in good agreement with the experiment
[103]. This exciton is stabilized at the surface compared to the bulk because
of the reduced screening at the surface which leads to a stronger Coulomb
interaction between the hole and the electron.

Returning to the structure of the Si(100) surface, it turns out that the
buckled dimer shown in Fig. 4.14 leads to a significant amount of mechanical
stress at the surface. This surface stress can be partially released if the dimers
are buckled in an alternating fashion [104,105], thereby further reducing the
surface energy. In fact, the structure plotted in Fig.4.14 already corresponds
to the Si(100)-(2x2) surface with alternating buckled dimers.

In spite of the unambiguous theoretical results, there has been a long de-
bate about the microscopic structure of the dimers at the Si(100) surface.
At room temperature, the dimers appear to be symmetric according to ex-
periments using the scanning tunneling microscope(STM) [106]. It has been
suggested that the symmetric images are caused by the thermal flipping mo-
tion of the dimers between the left- and right-tilted positions [104]. In fact,
at low-temperatures asymmetric dimers have been observed in STM experi-
ments [107].

The most famous example for a semiconductor surface reconstruction is
the Si(111)-(7 x 7) structure [108] which can be found in almost all text books
on surface science [109,110]. The large (7 x 7) structure which is referred to
as the DAS (Dimer-Adatom Stacking-fault) model contains twelve top-layer
adatoms, six rest atoms, a stacking fault in one of the two triangular subunits
of the second layer, nine dimers at the borders of the triangular subunit in
the third layer and a deep corner hole at each apex of the surface unit cell.
This reconstruction has already been addressed by first-principles total energy
calculations [111]. Tts driving force is again the minimization of the number
of dangling bonds at the surface.

A compound semiconductor with rather complex surface reconstructions
that has been investigated in great detail by first-principles electronic struc-
ture calculations is GaAs [112-114]. The evaluation of surface energies for
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compound materials is more complex than for elemental materials. The sur-
face energy is not simply given by (4.11), it rather depends on the specific
thermodynamic conditions, i.e., the reservoir with which the atoms of the
compound are exchanged in a structural transition. Therefore the chemical
potential of the constituents enters the surface energy. The most stable sur-
face structure is determined by the minimum of the free energy which at zero
temperature is given by

1

Here Fgu.t is the total energy of the surface per unit cell which can be calcu-
lated in slab calculations according to

Esurf - % (Eslab - N- Ebulk) ) (421)
where N is now the number of bulk unit cells contained in the slab.

There is no complete freedom for the choice of the chemical potentials. Let
us consider the case of GaAs in the following. Bulk GaAs has the zinc-blende-
structure. For a GaAs crystal in thermal equilibrium with atomic reservoirs
of Ga and As the sum of the chemical potentials of Ga and As must be equal
to the chemical potential of bulk GaAs, i.e.

HGaAs = HGa T HAs- (4.22)

Of course the atomic chemical potentials have to be the same in the bulk and
(GaAs bulk) (GaAs surface)

on the surface, e.g. 11, =l , otherwise we would have
some macroscopic mass transport. Now the atomic chemical potentials can be
varied between certain limits. They should be less than the chemical potential

of the condensed phases of the respective elements, for example

pas < pie P (4.23)
because otherwise the elemental condensed phase would be formed. On the
other hand, the GaAs chemical potential is related to the elemental bulk
chemical potentials through the heat of formation AHgaas via

fGans = pio> P e b ARG A (4.24)
Combining (4.22) and (4.24), we obtain a range for possible values of the As
chemical potential

(As bulk) (As bulk)

Has — AHgaas < pas < Has (4'25)

We can then write the surface energy of GaAs as a function of a single variable
which we will take to be pag:
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Fig. 4.15. Structural models for the GaAs(100) surface. Dark, filled circles and
bright, empty circles represent As and Ga atoms, respectively. (a) Ball and stick
model of the ideal (1 x 1) As-terminated GaAs(100) surface. (b—d) Schematic top
and side view of the a(2 x 4), 52(2 x 4) and 32(4 x 2) reconstructions. Larger circles
correspond to atoms closer to the surface

1
Y = [Esurf — HGaAs Nga — HAs (NAS_NGa)] . (426)

A
Nas and Ng, are the number of As and Ga atoms, respectively, per 1 x 1 sur-
face unit cell. The stoichiometry AN = Nas—Ng, simply gives the slope of the
surface energy with respect to the chemical potential. Note that similar con-
siderations are also relevant for adsorbate structures in thermal equilibrium
with a surrounding gas reservoir, as will be shown in Sect.5.10. In Fig.4.15
we have collected some of the possible reconstructions of the technologically
most relevant GaAs surface, the (100) surface. Figure 4.15a shows a ball and
stick representation of the As-terminated ideal (1x1) surface. This picture
illustrates the problems that arise for a proper definition of the stoichiometry
AN. The As and the Ga atoms are not equivalent at the ideal GaAs(100)
surface. In fact, AN is defined in such a way that it is equal to % for the
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Fig. 4.16. Surface energies of different GaAs(100) reconstructions in J/m? as a
function of the difference of the chemical potential of As and bulk As (after [114]).

The perpendicular dashed lines indicate the range of possible As chemical potentials
given by (4.25)

(1x1) As-terminated surface and —% for the (1x1) Ga-terminated surface. A
simple way to understand this counting rule is to think of a symmetric slab
with two identical, say, As-terminated surfaces. This slab has one As atom
more than Ga across the slab, so that per (1x1) surface unit cell there is %
additional As atom. By this procedure one obtains stoichiometries of AN =0
for the a(2x4) GaAs(100) surface (Fig.4.15b), AN = 1 per 1x1 unit cell for
the $2(2x4) structure (Fig.4.15¢), and AN = —% per 1x1 unit cell for the
(32(4x2) structure (Fig.4.15d).

This simple counting argument cannot be applied if no symmetric slab can
be constructed. This is the case for the (111) surfaces of zinc-blende-structures
because there the (111) and the (111) are inequivalent. Still a counting rule
can be established based on bulk symmetries of the crystal [115].

The surface energies of the structures shown in Fig.4.15 as a function of
the As chemical potential are plotted in Fig.4.16. These energies have been
determined by DFT calculations in the local density approximation [114]. In
addition, the surface energy of a completely As-terminated c(4 x 4) structure
is plotted for which the surface stoichiometry is AN = %. The perpendicu-
lar dashed lines indicate the range of possible As chemical potentials given
by (4.25). Low As chemical potential corresponds to a Ga-rich environment
while the As bulk chemical potential gives the As-rich limit. For a particular
As chemical potential the surface with the lowest free energy corresponds to
the thermodynamically stable one. As a function of increasing As coverage
the order of the stable structures is given by 32(4x2), a(2x4), §2(2x4) and
¢(4 x 4). The unreconstructed Ga and As terminated (1 x 1) surfaces have
much higher surface energies in the order of 3 J/m?.
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It is not trivial to understand the reasons why a particular structure is the
most stable one. First of all it is obvious that the GaAs surface tries to mini-
mize the number of dangling bonds by dimerization. Still, at the dimer atoms
of a (100) surface one dangling bond per atom remains. Secondly, also for the
GaAs it is true that semiconducting surfaces have usually a lower energy than
metallic structures [114]. Ga dangling bonds are energetically higher than As
dangling bonds. The occupation of Ga dangling bonds would lead to a metal-
lic surface which should be avoided. In general, polar semiconductors exhibit
surface reconstructions with the anion dangling bonds filled and the cation
dangling bonds empty. This is referred to as the electron-counting principle.
At the (100) surface of GaAs this causes an electron transfer from the Ga
atoms to the As atoms which formally leads to negatively charged As and
positively charged Ga atoms.

Both the 52(2x4) and the (52(4x2) structure minimize the electrostatic
repulsion [116]. The §2(2x4) surface that is stable over a wide range of As
chemical potentials is actually the As terminated counterpart of the 52(4x2)
structure with As atoms exchanged by Ga atoms and wice versa. The neg-
atively charged As atom at the surface with its completely filled dangling
bond tends to form bonds with its three p orbitals. This leads to bond angles
close to 90° which can only be achieved when the As atoms relax outwards.
The positively charged Ga atom at the surface, on the other hand, has lost
an electron and prefers a sp?-like hybridization. Therefore Ga favors a more
planar configuration and relaxes inward. Apparently this is energetically more
costly than the outward relaxation of the As atoms so that the Ga-terminated
(32(4x2) surface is only stable under extreme Ga rich conditions.

4.4 Tonic Surfaces

In the case of the GaAs(100) surface we already realized the importance of
electrostatic effects if there is a charge transfer between the two constituents
of a compound semiconductor. These considerations are even more impor-
tant in the case of ionic crystals where the bonding is entirely dominated by
electrostatics. Depending on the difference in ionic radii, alkali halide solids
crystallize in the sodium chloride or cesium chloride structure [11]. The sodium
chloride structure is shown in Fig.4.17. It corresponds to two fcc sublattices
translated by a/2(e; + e, + €.).

The electrostatic potential outside a slab structure can be derived by a
Madelung summation [117]. Far outside the surface plane the potential ap-
proaches

d(z — 00) = ¢ exp (%a) + 2mo, (4.27)

where o, is the dipole moment perpendicular to the plane per unit area.
Hence, if there are normal dipoles in the slab, the asymptotic value of the
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Fig. 4.17. Sodium chloride structure
with non-polar {100} surfaces

potential is 27o |, but if there are no normal dipoles present, the potential
vanishes exponentially. In fact, for a so-called non-polar surface without any
normal dipole moment the electrostatic potential falls off very rapidly with a
decay length in the order of the lattice constant. Due to cancellation effects
between anionic and cationic contributions, the potential of a non-polar ionic
crystal surfaces has thus a much shorter range than, e.g., that caused by the
van der Waals interaction.

Since the formation of a dipole layer is energetically rather costly, polar
surfaces are usually highly unstable. Hence alkali halide crystals in equilibrium
are usually terminated by non-polar surfaces such as the {100} surfaces of
the sodium chloride structure shown in Fig.4.17. That is the reason why for
example salt grains have an almost perfect cubic shape.

If one applies (4.27) to determine the potential inside the bulk, then it
turns out that potentials at bulk sites only one lattice constant distant from
the surface are practically indistinguishable from those in the bulk. This means
that also the potential felt by the surface atoms is rather close to the bulk po-
tential, and consequently no strong relaxations occur. Therefore alkali halides
exhibit surface terminations that are almost ideal.

Surface structures are more complicated for insulating oxide materials
where the bonds still have a covalent character although there is a significant
charge transfer between the constituents. Here we focus on the (0001) surface
of a-Aly03 (corundum or sapphire) which has been studied extensively by
both theory [118-121] and experiment [122,123]. The a-Al;03(0001) surface
is an important substrate for very high frequency microelectronic devices due
to its insulating character, but it is also of interest in the automobile industry,
in atmospheric treatments and in catalytic reactions.

Oxides usually have rather complicated bulk structures. a-Al,Os (sap-
phire) crystallizes in the corundum structure that can be described by a pri-
mitive rhombohedral unit cell with two Al,Og3 formula units. More convenient
is the hexagonal unit cell that contains 12 Al atoms and 18 O atoms. The side
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Fig. 4.18. Side and top view of the ideal Al-terminated a-Al2O3(0001) surface. In
addition the uppermost layers are labeled

and the top view of the ideal Al-terminated a-AlyO3(0001) surface are shown
in Fig.4.18. The hexagonal cell corresponds to a layered structure with six
oxygen planes associated with aluminum planes above and below it, forming
stoichiometric triple layers. There are three O atoms and just one Al atom in
each layer per unit cell. The O atoms are stacked in a slightly distorted hep
structure, as can be seen in the top view of Fig.4.18. The Al atoms occupy
two-third of the octahedral holes in the oxygen sublattice. Due to this layered
structure, there is no non-polar termination of the a-AlyO3(0001) surface.

Although Al;O5 crystallizes in a rather complex bulk structure, at room
temperature no reconstructions of a-AlaO03(0001) are observed [122,124]. Cal-
culated surface energies as a function of the oxygen chemical potential for dif-
ferent (1x1) terminations are plotted in Fig.4.19 [118,121]. Over the entire
range of oxygen chemical potentials the stoichiometric AlO3Al-termination is
by far the energetically most favorable one. This can be understood by simple
electrostatic arguments because the triple Al1O3Al layer does not have a dipole
moment while all other (1 x 1) surface terminations have one. Seemingly, at
ionic oxide surfaces electrostatic considerations are more important for the
determination of stable surface structures than bond-saturation arguments.

However, the situation is in fact not as simple as suggested above. In
Table 4.2 calculated and measured interlayer relaxations of the Al-terminated
a-Al;03(0001) are listed. First of all it is remarkable that the theoretical
values agree rather well with each other, independent of the functional that has
been used. All calculations give a strong inward relaxation of the first Al-layer
so that it practically becomes coplanar with the oxygen layer. In contrast, the
interlayer spacing between the second and third layer is only slightly modified
compared to the bulk spacing. This creates a surface dipole of the uppermost
triple A103Al layer and should thus be energetically unfavorable.

There are two seemingly conflicting explanations for the large inward re-
laxation. The inward relaxation could be viewed as driven by a rehybridization
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Fig. 4.19. Surface energies of different Alo03(0001) (1 x 1) structure in J/m? as
a function of the difference of the oxygen chemical potential (after [118]). The
uppermost layers of the corresponding structures are indicated in the figure. The
perpendicular dashed lines indicate the range of possible oxygen chemical potentials

of the surface Al atom to an sp? orbital configuration which favors the pla-
nar configuration. By this rehybridization the Al 3p. orbital perpendicular
to the surface becomes empty so that no partially occupied dangling bonds
are present at the surface. Therefore the surface becomes insulating with the
lowest empty surface state 4.5eV above the Fermi level [118]. In addition,
the non-stoichiometric Os-terminated surfaces which are already energetically
unfavorable due to their large dipole moment are found to be metallic which
should further increase their energy.

Table 4.2. Interlayer relaxations at the Al-terminated a-AloO3(0001) surface in
percent of the corresponding bulk spacings

Interlayer Theory® Theory® Theory® Theory? Exp.© Exp.f Exp.?
GGA LDA LDA LDA

Al-O3 1-2 —86 —87 -85 =77 —51 +30 —52.8

0s-Al 23 +6 +3 +3 +11 416 +6 415

Al-Al 3-4 —49 —42 —45 —34 —29 —55 -

Al-O3 4-5 +22 +19 +20 +19 +20 - -

03-Al 5-6 +6 +6 - +1 - - -

References: ® Wang et al. [118], * Verdozzi et al. [119], ¢ Di Felice et al. [120],
¢ Batyrev et al. [121], © Guenard et al. [122], / Toofan et al. [123], ¢ Soares
et al. [125]
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On the other hand, the strong inward relaxation of the surface Al layer
spacing has also been explained by the reduction of the electrostatic dipole
of just the first two layers [121]. This explanation is supported by the fact
that early studies with just classical ionic interatomic potentials [126] that
did not take into account any rehybridization effects have also found this large
relaxation.

Restricting this electrostatic argumentation just to the first interlayer spac-
ings, however, is obviously not appropriate with regard to the large relaxations
that have been found for up to the fourth interlayer spacing (see Table 4.2).
These cannot be explained in terms of bond saturation effects, either, since
the coordination is not changed for this inner layers. Hence the most reason-
able mechanism for the strong relaxation effects is a mixture of hybridization
effects at the uppermost layer and electrostatic effects that can be rather
far-reaching into the bulk.

The agreement with the experiment is not too satisfactorily. At least there
is a qualitative agreement with the results of Guenard et al. [122] and Soares
et al. [125]. The agreement could even be made quantitative if one assumes
that hydrogen atoms had been present in the experiment because this re-
duces the calculated relaxations [118]. The experimental results of Toofan
et al. [123] do even not qualitatively agree with the calculations. Again, this
could be explained by hydrogen-induced effects, in this case on the oxygen ter-
minated surface. As Fig.4.19 demonstrates, the oxygen terminated surfaces
are energetically very unfavorable. However, the large surface dipole and the
oxygen dangling bonds can be compensated by hydrogen adsorption. These
hydrogen terminated surfaces have in fact the lowest surface energy in the
range of physically realistic conditions if the energy is calculated with respect
to the hydrogen chemical potential of Hy (see Fig.4.19). The result that the
surface energies even become negative reflects the fact that the hydroxilated
surface is lower in energy than bulk sapphire and Hs. The hydrogen termina-
tion actually also leads to an outward relaxation of the first layer thus giving
a reasonable explanation for the experimental results of Toofan et al. [123].

However, in LEED experiments the hypothesis of the influence of hydrogen
on the surface termination has been tested by processing the Al, O3 surface un-
der hydrogen-rich, oxygen-rich and vacuum-like sample preparation conditions
[125]. It turned out that the a-AlyO3(0001) surface structure is insensitive to
the different processing methods: it is always terminated by a single Al layer.
At the same time the experiments found unusually large vibrational ampli-
tudes of the topmost Al layer at room temperature. This might suggest that
the disagreement between theory and experiment is related to the fact that
the experiments are performed at room temperature while the calculations
correspond to zero temperature [125].

As for further temperature effects, the Al-terminated surface is in fact
stable for temperature up to 1350 K. Above this temperature oxygen evapo-
rates from the crystal leading to Al rich surfaces. Upon heating to more than
1600 K, a sequence of different surface reconstructions is observed that ends
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Fig. 4.20. Atomic configuration of the (3v3 x 3v/3)r30° reconstructed a-
Al;03(0001) surface obtained by simulations using empirical potentials [127] (Cour-
tesy of F. Lancon). The surface unit cell and the fcc(111) and fec(100)-like regions
are indicated

with a V31 x v/31 structure [124]. This surface is terminated by Al atoms
arranged in two fcc-like layers. DF'T calculations for 1 x 1 Al-terminated sur-
faces suggest that it might be terminated by a two-dimensional Alj fcc layer,
i.e. a layer with three Al atoms per 1 x 1 surface unit cell, on top of a Al layer
[120]. For the (3v/3 x 3/3)r30° reconstructed a-Aly03(0001) surface simula-
tions using empirical potentials exist [127]. These calculations confirm the
complex structure of these large reconstructions: the hexagonal reconstructed
unit cell is composed of triangles where two layers of Al adatoms are ordered
as fec(111) whereas the stacking between the triangles is fec(100)-like. This
surface structure is illustrated in Fig. 4.20.

The experimental investigation of oxide surfaces is hindered by the fact
that many surface-sensitive techniques involving charged particles can not be
applied at these insulating surfaces. This problem is circumvented if ultrathin
oxide films are deposited on conducting substrates. These so-called surface
oxides are also technologically important as protective films; furthermore, they
can in fact also be the active phase of catalyst surfaces [128], as we will discuss
in Sect. 5.10.

In particular ultrathin aluminum oxide films deposited on NiAl(110) have
been used as a model substrate in order to study oxide-supported catalysts
[129]. The question whether the structure of the aluminum oxide film on
NiAl(110) resembles the one of a-AlaO3(0001) or not is important in order
to understand in detail the influence of the oxide support on the catalytic
activity. However, in spite of its importance, this issue was the subject of
a long-standing debate [130]; only by a combination of scanning tunneling
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Fig. 4.21. Structure of the ultrathin
aluminum oxide film on NiAl(110).
The parallelogram enclosed by the
dashed lines corresponds to the sim-
ulation cell whereas the dashed rect-
angle illustrates the surface oxide
unit cell. In addition, building blocks
of the oxide film structure are indi-
cated by the rectangles, squares and
triangles enclosed by the full white
lines

microscopy, infrared vibrational spectroscopy and DFT calculations it was
possible to determine the structure unambiguously [131].

The resulting structure together with some characteristic structure ele-
ments are shown in Fig.4.21. The parallelogram enclosed by the dashed lines
indicates the simulation cell which consists in total of 580 atoms with six
NiAl bulk layers. This structure was determined by analyzing the experimen-
tal data and by starting with smaller systems where the building blocks of the
oxide film could be identified. It is important to note that such a complicated
structure as shown in Fig. 4.21 cannot be predicted from first principles with-
out any further information because without a knowledge of the periodicity
and the symmetry of the structure the number of possible structure is just
too large to be handled.

The stacking sequence of the film is 4(Al;OgAlgO7) which leads to a stoi-
chiometry of Al1pO13. This means that the stoichiometry differs from the usual
one of Al,O3. The uppermost layer is made out of oxygen atoms whereas the
second layer of Al atoms that are arranged in a nearly hexagonal pattern
is almost coplanar with the oxygen atoms. A closer analysis yields that all
surface Al atoms are either tetrahedrally or pyramidally coordinated to the
oxygen atoms which form tetrahedrons and square pyramids with their tips
pointing down. The bases of the tetrahedrons and pyramids form the trian-
gular and square features, respectively, that are indicated by the full white
lines in Fig.4.21. The interface structure between the aluminum oxide film
and NiAl(110) is dominated by the strong interaction between Ni and Al re-
sulting in Al pentagon-heptagons pairs, in contrast to the corundum structure
of Oé—AlgOg.

It is interesting to not that the (3\/5 X 3\/§)r30O reconstructed a-AlyO3
(0001) surface shown Fig.4.20 also displays a coexistence of square and tri-
angular features. This indicates that both surfaces are built from the same
structural elements which are only arranged differently.
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4.5 Interpretation of STM Images

The scanning tunneling microscope (STM) [14] has become one of the most
valuable experimental tools for the microscopic determination of surface struc-
tures. Although we do not want to dwell on STM theory (for a comprehensive
overview see, e.g., [132,133]), this chapter on the theoretical determination of
the structure and energetics of surfaces would not be complete without some
remarks about the use of ab initio electronic structure calculations for the
interpretation of STM images.

The STM is based on the fact that the tunneling current through a bar-
rier depends exponentially on the thickness of the barrier (see Exercise 4.5),
However, it is important to note that in the STM the atoms are not directly
imaged. Rather the tunneling current between surface and STM tip is moni-
tored. In first-order perturbation theory, the current between two electrodes
can be expressed as

2me

I = 7 ; f(E#) [1 - f(Eu)] |M,Lw|2 (S(E# — (EV + GV)) , (428)

where f(E) is the Fermi function, V' is the applied voltage and M, is the
tunneling matrix elements between tip states x, and surface states 1,,.

In the limit of small voltage and temperature, (4.28) can be simplified.
Thus it takes the form

2T

== e*V> " |My|* 6(E, — Ep) (B, — Er) (4.29)

Nz

where Er is the Fermi energy. The matrix element M, is given by

h2 * *
M, = o ds (X#Vd)u - 1/)uVX#) . (4.30)
The integral is over any surface lying entirely within the vacuum barrier region
separating the two systems. Tersoff and Hamann [134,135] have shown that
the current can be expressed as

Lo S [(ro)lPo(E, — B,) = plre. Er) (4.31)

if the tip is modeled as a locally spherical potential centered at ;. In this so-
called Tersoff-Hamann picture, the tunneling current is simply proportional
to the local density of states of the surface p(r:, Er) at the position of the
tip. The tunneling current is just given by a property of the surface alone,
i.e., the surface-tip interaction does not influence the measured current in
this model. This makes the simulation of STM images rather straightforward.
All that is needed is the local density of states at a certain distance from
the surface which is a standard information evaluated in electronic structure
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Fig. 4.22. Comparison of measured (left panel) and simulated (right panel) STM
image of highly oriented pyrolytic graphite(0001) (courtesy of W. Heckl and T.
Markert). Only every second atom of the graphite surface is imaged, leading to a
seemingly hexagonal structure instead of the honeycomb structure. This feature is
reproduced by the simulated image within the Tersoff-Hamann model using GGA-
DFT

methods. This simple Tersoff-Hamann expression for the tunneling current is
indeed widely used because in most cases it is sufficient to reproduce the most
important features of STM images, as will be shown below.

The simulation of STM pictures is in fact very important for the interpre-
tation of imaged structures because there is not necessarily a simple relation
between the STM picture and the real structure. A prominent example is
given by STM images of graphite. In Fig.4.22 a STM picture of highly ori-
ented pyrolytic graphite (HOPG) is plotted. The bright spots correspond to
atoms that are arranged in a hexagonal structure and not in the honeycomb
structure that is characteristic for the (0001) plane of graphite. This means
that in fact only every second carbon atom in the graphite basal plane is
imaged.

A simulated STM image based on GGA-DFT calculations within the
Tersoff-Hamann picture reproduces this peculiar feature of the graphite sur-
face, as Fig. 4.22 demonstrates. This asymmetry in the imaging of the carbon
atoms in the (0001) surface is explained by a purely electronic effect [136].
The graphite crystal is composed of two sublattices, sublattice X1 with neigh-
boring atoms directly above and below in adjacent layers and sublattice X
without such neighbors. The Fermi surface of bulk graphite lies close to the
P line in the Brillouin zone which is defined by k = (3, 3, ) in units of the
reciprocal lattice vectors. Along this line, the electronic states on the atoms
of the one sublattice are decoupled from the states on the other sublattice.
Furthermore, atoms of sublattice X5 do not interact with those of adjacent
planes leading to localized dispersionless electronic states along the P line
in the Brillouin zone. This causes a high density of states close to the Fermi
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Fig. 4.23. Illustration of the
tip perturbation approach to simulate
STM images. The tip and the sam-
ple are treated as isolated systems,
vacuum | — — — — — — _ _ _ _ _ _ _ s |d and their electronic structure is cal-
region Y culated separately. The current for

the tip-sample distance d is deter-
mined by calculating the matrix

sample element (4.30) at the dividing sur-
face S at an intermediate distance
between the tip and the sample in
the vacuum region

energy in the surface Brillouin zone and therefore also a large tunneling current
at small bias. The atoms of sublattice X, on the other hand, are interact-
ing across the layers leading to dispersive states which have a lower density
of states close to the Fermi energy. Therefore it is a density of states effect
which causes a significantly smaller tunneling current at surface atoms that
have nearest neighbors directly below them.

Of course, in the case of graphite we know the surface structure already
without the simulation of STM images. However, if it comes to more com-
plicated systems such as organic adsorbates on surfaces, the interpretation of
STM images is no longer that straightforward. Then the simulation of STM
images is rather helpful in order to identify the chemical nature of the imaged
structures.

As already mentioned, the Tersoff-Hamann approach is often sufficient in
order to allow a qualitative comparison between experimental and simulated
STM images. However, the nature of the tip is not included at all in this
approach. STM images can in fact be dependent on the composition of the
tip [137]. A further severe shortcoming of the Tersoff-Hamann model is that
the corrugation amplitude of STM images is usually substantially underes-
timated. The tip-sample coupling in first-order perturbation theory can be
extended beyond the Tersoff-Hamann theory in order to take into account
higher angular momenta in the tip states or more realistic models for the tip
structure [138]. Also nonperturbative approaches for the evaluation of STM
tunneling probabilities have been developed [139].

However, the simplest way to incorporate the effect of the tip based on
first-principles calculations is within a perturbative approach which is also
called the Bardeen approach [140]. In this model, the surface and the tip are
treated as isolated systems, and their electronic structure is determined sepa-
rately. The tunneling current is determined by evaluating the matrix elements
(4.30) explicitly using the wave functions obtained from the calculations of
the separated systems, so that the current is then given by [133,137]
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2
_ dre Z ‘ Xﬂwu Y, Vx5) dS| 8(E, — (B, +¢eV)). (4.32)

The integral is performed over some dividing surface S between tip and sur-
face which is illustrated in Fig.4.23. Equation (4.32) shows that within the
perturbation approach the tunneling current is basically proportional to the
overlap of wave functions.

Simulated STM images obtained within the Tersoff-Hamann model and the
Bardeen approach often agree qualitatively. However, there are cases where
the contrast depends on the used tip material. For example, the LDOS at
the Pta5Niz5(100) alloy surface shows a contrast between the imaged Pt and
Ni atoms that is opposite to the experimental results. Only when a realistic
W tip is used in the STM simulations within the Bardeen approach, the correct
chemical contrast is reproduced [137].

4.6 Surface Phonons

So far we have treated surfaces as static objects. However, surface atoms
are not at rest at non-zero temperatures. Instead, they vibrate about their
equilibrium positions. In periodic structures, these vibrations form waves, the
phonons, that are characterized by their frequency, their momentum and their
displacement pattern. Although phonons are a dynamical phenomenon, we fo-
cus on them in this chapter since, first, they are directly related to the struc-
ture of surfaces, and secondly, their description does not necessarily require a
dynamical treatment.

The vibrational frequencies of a system of L atoms can be determined in
the harmonic approximation by solving the secular equation

L PE(R)
VMM; OR[OR;

where Ee({R}) is the Born—Oppenheimer energy surface. This means that
the frequencies are given by the Hessian of the Born—Oppenheimer energy
scaled by the nuclear masses. Let us now consider a periodic crystal given by
the Bravais lattice {R;} with r atoms in the unit cell at positions R, =
R;+uro,a=1,...,r. The second derivatives

0*Ea({R})
6R1m-6RJ5j ’

det

=0, (4.33)

CY(Rr,Ry) = (4.34)
where ¢ and j denote the Cartesian coordinates, are also called elastic force
constants. In a periodic crystal, the elastic force constants only depend on
the distance Ryy = Rj; — R;. Because of this periodicity, it is sufficient to
consider 3rx 3r determinants in order to calculate the phonon frequencies w(q)
as a function of the wave vector g instead of taking a 3N x 3N determinant
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into account. The phonon frequencies w(q) are the solutions of the secular
equation [4]
af3 2 o
det’Dij (@) — w (q)’ =0, (4.35)

where Diajﬁ (g) is the dynamical matrix defined by

DI (q) = ——==>_ C(Ryy)e TR (4.36)

\ ﬁ Ry,

Equivalent to the case of surface electronic states, surface phonons are vibra-
tional modes that are localized at the outermost layers of the solid. Already
at the end of the nineteenth century it was known that localized waves, the
so-called Rayleigh waves, exist at the surface of isotropic continuous elastic
media [141]. The Rayleigh waves can be calculated exactly using elasticity
theory [13,109]. They correspond to long wavelength acoustic phonons since
their frequency depends linearly on the wave vector g in the surface plane.
Their displacements are confined to the sagittal plane which is the plane de-
fined by the wave vector q and the surface normal.

If the wavelength of the surface phonons becomes comparable to the inter-
atomic distances, a continuous elastic description of the substrate is no longer
justified. Instead, the discrete atomic nature of the solid and its surface has
to be taken into account. There are basically three methods for the micro-
scopic theoretical treatment of surface phonons using first-principles tech-
niques: molecular dynamics simulations, frozen-phonon techniques, and the
linear response formalism [142]. To extract phonon modes from classical tra-
jectory calculations (see Sect. 7.1), one performs finite-temperature molecular
dynamics runs of the substrate for a sufficiently long period of time. The
frequency spectrum of the phonons is then given by the Fourier transform

) = % /dtW(t) g(t) cos(wt) (4.37)

of the velocity autocorrelation function
L . .
()i (0)
o) = 3 <<—> | (1.39)

where T is the total simulation time, @y (¢) is the velocity of the I-th particle
in the supercell at time t, <> denotes the ensemble average, and W (t)
is an window function. In order to determine phonon modes not only at the
zone center, sufficiently large unit cells are required. Furthermore, rather large
simulation times are needed to resolve low-frequency vibrational modes since
the resolution of the Fourier transform is given by Aw > 27/T. On the other
hand, anharmonicities and temperature effects can be addressed with this
method.
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In the frozen-phonon approach, total energies and Hellmann—Feynman
forces are evaluated as a function of atomic displacements from the equilibrium
positions. The forces are fitted to a quadratic expansion in the distortions so
that the harmonic contributions can be extracted and the dynamical matrix
be determined. The unit cell that is used to calculate the forces has to match
the wave vector of the considered phonon mode. This method has been used
to address the phonon anomalies observed at hydrogen covered Mo(110) and
W(110) surfaces [59].

The problem of a matching supercell to determine phonons of a given
wavevector can in fact be avoided. In density-functional perturbation schemes
[143], dynamical matrices can be calculated for arbitrary wave vectors by us-
ing the same unit cell as for the ground state calculations. Density-functional
perturbation theory (DFPT) is based on the Born—-Oppenheimer approxima-
tion. To determine the dynamical matrix, the second derivatives of the energy
with respect to the nuclear coordinates are needed. By differentiating the
Hellmann—Feynman forces, a general expression for these second derivatives
can be found [143],

82E€1({R}) _ 8FI _/ dBR an(’r) avnucl—el('r)

OR;OR; ~  ORy OR; OR;
0*Viuel—el(T) 0? Vel —nuel
3 nuc e nuc nuc . 4.
+/ d°r n(r) OR,0R, + OR,0R, (4.39)

This means that for the determination of the second derivatives in addition to
the calculation of the ground-state electron density n(r), its linear response
to a distortion of the nuclear geometry, On(r)/0R;, is required.

In order to obtain the electron-density response On(r)/0R; within density-
functional theory, we first linearize the terms appearing in the Kohn-Sham
equations (3.54) with respect to wave function, density, and potential varia-
tion. For the electron density this gives

An(r) :221/; YA, (1) . (4.40)

The variation of the Kohn—-Sham orbitals At;(r) follows from standard first-
order perturbation theory

(Ho — €n) |Athn) = —(Aver — Acy)|thn) - (4.41)

In atomic physics, this equation is known as the Sternheimer equation. The
variation of the effective potential can be written as

62

A’Ueff(r) = Avext(r) + /dB’I'/An(T'/)m
dvye(n)

I An(r') (4.42)
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Fig. 4.24. Phonon dispersion curve of the buckled Si(100)—(2 x 1) surface. Vibra-
tional modes located at the surfaces are plotted as solid lines while the shaded area
corresponds to the bulk projected band structure (after [144]). The experimentally
measured velocity of the Rayleigh wave (RW) [145] is indicated by the broken lines.
The surface Brillouin zone and the special points are indicated in the right panel

and the first-order variation of the Kohn—-Sham eigenenergies is given by

Aeg, = <'l/)n|A'Ueff|'l/Jn>. (4.43)

The equations (4.40)—(4.43) form a set of coupled self-consistent equations for
the perturbed system. The Kohn-Sham eigenvalue equation (3.54) has been
replaced by the solution of a linear system (4.41). The crucial advantage of
density-functional perturbation theory is that the response to perturbations
of different wavelengths is decoupled [142,143]. Only periodic displacements
characterized by the wavevector q have to be considered. The derivatives
entering the determination of the dynamical matrices can be obtained from the
self-consistent solution of (4.40)—(4.43) with the first-order variations replaced
by the derivatives [142]

0 o
— = Tl R 4.44
aRIa (Q) ; aRIa ¢ ( )

As an example of the first-principles calculation of surface phonons, the
phonon spectrum of the buckled Si(100)-(2x 1) surface determined by density-
functional perturbation theory [144] is shown in Fig. 4.24. The surface phonons
in this system have been addressed before by tight-binding calculations [146]
with qualitatively very similar results. There is a large number of phonon
modes localized at the surfaces which are indicated by the solid lines. This is
due to the large structural changes of the reconstructed Si(100) surface. There
are some special modes labeled in Fig. 4.24, such as the rocking mode (r), the
dimer stretching (ds) and the dimer back bond (sb) mode. Of particular inter-
est with respect to the buckled dimer structure of the Si(100) is the rocking
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mode which has an energy of about 20 meV. The displacement pattern of
this mode corresponds to the rocking motion of the surface dimer. The eigen-
vectors and the frequencies of this phonon mode remain almost unchanged if
they are calculated in a larger ¢(4 x 2) surface unit cell [144]. This mode is
excited at room temperature (kT & 25 meV). Its existence supports the sug-
gestion that the seemingly symmetric dimers observed in room-temperature
STM experiments are in fact an averaged image over back and forth flipping
dimers (see p.78).

The energy of the dimer stretching mode (ds), about 43meV, is directly
related to the surface dimer bond strength. Actually, for Ge(100) the same
mode has been found with a slightly lower energy [142] reflecting the fact that
the dimer bond in Ge is weaker than in Si. The dimer back bond mode above
the bulk continuum corresponds to an opposing motion of the dimer atoms
with respect to the second layer atoms. Therefore it has the character of an
optical phonon.

The Rayleigh wave (RW) is the lowest mode in the surface phonon spec-
trum. The broken lines in Fig. 4.24 correspond to hw = hcrq where cp is the
experimentally measured velocity of the Rayleigh wave [145]. The comparison
with the calculated dispersion curve in the long-wavelength limit indicates a
very good agreement between experiment and theory.

Exercises

4.1 Electronic Surface States in the One-dimensional Nearly-Free
Electron Model

We describe an infinite solid in the one-dimensional nearly-free electron
model as a chain of atoms with an effective potential for the electrons
given by

V(z) = Vo + Vigcos(Gz),

where G = 27/a is the shortest reciprocal lattice vector of the chain.

a) Determine the dispersion (k) and the eigenfunctions for wave-vectors k
near the zone boundary, i.e. for |G/2 — k| < G.
Hint: Use degenerate perturbation theory

b) Now we consider a semi-infinite crystal. The potential barrier at the
surface at z = 0 is modeled by a potential step of height Wy so that the
whole potential is given by

V(z) = Vo + WpO(—2) + Vgcos(Gz) O(z),

where O(z) is the step function.
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Show that now localized electronic states can exist at the surface with an
energy that lies in the band gap. Which sign of Vi is necessary for the
existence of a localized surface state?

Density of States

a) Determine the density of states of the free electron gas in one, two
and three dimensions. Use periodic boundary conditions for IV electrons
along a line of length L, in a square of area A = L?, and in a cube of
volume V = L3, respectively.

Hint: Use n(e)de = nq(k)d?k, where ny(k) is the density of the states in
the d-dimensional k-space.

b) Show that in the general case the density of states in the j-th band,
ignoring the spin, is given by

ds 1
wE =V [ G e (4.45)

Sj(e)

where S;(g) is a surface of constant energy in the first Brillouin zone and
Vi e(k) is the gradient of e(k) in k-space.

c) Verify, that for free electrons in three dimensions the general expression
(4.45) gives the same density of states as the one derived in a).

Equilibrium Shape of Crystals

In equilibrium, a crystal assumes the shape with the lowest total surface
energy under the constraint of constant volume.

a) Assume that the surface energy is independent of the orientation, as
it is appropriate for liquids. Show that the equilibrium shape of a liquid
droplet is the sphere.

b) Consider a three-dimensional crystal that is a rectangular prism hav-
ing sides I, [, and [, and surface energies v,, v, and ..
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Show that the equilibrium condition for the crystal shape leads to [147]

Jo0o _ Dy _ D=

= = = . 4.4
L L I const (4.46)

This means that in equilibrium the distance of each crystal face from the
center of the crystal is proportional to its surface energy which is the
basis of the Wulff construction (see Fig.4.9).

Cohesive Energy in Tight-Binding

Use the tight-binding expression for the band width to show that the
band energy contribution to the cohesive energy of a transition metal is
proportional to the square root of the coordination number.

Hint: Replace the exact density of states by a rectangular density of states
with band width W.

Tunneling current through a barrier in the STM

Use a simple piecewise constant potential barrier of height V and width a
to show that the tunneling current I(E) for E < V; is given by

_ Ve o o ) L
I(E) = {1 + 1E(Vo — ) sinh® ( ay/2m(Vy — E)/h (4.47)
What is the value of the current in the limit of a very high and wide

barrier characterized by ay/2m(Vo — E)/h? > 17

Localized Vibrations on a Semi-infinite Linear Chain

Consider a semi-infinite linear chain consisting of atoms with mass M
and a spacing a. The first atom of the chain has a mass Mg # M. The
atoms are coupled by springs with force constant k:
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a) Determine the equations of motion for the displacements u,, for the
n-th atom, n =1, ...
b) Show that a localized vibrational mode exists for My < M /2 [13] and
determine its frequency. Compare this frequency to the maximum “bulk”
frequency for an infinite linear chain.
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Adsorption on Surfaces

The study of adsorption is of central importance in the field of surface science.
Adsorption processes are involved in almost all technological processes in
which surfaces play a crucial role. Often they are an important step in the
preparation of a device as, e.g., in the growth of a semiconductor device. But
adsorption can also be of significant importance in industrially relevant pro-
cesses. The most prominent example is heterogeneous catalysis since usually
the reactants have to adsorb on the catalyst before they can react. But of
course, also from a fundamental point of view the physical and chemical fac-
tors determining adsorption processes are most interesting. In this chapter I
will first introduce the basic quantities necessary to describe adsorption. After
classifying the different types of adsorption systems the necessary theoretical
tools to treat these systems will be addressed. Furthermore, reactivity con-
cepts will be discussed and their usefulness will be demonstrated in some case
studies.

5.1 Potential Energy Surfaces

The central quantity in any theoretical description of adsorption is the poten-
tial energy surface (PES) of the system. It corresponds to the energy hyper-
plane over the configuration space of the atomic coordinates of the involved
atoms. The PES directly gives information about adsorption sites and ener-
gies, vibrational frequencies of adsorbates, reaction paths, and the existence
of barriers for adsorption, desorption, diffusion and reactions.

There is a long tradition in surface science of using one-dimensional po-
tential curves to describe adsorption. The most prominent one goes back to
Lennard-Jones [148] and is shown in Fig.5.1. Two curves are plotted: the
curve denoted by AB+S represents the potential energy of the molecule AB
approaching the surface S. There is a shallow minimum E?dB before the curve
rises steeply. The other curve A4+B+S corresponds to the interaction of the
two widely separated atoms A and B with the surface. Far away from the

A. Gro83, Theoretical Surface Science,
DOI 10.1007/978-3-540-68969-0-5, (© Springer Verlag Berlin Heidelberg 2009
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Fig. 5.1. Potential energy curves for molecular and dissociative adsorption accord-
ing to Lennard-Jones [148]

surface the energetic difference D between the two potential curves is equal
to the dissociation energy of the free molecule AB. Close to the surface it
is energetically more favorable to have two separate atoms interacting with
the surface than the intact molecule. This corresponds to a dissociative ad-
sorption scenario. The energy gain upon the dissociative adsorption of the
molecule AB is EﬁfB whereas the energy gain upon the adsorption of the
two isolated atoms A and B is given by Eﬁ(fB + D.

The exact location of the crossing point between the curves AB+S and
A+B+S determines whether there is a barrier for dissociative adsorption or
not. The scenario depicted in Fig. 5.1 illustrates the case of activated disso-
ciative adsorption with the diabatic dissociation barrier given by FE,. The
adiabatic barrier will be somewhat lower due to the avoided crossing between
the adiabatic potential curves. If the crossing of the two curves is closer to
the surface and thus at a potential energy < 0eV, the molecule can dis-
sociate spontaneously at the surface and we have non-activated dissociative
adsorption.

Potential curves like the ones presented in Fig. 5.1 illustrate the energetics
of the adsorption process. However, without any additional information we do
not learn anything about the physical and chemical nature of the interaction
between the surface and the adsorbates. The shallow molecular adsorption
well in Fig. 5.1 usually corresponds to a physisorption well caused by van der
Waals attraction while the steep rise of the potential energy is due to the Pauli
repulsion between the molecular and substrate wave functions. The energy
gain upon dissociative adsorption is typical for the so-called chemisorption
which corresponds to the creation of true chemical bonds between adsorbate
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Fig. 5.2. Schematic illustration of the role of a catalyst using a two-dimensional
representation of the potential energy surface. A catalyst provides a detour in the
multi-dimensional PES with lower activation barriers

and substrate. This interaction can be further classified into ionic, metallic or
covalent bonding.

In the following sections we will learn how to theoretically describe the
interaction of atoms and molecules with surfaces. First we will address physi-
sorption which still represents a challenge in density functional theory. In the
discussion of chemisorption we will focus on the analysis of the electronic
structure which is crucial for the understanding of the nature of the chemical
bond.

One note of caution should be added. One-dimensional representations of
potential energy surfaces can be quite misleading. For example, it is often
argued that the presence of a catalyst lowers activation barriers significantly.
However, usually intermediate products are involved in heterogeneous cata-
lysis which can only be illustrated in a multi-dimensional representation of
a PES. This is demonstrated in Fig.5.2. A catalytic reaction corresponds in
principle to a detour in the multi-dimensional PES on the path from the
reactants to the products. Along this detour, however, the activation barrier
is much smaller than for example in the gas phase. Thus the reaction rate
is enormously enhanced in the presence of a catalyst since the rate depends
exponentially on the barrier height (see Sect.8.1).

5.2 Physisorption

In the weakest form of adsorption no true chemical bond between surface
and adsorbate is established. The bonding is rather due to the induced dipole
moment of a nonpolar adsorbate interacting with its own image charges in
the polarizable solid, which means that the attraction is caused by van der
Waals forces. Although this bonding is usually rather weak (~ 0.1eV), it is



104 5 Adsorption on Surfaces

e e
2 RS
v/ /NI \
! Z' R R '3 )
\ U \
- / (e} +
A 7 v e
\\_’ \\_/
metal vacuum

Fig. 5.3. Schematic illustration of a hydrogen atom in front of a perfect conductor
interacting with its image charges

in fact crucial for the bonding in a wide range of matter. For example, the
exceptional ability of geckos to climb up smooth vertical surfaces is caused by
the van der Waals attraction between foot-hairs of the gecko and the surface
[149]. Measurements indicate that a single foot of a gecko could produce 100N
of adhesive force which means that the feet of a gecko could lift a load of 40 kg.
Here we are more concerned with van der Waals interaction of rare gases and
molecules with filled electron shells with surfaces since it is the main source
of the attraction between these species and surfaces.

I will first give a very elementary introduction into to the essential physics
of the van der Waals interaction between an atom and a solid surface [150].
Let us first consider a hydrogen atom in front of a perfect conductor (Fig. 5.3).
The positively charged nucleus is located at R = (0,0, Z), and the electronic
coordinates r = (x,y, z) are given with respect to the nucleus. This hydrogen
atom is interacting with its image charges of both the nucleus and the electron
in the conductor. The total electrostatic energy is then a sum of two repulsive
and two attractive terms,

S 1 R
e I2R| R2R+r+7| |2R+7| 2R+ 17|

__< 1 S (5.1)
2 |2Z " 20Z+2) |2R+7| | '

We assume that the atom is not too close to the surface which means that
|r| < |R|. A Taylor expansion of (5.1) in powers of the small quantity |r|/|R)|
yields

e [+ 3¢*> 12, 59 o 2 -5
Vims?[T“]+1624[§( TY)E 0T (52)

Let us first consider the leading term of (5.2). The nominator is proportional
to the square of the electronic displacement from the nucleus. For the sake
of simplicity we model the electronic motion in the free atom by a three-
dimensional oscillator:
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2
Vit = =50 (a2 437 +2%) . (5.3)

The frequency of the unperturbed oscillator is given by wyip. The atomic
potential (5.3) is modified by the presence of the surface. The image charges
lead to additional potential terms that are quadratic in the displacements.
This causes a change in the vibrational frequencies. The modified atomic
potential is given by

Vatom = Vfree + ‘/im

atom
Mew?. €2 22+ g2
Vaom = 220 (g2 g2 2) = o [EEE ]y
2
Mew m€w2
ot (YY) - g (5.4)
where the modified vibrational frequencies are
e? e?
= Wyip — ——————— d = Wyp — ———————. 5.5
w“ Wvib 16mewvin3 an WL Wvib 8mewvin3 ( )

Here we have used mew?2, > e?/(4Z). If we assume that the atomic oscillator
remains in its quantum mechanical ground state, then the van der Waals
binding energy in this simple picture is exactly given by the change in the
zero-point energy of the atomic oscillator

Veaw (2) = ZA‘*’(Z) = 2u(2)+ 2w)(Z) = Bwyib) = —he”

5 (5.6)

8mewvin3 '
This also demonstrates the long-range nature of the van der Waals interaction
which is proportional to Z 3.

The van der Waals potential (5.6) can be further simplified by introducing
the atomic polarizability

a= . (5.7)
Mmewy,
Substituting (5.7) into (5.6) yields
hwviba C’u
Z)=— = —— .
Voaw (2) 375 73 (5.8)

Here C,, = hwyipr/8 is the van der Waals constant that is directly related to
the atomic polarizability.

By writing the fourth-order correction in the Taylor expansion (5.2) as
3CyZy/Z*, the so-called dynamical image plane at Zy is defined

Cy, 3C,Z

73 74

< = +0(Z7°) (5.9)

ViniZ) = Z- 7y

+0(Z27%) = -
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Note that the 1/Z3 long-range van der Waals attraction can also be ratio-
nalized from a 1/R°® atom-atom dispersion interaction summed over lattice
atoms (see Exercise 5.1).

The derivation of the van der Waals force between an hydrogen atom and a
perfect conductor given above basically corresponds to the interaction of two
dipoles at distance 2Z. However, a hydrogen atom in the ground state has
no permanent dipole moment. Hence there is a rigorous quantum mechanical
derivation necessary of the long-range interaction between a neutral atom and
a solid surface. Such a derivation was given by Zaremba and Kohn [151]. They
treated the interaction in perturbation theory under the assumption that there
is no overlap between the wave functions of the atom and the solid. The full
Hamiltonian is given by

H=H,+ H,+ Vs, (5.10)

where the subscripts a and s denote the atom and the solid, respectively.
The perturbation term Vs describes the electrostatic interaction between the
atom and the solid

ps(1)pa(r’
VGS:/ drd*r l—|(7‘)—r(’| ), (5.11)

where p corresponds to the total charge density of the positive ion core nt
and the electron number operator 7,

Ps,a(T) =1l (r) = figalr). (5.12)

It can be shown that the first-order contribution vanishes [151]. The second-
order interaction energy E(?) is expressed in terms of the retarded response
functions x,,s of the atom and the solid, respectively,

AT
(2) — B
P2 T (B B

a0 B#£0 0
_ d3 dS I/d3 /d3 ! € €
/ T/ " ¥ $|R+xfr| |R+ o' — 1|
dw
x/ (' iw)xs(r, 7' iw) . (5.13)
27
0

Regrouping the terms and integrating over the atomic response function leads
to a term proportional to the atomic polarizability a which already appeared
in the simple qualitative derivation above. The remaining integrals can be
expressed in terms of the dielectric function e of the solid. Finally one arrives
at the result that the interaction term E(® indeed corresponds to the van der
Waals atom-metal potential
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Table 5.1. Van der Waals coefficient C'v and dynamical image plane Zj for rare-gas
atoms on various noble metals obtained by jellium calculations [151]. Cy is given
in eV/A3 and Zp in A

He Ne Ar Kr Xe
Cv Zo Cvy Zo Cvy Zo Cv Zo Cv Zo

Cu 0.225 0.22 0.452 0.21 1501 0.26 2.110 0.27 3.085 0.29
Ag 0.249 0.20 0.502 0.19 1.623 0.24 2263 0.25 3.277 0.27
Au 0274 0.16 0.554 0.15 1.768 0.19 2.455 0.20 3.533 0.22

C
EXDNZ) =Vigw(Z) = ——2— + 027" 5.14
where the van der Waals constant is given by
17 L eiw) — 1
= — [ d - 1
C 47_‘_/ w aiw) i) 1 (5.15)
0

and the position Z; of the dynamical image plane by

oo
1 e(iw) — 1
Zy = e / dw a(iw) eEzwﬁ Z(iw) . (5.16)
0

Here Z is the centroid of the induced charge density. This derivation confirms
that the long-range interaction potential is expressible as a polarization en-
ergy. The polarization is due to the interaction of the instantaneous dipole
on the atom caused by charge fluctuations with the induced image charge
distribution in the solid.

The equations (5.15) and (5.16) provide a convenient scheme to evaluate
the van der Waals interaction from first principles. For simple and noble met-
als the substrate can be reasonably well represented by the jellium model.
Calculated values obtained in this way for rare-gas atoms on various noble
metal surfaces are listed in Table 5.1 [151]. It is obvious that the van der
Waals coefficient increases strongly from He to Ne for all considered metal
surfaces. This increase is basically a direct consequence of the larger atomic
polarizability of the heavier rare-gas atoms. As far as the dependence on the
substrate is concerned, the van der Waals coefficients Cy reflect the increase
in the dielectric function from Cu to Au. The positions of the image plane,
on the other hand, depend only weakly on the atomic polarizabilities but de-
crease with increasing dielectric functions. The values for Zy are rather small
in the order of 0.15-0.3A.

The van der Waals interaction (5.14) is purely attractive. However, closer
to the surface the wave functions start to overlap with the substrate wave
functions. There will be some electrostatic attraction towards the positive ion
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Fig. 5.4. Physisorption potential for He interaction with different jellium surfaces
as a function of the distance from the jellium edge. The jellium electronic densities
correspond to the noble metals Ag, Cu and Au and the simple metal Li, respectively.
(After [152])

cores of the substrate. On the other hand, the orbitals of the approaching atom
have to be orthogonal to the substrate wave functions which increases their
kinetic energy. This Pauli repulsion is particularly strong for atoms with closed
valence shells for which it dominates the interaction close to the surface. Thus
there will be a balance between the short-range Pauli repulsion and the long-
range van der Waals attraction leading to a physisorption minimum. In order
to determine the physisorption equilibrium position for rare gases adsorbed
on jellium, Zaremba and Kohn divided the total interaction into two parts: a
short-range term described by Hartree—Fock theory and the longe-range van
der Waals interaction. Thus the physisorption potential is given by

V(Z) =Var(Z) + Viaw(2). (5.17)

The physisorption potential for He interaction with jellium surfaces with den-
sities corresponding to Ag, Cu and Au is shown in Fig.5.4. It is obvious that
the attraction due to the van der Waals interaction is rather weak leading
to well depths below 10meV for He. Furthermore Fig. 5.4 demonstrates that
the divergence of the van der Waals attraction at Zy ~ 0.2A is irrelevant
for physisorption systems since the Pauli repulsion sets in much further away
from the surface.

There is, however, a certain inconsistency in the determination of the equi-
librium physisorption energy and position using (5.17). In the derivation of the
van der Waals attraction Vyqw(Z) (5.14) it was assumed that the wave func-
tion were not overlapping while the Pauli repulsion requires a wave function
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overlap. It would be desirable to have a consistent unified description of both
van der Waals interaction and chemical interaction. Unfortunately, density
functional theory using the LDA or GGA for the exchange-correlation func-
tional does not properly describe the long-range van der Waals interaction.
This is closely related to the fact that in the LDA and the GGA the exchange-
correlation hole is still localized. Therefore the effective electron potential
outside of a metal falls off exponentially and not proportional to 1/z. Hence
neither image forces nor the van der Waals interaction is appropriately repro-
duced. Still there have been calculations of the interaction of rare-gas atoms
with surfaces using DFT within the GGA [153] and LDA [154]. These calcu-
lations yield reasonable potential well depths for rare-gas adsorption on metal
surfaces. It has been argued that this is due to the fact that physisorption can
induce a static dipole moment at the adsorbate [154] which is correctly de-
scribed within LDA or GGA and which contributes significantly to the bond
strength [155].

Still there have been several attempts to properly include the van der
Waals interaction in density functional theory. Two recent approaches [156,
157] utilize the adiabatic connection formula

1 e?

E.c[n] = E/dsrd%'

/O AN (P) (")) r — 6(r — ') (n(r))] .
(5.18)

r— |

For A = 0, the Hamiltonian H (\) does not contain any longe-range interaction.
This interaction is adiabatically switched on as a function of the coupling
parameter A so that for A = 1 the Hamiltonian H(\) corresponds to the true
physical Hamiltonian. In (5.18), (...), » means the expectation value in the
ground state H(A) with a potential V which keeps the ground-state density
nx(r) equal to the exact physical density ny—1(7) for all A. The advantage of
the exact formula (5.18) is that approximate expressions for the interacting
system can be used which can still be solved. The adiabatic connection formula
then corresponds to an extrapolation to the exact expression.

Hult et al. use second-order perturbation theory equivalent to (5.13) and
then introduce a local dielectric function

e(w;n(r)) = 1 — w(n(r)) w (5.19)
with the plasma frequency
wf)(n(r)) = M, (5.20)

Me

thus defining a density functional. A cutoff function k(n(r)) has to be in-
troduced because the local approximation (5.19) tends to overestimate the
response in the low-density tails of the wave functions [157]. Kohn et al. avoid
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the introduction of a cutoff function by transforming the adiabatic connection
formula into the time domain [156].

Both approaches give very satisfactory results for van der Waals constants.
However, it would be much more desirable to find a more appropriate nonlo-
cal form for the exchange-correlation functional that reproduces the correct
long-range form of the effective one-particle potential. This would avoid the
introduction of an explicit van der Waals density functional which requires
some extra computational effort to include the long-range van der Waals at-
traction. Because of this extra effort so far the van der Waals functionals are
usually not included in standard DFT implementations.

There is a relativistic modification of the van der Waals potential at dis-
tances larger than Z ~ /2w, where X is the effective atomic transition wave-
length that contributes to the polarizability. This distance is of the order of
0.1 pm. At such a large distance the finite velocity of the photons cannot be ne-
glected which causes retardation effects in the electrostatic interaction. Hence
the van der Waals interaction falls off more rapidly with distance and becomes
proportional to —1/Z% [158]. The retarded van der Waals or Casimir-van der
Waals potential is in fact a manifestation of the Casimir effect [159] which
is a consequence of the zero-point energy of a quantized field. Although this
effect leads to small changes in the attractive potential on an absolute scale,
it has still been observed in the scattering of an ultracold beam of metastable
neon atoms from silicon and glass surfaces [160].

5.3 Newns—Anderson Model

In contrast to physisorption, in chemisorption true chemical bonds between
adsorbate and substrate are formed. This means that there is a significant hy-
bridization between the adsorbate and substrate electronic states which causes
a modification of the electronic structure. Let us recall that within the super-
cell approach the one-electron eigenfunctions of the Kohn—Sham equations are
delocalized Bloch functions. In the bulk, their eigenenergies as a function of
the crystal momentum e(k) directly give the electronic band structure which
is crucial for the electronic, structural and optical properties of the solid.
However, adsorption at surfaces corresponds to the making of localized bonds
between the substrate and the adsorbate. The band structure is not a conve-
nient tool for a direct analysis and discussion of the nature of the chemical
bonds. Often, an analysis of the local density of states n(r, ) (LDOS), in par-
ticular the projected density of states, is better suited to analyze the nature
and symmetry of chemical bonds between substrate and adsorbate [75].

In order to obtain the change in the density of states upon chemisorption,
a full self-consistent electronic structure calculation of the interacting sys-
tem has to be performed. However, to establish qualitative trends and basic
mechanisms, it is often very useful to describe a complex system by a sim-
plified Hamiltonian with a limited number of parameters. The dependence of
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the properties of the system on these parameters can then be studied in a
well-defined way. In the next sections I will discuss approximative theories of
chemisorption such as the Newns—Anderson model or the effective medium
theory. When these methods were first introduced, they were also meant to
provide semiquantitative results for chemisorption properties. Nowadays, due
to the relative ease with which self-consistent electronic structure calculations
can be performed, these approximative methods are mainly used for explana-
tory purposes.

The modification of the electronic structure upon adsorption in terms of
the adsorbate-substrate coupling can be particularly well derived using the
so-called Newns—Anderson or Anderson—Grimley—Newns model which was de-
veloped independently by Grimley [161] and by Newns [162] based on a model
proposed by Anderson [163] for bulk impurities.

Consider a substrate characterized by a quasi-continuum of Bloch states
¢ with eigenenergies €5 and an adatom interacting with the substrate. The
adatom shall be described by a single valence state ¢, with energy ¢,. The
interaction can be described in its simplest form by the following model
Hamiltonian

H=c¢,n,+ Zékﬁk + Z(Vakl;ll;k + Vkai)LBa) , (5.21)
k k
with "
Ry =bibi, i=ak, (5.22)

where 7n; is the number operator, and l;j and IA)l are the creation and annihila-
tion operator of the orbital ¢;, respectively. The interaction of the substrate
and adatom states is given by the matrix elements V. In (5.21) we have ig-
nored the spin degree of freedom. Often the Coulomb repulsion U in the doubly
occupied valence state is taken into account by adding a term %U Ng1Mg) 1D
the Newns—Anderson Hamiltonian. Usually the two-body operator 74174 is
treated in the Hartree-Fock approximation [13] in which it is replaced by an
effective one-body operator. This leads to an effective decoupling of the spins
and only causes a shift of the eigenenergies ¢,. Since the consideration of the
Coulomb repulsion does not change the general conclusions, we will neglect
it here. Note that (5.21) in this simple form could in principle be decom-
posed into a sum over independent one-particle Hamiltonians, i.e., it could be
diagonalized to correspond to a sum over one-particles states H = )", &;n;.
However, a direct solution of the Schrodinger equation

HCi = £;C; (523)

by diagonalization is intractable due to the infinite number of substrate states.
Nonetheless, the Newns—Anderson Hamiltonian (5.21) can be used to derive
some fundamental aspects of the behaviour of the adatom valence state ¢,
upon adsorption. We rewrite the projected density of states (4.6) as

na(e) = Z [{bilda)* 6(c — &)
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I Z (Gal@idPilba) _ Ly o) (5.24)

€—¢g; +16 T

where G is the single particle Green function

Gle) =3 % (5.25)

Here, as usual, § is assumed to be a small positive number, § = 0T, and G is
formally defined by
(e—H+1i0) G(e)=1. (5.26)

By writing (5.26) in matrix form and eliminating G, = (¢;|G|ps) it can be
easily shown (see Exercise 5.2 [150]) that Gaq(g) can be written as

1

- 2
Gaa(€) £—¢gq—X(e)’ (5:27)
where the self-energy ¥ (e) = A(e) —iA(e) is given by
&) =7 Y [Vakl? 6(c — ) (5.28)
k

and

Ale) = lp/ AED o (5.29)

T e—¢
Here P denotes the principal part integral. Inserting (5.27) into (5.24) yields
the projected density of states in terms of A(e) and A(e),

1 Ale)

(&) = L C T AT A (5:30)

Two limiting cases can now be conveniently discussed. Let us denote the sub-
strate band width by W. If V,, <« W, then we may just take the average
value Vo = (Vur) and insert it in (5.28)

€) zﬁZ|VaV|2 §(e —ex) =7 V2 nile), (5.31)
k

where ny(¢) is the density of states of the unperturbed substrate. In the wide-
band limit, we may assume that ny(e) and consequently also A is independent
of the energy. Such a situation is typical for the sp-band of a simple metal.
In this case A is zero, and the projected density of state simply corresponds
to a Lorentzian of width A centered around &,. Physically this means that
the adatom valence level is broadened into a resonance with a finite lifetime
7 = A~!. This scenario is called the weak chemisorption case.

We will deal with this scenario in much more detail in the next section.
Here we only note that even if A(e) varies slowly with energy on the scale
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of V,i, the adatom projected density of state (5.24) will still essentially be of
Lorentzian shape. The lifetime broadening of the resonance then reflects the
local substrate density of state. As far as the dependence of A with respect
to the adatom distance from the surface z is concerned, it is usually assumed
that A oc e”* since the matrix elements Vg, fall off exponentially with the
distance from the surface.

The other limiting case is given by V,, > W. It is characterized by a weak
continuous spectrum extending over the substrate energy band. In addition,
increasing the coupling V,j, leads to two localized states outside the continuous
spectrum given by the roots of e —¢, — A(g) = 0. This situation is equivalent to
the case of two interacting level resulting in bonding and antibonding states
above and below the two original states. This strong chemisorption case is
often observed in the adsorption of atoms and molecules on metal surfaces
with d-bands which are usually narrow compared to the interaction strength.
Examples for strong chemisorption will be given at the end of this chapter.

The equations (5.28) and (5.29) show that the knowledge of A(e), which is
sometimes called the chemisorption function, is crucial for the determination
of the adsorbate resonances. However, only with simplifying assumptions with
respect to the substrate density of states, it may be directly evaluated [162].
Often its dependence on the energy and on the distance of the adatom from
the surface is used as a variable parameter in simulations.

The same is true for the energetic location of the adatom resonance
e5(z) = e4(2) + A(z). In particular in weak chemisorption scenarios, the shift
A(z) is usually not explicitly considered, but rather the function £%(z) is pa-
rameterized and the superscript suppressed [164]. Far away from the surface
where there is negligible overlap with the substrate wave function, the depen-
dence of both occupied and unoccupied adatom levels on the distance from
the surface can be derived by simple electrostatic arguments. Before we do
so, we first have to define the ionization energy I and the electron affinity A.
The ionization energy I is defined as the energy to remove an electron from
a neutral atom and bring it to infinity, i.e., to the vacuum level. It is always
positive, otherwise neutral atoms would not be stable. The electron affinity
is given by the energy that is gained when an electron is taken from infinity
to the valence level of an atom, i.e. it corresponds to the energy difference
between the neutral atom plus an electron at the vacuum level and the neg-
atively ionized atom. The electron affinity can be both positive and negative
depending on whether the negative ion is stable or not.

Tonization energy and electron affinity are not the same because of the
additional Coulomb repulsion U between the electrons if another electron is
added to the atom. Therefore the electron affinity is always smaller than the
ionization energy, and the difference is given by U:

U=1-A. (5.32)
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Only for extended states the Coulomb repulsion might be negligible. In fact,
for metals the ionization energy and the electron affinity are the same and
equal to the metal work function.

The presence of a surface will modify both the ionization energy and the
electron affinity. To see this, let us again consider a hydrogen atom in front of
a perfect conductor, as in Fig. 5.3. For the sake of convenience, let us assume
that the electron and the nucleus are collinear with respect to the surface
normal and that their coordinates are both given with respect to the origin
at the surface plane. The image potential (5.1) is then given by

e2 1 1 2
Vi =5 ﬁﬂ“g*m . (5.33)

If we remove the electron from the adatom to infinity, we have to do work
against the force OViy, /92 due to the image charges of both the electron itself
and the positive ion. Since the attraction of the electron to its own image
is overcompensated by the repulsion with respect to the negatively charged
image of the ion which stays at —Z, the ionization energy of the adatom in
front of the surface is decreased by

yi Vim ,, e?
z=7Z

Hence the effective ionization energy in front of a perfect conductor is given by

62

Ig(z)=1——. 5.35
wrlz)=T- (5.35)
If, on the other hand, we want to add an electron to a neutral atom in front of
a surface, we gain the additional energy due to the interaction of the electron
with its own image charge. Therefore, the electron affinity is increased to

62

Aei(2) = A+ . (5.36)
The influence of the image potential on the ionization and affinity levels is
sketched in Fig. 5.5. Depending on whether the affinity or the ionization level
crosses the Fermi energy of the metal when the atom approaches the surface,
the adatom will become negatively or positively charged, respectively. How-
ever, the adatom may well be neutral, if the Fermi energy remains between
the ionization and the affinity levels.

The considerations with respect to the ionization and affinity levels of a
hydrogen atom can be extended to occupied and unoccupied atomic levels in
general. Thus the energy of unoccupied levels tends to shift down in front of
a conductor while occupied levels are shifted up. This is only true as long
as there is negligible overlap with the substrate wave functions. Close to the
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Fig. 5.5. Schematic sketch of the shift of the ionization energy I and the electron
affinity A in front of a perfect conductor caused by the image potential. The metal
work function is denoted by @

surface, there is the additional modification of the adatom levels due to the
interaction with the substrate states. A typical example of the shift and broad-
ening of an affinity level is plotted in Fig. 5.6. Far away from the surface the
affinity level is subject to the image interaction. Note that the increase of the
electron affinity Aeq(z) = A+ e?/4z translates into a downshift of the affinity
level e,(2) = €2® — 2 /4z. When £,(2) crosses the Fermi level, the level will be
filled and consequently the adsorbate becomes negatively charged. Close to
the surface the pure 1/z dependence of the affinity level becomes modified due
to the hybridization with the substrate states. In fact, the level approximately
follows the effective one-electron potential veg(z) of the bare substrate. In the
next section we will see that this can be made plausible within first-order
perturbation theory.

The Newns—Anderson model is rather useful for explanatory purposes.
However, due to its approximative nature it is not suited for predictive pur-
poses. For example, since the interaction between the substrate and adatom
electrons is described only by hopping terms, electron correlation effects are
not included [165]. Despite some efforts to consider some correlation effects
within a self-energy matrix formalism [166] it has hardly been used for the
determination of chemisorption properties. Recently it has been employed
predominantly in the modeling of the dynamics of charge transfer processes
in molecule-surface scattering [164]. For a reliable description of chemisorp-
tion and the determination of chemical trends it is necessary to perform self-
consistent electronic structure calculations. This will be the subject of the
next sections.
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Fig. 5.6. Schematic sketch of the shift and the broadening of an adatom valence level
€a(z) upon approaching a surface. ver(z) corresponds to the effective one-electron
potential of the bare substrate. The shaded areas illustrate the filled levels

5.4 Atomic Chemisorption

Chemisorption corresponds to the creation of a true chemical bond between
adsorbate and substrate, which means that the electronic structure of both
the substrate and adsorbate are strongly perturbed by the interaction [167].
In order to discuss the energetic contributions to chemisorption within density
functional theory, it can be useful to regroup the different energetic terms in
the total energy expression (3.57):

N
Etot - Zgi + Exc[n] - /UXC(T’)H(’I‘)dS’I’ - VH + Vnuclfnucl
=1

N

= Zgi + EXC [n] - /UQH(T)H(T)CZ3T + VH + ‘/el—nucl + ‘/nucl—nucl
i=1
N

= Zsi + Exc[n] — /veﬁ(r)n(r)dgr + Ees . (5.37)
=1

Here FE.s corresponds to the total electrostatic energy of the system. The
atomic adsorption energy is given by the energy difference between the ener-
gies of the separate constituents and the interacting system

E.qs = Eiot(adatom/substrate) — (Eiot (substrate) + Fiot(atom)).  (5.38)

Note that according to (5.38) adsorption energies are negative if the adsorption
is stable with respect to desorption. However, there is no consistency in the
literature as far as the sign of the adsorption energy is concerned. Better
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check the sign convention always carefully. Throughout this book we will use
the above convention (5.38) for the definition of the adsorption energy (Faqs)
whereas by binding energy (F,) we will denote the negative of the adsorption
energy.

There are several terms contributing to the total energy and consequently
to the energy difference. There can be a delicate cancellation of different op-
posing effects. Hence it is no trivial task to determine the most crucial one
for a particular adsorption system. In the following we will try to establish
chemical trends in the adsorption properties by disentangling the different
energetic contributions.

One of the first applications of self-consistent electronic structure calcu-
lations to adsorption properties was performed by Lang and Williams [168].
In this seminal paper, DFT-LDA calculations of atomic adsorption on jellium
surfaces were presented modeling the interaction of adsorbates with sp-bonded
metals such as Al or Na. These calculations do not yield quantitative results
but they are ideally suited in order to illustrate qualitative trends. In this
particular treatment, the Kohn—Sham equations were not directly solved. It
was rather taken advantage of the fact that the solution of Kohn—Sham equa-
tions can be regarded as being equivalent to solving a scattering Lippmann—
Schwinger equation:

Yra(r) = (1) + / A1 Gr(r, 7)) 6ve (1) hra (1) . (5.39)

Here the subscripts £ and ka denote the unperturbed metal and the metal-
adsorbate system, respectively, and dveg(r) is the change of the effective po-
tential due to the presence of the adsorbate. Equation (5.39) can be interpreted
as describing the elastic scattering of metal states ¥ (r) by the adsorbate in-
duced effective potential dveg (7).

Figure 5.7 shows the calculated charge contour plots for a representative
set of atoms adsorbed on a high-density jellium substrate simulating Al. The
upper panel shows the total charge densities of Li, Si and CI, respectively, on
jellium. The charge distributions around Li and Cl are still almost spherical
while in the case of Si there is an elongated structure in the region between
adatom and surface. Much more instructive is the lower panel of Fig. 5.7 where
the charge density difference between the interacting system and the superpo-
sition of the bare atom and surface are plotted. These charge density difference
plots exhibit regions of charge depletion and charge accumulation illustrating
the charge redistribution and the rehybridization due to the interaction of the
reactants.

For Li, there is a charge transfer from the vacuum side of the adatom to-
wards the metal. This can be simply understood by the larger electronegativity
of Al compared to Li which is prototypical for positive ionic chemisorption.
Chlorine, on the other hand, is more electronegative than Al, and this fact is
reflected by the significant charge transfer from the substrate to the adsorbed
Cl atom. Thus chlorine adsorption provides a clear example of negative ionic
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Fig. 5.7. Contours of constant charge density calculated using DFT for Li, Si and
Cl adsorbed on a high-density jellium substrate. The solid vertical line indicates the
jellium edge. Upper panel: Total charge density of states; lower panel: charge density
difference, broken lines correspond to charge depletion. (After [168])

chemisorption. Note that in the total charge density plots of lithium and chlo-
rine adsorbed on jellium the contour lines in the metal are curved indicating
the ionic attraction towards the positively charged Li and the repulsion away
from the negatively charged CI.

Adsorbed silicon, on the other hand, shows charge transfer from the region
close to the nucleus to both the vacuum and the bond region. Such a charge
accumulation in the bond region is typical for the formation of a covalent bond.
However, the spatial information about the charge redistribution alone is not
sufficient in order to gain insight into the delicate energetic balance between
band-structure and electrostatic contributions. Additional information about
density of states effects is provided by electronic structure calculations. The
change of the density of states upon the adsorption of Li, Si and Cl is plotted
in Fig. 5.8. Clearly visible are several peaks. These resonances which have been
discussed in the previous section correspond to adatom levels that have been
shifted and broadened due to the interaction with the jellium substrate.

The Li 2s derived state which is singly occupied in the free atom lies
primarily above the Fermi energy €r. This confirms the charge transfer from
the Li atom to the substrate and hence the positive ionic chemisorption. The
Cl 3p derived state is basically fully occupied since it is almost entirely below
e indicating the negative ionic chemisorption. With respect to the illustration
of the ionization and affinity levels in Fig. 5.5, Li provides an example where
the ionization levels is shifted above the Fermi energy while for Cl the affinity
level has crossed the Fermi energy.

The density of states of Si adsorbed on jellium shows two prominent peaks
which can be associated with the Si 3s and 3p atomic levels. The Si 3p derived
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Fig. 5.8. Change of the density of states upon the adsorption of Li, Si and Cl on
jellium with an electron density corresponding to Al. (After [168])

state is only half-filled. By analyzing the local density of states attributed to
the Si derived states Lang and Williams were able to show that the lower
parts of the resonance add charge to the bond region while the upper parts
subtract charge from this region [168]. The lower parts can therefore be asso-
ciated with a bonding contribution while the upper parts have an antibonding
character. Hence a half-filled resonance level corresponds to a covalent inter-
action in weak chemisorption cases. For Cl adsorption, both the bonding and
antibonding contributions are occupied. In this case it is the electrostatic at-
traction between the Cl core and the transferred electron that stabilizes the
adsorption.

In fact, there is an alternative derivation of the division of the resonance
levels in bonding and antibonding contributions which is based on the scatter-
ing formulation (5.39) of atomic adsorption. If the metal states are elastically
scattered at the adsorbate induced potential, there is a phase shift of the
scattering states given by [155, 169

Im D, (¢)

tand,(e) = ————=, A4
and, () Re Da(2) (5.40)
where D, () is the determinant
D, (g) = det[l — Gpr(e)dves] - (5.41)

If one assumes that the system is enclosed in a sphere of Radius R — oo so
that the wave function vanishes for r = R, it is relatively easy to show (see
Exercise 5.4 [13]) that the change in the density of states induced by the
perturbing potential is related to the phase shift by
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on(e) = = 6225) : (5.42)

Q@
Q
U

where g, is the dimension of the representation of the symmetry group the
adsorbate state 1, belongs to. Let now &, be the energy where Re D,(¢)
vanishes. If we expand Re D,(¢) around &,, to first order we get

Re D, (e) =~ dRed—ZZa(s) (e —eq). (5.43)

£=¢€,

Inserting this Taylor expansion in the denominator of (5.40) allows us to
simplify the expression of the phase shift to

r
5a(c) = — arct , 5.44
(e) arctan — = (5.44)

with the constant I" given by

Im Do (€) } . (5.45)

r= [(dRe Du(e)/d)

Combining (5.42) and (5.44) gives a simple Lorentzian for the change of the
density of state near a resonance

sn(e)= 9oL

with the width of the resonance determined by I'. However, the definition of
I" given by (5.45) does not provide a straightforward interpretation. Note the
similarity with the expression (5.30) for the density of states projected onto
an adsorbate level derived within the Newns—Anderson model.

This proves that the resonance occurs at energies €, where Re D, (g) van-
ishes. It follows that the phase shift

r
€ —¢eq

tand,(e) = — (5.47)
increases through /2 as the energy goes through &, from below which is a
well-known phenomenon in resonance scattering. In elementary textbooks on
quantum mechanics [8, 18] it is shown that a phase shift of 0 < 6, < 7/2
corresponds to a situation in which the wave function is pulled towards the
scattering potential. This means that at the lower energy side of the resonance
the phase shift of the wave function leads to an accumulation of charge density
in the region of the adatom-substrate bond which is just a characterization
of an interaction of bonding character. On the other hand, a phase shift of
m/2 < 64 < 7 pushes the wave function away from the scattering potential. As
a consequence, at the higher energy side of the resonance the phase shift leads
to a reduction of the electron density in the region of the adatom-substrate
bond resulting in an antibonding contribution.
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Fig. 5.9. Variation of the hydrogen-induced density of states as a function of the
atomic distance from the surface (after [168,170]). The electron density corresponds
to Al (rs = 2). The effective one-electron potential veg(z) of the bare substrate is
additionally plotted as the dashed line

These considerations are not only relevant for resonance levels but indeed
also for extended states which form energy bands. The lower half of an energy
band can be associated with states of bonding character while the upper
half corresponds to states of antibonding character. Thus for a transition
metal with a half-filled d-band this band is of purely bonding character. This
provides a natural explanation for the fact that transition metals with a half-
filled d-band exhibit the largest cohesive and surface energies (see Fig. 4.10).

The jellium calculations do not only yield the resonance structure at the
adsorption equilibrium position, they also allow to trace the shift and the
broadening of valence levels as a function of the distance from the surface.
This is illustrated in Fig.5.9 for the interaction of a hydrogen atom with
a high-density jellium surface. Close to the surface, the hydrogen induced
resonance broadens considerably and shifts down in energy. In Fig.5.9, the
effective one-electron potential veg(z) of the bare substrate is also plotted
as the dashed line. The center of the resonance approximately follows this
effective potential.

For the hydrogen atom penetrating into the jellium substrate the resonance
narrows in fact again. According to (5.28), the width of the resonance is
determined both by the strength of the interaction Vg, and by the density of
substrate states that couple to the adatom. At the bottom of the metal band
given by veg inside the jellium substrate the density of states decreases which
overcompensates the increase in the interaction and thus causes the narrowing
of the hydrogen resonance.

The fact that the resonance level tracks the effective potential can in fact be
made plausible within first-order perturbation theory [168]. Let us consider
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an adatom valence state ¢, with eigenenergy £°° in the gas phase. Upon
chemisorption this state is shifted to €5° + de,. In first-order perturbation
theory, the shift can be estimated by

0ca(2) = (Pal0Vei (1) |da) , (5.48)

where the adsorbate induced change of the effective potential dveg(7) can be
expressed as

Ve (1) = Vet (7 Nka) — Vet (T5 M) - (5.49)
nke(r) and n,(r) are the electron density associated with the interacting
system and the free atom, respectively. Ignoring any charge transfer, we can

approximate
Nka(T) = Nk (1) + ng(r). (5.50)

For a given electron density distribution n(r), the total electrostatic potential
is given by

(') = n* ()

n
Ves (1) = Vext (1) + vH(T) = 62/ d>r’' . (5.51)
where n*(7’) is the charge distribution of the positive ion cores.
Now we can write dveg, using (3.55) and (5.50), as
Vet (T) = Ves (T3 10) + Ve (T3 10 + 1a) — Ve (T3 100)
= ves(r; nk) + 5vxc(r) . (552)

The exchange-correlation potential vy (7;n) is a function that increases mono-
tonically with n in the local-density approximation. Doing Taylor expansions,
we can thus write dv. (1) & Uy (7; nk) for ng(r) > ny(r) and dvy(r) = 0 for
ng(r) < ng(r). Consequently, in these two limiting cases we have

Seal(z) ~ {%H(T;nk) n(r) > na(r) (5.53)

Ves(Tink)  np(r) € ng(r)
This suggests that the shift de,(2) indeed follows either the electrostatic or the
effective surface potential in the two limiting cases and some mean value for
intermediate situations. This is true for a hydrogen atom approaching a jellium
surface, as Fig.5.9 shows. However, the derivation (5.48)—(5.53) uses some

rather crude assumptions. Hence it is not surprising that for more complex
systems the simple relation (5.53) is not necessarily fulfilled.

5.5 Effective Medium Theory
and Embedded Atom Method

So far we have analyzed the atomic chemisorption with respect to the shift
and broadening of electronic adatom resonances upon the interaction with the
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Fig. 5.10. Immersion energy for H, O and He embedded in infinite jellium obtained
by LDA-DFT calculations as a function of the electron density (after [173]). The
energy zero corresponds to the free atom

substrate which causes a change in the local electron density of states. There
is an alternative theoretical model that is very helpful in deriving trends in
atomic chemisorption properties, namely the effective medium theory [171,
172]. Tt is based on the idea that an adsorbate can be considered as being
embedded in an inhomogeneous electron gas set up by the substrate. The
energy of an adsorbate at the position r where the substrate has the density
n(r) is then estimated as the embedding cohesive energy of the adsorbate
in a homogeneous electron gas of the same density which is regarded as the
effective medium:

E =~ E.(n(r)) (5.54)

For each element, the embedding energy FE.(n) is an universal function inde-
pendent of the particular substrate that only has to be evaluated once and for
all. This function is plotted in Fig.5.10 for helium, hydrogen and oxygen as
determined by DFT-LDA calculations [173]. Elements with a stable free neg-
ative ion, i.e. with a positive electron affinity like hydrogen and oxygen, show
a minimum at negative energies which is due to the electrostatic attraction
between the electrons and the positive ion core. Embedding closed-shell atoms
such as the rare-gas element helium in an electron gas is associated with an
energy cost which is basically linearly related to the electron density. At suffi-
ciently high densities, the embedding energy becomes positive for all elements.
This is due to the rise in kinetic energy associated with the orthogonalization
of the electronic states to the occupied core states of the atoms.

In the limit of vanishing electron density, the embedding energy of atoms
with stable negative ions does not approach the energy of the free atom (see
Fig.5.10). This is due to the fact that for arbitrarily small electron densities
it is still energetically more favorable to transfer one electron from the infinite
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Fig. 5.11. [llustration of the potential energy of a hydrogen atom at a surface, in the
bulk and in a vacancy as determined by the unperturbed substrate electron density
through the hydrogen embedding energy. The dashed lines indicate the optimum
density for hydrogen embedding. (After [172])

electron gas to the affinity level of the atom. Hence the limit of the embedding
energy for n — 0 is given by the electron affinity A.

Using the embedding energy E.(n) (5.54), it is very simple to construct
the potential energy for, e.g., a hydrogen atom approaching and penetrating
a solid by just reading off the energy corresponding to any density. This is
demonstrated in Fig. 5.11. The hydrogen atom is attracted towards the surface
until it reaches the position that corresponds to the optimum density. In
Fig. 5.11, these positions are indicated by the dashed line. The chemisorption
minimum is thus a direct reflection of the minimum of the E.(n) curve.

In the bulk, the electron density is in general higher than the optimum
density for hydrogen embedding which means that one is in a regime where the
embedding energy rises monotonically with the electron density. Hence there is
a one-to-one correspondence between energy and electron density. In the mid-
dle of a vacancy, on the other hand, the density can be smaller than the
optimum density. In such a situation the hydrogen does not sit in the middle
of the vacancy but rather off-center in the vacancy since the electron density
is too low in the center of the vacancy.

There are further adsorption properties which can be easily qualitatively
understood within the framework of the embedding function. For example,
the adsorbate-substrate chemisorption bond length is the shorter, the lower
the adsorbate coordination is because then there are less substrate atoms
contributing to provide the optimum electron density.

The vibrational frequency of the adsorbate with respect to the substrate is
determined by the curvature of the potential energy at the equilibrium posi-
tion. Hence one can write, using that dE.(n)/dn vanishes at the chemisorption
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position,

wVibo(\/dQEc(n(r)):\/d2EC(n) dn (5.55)

dz? dn?  dz’

For a given adsorbate, the factor y/d?E.(n)/dn? is the same for all substrates
and adsorption sites. Consequently, the factor dn/dz is crucial for the partic-
ular frequency at a given site. If one assumes that the electron density asso-
ciated with a single substrate atoms decays exponentially, natom x exp(—/3r),
the gradient is given by

dn

dz
where ng corresponds to the optimum density and « is the angle of the metal-
adsorbate line with the surface plane. On low-index surfaces, this angle is
usually the smaller, the larger the coordination of an adsorption site, so that
we have

= B ngsina, (5.56)

wici)tp)) > w\l?irti)dge > w\(]};l)hollow > w‘(]}SO)hollow . (557>
Although the formulation of the potential energy with the simple embedding
function (5.54), Eiot = E.(n), is rather convenient and instructive, there
are severe shortcomings of this model. First of all, within this model an
adatom will find a position with the optimum density on any substrate. Con-
sequently, the adsorption energy is independent of the substrate which means
that no chemical trends are described within this simple form. Furthermore,
an adatom will have no diffusion barrier on the surface in this simple model
since it can always move on the contour line of the optimum density parallel
to the surface which corresponds to a constant energy.

An improved description of the effective medium theory avoiding the prob-
lems mentioned above can be derived within perturbation theory [171,174].
In the following, the letter A will indicate the deviations from homogeneity
in the homogeneous electron gas, i.e., the effective medium, induced by the
presence of the adatom while the differences between the real host and the
effective medium are denoted by §.

In zeroth order, the density n(r) appearing in the embedding energy F.(n)
is replaced by an average density n which is given by

Jn(r) Ag(r) d°r

n= T A0 dr (5.58)
where the sampling function A¢(r)
[ An(r) - Z5(r') 5,

is the change in the electrostatic potential in the jellium induced by the atom.
The atom-induced change of the charge density Ap = An(r) — Z§(r) also
enters the first-order correction term
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AEW = /¢0(r) Ap(r) dr, (5.60)

where ¢ (r) is the unperturbed electrostatic potential of the substrate. Finally,
it is only the second-order term where corrections due to the perturbation of
the substrate enter. It describes the total change in the density of states
both in the jellium and in the surface and thus corresponds to the covalent
contribution to the bonding;:

AE® =4 / An(e) e de | . (5.61)

Summarizing (5.58)—(5.61), the total energy in the effective medium theory
taking into account electrostatic and band-structure corrections is given by

EF

Eioy = E.(n) + /¢0(7°)AP(7’)d3(7‘) +6 / An(e) e de | . (5.62)

\— OO

In fact, the total energy expression (5.62) can be further simplified by ap-
proximating the first and second order corrections by AEM ~ au@ and
AE® ~ a,fi+ AEhyy [174]. Adding the terms linear in the averaged density
7 to the embedding energy FE.(7n), the total energy can be written as

Eiot = BT () + Ay, - (5.63)

The term AFEyt, describes the hybridization between the adatom level €, and
the metal d-band. This interaction might be regarded as the hybridization of
two levels. The adatom level which is fully occupied is shifted down (bonding)
while the metal d levels are shifted up. To second order, these antibonding
and bonding contributions can be written as

Vaal? Vaal?
ABuyy = Y LVadl” -3 Waal” (5.64)

d occ €d~ €a d €d~€a

As shown in the last section, the position of the adatom level is given roughly
by the effective potential at the adsorption site €, ~ veg. This energy cor-
responds to the bottom of the sp-band and is usually well separated from
the d-band. Therefore, the differences in the denominator of (5.64) can be
approximated by €4 — €, & ¢4 — Ve Where ¢q is the center of the d-band. If
we further assume that the matrix element Vg4 is independent of €4, AEhy,
is given by the simple form

|Vacl|2

, 5.65
Cd — Veff ( )

AFBw, =—-2 (1 - f)

where f is the filling factor of the d-band and the factor of two takes ac-
count of the assumed spin degeneracy. Roughly speaking, the term ES(n)
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Fig. 5.12. Hydrogen and oxygen binding energy on 3d metals calculated within
the effective medium theory (open circles) and compared to the experiment
(filled squares). The dash-dotted lines correspond to the homogeneous contribution
ES™(70) in (5.63). (After [172])

in (5.63) represents the interaction of the adatom level with the sp electrons
of the substrate while AFE}y;, describes the additional hybridization with the
d-band [175].

Using a somewhat more elaborate formulation of the effective medium the-
ory, the atomic adsorption energies of hydrogen and oxygen on the 3d transi-
tion metals have been calculated [172,175]. A comparison of these results with
experimental values is presented in Fig.5.12. As far as the general chemical
trend is concerned, it is obvious that the adsorption strength decreases by
going from the left to right to the noble metals. The qualitative agreement
between theory and experiment is quite satisfactory, for hydrogen the results
even agree quantitatively. However, for oxygen there are differences of up to
4eV.

Part of the discrepancy is due to the overbinding of LDA (see Table 3.1),
since E¢f(n) used for the results in Fig.5.12 is based on LDA jellium cal-
culation, but it cannot take account of the whole difference. A perturbative
treatment of covalent bonding is not sufficient to obtain quantitative results in
general. In fact, this is a general feature of the effective medium theory. While
it gives almost quantitative results for system with non-directional bonds such
as adsorption of atomic hydrogen on metal surfaces or the metal-metal bond-
ing [176], all attempts have failed to extend the theory to give a reliable
description of the directional covalent bonding of more complex atoms and
molecules. Therefore its main purpose nowadays is to give qualitative insight
into general trends observed in bonding.

There is another method based on the same ideas as the effective medium
theory, but with a more modest claim, the Embedded Atom Method (EAM)
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Fig. 5.13. Semiempirically determined functions for Pd, Ni, and H entering the
embedded atom method. (a) Embedding energies F(n) as a function of the back-
ground electron density; (b) Effective charges Z(r)/Zy as a function of the distance
from the nucleus. (After [177])

[177,178]. The main idea underlying the EAM is to express the total energy
as a sum of an embedding energy plus an electrostatic core-core repulsion

FEior = Z Fi(npq) + % Z Gij(rij) - (5.66)
i i#]

Here ny,; is the host density at atom ¢ due to the remaining atoms of the

system and ¢;;(r;;) is the core-core pair repulsion between atoms ¢ and j sep-

arated by r;;. The host density nj ; is estimated as a superposition of atomic

densities, usually taken from independent quantum chemical calculations,

nhi =y ni(rij), (5.67)

J(F#1)
while ¢;;(r) is represented by the interaction of two neutral, screened atoms
¢ij(r) = Zl(’I’)ZJ (7’)/?”. (568)

The embedding energy F'(n) and the effective charge Z(r) in the embedded
atom method are regarded as semiempirical parameters that are fitted to re-
produce lattice and elastic constants, cohesive and vacancy formation energy,
and energy difference between fcc and bee phases. Figure 5.13 presents em-
bedding energies and effective charges for Ni, Pd and H determined in this
way [177]. Note that the parameterizations shown in Fig. 5.13 are by no means
unique. Depending on the parametric form chosen in a particular fit, a differ-
ent division of the total energy between the embedding and the repulsive part
can result [178].

Using the functions plotted in Fig. 5.13, atomic hydrogen binding energies
for different adsorption sites on Pd(100) and Pd(111) have been evaluated
[177]. These EAM energies are compared to recent DFT results obtained with
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the PW91-GGA functional [36] in Table 5.2. Again, there is an almost quan-
titative agreement of the EAM results with the ab initio results. Only the
splitting between the adsorption energies for the fcc and the hep hollow ad-
sorption sites which differ by the position of the second-layer metal atom is
not reproduced since the effective charge is too short-ranged.

Table 5.2 demonstrates that the EAM gives a reasonable description of
hydrogen chemisorption energies. However, it has been mainly used within
the materials science community for bulk and surface properties of metals
and alloys [179]. It is particularly suited for metals with empty or filled d
bands where the bonding is not as directional as for transition metals with
their partially filled d band.

Like the effective medium theory, the embedded atom method does not
satisfactorily describe covalent bonding. There have been extensions such as
the modified embedded atom method (MEAM) [180,181] and the embedded-
diatomics-in-molecules (EDIM) formalism [182]. The MEAM includes angu-
lar forces so that the effects of covalent bonding can be included. The EDIM
method combines the EAM with semiempirical valence bond theory. In the
EDIM formalism, Coulomb and exchange integrals are expressed in a param-
eterized form. Usually the parameters entering both the EAM and the EDIM
formalism are fitted to experimental results. They might equally well be ad-
justed to reproduce first-principles calculations thus extending the range of
ab initio derived applications.

5.6 Reactivity Concepts

It has been a long-term goal in the study of chemical reactions in the gas
phase and at surfaces to gain an understanding of the reactivity of an inter-
acting system from the properties of the isolated reactant systems alone. If
such a reactivity concept were available, calculations of the interacting sys-
tem would no longer be necessary. This would not only save a large amount of
computer time but it would also help enormously, say, in the design of better
catalysts. Unfortunately there is no single concept that has predictive power
for all possible types of reactions. Often reactivity concepts are only reliably

Table 5.2. Hydrogen binding energies for different adsorption sites on Pd(100) and
Pd(111) determined by the embedded atom method [177] and by DFT calculations
with the PW91-GGA functional for a coverage of 1/4 (courtesy of A. Roudgar). h, b
and t denote the adsorption sites at the hollow, bridge and top position, respectively

Method Pd(100) Pd(111)
h b t fcch hcp h b t
EAM 0.53  0.45 0.10  0.53 0.53 - 0.03

GGA-DFT 0.468 0.426 —0.047 0.554 0.518 0.410 0.010
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applicable as long as the perturbation of the isolated systems by the inter-
action is not too strong. Still, the reactivity concepts can be used to provide
some guidelines for the understanding of the vast variety of possible reaction
mechanisms. In this section some reactivity concepts will be introduced and
their predictions tested against explicit calculations of adsorption energies and
reaction barriers.

The starting point for any analysis of the reactivity of a particular system
is the characterization of the electronic structure of the interacting fragments.
Atoms and molecules in the gas phase have well-defined discrete energy lev-
els. A classical theoretical measure of the strength of the interaction [75] is
provided by the second order perturbation theory expression

WP
- b)

& —E&j

AE (5.69)

where ¢; and €; are the eigenenergies of particular levels of the isolated sys-
tems. For atoms and molecules, the levels are usually well-separated, and the
interaction is governed by a particular subset of states. It turns out that for
gas-phase reactions the interaction is often dominated by the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) or a subset of states close to these orbitals. These states are called
the frontier orbitals [75,183].

At surfaces, there are no discrete energy levels corresponding to localized
orbitals but rather energy bands. In particular for metals which do not have
a band gap, the HOMO and the LUMO could be considered to be electronic
states at the Fermi energy. And in fact, the local density of states at the Fermi
energy has been successfully correlated with the reactivity of metal surfaces
[184-186]. A more general theory has been derived that uses the concept of
the local softness s(r) to characterize the chemical reactivity. The softness
can be expressed as [187]

_ On(e,r)
s(r) = T

— /dr’Kfl(r,r’)n(EF,T)- (5.70)

E=EF

This shows that the softness corresponds to an average of the local density
of states n(ep,r) at the Fermi level with the weighting function K~!(r,r’).
The kernel K (r,r’) is the transpose of a response function s(r,r’) so that
the softness can be regarded as a response to n(ep, r). However, although the
softness as a reactivity measure is more complex, it gives basically the same
conclusions concerning the chemical reactivity as the local density of states
at the Fermi level [187].

However, there are examples of metal surfaces, for example CusPt(111),
which have a very low density of states at the Fermi level but are rather re-
active [188]. Still gas-phase reactivity concepts based on the frontier orbital
concept can be applied to the strong chemisorption of atoms and molecules
[75]. But instead of focusing on the Fermi level, it is more appropriate to
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regard the whole d-band as a single level located at the center of the d-band
€4 interacting with an adsorbate. This is justified since the d-band is usu-
ally relatively narrow due to the rather strong localization and small overlap
between the wave functions of the d electrons.

The resulting interaction picture is illustrated in Fig.5.14 for the case
of the interaction of a hydrogen molecule with a d-band metal. Two Fermi
levels, typical for a transition metal and for a noble metal, respectively, are
indicated by the dash-dotted lines. In the gas phase, the bonding o, state
of Hy is fully occupied while the antibonding o} state is empty. Thus these
states correspond to the HOMO and LUMO, respectively, of the adsorbate.
Upon the interaction with the d-band of the metal, both states split into a
bonding and antibonding state with respect to the surface-molecule bond.
This splitting, however, is not symmetric. The up-shift of the antibonding
state is larger than the down-shift of the bonding state. This is caused by the
orthogonalization of the states which raises the kinetic energy and therefore
leads to an energetic cost. Thus if both the bonding and the antibonding state
are occupied, the total energy is raised leading to a repulsion. The energetic
cost of the orthogonalization is the reason why the interaction of closed-shell
atoms such as the rare gases with surfaces is usually repulsive except for the
weak van der Waals attraction.

In the case of the interaction of Hy with metal surfaces, we also have to
consider the o, state which is split, too. The metal-o, interaction usually leads
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Fig. 5.15. Schematic drawing of the interaction of an atomic level with a transition
metal surface

to an attraction because the o} -derived antibonding level remains unoccupied.
Hence only the downshift of the bonding level contributes. Now it depends
on the position of the Fermi level whether the overall interaction is purely
attractive or not. For transition metals, the Fermi level lies within the d-band.
Then both the o4 and the o} -derived bonding levels become occupied while
the antibonding states stay empty (see Fig.5.14). This causes an attractive
interaction and is the reason for the high reactivity of transition metals. Due
to the population of the ¢} -derived bonding level, in fact the H-H bond will be
weakened and eventually broken. For a noble metal, on the other hand, both
the bonding and the anti-bonding state of the o,d interaction are occupied
making this interaction repulsive. This is the reason why noble metals are
noble, i.e., less reactive than transition metals.

This scenario has been made quantitative in the d-band model by Hammer
and Nerskov [188,189]. Let us first consider the interaction of an atomic
level with a transition metal surface which is illustrated in Fig.5.15. This
interaction is formally split into a contribution arising from the s and p states
of the metal and a second contribution coming from the d-band. The s and p
states lead to a broadening and a shift of the atomic level to lower energies.
This broadening and shift is called renormalization of the energy level and can
be modeled by the interaction with a jellium surface which has been discussed
in detail in Sect. 5.4.

This renormalized level then splits due to the strong hybridization with
the metal d-states in a bonding and an anti-bonding contribution. It depends
on the position of the Fermi energy whether the anti-bonding state is fully or
partially occupied or empty. Assuming that the anti-bonding state is below
the upper edge of the d-band, the occupation of this state is related to the
filling of the d-band. For a completely filled d-band, the overall effect of the



5.6 Reactivity Concepts 133

Table 5.3. Center of the d-band, energetic contributions and resulting reactivity
measure (5.73) for the transition state configuration (rg_m, Z) = (1.2A, 1.5A) in
Ho dissociative adsorption on various metals compared to the DFT total energies.
All energies are given in eV. (From [188])

Metal e VP2l 20-N oV’ GB. ERTT
Cu —2.67 242  —1.32 0 102 —030  0.70
Cu:CusPt —2.35 242  —1.44 0 102 —0.42  0.80
Pt:CusPt  —2.55 9.44  —5.32 —0.42 3.96 —1.78 —0.33
Pt —2.75 944 5.3 —0.44 396 —151 —0.28
Ni —148 281  —227 ~0.10 118 —1.19 —0.15
NiNiAl  —1.91 281  —1.93 ~0.11 118 —0.86 048
Au ~3.91 810  —3.30 0 340 010  1.20

adsorbate-d interaction is repulsive, since the up-shift of the anti-bonding
state is larger than the down-shift of the bonding state.
An estimate for the additional chemisorption energy of a hydrogen atom
due to the interaction with the d-band is given by [188]
V2
§Eg ~ —2(1 — f) ——— +aV?. (5.71)
Ed —€H
Here €4 is the center of the d-band, ey is the renormalized H adsorbate reso-
nance, and f is the filling factor of d-band. The coupling matrix element V" is
approximated as
My M,y
r3

V=n

. (5.72)

The potential parameters My and My are estimated from the isolated systems,
and 7 is a metal-independent constant [188].

The first term in (5.71) describes the energy gain due to the interaction
of the H resonance level with the d-band which depends on the filling of the
d-band. The second term aV? gives the repulsion due to the energetic cost
of the orthogonalization. For noble metals with f = 1 it should be the only
active term. Still, irrespective of the filling factor a linear relationship between
the d-band center upshift and the increase in the chemisorption strength of
atomic hydrogen on metal surfaces has been found [190].

In the case of the interaction of hydrogen molecules with metal surfaces,
both the renormalized Hy bonding o, and the anti-bonding o, states have to
be considered. The interaction with the o state is always attractive since the
on-d antibonding level is too high in energy to become populated while for the
o, state the filling of the d-band is again crucial. In total, the approximate
reactivity measure due to the coupling of a hydrogen molecule to the metal
d-bands takes the form
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2 2
6B =2 _on-p L Lav. (5.73)

503 —&d &d — Eag

This expression has been used to estimate the d-band contribution to the
height of the barrier to dissociative adsorption on different metal surfaces
[188]. The renormalized levels have been assumed to be at e,, = —7eV and
€0: = leV relative to the Fermi level for all metals. The three terms of (5.73)
are listed in Table 5.3. The parameter o has been used as the only fitting
parameter independent of the metals. The resulting reactivity measure 6 Fyg
is compared to the DFT activation barrier  ERFT for adsorption which has
been calculated at an H-H bond length rp_ = 1.2 A and an Hy center of
mass distance from the surface of Z = 1.5A.

In order to make the correlation clearer, has been plotted as a
function of § F;s in Fig. 5.16. There is indeed a very close correlation between
0F;s and E,BFT. In fact, for the transition metal surfaces, the barrier is below
zero indicating that hydrogen dissociates spontaneously on these surfaces. The
noble metals, on the other hand, show the largest dissociation barriers.

We will now analyze the different contributions in more detail. It is obvious
that the dominant attraction comes from the o —d interaction which is mainly
due to the fact that the o} level is initially empty. The comparison between
the different metal surfaces, in particular between Cu and Pt, shows that the
position of the d-band center alone is not sufficient to explain the reactivity.
The d-band center of Cu is in fact closer to the Fermi energy than the d-
band center of Pt. Still Pt is more reactive because of the much larger matrix
element V2. Gold, on the other hand, has a similarly large matrix element, but
the energy difference €,: — &4 appearing in the denominator of the attractive

DFT
Ets
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term is the highest of all the metal surfaces considered. Therefore the relatively
large attractive term is overcompensated by the repulsive term causing a high
dissociation barrier.

In recent years, the d-band model has been used very often and very suc-
cessfully in order to understand trends in the reactivity of transition metal
surfaces. However, the d-band model has been reformulated; it is no longer
used in the more quantitative sense as expressed in (5.73), but mainly in a
more qualitative sense. Its main statement is now that small changes in the
position of the d-band center de; can be linearly correlated to the change in
the chemisorption energy 6 Echem via [190,191]

V2

0Echem = m

Seq - (5.74)

It is in this more qualitative sense that we will apply the d-band model in the
following in order to understand chemical trends. Still it should to be noted
that there are cases in which adsorption energies and dissociation barriers do
not correlate with the position of the center of the local d-band, as was in
particular found in DFT calculations addressing the interaction of hydrogen
with structured [192] and strained [193] Cu surfaces. The analysis of the
underlying electronic structure revealed that the d-band model is no longer
appropriate when the local density of states at the substrate atoms is strongly
perturbed by the presence of the adsorbate which occurs especially at low-
coordinated adsorption sites.

5.7 Adsorption on Low-Index Surfaces

After the presentation of important concepts for the understanding of bond-
making processes at surfaces we will now discuss particular adsorption sys-
tems. The chosen systems will be used to introduce typical properties and
general mechanisms occuring in the adsorption at surfaces. Instead of ad-
dressing a broad variety of systems, we will first concentrate on atomic and
molecular adsorption on well-defined low-index single-crystal surfaces that
serve as model systems. With low-index surfaces, for example the (111), (100)
and (110) surfaces of fcc crystals are meant.

One particular well-studied system, experimentally as well as theoretically,
is the hydrogen adsorption on Pd surfaces. The interest was, among other rea-
sons, motivated by the fact that bulk palladium can absorb huge amounts of
hydrogen so that it was considered as a possible candidate for a hydrogen
storage device needed for fuel cell technology. Although the absorption of
hydrogen in the bulk is exothermic with respect to free hydrogen molecules,
hydrogen adsorption on the surface is energetically even more favourable [194].
In Fig.5.17a we have plotted the adsorption energy of atomic H on Pd(100)
in the fourfold hollow position as a function of the coverage determined by
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Fig. 5.17. Coverage dependence of the binding energy of atomic H on various Pd
surfaces determined by DFT calculations. (a) H adsorption energy on Pd(100) on
the hollow and bridge site determined by LDA-FP-LMTO calculations [194] and
by GGA-US-PP calculations [195]. (b) H adsorption energies on the most favorable
adsorption sites on Pd(100) and Pd(111) [195], on Pd(110) [196], and on Pd(210)
[76] (note the different energy scale)

LDA-FP-LMTO calculations [194] and by GGA calculations using ultrasoft
pseudopotentials (US-PP) [195]. It is obvious that the binding energy de-
pends only weakly on the coverage. In fact, the binding energy is largest for
6 = 0.5 corresponding to a ¢(2 x 2) structure, and also the (1 x 1) hydrogen
overlayer has a higher adsorption energy per hydrogen atom than the (2 x 2)
structure.

Figure 5.17a also includes hydrogen binding energies on the bridge site as
a function of coverage. First of all it is evident that hydrogen prefers highly
coordinated sites since the adsorption energy on the two-fold coordinated
bridge site is significantly lower than on the fourfold-hollow site. This trend
is also true for the hydrogen adsorption on Pd(111) and Pd(110) where the
highly coordinated adsorption sites are preferred as well [197], similar to many
other metal surfaces [198]. However, in contrast to the fourfold hollow site on
Pd(100), on the bridge site the adsorption energy decreases with increasing
coverage (Fig. 5.17a) indicating repulsion between the adsorbed H atoms. This
repulsion can actually be traced back to the dipole-dipole interaction between

Table 5.4. Binding energies F},, adsorption heights ho and adsorbate-induced work
function change A® calculated for the adsorption of (1x1)H monolayer on Pd(100).
(From [194])

Site Ey (eV) ho (A) A® (meV)
hollow  0.47 0.1 180
bridge 0.14 1.01 390
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adsorbed hydrogen atoms. On the bridge site, the hydrogen atoms are located
1 A above the surface layer (see Table 5.4). Due to a partial charge transfer
from the surface there is a dipole moment associated with the hydrogen atoms.
This is confirmed by the calculated hydrogen-induced work function change
of 390meV which is also given in Table 5.4. The dipole-dipole interaction
is repulsive leading to the decrease in the adsorption energies for increasing
coverage.

At the fourfold hollow site, on the other hand, the hydrogen atom is located
at almost the same height as the surrounding Pd atoms. Therefore there
is almost no dipole moment associated with the hydrogen atoms which is
reflected by the much lower work function change. The hydrogen atoms are
effectively screened by the surrounding Pd atoms which then leads to a much
smaller coverage dependence of the adsorption energy.

The fourfold hollow adsorption site on Pd(100) shows in fact an exceptional
coverage dependence. This is demonstrated in Fig. 5.17b where the atomic hy-
drogen adsorption energies for the most favorable adsorption sites on Pd(100)
and Pd(111) [195], Pd(110) [196] and Pd(210) [76] determined by GGA-DFT
calculations have been plotted as a function of the coverage. Note that since
the coverage 6 is related to the surface unit cells whose area is not the same
for the different surfaces, the same coverage does not necessarily correspond
to the same density. Still the general trend, with the exception of Pd(100), is
obvious: hydrogen atoms on the surface repel each other so that the hydrogen
adsorption energy decreases for increasing coverage.

This trend is also true for Pd(110). As far as the hydrogen adsorption on
Pd(110) is concerned, there is another very interesting phenomenon which
occurs, namely adsorbate-induced reconstructions. Strongly interacting ad-
sorbates like sulphur, oxygen, carbon and nitrogen can induce a restructuring
of the surface [199]. As for clean (110) metal surfaces, 5d fcc metal surfaces
such as Au(110) or Pt(110) undergo a spontaneous reconstruction, whereas 3d
and 4d metal surfaces such as Ni(110) and Pd(110) are stable in the unrecon-
structed (1 x 1) structure. However, already a relatively weakly chemisorbed
species such as hydrogen induces a surface reconstruction of the Pd(110) sur-
face. The hydrogen induced reconstruction is very sensitive to the hydrogen
coverage. At coverages up to # = 1, unreconstructed Pd(110) surfaces have
been found [200]. Experimentally, however, it is very hard to determine the
positions of hydrogen atoms on the reconstructed surfaces. This is due to
that fact that hydrogen scatters electrons only very weakly, so that it is al-
most invisible for experimental methods using electron diffraction. This calls
for theoretical support, and indeed, the hydrogen induced polymorphism has
been studied in detail by DFT calculations [196,201].

For one monolayer H on unreconstructed Pd(110), DFT calculations find
that the (1 x 1) structure shown in Fig.5.18a is not stable [196]. Hydrogen
atoms adsorb rather in a (2 x 1) structure illustrated in Fig. 5.18b which is
more stable by 29 meV/atom. The driving force is again the dipole-dipole
repulsion between the adsorbed hydrogen atoms. In the (2 x 1) structure
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a) (1x1) unreconstructed b) (2x1) unreconstructed

¢) missing-row reconstruction d) pairing-row reconstruction

Fig. 5.18. Hydrogen adsorption structures on Pd(110). (a) (1 x 1) unreconstructed
structure for a hydrogen coverage of @ = 1; (b) (2x1) unreconstructed surface for
0 = 1; (c) hydrogen-induced missing-row reconstruction for § = 1; (d) hydrogen-
induced pairing-row reconstruction for 6 = 1.5. (After [196])

consisting of zigzag chains of H atoms the distances between the hydrogen
atoms on the surface are maximized. In addition, the hydrogen atoms are
effectively screened by the Pd atoms in the top layer in this configuration
which further reduces the repulsion. The (2 x 1) structure is indeed verified
by the experiment [200].

Later experiments found that already at hydrogen coverages at and below
0 = 1 adsorbate-induced reconstructions can occur [199]. Several different
hydrogen adsorbate structures on reconstructed surfaces have been considered
in the calculations. The most stable one for § = 1 is shown in Fig. 5.18c which
is energetically more favorable by 62 meV /atom than the (2x 1) superstructure
on the unreconstructed surface. The structure corresponds to a missing-row
reconstruction where every second row of Pd atoms on the (110) surface is
missing. Upon this reconstruction, close-packed (111) facets are formed at
the slopes of the V-shaped troughs. The particular hydrogen configuration
maximizes the distance between the hydrogen atoms in the same trough thus
minimizing their electrostatic repulsion.
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Although this hydrogen-induced missing-row reconstruction is most sta-
ble, it is kinetically hindered which means that it is separated from the (2 x 1)
superstructure by a sufficiently high energetic barrier so that the unrecon-
structed surface is metastable at low temperatures and only reconstructs when
the temperature is increased [196].

Of course the question arises about the driving force that makes the
missing-row reconstruction stable. The electronic structure calculations show
that there is a general downshift of the energy levels upon hydrogen adsorption
on the reconstructed surface compared to the unreconstructed surface. Thus
it is the better adsorbate-substrate interaction that stabilizes the missing-row
reconstruction [196].

Experimentally, a (1 x 2) pairing-row reconstruction has also been ob-
served [200]. Tts structure is illustrated in Fig. 5.18d. It is obtained from the
unreconstructed surface by pushing two adjacent Pd rows together. Further-
more, Fig. 5.18d illustrates the hydrogen adsorption pattern at a coverage of
0 = 1.5. There is also a stable pairing-row reconstruction for § = 1 which is
equivalent to the structure for # = 1.5 with just the hydrogen atoms in the
fourfold hollow positions between the paired rows missing. However, at both
coverages the pairing-row reconstructions are only meta-stable with respect to
the missing-row reconstructions which are energetically still more favorable.

As far as the electronic structure of the hydrogen-covered Pd(110) sur-
face in the pairing-row reconstruction is concerned, there is no indication of
a significant downshift of the energy levels compared to the unreconstructed
case. Hence electronic structure effects cannot be responsible for this recon-
struction. An inspection of Fig.5.18d shows that by pushing the Pd rows
together, the hydrogen atoms in the threefold coordinated sites can increase
their distance with respect to each other and thereby reduce their mutual
repulsion. Hence the driving force for this reconstruction is mainly due to the
electrostatic adsorbate-adsorbate repulsion.

Usually hydrogen molecules adsorb dissociatively on metal surfaces [198].
In order to determine whether the dissociation of molecules on surfaces is ac-
tivated or non-activated, the potential energy surface (PES) of the molecule
approaching the surface has to be determined. In Fig. 5.19 contour plots along
two-dimensional cuts through the six-dimensional coordinate space of Hy in-
teracting with (100) metal surfaces, so-called elbow plots, determined by GGA
calculations [85,202] are shown. The coordinates in the figure are the Hs
center-of-mass distance from the surface Z and the H-H interatomic distance
d. The lateral Hy center-of-mass coordinates in the surface unit cell and the
orientation of the molecular axis, i.e., the coordinates X, Y, 6, and ¢ are kept
fixed for each 2D cut and depicted in the insets. Figure 5.19a and c represent
so-called h—b—h dissociation paths which means that the Hy center of mass is
located above the bridge site and the two hydrogen atoms are oriented towards
the hollow sites. The dissociation paths shown in Fig. 5.19b and d correspond
to the h—t—h configuration, i.e., here the Hy center of mass is located above
the top site.
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Fig. 5.19. Contour plots of the potential energy surface along two-dimensional
cuts through the six-dimensional coordinate space of Hs in front of (100) metal
surfaces determined by DFT-GGA calculations. The contour spacing is 0.1eV per
Hs molecule. (a,b) Elbow plots for the h—t—h and h-b—h geometry of Hz/Pd(100),
respectively. The molecular configuration is shown in the insets (after [202]); (c,d)
the corresponding elbow plots for the same geometries in the system Ha/Cu(100) [85]

Contour plots of the potential energy surface of two prototype systems
for the interaction of molecules with surfaces, Hy /Pd(100) and Hy/Cu(100),
are presented in Fig.5.19. When the Hy molecule approaches the Pd(100)
surface with its center of mass above the bridge site and the H atoms pointing
towards the four-fold hollow sites, the molecule can dissociate spontaneously
without any hindering barrier. However, dissociative adsorption corresponds
to a bond making—bond breaking process that depends sensitively on the local
chemical environment. Indeed, if the molecule comes down over the on-top site,
the shape of the PES looks entirely different. First the molecule is attracted
towards the surface, in fact even stronger than above the bridge site, but then
it encounters a barrier of above 0.15eV towards dissociation. The minimum
in Fig. 5.19b is closely related to the molecular dihydride PdHs configuration
which is stable in the gas phase [203]. It does not, however, correspond to
a local minimum but rather to a saddle point in the multi-dimensional PES.
The He molecule can still move further downhill in the energy landscape if
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the center of mass of the Ho molecule moves laterally away from the on-top
position [204].

While the dissociation of Hy on Pd(100) can happen spontaneously, on
Cu(100) it is hindered by significant energetic barriers. The minimum dissoci-
ation barrier is about 0.5eV along a h-b-h path which is shown in Fig. 5.19c.
Above the top site (Fig.5.19d), the barrier is 0.7eV which is only slightly
higher compared to the bridge site. The difference in the barrier height for
Hs dissociation between the two systems Pd and Cu can be well understood
within the d-band model (5.73). Cu with the completely filled d-band is much
less reactive than the transition metal Pd. Interestingly enough, apart from
the difference in the barrier heights the shape of the minimum energy paths
shows similar features. For Pd(100) as well as for Cu(100), the dissociation
path above the top site is energetically less favorable, the minimum path is
further away from the surface compared to the h—b—h path, and the curvature
is stronger for the h—t—h path.

It is important to note that the PES does not only depend on the lat-
eral position of the Ho molecule, i.e., the PES is not only corrugated. It is
also highly anisotropic which means that the interaction of the Hy with the
metal surfaces strongly depends on the orientation of the molecular axis. Only
molecules with their axis close to being parallel to the surface can dissociate,
for molecules approaching the Pd surface in an upright orientation the PES
is purely repulsive [202]. For Hy adsorption on Pd(111) and Pd(110), the
potential energy surfaces look similar [205,206].

We now turn to another molecule-surface system that belongs to the most
extensively studied systems in surface science: the chemisorption of CO on
transition metals. In particular, the CO interaction with Pt(111) has attracted
a lot of attention, certainly also motivated due to its relevance for processes
occuring in the car exhaust catalyst.

In the spirit of the frontier orbital concept (see page 130), Blyholder has
proposed [207] that only the 50 and the 27 orbitals play a role in the bonding
of CO to the surfaces. These states correspond to the HOMO and LUMO in
this system, respectively. The CO 50 orbital which is completely filled in the
gas phase becomes partially empty upon the interaction with the metal surface
(“donation”) whereas the originally empty 27 orbitals become partially filled
(“backdonation”). The lower lying 40 and 17 levels of CO remain filled upon
chemisorption and thus do not contribute to the bonding.

The binding of CO to the on-top site of Pt(111) has been addressed by
LDA-DFT calculations [208]. CO adsorbs perpendicularly on Pt(111) with the
C-end down. A gross population analysis similar to the Mulliken population
analysis well-known in quantum chemistry showed that the 50 and the 27
states are occupied by 1.47 and 0.52 electrons thus confirming the Blyholder
model.

The bonding and antibonding character of the levels has been analyzed
in more detail by determining the crystal orbital overlap population (COOP)
[75]. Positive values of the COOP indicate bonding contributions to the bond
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Fig. 5.20. Crystal orbital overlap population (COOP) curve with respect to the
bond between CO and Pt(111) determined by LDA-DFT calculations [208]. Positive
and negative values correspond to bonding and antibonding contributions which
have been labeled by b and a, respectively

whereas negative values correspond to antibonding contributions. The COOP
determined by the LDA-DFT calculations [208] is plotted in Fig.5.20. Upon
the interaction of CO with Pt(111), the 40 and 50 states hybridize with each
other. There are two states derived from this hybridization which are denoted
by 40+50. Still, a detailed analysis of the electronic structure revealed that the
bonding contribution from the (40 +50) states is mainly due to the interaction
of the 5o orbital with the Pt substrate bands. Figure 5.20 shows that there
are in fact 17 derived states that lie higher in energy than the 50 states. This
means that the ordering of these levels is reversed compared to the gas phase
which has also been observed for CO adsorption on other metal surfaces [155].
The bonding and antibonding contributions of the 17 derived peaks effectively
cancel each other leading to a non-bonding character, as it is expected from
completely filled states. However, there is a net bonding contribution from the
27 states which are partially occupied. This partial occupation also leads to a
slight elongation of the CO bond length from its calculated gas-phase value of
1.131 A to 1.143 A, since the 2 level is of antibonding character with respect
to the C-O bond. The COOP analysis again confirms that mainly the 50 and
the 27 orbitals are involved in the CO bonding to Pt(111).

However, there are disturbing results as far as the energetics of the CO
bonding to Pt(111) is concerned [209]. Experimentally it is well established
that the CO molecule adsorbs at the on-top site on Pt(111) [210]. For this site,
GGA-DFT yields a CO binding energy of 1.5eV [191]. However, no matter
whether DFT calculations are based on LDA or GGA functionals, whether
pseudopotentials are employed or all electrons are taken into account, all
these calculations yield the fcc hollow site as the most favorable adsorption
site [209]. On the average, the fcc hollow site is prefered by about 0.2eV
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compared to the atop-site. No “stone was left unturned” [209] in order to
determine the reason for the discrepancy between theory and experiment, but
neither defect structures nor contaminations nor relativistic or spin effects
nor zero-point energies can account for the difference. Later it was shown
that the discrepancy between theory and experiment is most probably caused
by the overestimation of the back-donation into the 27* orbital of CO which is
mainly due to the fact that the HOMO-LUMO gap is too small in most of the
semi-local DFT exchange-correlation functionals. In this case, the 27* orbital
interacts stronger with the surface electrons at the hollow site than at the
top site [211]. Applying a constraint in the occupancies of the CO molecular
orbitals within a GGA+U approach leads to a larger HOMO-LUMO gap
which results in an appropriate description of the adsorption site and a more
accurate binding strength of CO on the metal surface [212,213].

So far, I have discussed the atomic and molecular adsorption on low-index
crystal surface. For years, surface science studies have concentrated on such
adsorption systems, and many important concepts have been gained from
these investigations, as demonstrated in this section. However, surfaces under
realistic conditions are neither microscopically flat nor are they clean and free
of adsorbates. This difference between the ideal surfaces subject to most of the
academic research and realistic surfaces has been termed the structure gap.
There has been a long, ongoing debate whether the insight gained from studies
of clean, low-index crystal surfaces can be directly applied to surfaces present,
e.g., in heterogeneous catalysis. However, the surface science approach can still
be used in order to close the structure gap, namely by studying adsorbate-
covered and structured, defect-rich surfaces under well-defined conditions so
that the influence of the particular co-adsorbate or the specific surface defect
on adsorption properties can be derived. There is an increasing number of
studies devoted to complex structures which will be addressed in the next two
sections.

5.8 Adsorption on Precovered Surfaces

The modification of the reactivity of a surface structure by the presence of ad-
sorbates is of great technological relevance, especially in heterogeneous catal-
ysis. These processes do usually not occur under vacuum conditions so that
the presence of co-adsorbates cannot be avoided. On the other hand, further
reactants might be deliberately added to a reaction chamber since adsorbates
can either promote or poison a particular reaction on the surface. The most
prominent example for the reduction of the activity is the poisoning of the
platinum-based car-exhaust catalyst by lead present in the gasoline. But not
only lead, also sulfur causes a reduction of the efficiency of the car-exhaust
catalyst.

In fact, the poisoning effect of sulfur is not restricted to oxidation reac-
tions on platinum surfaces. On Pd(100), sulfur adsorption leads to a significant
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Fig. 5.21. Local density of states for three different configurations in the hydrogen
dissociation process on (2 x 2) sulfur-covered Pd(100). The upper panels indicate
the corresponding position of the hydrogen molecule. (After [217])

reduction of the hydrogen dissociation probability [214,215]. In order to exam-
ine the microscopic effects of sulfur preadsorption, the potential energy sur-
face of the Hy dissociation on the p(2 x 2) and ¢(2 x 2) sulfur-covered Pd(100)
surface has been determined in great detail by DFT studies [216,217]. On
p(2 x 2)S/Pd(100), Hy dissociation is no longer non-activated as on the clean
Pd(100) surface but hindered by a barrier of 0.1eV. The closer the hydro-
gen molecules come to the adsorbed sulfur atoms, the higher the barriers are
for hydrogen dissociation indicating a strong repulsion between the adsorbed
sulfur and Hy. On the ¢(2 x 2) sulfur-covered Pd(100) surface, the density
of sulfur atoms is so high that the Hs dissociation is effectively blocked by
dissociation barriers larger than 2eV [217].

The electronic factors influencing the reactivity of the sulfur-covered
Pd(100) surface have been determined by analysing the local density of state
of the interacting system. In Fig.5.21, the density of states projected onto
the hydrogen, sulfur and palladium atoms is plotted for three different con-
figurations. Figure 5.21a corresponds to the non-interacting system with the
hydrogen molecule still far away from the surface. The prominent peak in the
hydrogen 1s density of states is given by the bonding o, state. It seems to be
in resonance with a sulfur-related state at the same energy, however, this is
just coincidental. This is confirmed by Fig.5.21b which shows the projected
density of states for the hydrogen molecule located at the minimum barrier for
dissociation. The hydrogen and sulfur-related states are no longer in resonance
indicating that there is no direct interaction between the hydrogen molecule
and the sulfur atoms for this configuration. In fact, it turns out that the build-
ing up of the minimum barrier is an indirect effect of the presence of sulfur
[217]: sulfur adsorption leads to a downshift of the Pd d-states in the surface
which makes the surface more repulsive with respect to hydrogen dissociation
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Fig. 5.22. Dependence of the dissociation barriers and the chemisorption energies on
the Ru d-band center for N2 adsorption on clean and precovered Ru(0001) surfaces.
The considered precoverages correspond to 1/4, 1/2 and 3/4 monolayers. (After
[218])

according to the d-band model (5.73) [188,189]. On the other hand, when the
Hs molecule directly approaches a sulfur atom (Fig.5.21c), there is a strong
hybridization and splitting in bonding and anti-bonding states between the
Hs and the sulfur orbitals. Since both the bonding and anti-bonding contri-
butions are fully occupied, the interaction is strongly repulsive [188].

The d-band model has also been used to analyze the influence of coadsor-
bates on the dissociative adsorption of Ny on Ru(0001) [218], a system which
is of relevance for the ammonia synthesis. Precovering the Ru(0001) surface
with atomic nitrogen, oxygen or hydrogen shifts the center of the Ru d-band
to lower energies, i.e., leads to a poisoning of the surface. This is illustrated in
Fig. 5.22 where the dissociation barriers and the atomic chemisorption energies
are plotted as a function of the Ru d-band center. The considered precover-
ages correspond to 1/4, 1/2 and 3/4 monolayers. It is apparent that nitrogen
preadsorption has the strongest influence on the electronic structure of the
Ru surface atoms while the effect of hydrogen adsorption is relatively mod-
erate. Both the dissociation barriers and the atomic chemisorption energies
show a linear relationship with respect to the Ru d-band center, regardless
of the chemical nature of the coadsorbate. This confirms the universal role
of the d-band center for the comparison of the reactivity of related adsorp-
tion systems. Consequently, there is also a linear relationship between the
N, dissociation barrier and the atomic N chemisorption energies. This so-
called Brgnsted-FEvans—Polanyi relation has in fact been found for a number
of transition metal surfaces [219)].

Here we have mainly discussed the influence of adsorbates on dissociation
barriers and adsorption energies. There are also dynamical and kinetic effects
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Fig. 5.23. CO adsorption on top of the kink sites at the steps of a Pt(11,7,5) surface.
CO binds with the C end down

in the adsorption probabilities that will be addressed in Sects. 7.7 and 8.4,
respectively.

5.9 Adsorption on Structured Surfaces

The activity of realistic catalysts is often assumed to be dominated by so-
called active sites, i.e., sites with a specific geometric configuration that mod-
ifies their electronic and chemical properties. In order to identify the nature
of these active sites, surfaces with well-defined defect structures have been
investigated. Vicinal surfaces are particularly well-suited since they can be
relatively easily prepared in the experiment, they are accessible by electronic
structure calculations, and they allow to determine the role of steps in the
interaction of atoms and molecules with surfaces.

In fact, many adsorbates bind much stronger to step sites than to sites
on a flat terrace. Again, the CO/Pt system will serve as a model system.
Variations of 1eV in the adsorption energies of CO at on-top sites of several
flat, stepped, kinked and reconstructed Pt surface have been found by DFT-
GGA calculations [191] revealing a strong structure sensitivity of the binding
strength. As far as stepped surfaces are concerned, the Pt(211) and Pt(11,7,5)
surfaces have been considered. Both surfaces have (111) terraces of similar
width, but while the (211) surface is close-packed along the steps, the (11,7,5)
surface has a open kinked structure along the steps (see Fig. 5.23). And indeed,
the lowest-coordinated Pt atoms which are the kink atoms of the (11,7,5)
surface show the strongest binding to CO with bonding energies that are
about 0.7 eV stronger than on the flat Pt(111) terrace.

These findings can again been rationalized using the d-band model which
provides an intuitive picture for the enhanced reactivity of structured surfaces.
Consider a typical late transition metal with a more than half-filled d-band
(Fig. 5.24a). In a simple tight-binding picture, the width of a band is directly
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Fig. 5.24. Illustration of the effect of a lower coordination or smaller atomic overlap
on the width and position of a d-band. a) d-band of a late transition metal; b) reduced
width of the d-band due to a lower coordination or smaller overlap; c¢) upshift of the
d-band because of charge conservation

related to the coordination and the overlap of the orbitals (see (3.95)). At a
low-coordinated site, the d-band will therefore become narrower (Fig.5.24b).
Note that the same is in fact also true for pseudomorphic overlayers under
tensile strain which reduces the overlap between the electronic orbitals [195,
220-223], as we will see at the end of this section. For a late transition metal
with a more than half-filled, but not completely filled the d-band, the number
of d-states below the Fermi energy will increase if the d-band center is kept
fixed. This would lead to an higher occupation of the d-band. However, in order
to obey charge conservation, the narrowed d-band has to shift up (Fig. 5.24c)
so that the number of occupied states remains conserved [220]. Hence also
the d-band center will move up which results in a higher reactivity of the
structured system.

Note that the Pt(100) surface exhibits in equilibrium a Pt(100)-hex re-
construction which is an otherwise flat (100) surface covered by a hexagonally
packed, buckled Pt overlayer. This overlayer is buckled because the Pt density
in the overlayer is 4% higher than in the Pt(111) surface. This larger density
has the same effect as a higher coordination. Because of the increased overlap
the d-band broadens and shifts to lower energies making it less reactive. This
is exactly what has been found for the binding of CO on the Pt(100)-hex(1x5)
surface which is weaker by 0.1eV compared to the Pt(111) surface.

We will now return to stepped Pt surfaces. As will be discussed in detail in
Sect. 7.7, the interaction of molecular oxygen with Pt surfaces represents one
of the best studied systems in surface science. Experimentally, the influence
of steps on adsorption properties can be relatively easily identified since steps
can be readily decorated and thus passivated by some inert metal, for example
Ag. Thus it was found that the Oy dissociation is strongly favored at the step
sites of Pt[9(111) x (111)] and Pt[8(111) x (100)] [224], which have both (111)
terraces that are nine and eight atom rows wide, separated by {111} and {100}
monatomic steps, respectively. In order to understand the enhanced reactivity
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Fig. 5.25. a) Molecular Oz adsorption site at the steps of a Pt(211) surface de-
termined by DFT calculations [224]. For the sake of clarity, the Oz coverage in
the figure does not correspond to the one used in the calculations. b) Oz molecular
adsorption energy and transition state energies determined using the GGA-PW91
functional as a function of the local d-band center €4 [225]. The dashed lines are
meant as a guide for the eye

of the Pt steps, GGA-DFT calculations have been performed [224,225] in
which the Oy adsorption and dissociation on Pt(211)=Pt[3(111) x (100)] was
studied. Although the terraces of the (211) surface are only three atom rows
wide, they are still far enough from each other in order to make the calculations
relevant for the understanding of the reactivity of the vicinal surfaces.

In the calculations, the energies of the O2 molecular adsorption state Fy,o
and of the transition state to dissociation Erg were determined for the step
site and a “near step” (NS) site one row away from the steps of the clean
Pt(211) surface. In addition, the same energies were evaluated for the steps
of Pt(211) decorated by a monatomic row of silver atoms. The energetically
most favorable molecular adsorption state of Oy on Pt(211) is indeed at the
Pt step atoms (see Fig.5.25a). The same is true for oxygen atoms which also
preferentially adsorb at the Pt step atoms [226].

In Fig. 5.25b, the Oy adsorption and transition state energies are compared
to the corresponding ones for the Pt(111) surface as a function of the local
d-band center £4. As the reader might expect, the low coordination at the step
sites leads to an upshift of the d-band center resulting in a stronger interaction.
Interestingly enough, the local barrier for dissociation E, = Ers — Eno1 is not
reduced at the steps of Pt(211); on the contrary, it is even higher than on
the flat Pt(111) surface. At first sight, it seems to be surprising that there
is a higher rate for dissociation at the steps. However, not only the height of
the local dissociation barrier matters, but also the absolute energetic position
of the transition state with respect to the Os molecule in the gas phase. For
Pt(111), the transition state energy and the energy of Os in the gas phase
are almost equal which means that the dissociation barrier and the desorption
barrier are similar. Hence, in a thermally activated situation, a large fraction of
the molecules will rather desorb than dissociate. This is different at the steps
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Fig. 5.26. Energetics of the Ny dissociation on a terrace and a step of Ru(0001) as
determined by DFT calculations [227]. The insets show the corresponding configu-
rations at the transition state (T'S) for dissociation. The energy zero corresponds to
the energy of the N2 molecule in the gas phase

where the transition state energy is well below the O2 gas phase energy. Hence
the desorption barrier is much larger than the dissociation barrier so that
the branching ratio between dissociation and desorption is strongly shifted
towards dissociation although the absolute value of the barrier is higher at
the steps. Consequently, it is the stabilization of the molecular adsorption
state that leads to an enhanced dissociation at steps.

However, there are systems such as Ny dissociation on Ru(0001) where
reaction barriers are significantly lowered at step sites [227,228]. This system
is of particular importance since the Ns dissociation represents the first and
rate-limiting step in the ammonia synthesis [229,230]. By again blocking the
step sites with noble metal atoms it could be shown that the dissociation rate
at the steps is at least nine orders of magnitude higher than on the terraces
at 500 K [227,228].

The dissociation of N on flat and stepped Ru(0001) surfaces was addressed
by DFT calculations [227,231] in which the step was modeled by using a (2x4)
unit cell and removing two rows of Ru atoms. As Fig. 5.26 demonstrates, the
barrier for the dissociative adsorption of Ng at the steps is about 1.5 eV lower
than on the terraces, in agreement with the experiment. Note that whereas the
N5 molecular precursor is also strongly stabilized at the steps, the difference
in the binding energies of atomic nitrogen at the steps and the terraces is
much smaller. This is important because it means that the nitrogen atoms do
not block the step sites after dissociation but can diffuse towards the terraces.

In order to understand the strongly modified reactivity of the steps, it is
instructive to examine the transition state configurations on the terrace and
at the step. At first sight, they do not seem to be too different. In both cases,
one nitrogen atom is close to the most stable hep site while the other one is
located at a bridge position. However, at the step the two N atoms do not
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share any Ru atoms as nearest neighbors. This reduces the indirect repulsive
interactions which is the reason for the high Ny dissociation barrier on the
terrace [232]. Hence it is the modified geometrical arrangement of the steps
that contributes significantly to the higher reactivity.

A dramatic lowering of the dissociation barrier at stepped ruthenium sur-
faces has also been found for NO. According to DFT calculations, this barrier
is reduced from 1.28¢V at the flat Ru(0001) surface to 0.17eV at a stepped
Ru surface [233], thus rationalizing experimental findings of a STM study
that NO dissociation only occurs at the steps of a vicinal Ru surface [234].
A closer analysis yields that this strong reduction is caused by so-called fi-
nal state effects. First, the reaction products, atomic nitrogen and oxygen are
more strongly bound at the steps than on the terrace, and second, at the steps
the reaction products share less nearest neighbor surface atoms, as in the case
of Ny dissociation. This confirms that the modified structural arrangement at
the steps plays a very important role for the reactivity.

Stepped surfaces do not only show higher adsorption energies, they can also
induce unusual adsorption structures. While hydrogen usually adsorbs disso-
ciatively at metal surfaces [198], as already mentioned, experiments have found
the coexistence of chemisorbed hydrogen atoms and molecules on Pd(210)
[235]. The microscopic nature of the adsorbate states has been identified by
DFT-GGA calculations [76,235].

The (210) surface is a relatively open surface that can be regarded as a
stepped surface with a high density of steps. The geometry of this surface is
shown in Fig. 5.27. Vicinal fcc(nl10) surfaces have (100) terraces with steps
running along the [001] direction. These steps are forming open (110)-like
microfacets. The most favourable adsorption site for atomic hydrogen is in
fact the long-bridge position between two Pd step atoms, as indicated in
Fig.5.27. Still two other atomic adsorption sites are available in the (210)
surface unit cell.



5.9 Adsorption on Structured Surfaces 151

1 b 1 = 1 L I
03 00— O/Ru(0001) adsorption energy 3
i A—A CO/Ru(0001) adsorption energy

. 02f #—& CO/Ru(0001) dissociation barrier|
i E d
= 01 =
=
& A
=
2 00 =
<
= L
w

01 -

02 o

" 1 i 1 M 1 M 1 "
-2.0 -1.0 0.0 1.0 2.0 3.0

Lattice strain %

Fig. 5.28. Dependence of the O and CO adsorption energy and the CO dissociation
barrier on Ru(0001) on the lattice strain. The results have been obtained by DFT-
GGA calculations [238]

On the hydrogen precovered Pd(210) surface, Hy can chemisorb molecu-
larly over the Pd step atoms with a binding energy of 0.27eV [76,235]. How-
ever, this molecular state which is also illustrated in Fig. 5.27 is only stabilized
by the presence of atomic hydrogen on the surface. Without any precoverage,
Hs does spontaneously dissociate on Pd(210). The preadsorbed atomic hydro-
gen does not significantly disturb the interaction of the Hy molecules with the
step Pd atoms but hinders the Hy dissociation on Pd(210). In fact, the molec-
ular adsorption state corresponds locally to the apparent well on Pd(100)
shown in Fig.5.19b which is changed from a saddle point to a local mini-
mum on Pd(210) due to the presence of the atomic hydrogen. Such unique
features of structured surfaces might be useful for catalyzing certain reactions
in which, e.g., relatively weakly bound hydrogen molecules are required.

Finally, we will discuss that an increased reactivity can not only be caused
by a lower coordination but also by a reduced overlap due to tensile stress to
surfaces, as we already mentioned when we discussed Fig.5.24. Experimen-
tally, laterally stretched and compressed surface regions can for example be
created by implementing subsurface argon bubbles, as has be done for the
Ru(0001) surface [236,237]. The modified surface was then exposed to oxygen
and CO. STM images confirmed that oxygen atoms and CO molecules adsorb
preferentially in the regions of the expanded lattice.

These findings have been rationalized by DFT-GGA calculations. The ad-
sorption energies of O and CO on Ru(0001) and the CO dissociation barrier
have been calculated as a function of the lattice strain (Fig.5.28) [238]. In
general, the surface reactivity increases with lattice expansion. This can be
explained by the accompanying upshift of the d-band center (see Fig.5.24).
Increasing the distance between the substrate atoms lowers the overlap be-
tween the metal orbitals which narrows the width of the d-band. If the band
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is more than half-filled, charge conservation than leads to the upshift of the
d-band.

Figure 5.28 demonstrates that the qualitative trend due to the strain is
the same for the O and CO adsorption energy and the CO dissociation bar-
rier, but the quantitative effect can be quite different. Still the strain effect
could be used as a means to tailor the catalytic activity of transition met-
als since, within certain limits, the lattice constant can be modified by the
heteroepitaxial growth of a metal overlayer on another metal with a lattice
mismatch, as has for example been demonstrated for the interaction of CO
with pseudomorphic Pt/Ru(0001) overlayer systems [239].

5.10 Adsorbate Structures at Non-zero Temperatures
and Pressures

So far we have described the adsorption of atoms and molecules at zero tem-
perature. Furthermore, we have neglected that the substrate might be in con-
tact with a surrounding gas phase. Such an situation is illustrated in Fig. 5.29
which can for example be interpreted as a metal surface in contact with an
oxygen atmosphere. The surface region which is indicated by the box bounded
by the dashed line is affected by the flux of the impinging particles character-
ized by a pressure p and a temperature T'. After a certain time, a steady state
will be reached with no net adsorption or desorption flux. It is important to re-
alize that such a situation can be regarded as a thermodynamical equilibrium
structure of a substrate in contact with a reservoir of the corresponding gas.
The appropriate thermodynamical potential describing such a system is the
Gibbs free energy G(T,p, N;). Using such a thermodynamical formulation, it
is not necessary to model the impinging gas particles explicitly. Instead, their
influence is described by the chemical potential p which corresponds to the
energy cost at which the reservoir provides particles.

In practice, one divides the Gibbs free energy of the whole system into
three contributions from the bulk solid phase Gpuk, the gas phase Ggas, and
the surface region AGyyrface indicated by the dashed box in Fig. 5.29,

G = Gpuk + Ggas + AGgsurtace - (575)

Although the different contributions of the free energy are defined with respect
to a system with a surface, we will assume that we can take the values of the
corresponding homogeneous systems for Gk and Ggas which is justified for a
sufficiently large surface region. The connection between the Gibbs free energy
and the results of ab initio total energy calculations can be established using
the Helmholtz free energy F'(T, V, N;) which is the thermodynamical potential
relevant for a system at a fixed volume V',

F(T,V,N;) = E*Y(V,N) + TS 4 FV* (T, V, N;), (5.76)
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substrate Fig. 5.29. Schematic representation of a
substrate in contact with a surrounding
gas phase at temperature 1" and pressure p

where E'™'(V,N) is the total (internal) energy that can be determined by
electronic structure calculations, 7°.5°°" is the configurational free energy, and
FY*(T,V, N;) is the vibrational contribution to the Helmholtz free energy. The
Gibbs free energy is related to the Helmholtz free energy by

G(T,p,N;) = F(T,V,N;) + pV(T,p,N;) . (5.77)

In order to determine the stability of surface adsorbate phases, it is convenient
to determine the Gibbs free energy of adsorption with respect to the clean
surface system. If there are Ny; substrate atoms in the surface region per unit
cell for the clean surface and My substrate atoms and N,qs adsorbate atoms
for the adsorbate-covered surface, we obtain from (5.75)

AG T, p) = G(T, p, M, Naas) — G(T, p, N1, 0)
— (MM - NM)MM(T; p) - Nadsﬂgas(Ta p) s (5'78)

where we have introduced the chemical potentials v = ghuik and pigas = ggas,
which correspond to the Gibbs free energies of the substrate and gas atoms,
respectively, per corresponding formula unit in the homogeneous phases. This
expression still contains thermodynamical quantities that are in general dif-
ficult to calculate. However, since we are concerned with free energy differ-
ences, it is reasonable to assume that the differences in the free energy are
well-approximated by the leading total energy terms [240]. This means that
the contributions coming from the configurational entropy, the vibrations and
the work term pV can be neglected. One then arrives at an expression

AG*(T, p) ~ E*" (M, Naas) — E** (N, 0)
- (MM - ]\[M)Elt\/([)t - Nadsﬂgas(T7p) ) (5'79)

where E{¢* corresponds to the total energy per substrate atom in the bulk.
The first three terms are accessible by total energy calculations, and the fourth
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Fig. 5.30. Top and side view of the (\/3 X \/§)R27° PdO surface oxide structure
on Pd(100) based on DFT calculations (after [241]). The Pd atoms of the ultrathin
surface oxide layer are plotted in a darker grey than the Pd atoms of the underlying
Pd(100) substrate

term leads to a straight line if the Gibbs free energy of adsorption is plotted
as a function of the gas chemical potential. Note that the resulting expression
is equivalent to (4.26) which is concerned with the stability of compound
surfaces.

As an example, we consider the oxide formation on Pd(100) [242,243]. The
structure of transition metal surfaces in contact with an oxygen-containing
atmosphere is of particular interest in the context of the CO oxidation which
occurs, e.g., in the car exhaust catalyst. The active phase is not necessarily
a bulk oxide but can consist of thin oxide layers on the substrate, a so-called
surface oxide. The structure of surface oxides are often quite different from
the bulk oxide structure. This is among others caused by the strong coupling
to the underlying metal substrate. These special structure then lead to unique
properties of the surface oxides.

In particular in the case of oxidation catalysis over ruthenium surface it
has been shown that it is not the pure metal, but rather ruthenium oxide
(RuOg2) which is the active phase [128]. For the PdO oxide on Pd(100), the
structure has been determined combining experiment with DFT calculations
[241]. The resulting structure of the Pd(100)-(v/5 x v/5)R27°-0 surface oxide
phase is illustrated in Fig. 5.30. It corresponds to a rumpled, but commensu-
rate PAO(101) film strongly coupled to the Pd substrate.

In Fig.5.31a, the Gibbs free energy of adsorption per surface area A

A’Y(Ta p) = ,Y(Tnpa MM7 Nads) - ’ydean(Tap7 NM7 O)

1
= ZAGad(Tap) ) (580)

is plotted as a function of the chemical potential of oxygen po. It is convenient
to separate the total energy of the Oy molecule which is the stable oxygen
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Fig. 5.31. Calculated Gibbs free energy plot (a) and surface phase diagram (b)
for the clean Pd(100) surface and several oxygen-containing structures (after [243]
including additional results concerning the surface oxide)

species in the gas phase from the temperature and pressure dependent parts
of the oxygen chemical potential:

1
po(T.p) = 3B + Auo(T.p) (5:81)

Using the definition

1
Eads - N_ <E‘tot (MM; Nads) - EtOt (NM; 0)
O

1
(Mg — Na) B §Ea°;a‘> , (5.82)

of the adsorption energy per oxygen atom at zero temperature, the Gibbs free
energy of adsorption can be expressed as

29(T.p) = 2 By — Ao (T.p)) (5.53)
This expression is very helpful in discussing free energy plots such as Fig. 5.31a.
Every structure is represented by a line whose slope is proportional to the
number N of adsorbed atoms per unit cell. This means that the higher the
number of oxygen atoms in a structure, the steeper the corresponding curve
in the free energy plot. The curve for the adsorbate structures crosses the
curve for the clean surface exactly at the oxygen adsorption energy per oxy-
gen atom. The thermodynamically most stable structure is then given by the
system with the lowest free energy for a particular chemical potential.
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Using (5.83), the stability range of the bulk oxide can also be understood.
A bulk oxide corresponds to a structure with in principle infinitely many
oxygen atoms per surface unit cell. Therefore the corresponding curve in the
free energy plot is given by a perpendicular line. Its position is given by the
heat of formation at zero temperature. This means that for oxygen chemical
potential larger than this value, the bulk oxide corresponds to the most stable
phase.

Furthermore, the chemical potential can be directly related to the ther-
modynamical properties of the gas phase reservoir. This is how in fact the
pressure p and the temperature T enter the formalism here. It is important
to realize that there is no need to include any gas phase atoms or molecules
explicitly in the calculational set-up. The reservoir is just represented by the
corresponding chemical potential contained in the free energy expression that
is dependent on the pressure and the temperature.

In order to derive the dependence of the chemical potential on the pressure
and temperature, it is usually sufficient to consider the reservoir as an ideal
gas. Hence the oxygen chemical potential can be written as

1 1
1o(T,p) = 510, (T,p) = FEG; + Auo(T'p)

%Eg’; + Apo (T, p°) + %kBTln (z%) . (5.84)
Here the total energy of the O molecule has been separated from the pres-
sure and temperature dependent parts of the chemical potential. These parts
contain contributions from the vibrations and rotations of the molecule as
well as the ideal gas entropy at p® = 1 atmosphere. These contributions can
either be calculated from first principles or taken from experimental values;
both approaches yield practically the same results [242]. Using these values,
the chemical potential can be converted to pressure scales for chosen temper-
atures which has been done for 7' = 300 K and 7' = 600 K on top of Fig. 5.31a.

We will now discuss the structure of this surface free energy plot em-
phasizing some general properties. Very low pressures correspond to strongly
negative chemical potentials which make any oxygen containing surface struc-
ture (No > 0) very unfavorable. Therefore the clean surface will always be the
stable structure under these conditions. Increasing oxygen content in the gas
phase makes the oxygen chemical potential less negative which leads to more
favorable Gibbs free energies of adsorption. Consequently, at some value of the
chemical potential some oxygen-containing structure will exhibit a Ay < 0 so
that this structure becomes more stable than the clean surface. This point is
reached for FE,qs = Auo(p,T) (see (5.83)), i.e., when the adsorption energy
per oxygen atom equals the pressure and temperature dependent part of the
chemical potential. For the O/Pd(100) system, this is the p(2 x 2) oxygen ad-
sorbate structure corresponding to a coverage of one quarter of a monolayer
(ML).
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Surface structures with smaller adsorption energies per oxygen atom but
higher coverage are represented by a line that crosses the Ay = 0 level at
higher chemical potentials. However, since they have a more negative slope
No /A, they will eventually be more stable than the low-coverage phase. For
the O/Pd system, this structure is the (v/5 x v/5) R27°- surface oxide structure
at a coverage of 0.8 ML (see Fig.5.30). Finally, in oxygen-rich environments
represented by a large oxygen chemical potential the bulk oxide becomes the
most stable phase.

Free energy plots as a function of the chemical potential are convenient but
not always very intuitive, as far as the stability of the corresponding phases
with respect to the pressure and the temperature is concerned. However, using
the pressure scales of the chemical potential as a function of temperature, the
free energy plot Fig.5.31a can be converted into a surface phase diagram
depicted in Fig.5.31b. This diagram shows the most stable structures as a
function of temperature and pressure which can be more easily compared
with experimental observations.

5.11 Reactions on Surfaces

The dissociative adsorption of diatomic molecules corresponds to a simple
reaction on a surface since it involves a bond-breaking and bond-making pro-
cess. Technologically relevant reactions on surfaces, however, are usually much
more complex (see Sect.8.6). The phase space of reactions on surfaces in-
volving more than two adsorbate atoms is already so high-dimensional that
studying these reactions by ab initio electronic structure calculations is com-
putationally very demanding.

Nonetheless, in order to understand catalytic reactions, the study of dis-
sociative adsorption on surfaces is not sufficient. In fact, DFT studies have
already addressed more complex reactions on surfaces and thus contributed
to the elucidation of catalytic reaction channels. I will focus on a relatively
simple, but still technologically immensely important reaction, the CO oxi-
dation on Pt(111). Transition metals such as Pt, Pd, or Rh are the active
components in car exhaust catalytic converters which remove CO and other
pollutants from exhaust emission. The CO oxidation on Pt(111) represents the
model system for the understanding of the post-combustion oxidation of CO.
Note that the reaction CO-+ %02 — COq is strongly exothermic (AH = 3eV),
but it is hindered by high energetic barriers in the gas phase. The role of the
catalyst is to provide a route for the CO oxidation with a much smaller acti-
vation barrier (see Fig.5.2).

Two different CO oxidation paths on Pt(111) have been considered by
DFT calculations: CO oxidation by adsorbed atomic oxygen [244,245] and by
adsorbed molecular oxygen [245]. Figures 5.32a—c show the initial, transition
and final state of the CO oxidation by adsorbed atomic oxygen on Pt(111)
[244], CO™* 4+ 0245 — CO3%. The minimum energy path has been found
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Fig. 5.32. CO oxidation on Pt(111) studied by DFT calculations. Panels (a—c) show
top views of the initial, transition and final state, respectively, along the reaction
path of the CO oxidation by adsorbed atomic oxygen [244], whereas panel (d) shows
a side view of the transition state of the CO oxidation by adsorbed molecular oxygen
[245]. In panels (a—c) the surface unit cell used in the calculations is indicated

using a constraint minimization scheme. In the initial state, atomic oxygen is
located in a three-fold hollow position whereas CO is adsorbed perpendicularly
at the on-top position. Along the minimum energy path, the CO moves via the
bridge site to the on-top position adjacent to the O atom, thereby pushing the
O atom towards the neighboring bridge site (Fig. 5.32b). Finally the adsorbed
O atom and the CO molecule move together and form a new bond whereby
the bond between the O atom and the Pt substrate is broken.

The transition state geometry of CO oxidation on Pt(111) can be char-
acterized by a bonding competition effect [244]. The oxygen atom prefers an
adsorption site with high coordination. On the other hand, there is a strong
indirect repulsion mediated by the surface d-band between the oxygen atom
and the CO molecule if they share a surface atom that they are bind to [246].
Hence the transition state geometry corresponds to a compromise between al-
lowing the reacting atoms to interact with as many distinct surface atoms as
possible while still approaching each other. In fact, this bonding competition
effect also determines the transition state geometries for CO dissociation on a
number of other transition metal surfaces [246,247]. In addition, it contributes
to the high reactivity of stepped surfaces since the reacting atoms can often
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Fig. 5.33. Reaction scheme for the partial and the total oxidation of methanol on
oxygen-covered Cu(110) derived from DFT calculations [250]. Panels (a) and (c)
illustrate the methoxy and formate formation schemes, respectively. Panel (b) de-
scribes the final steps in the partial oxidation of methanol from methoxy to formalde-
hyde while panel (d) shows the corresponding final steps in the total oxidation from
formate to CO2 operative at higher temperatures

maintain a high coordination along reaction paths close to the steps due to
the open structure, as was confirmed in a DFT study of the NO+CO reaction
catalyzed by flat and stepped palladium surfaces [248].

Returning to the CO oxidation on Pt(111), we now focus on the CO ox-
idation by an adsorbed Os molecule, Cco*s 4+ 03 — COSdS + 0S| The
transition state geometry is plotted in Fig. 5.32d. Prior to the CO oxidation,
the adsorbed O molecule dissociates. At the transition state, one O atom is
located above a bridge site, the other one at an on-top position [245]. The CO
molecule then reacts with this more weakly bound O atom to form COs5. This
process is hindered by a barrier of 0.46 ¢V [245] and can be associated with the
a peak observed in temperature programmed desorption (TPD) experiments
(see p.252) at T =~ 150K [249]. Above this temperature, Oy starts to disso-
ciate on Pt(111) so that the CO can only react with adsorbed oxygen atoms.
Since these atoms are more strongly bound than the oxygen molecules, in
fact the activation barrier for CO oxidation by adsorbed atoms is higher than
for adsorbed molecules. This barrier