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Oxidation reactions are the basis of many applications in chemical industry,
and the reaction rates are increased by the presence of a suitable metallic
surface that acts as a catalyst. The basic factor in explaining the reaction
dynamics is the electronic structure of the catalyst and the reactants, which
can be determined by modern computational methods. Typically, catalytic
reactions on metal surfaces involve steps such as adsorption, dissociation,
and diffusion. Understanding the elementary steps contributes to the over-
all understanding of catalytic properties of metal surfaces.

This study presents first-principles calculations of elementary processes on
silver (110) and lead (100) surfaces. The preferred oxygen adsorption sites
and the dissociation of the oxygen molecule on Ag(110) are clarified, and
the diffusion and vibration of oxygen are analyzed.

On Pb(100) surface, potassium is shown to prefer substitutional adsorption
sites and form an ordered structure at 0.5 monolayers coverage. Finally, the
oxidation of Pb(100) surface results in a two layer oxide structure where
oxygen occupies distorted hollow sites on and below the top surface layer.

Keywords: first principles calculations, surface physics, adsorption,
oxidation
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Nomenclature

Symbols

a lattice constant
e elementary charge
E energy
} reduced Planck constant
H Hamiltonian
m, M mass
n electron density
N number of atoms
p dipole moment density
Q electric charge
r, R position
T temperature
φ work function
ρ charge density
σ surface energy
Θ coverage
Ψ wavefunction

Acronyms

CINEB climbing image nudged elastic band
DFT density functional theory
DOS density of states
EOS equation of state
fcc face-centered cubic
FFH fourfold hollow
GGA generalized gradient approximation
LB long bridge
LDA local density approximation
LEED low-energy electron diffraction
MEP minimum energy path
NEB nudged elastic band
PAW projector augmented wave
PBE Perdew, Burke, and Ernzerhof
SB short bridge
STM scanning tunnelling microscopy
TFH threefold hollow
TP top
UHV ultra-high vacuum
VASP Vienna ab-initio simulation package



CHAPTER 1

Introduction

Atomic-scale phenomena at surfaces are of enormous technological impor-
tance. Corrosion is generally an undesired process, while atomic layer de-
position and heterogeneous catalysis are essential processes in semiconduc-
tor manufacturing and chemical industry, respectively. These processes are
at the interface of physics and chemistry. [1]

Many of the industrially relevant reactions are catalyzed by surfaces of tran-
sition metals, such as platinum, palladium, rhodium and ruthenium. A cat-
alyst that is in different phase than the reactants is termed a heterogeneous
catalyst. Typically, the catalytic reactions can be broken into a number of
elementary steps. In the Langmuir-Hinshelwood mechanism, the reactants
adsorb on the catalyst, and possibly dissociate [2]. The molecular fragments
and atoms diffuse on the surface, form new bonds with each other, and the
reaction products then desorb from the surface. An example of such a reac-
tion is the catalytic oxidation of carbon monoxide to carbon dioxide [3]. In
the Eley-Rideal mechanism, one of the reactants adsorbs on the surface, and
the reaction takes place between the surface-adsorbed species and another
reactant in gas phase [2]. The catalytic properties of surfaces are therefore
closely related to the electronic structure of surfaces [4].

Key concepts in characterizing a catalyst are its activity and selectivity [2].
Activity refers to the ability of the catalyst to increase a reaction rate, which
is related to the ability of the catalyst to adsorb reactants. However, the
substrate-adsorbate bond should be strong enough for the adsorbate to
cover the surface, but not too strong to immobilize or inactivate the reac-
tants. For the surface to act as a catalyst, the reaction on the surface must
have a lower energy barrier than in the gas phase. Same reactants can yield
different products, depending on the catalyst. Such selectivity is essential
in directing the reactions to desirable products.

The importance of the field is manifested by the acknowledgements awar-
ded to the pioneers in the fields of heterogeneous catalysis and surface
chemistry. Paul Sabatier received the Nobel prize in chemistry in 1912 “for
hydrogenating organic compounds in the presence of finely disintegrated
metals”, in other words a reaction involving heterogeneous catalysis. Later
on, Irving Langmuir received the 1932 Nobel prize in chemistry for his re-
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12 CHAPTER 1. INTRODUCTION

search in surface chemistry. The experimental work in the field and the
understanding of surface reactions took a step forward in the 1960s when
methods to produce ultra-high vacuum (UHV) became available, allowing
to probe surfaces by e.g. low-energy electron diffraction (LEED). The un-
derstanding of chemical reactions at surfaces was strengthened by the work
of Gerhard Ertl, for which he was awarded the 2007 Nobel prize in chem-
istry.

Computational surface science can act, on the one hand, as a support to the
experiments, but also as a predictive tool. The theoretical foundations orig-
inate from the principles of quantum mechanics, formulated in the early
twentieth century. However, direct application of the equations to real sys-
tems lead to intractable problems. In the 1960s, Walter Kohn showed that
the ground state properties of a system can be determined from the electron
density [5, 6], and John Pople led the field of computational quantum chem-
istry. They shared the 1998 Nobel prize in chemistry; Kohn for developing
the density functional theory (DFT), and Pople for developing computa-
tional methods for quantum chemistry. At present, DFT is the most widely
used method in computational surface science, and in-depth understanding
of the individual steps of surface processes such as adsorption, dissociation
and diffusion, are within the reach of computational surface science.

Silver is a common catalyst in catalytic oxidation reactions, that play a cen-
tral role in various industrial processes [7]. Lead-based catalysts are less
common, but lead oxides can catalyse e.g. peroxide decomposition [8] and
methane dimerization [9, 10]. This book consists of computational studies
of three adsorption systems that aim to build upon the understanding of
the catalytic properties of Ag(110) and Pb(100) surfaces.

The rest of the book is organized as follows. Chapter 2 gives an outline of
the theoretical methods employed by the software that is used to calculate
the results, and Chapter 3 discusses the main results of the publications.
Conclusions are given in Chapter 4.



CHAPTER 2

Overview of the computational methods

The main problem of modeling of materials at the atomic level is the de-
scription of the interactions of electrons with matter. The practical methods
are always a compromise between accuracy and computational resources.
Quantum chemistry methods tend to be based on the electronic wavefunc-
tions, while the solid-state physics methods are mainly based on the elec-
tron density.

At the heart of the modeling of surfaces is the DFT, that offers good ac-
curacy at a reasonable computational cost. The information acquired by
DFT itself, ground state energy and electron density, is seldom enough in
explaining the properties of materials and processes at surfaces. Support-
ing methods that employ either DFT or the data calculated using DFT offer
valuable auxiliary information. This chapter presents an overview of the
computational methods employed in calculating the results presented in
Chapter 3.

2.1 Interaction of electrons and matter

The atomic-level description of a a system of electrons and nuclei starts
from the time-independent Schrödinger equation

HΨ(r) = EΨ(r), (2.1)

where H is the Hamiltonian, Ψ(r) is the wavefunction, and E is the eigen-
value of the Hamiltonian, i.e. the total energy of the system. The Hamilto-
nian can be expressed as

H =− }2

2me
∑

i
∇2

i −∑
i,I

ZIe2

|ri − RI |
+

1
2 ∑

i 6=j

e2∣∣ri − r j
∣∣ (2.2)

+
1
2 ∑

I 6=J

ZI ZJe2∣∣RI − RJ
∣∣ − }2

2MI
∑

I
∇2

I .

The first term on the right hand side is the kinetic energy of the electrons.
The second, third, and fourth terms are the Coulomb interactions between
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14 CHAPTER 2. OVERVIEW OF THE COMPUTATIONAL METHODS

the electrons and the nuclei, and the last term is the kinetic energy of the nu-
clei. Since the nuclei are significantly more massive than the electrons (the
mass of a proton or a neutron is more than 1800 times the mass of an elec-
tron), the electrons can be considered to respond immediately to changes
in the external potential caused by the movement of the nuclei. The kinetic
energy of the nuclei can therefore be omitted from the Hamiltonian, and the
nuclear coordinates can be regarded as parameters, rather than variables of
the Hamiltonian. This separation of the movements of the electrons and
nuclei is termed the adiabatic, or Born-Oppenheimer approximation, and
is widely used in calculations.

2.1.1 Density functional theory

The foundations of the DFT are the Hohenberg-Kohn theorems, which can
be stated as [5]
1. The ground state particle density n0(r) of a system of interacting particles in
an external potential Vext(r) uniquely determines the potential.
2. For the potential Vext(r), the exact ground state energy of the system is the
global minimum of the functional E[n], and the corresponding density is the exact
ground state density n0(r).

In principle, the ground state density determines all the properties of the
system, although some of them can be practically inaccessible. The Hohen-
berg-Kohn approach simplifies the solution of the Schrödinger equation,
because the density is a function of three position variables instead of the
3N variables of the many-body wavefunction (ignoring spin).

The analytic solution of the many-body Schrödinger equation is still possi-
ble only in very simple cases. A successful approach for the solution was
proposed by Kohn & Sham [6], which assumes that the original interacting
system can be replaced by a non-interacting system that yields the same
ground state density. The resulting system of independent-particle equa-
tions can be considered soluble. The many-body effects are grouped into
an exchange-correlation functional of the density. The solution of the Kohn-
Sham system is an approximation of the solution of the original system, and
the accuracy is limited by the exchange-correlation functional, for which no
exact formulation is known.

The Kohn-Sham independent-particle equations in atomic units (} = 1,
me = 1, e = 1, 4πε0 = 1) are[

−1
2
∇2 + VKS(r)

]
ψi(r) = εiψi(r), (2.3)

where the effective potential VKS(r) is

VKS(r) = Vext + VH + Vxc. (2.4)
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and the independent-particle states satisfy

∑
i
|ψi(r)|2 = n(r). (2.5)

The external potential Vext is due to the interaction of the electrons with the
nuclei, and the Hartree potential

VH =
∫ n(r′)
|r− r′|d

3r′ (2.6)

corresponds to the electrostatic potential of the electrons. The exchange-
correlation potential Vxc includes the many-electron effects. If the exact
form of the exchange-correlation potential was known, the Kohn-Sham equa-
tions would yield the exact ground-state density and energy of the original,
interacting system. The quality of the results is therefore determined by
a large extent by the quality of the description of the exchange-correlation
effects.

The simplest approximation to the exchange-correlation effects is the local
density approximation (LDA) [6], in which the exchange-correlation energy
density is taken to equal the value in a homogeneous electron gas with the
same density. The exchange-correlation effects in solids are relatively short-
ranged, and the LDA is successful in describing the bulk phase of metals
where the valence electrons are nearly free. However, the LDA typically
overestimates binding energies and underestimates bond lengths.

An improvement over the LDA are the family of exchange-correlation func-
tionals based on the generalized gradient approximation (GGA) [11], which
in addition to the density, depend on the gradient of the density. A still
more refined family are the meta-GGAs, that depend also on the Laplacian
(second derivative) of the density. Hybrid functionals mix exact exchange
from Hartree-Fock theory to LDA or GGA. Depending on the functional,
the amount of exact exchange is taken as a predetermined constant or de-
termined by fitting to experimental data. The computational cost involved
with the calculation of the exact exchange part practically limits the use of
hybrid functionals to individual molecules.

The Kohn-Sham one-particle states ψi(r) determine the density according
to Eq. 2.5, and the density determines the effective potential. The solution
must therefore be searched in a self-consistent manner, by first constructing
an initial guess for the density. The effective potential can then be deter-
mined, and the solution of the Kohn-Sham equations gives a new density.
The previous density is mixed with the new one, and the calculation is re-
peated until self-consistency is achieved, i.e. repeating the calculation does
not change the density.

Typically, the core electrons are unaffected by the environment where an
atom is located. The core states can be kept fixed, and the Kohn-Sham equa-
tions are only needed to be solved for the valence electrons. However, the
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division to core and valence electrons is not unambiguous, and is depen-
dent on the constituent atoms of the system in consideration. This frozen-
core approximation is commonly implemented in computational procedures.

In practice, the wavefunctions ψi(r) are represented as linear combinations
of basis functions. Popular choices for basis functions are roughly divided
into localized, atom-centered (e.g. Gaussian) functions, and plane waves.
The localized basis sets are widely used for isolated molecules, whereas
plane waves are particularly well suited for periodic systems because they
obey the Bloch theorem, and plane waves are eigenfunctions of the momen-
tum operator [1]. The ability of the basis to reproduce the wavefunction is
determined by the number of plane waves included in the basis, and this
parameter is controlled by the cutoff energy for a given unit cell size. The
cutoff energy is the maximum kinetic energy associated plane waves in the
basis:

Ecut =
}2

2m
G2

cut, (2.7)

where Gcut is the reciprocal lattice vector corresponding to the plane wave
with kinetic energy Ecut.

Generally, plane wave basis implies periodic boundary conditions on the
system. Isolated molecules need a large unit cell to avoid interactions be-
tween the periodic images, and the number of plane waves increases with
cell size. Similar consideration has to be taken into account in surface calcu-
lations, where the surface is typically modeled using the repeated slab ap-
proach (see Fig. 2.1). The surface is constructed as a slab of several atomic
layers with vacuum between the periodic images in the direction perpen-
dicular to the surface to minimize interaction between the periodic images.

slab

vacuum

z

y

· · ·

· · ·

...

Figure 2.1: Repeated slab geometry of a fcc(100) surface. The surface is
modeled by five atomic layers and a p(2× 2) surface unit cell. The dark
gray spheres are atoms in the unit cell, and the light gray spheres are their
periodic images. The dashed line marks the limits of the unit cell.
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Another complication that arises from the use of plane wave basis is the
large cutoff energy needed to reproduce the rapid oscillations that the va-
lence states exhibit near the nuclei due to the requirement of orthogonality
with the core states [12].

The basis set size can be reduced while retaining accuracy by replacing the
oscillatory part by a smooth function. The idea is employed in pseudopo-
tential methods, but most of them do not preserve the all-electron wave-
function.

In the projector augmented wave (PAW) method [13], a smooth part ψ̃n
of the valence wavefunction is defined inside atom-centered augmentation
spheres. The smooth functions are related to the all-electron wavefunctions
|ψn〉 via a linear transformation

|ψn〉 = T |ψ̃n〉 , (2.8)

where T is an operator defined by

T = 1 + ∑
R
T R, (2.9)

where T R acts only within the augmentation spheres. Inside the spheres, a
basis of partial waves |ϕi〉 is defined, and again the operator T relates them
to smooth partial waves |ϕ̃i〉 by

|ϕi〉 = (1 + T R) |ϕ̃i〉 . (2.10)

The operator T R only acts within the spheres, so |ϕi〉 = |ϕ̃i〉 outside the
spheres. The smooth wavefunctions can now be expanded in the basis of
the smooth partial waves as

|ψ̃n〉 = ∑
i

cR
ni |ϕ̃R

i 〉 , (2.11)

which also relates the functions outside the spheres with the same expan-
sion coefficients cR

ni since the smooth and full functions are related by the
same linear transformation T .

An orthogonal and complete set of smooth projector functions | p̃R
i 〉 are cho-

sen inside the augmentation spheres:

〈 p̃R
i |ϕ̃R

j 〉 = δij (2.12)

∑
i
|ϕ̃R

i 〉 〈 p̃R
i | = 1. (2.13)

The expansion coefficients cR
ni are then given as

cR
ni = 〈 p̃R

i |ψ̃n〉 , (2.14)
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and the smooth and the full wavefunctions are then defined in terms of the
partial waves and the projector functions as

|ψ̃n〉 = ∑
i
〈 p̃R

i |ψ̃n〉 |ϕ̃R
i 〉 (2.15)

|ψn〉 = ∑
i
〈 p̃R

i |ψ̃n〉 |ϕR
i 〉 . (2.16)

The operator T is now defined in terms of the partial waves and the projec-
tor functions:

T = 1 + ∑
R

∑
i

(
|ϕR

i 〉 − |ϕ̃R
i 〉
)
〈 p̃R

i | , (2.17)

and the full wavefunction can be written as a sum of a smooth part and a
sum over atoms of a term that contains the partial waves, projector func-
tions, and the smooth wavefunction:

|ψn〉 = |ψ̃n〉+ ∑
R

(
∑

i
|ϕR

i 〉 〈 p̃R
i |ψ̃n〉 −∑

i
|ϕ̃R

i 〉 〈 p̃R
i |ψ̃n〉

)
. (2.18)

When the Kohn-Sham equations are cast into the PAW formalism, an effi-
cient way of solving the many-electron Schrödinger equation that preserves
the full Kohn-Sham one-electron wavefunctions is obtained.

The computational procedures described above are implemented in the Vi-
enna ab-initio simulation package (VASP) [14–18], which is used to calcu-
late all the DFT results presented in this thesis.

It should be noted that the DFT ground state corresponds to T = 0 K,
whereas experiments are always performed at nonzero temperatures.

2.2 Bader analysis

Bond formation typically involves modification of the distribution of elec-
trons around the atoms involved. This can lead to dipole formation and
strong modification of the electronic properties of surfaces by adsorbates,
for example changes in the work function. Differences in electronegativ-
ity lead to charge transfer between atoms. A prominent example of charge
transfer are compounds with ionic bonding, where the more electroneg-
ative element receives electron density from the less electronegative one,
becoming negatively charged.

The central quantity in DFT calculations, the electron density, naturally al-
lows analysis of the electron distribution. However, it is not trivial how to
assign electron density to belong to a certain nucleus. Bader analysis [19] is
a method particulary suitable for DFT with planewave basis, since it does
not require atom-centered basis functions.
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Figure 2.2: Example of the division of a 2D function to Bader areas. The
function is a sum of Gaussian peaks centered at (−1, 0) and (1, 0) with
σ = 0.5 and 1.0, respectively. The solid lines are contours at 0.2 to 1.0 with
interval 0.2. The dashed line is the zero-flux line.

The main principle of Bader analysis is to find the zero-flux surfaces of the
electron density between the nuclei. The zero-flux surfaces are described
by

∇ρ(r) · n̂(r) = 0, (2.19)

that is, the zero-flux surfaces have no component of the electron density
gradient in the direction n̂ normal to the surface. These surfaces divide the
electron density into areas containing one electron density maximum each,
and the total electron density enclosed by a zero-flux surface is associated
with the atom bounded by the surface. The amount of electrons associated
with the atoms are calculated by integrating the electron density within the
Bader volumes. Comparing the number of electrons in the Bader volume to
the number of electrons in an isolated atom gives the amount of electrons
transferred.

Figure 2.2 shows the division of a two-dimensional ‘density’ into Bader ar-
eas. The function is a sum of two Gaussian peaks centered at (−1, 0) and
(1, 0) with σ = 0.5 and 1.0, respectively.
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2.3 Nudged elastic band method

An important class of problems in solid-state physics and theoretical chem-
istry is the estimation of transition probabilities from a stable atomic config-
uration to another, as in conformational changes in molecules, or diffusion
in solids and at surfaces. An energetically likely route for the process is the
minimum energy path (MEP), along which least energy has to be supplied
to the system for the process to take place. The transition probability be-
tween the initial and final states is closely connected to the energy barrier
along the MEP.

The nudged elastic band (NEB) method [20, 21] is a way of finding saddle
points and MEPs between known initial and final states. A chain of in-
termediate configurations (images) are constructed between the initial and
final states. The images feel a spring force along the reaction path, and the
component of the true force perpendicular to the path. The spring force
keeps the images equally separated along the path, and the true force com-
ponent ’nudges‘ the images towards the MEP. While the images can be
optimized in parallel, they are not completely independent of each other,
since the coordinates of neighboring images are needed to evaluate the local
path tangent direction at an image to project out the perpendicular compo-
nent of the spring force and the parallel component of the true force. Once
converged, the images lie on the MEP.

The NEB method does not guarantee finding the energy barrier along the
MEP, due to the spring forces keeping the images equidistant. Increasing
the number of images improves the estimate, but none of the images is
converged to the maximum energy along the MEP. A modification of the
NEB method that converges an image to the maximum energy is the climb-
ing image nudged elastic band (CINEB) method [22]. The image with the
highest energy does not feel the spring force, and instead of minimizing
the energy as for the other images, its energy along the path is maximized.
The image is driven to the maximum energy along the MEP. The CINEB
method therefore finds a good estimate for the energy barrier with a reason-
able number of images. In practice however, it may be necessary to perform
a standard NEB calculation to preconverge images before switching to the
CINEB method.

2.4 Vibrational frequency analysis

The vibrational spectrum of adsorbates on surfaces are readily accessible
in experiments. The vibrational frequencies of adsorbed molecules can
give information about the adsorption site and surface coordination of the
molecule. Vibrational analysis serves as an important tool for validation
of DFT results since the calculated frequencies can be directly compared to
experimental results.
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The calculation of vibrations of an adsorbate on a surface begins from the
relaxed geometry with the adsorbate in an equilibrium position in an en-
ergy minimum, such that small displacements from the equilibrium posi-
tion direct the atom back towards equilibrium. Within the harmonic ap-
proximation, the vibration frequencies are calculated from the forces acting
on the nuclei [23]. The atoms are displaced by a small amount δ towards the
positive and negative direction along each cartesian axis (see Fig. 2.3), and
the force constants Φij are the second derivatives of energy with respect to
position:

Φij =
∂2E

∂ri∂rj
=

F+
ij − F−ij

2δ
. (2.20)

The displacement δ must be small enough for the forces to remain in the
linear regime.

−δ 0 +δ

E(−δ) E(+δ)

E(0)

Displacement

En
er

gy

Figure 2.3: To determine vibrational frequencies, an atom is displaced from
the equilibrium position by ±δ. The energies of the displaced configura-
tions are used to calculate the force constants in the harmonic approxima-
tion.

If the configuration of atoms is a saddle point of energy, the second deriva-
tive of energy has a negative sign in a certain direction. The configuration
is in this case unstable to small distortions, which is indicated by imaginary
values of vibrational frequencies of the vibrational modes corresponding to
displacements driving the structure downhill in the potential energy land-
scape.

2.5 Work function

The energy required to remove an electron from a surface, the work func-
tion, is an important quantity in e.g. electron guns, where thermal energy
causes electrons to detach from the surface, and in photoelectric devices,
where the electrons are detached by photons. It can be measured experi-
mentally via thermionic emission, photoemission, field electron emission,
electron tunnelling, or contact potentials.
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The work function is given as

φ = −U − εF, (2.21)

where U is the saturation level of the potential outside the surface, and εF
is the Fermi level. Since the work function depends on the properties of
the surface, different crystal faces of the same material have different work
functions in general [24].

Figure 2.4 shows the procedure to determine the work function of a surface
from DFT calculations. The local electrostatic potential is averaged in the
z-direction. The work function is the potential difference from the Fermi
level to the potential outside the surface, where the potential is flat. Note
the small change in the potential in Fig. 2.4 at z = 32 Å, which is caused by
dipole corrections added to the potential to account for the inequal geome-
tries at the different sides of the slab. The top layers are allowed to relax
while the bottom layers are held fixed at the bulk lattice constant, and the
potential outside the relaxed and unrelaxed surfaces are not equal. Because
of the periodicity of the system, the potential would have a slope in the
vacuum region if the dipole corrections would not be included. The poten-
tial would not become flat and the work function could not be determined
unambiguously. Here the effect is small, but for adsorption systems where
the adsorbates strongly modify the potential, the dipole corrections become
important.
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Figure 2.4: Local potential of a Pb(100) surface averaged in the z-direction.
The dashed line marks the Fermi level. The black dots indicate the position
of the Pb layers.
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2.6 Lattice constant

To avoid lattice stress is calculations, the equilibrium lattice constant is
needed. The lattice constants obtained by DFT-GGA usually differ from
the experimental values by less than 2 % [25].

When changing the lattice constant, the equilibrium lattice constant yields
minimum energy. The minimum is obtained by fitting an equation of state
(EOS) to the calculated (V, E) data. Popular EOSs are the Murnaghan EOS [26]
and the Birch-Murnaghan EOS [27], that give reasonable results for the pur-
pose of finding the equilibrium lattice constant with reasonably small devi-
ations from the equilibrium. In addition, these EOSs allow the determina-
tion of the bulk modulus. However, direct comparison with experimental
bulk modulus might not be possible due to the DFT results correspond-
ing to T = 0 K whereas the experimental values are often determined at
room temperature, and if zero-point effects are ignored in the DFT calcula-
tion [28].

The Murnaghan EOS is given by

E(V) = E0 +
B0V
B′0


(

V0
V

)B′0

B′0 − 1
+ 1

− B0V0

B′0 − 1
(2.22)

and the Birch-Murnaghan EOS by

E(V) = E0 +
9V0B0

16


[(
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) 2
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− 1

]3

B′0

+

[(
V0

V

) 2
3
− 1

]2 [
6− 4

(
V0

V

) 2
3
] , (2.23)

where V0 is the equilibrium volume of the cell, E0 is the energy at the equi-
librium volume, and B0 and B′0 are the bulk modulus and the pressure
derivative of the bulk modulus at equilibrium volume, respectively. Fig-
ure 2.5 shows comparison of Eqs. (2.22) and (2.23) for B0 = 173 GPa and
B′0 = 6.29. In the scale of the plot, the two curves are nearly indistinguish-
able, except at the extremes. Typically, the lattice constants calculated with
Eqs. (2.22) and (2.23) agree within 10−3 Å and the bulk moduli within a
few percent, if the deviations from the equilibrium volume are reasonably
small.
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Figure 2.5: Comparison of the Murnaghan EOS (solid line) and the Birch-
Murnaghan EOS (dashed line). The bulk modulus and its pressure deriva-
tive are the tabulated values for gold.



CHAPTER 3

Review of the computational results

The thesis includes three publications that cover distinct surface phenom-
ena. Publication I deals with molecular oxygen adsorption on the Ag(110)
surface. Publications II and III include processes on the Pb(100) surface,
namely potassium and oxygen adsorption.

3.1 Oxygen adsorption on Ag(110)

The catalytic importance of the interactions of silver and oxygen is mani-
fested by numerous industrial applications, e.g. oxidative dehydrogenation
of methanol to formaldehyde [29], photolysis of molecular oxygen [30], and
epoxidation of ethylene [31, 32]. Silver-based catalysts are also employed
in several ‘green chemistry’ processes [33].

Although the O/Ag(110)-system has been studied extensively both theoret-
ically and experimentally, some controversies were still present. These in-
clude the preferred orientation of the adsorbed O2 molecule on the Ag(110)
surface, the effects that promote the O2 dissociation, and the diffusion of
oxygen atoms after the dissociation of the molecule. Publication I clari-
fies these points and provides a detailed vibrational analysis of atomic and
molecular oxygen on Ag(110). Our results indicate, contrary to some pre-
vious theoretical studies [34, 35] and in accordance with others [36, 37],
that the preferred adsorption orientation of O2 on Ag(110) is such that the
molecular axis is aligned in the [11̄0] direction. The results also suggest that
after dissociation of the O2 molecule, the oxygen atoms occupy threefold
hollow sites rather than short bridge sites, as suggested by an experimen-
tal study [38]. The dissociation is coupled with a surface phonon mode
that facilitates the dissociation in the [001] direction. A recent study has
shown that O2 adsorption on Ag(110) leads to surface roughening which is
expected to increase the catalytic activity of the surface [39].

An angle-resolved photoemission study [40] has reported three modes of
oxygen adsorption on Ag(110): physisorbed O2 at T < 40 K, chemisorbed
O2 at 60 K to 180 K, and chemisorbed O (dissociated) at T > 180 K. The
(110) surface of a face-centered cubic (fcc) lattice has five possible oxygen

25
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adsorption sites: fourfold hollow (FFH), threefold hollow (TFH), top (TP),
long bridge (LB), and short bridge (SB). The sites are shown in Fig. 3.1.

AB

C
D

E

[001]

[11̄0]

Figure 3.1: Oxygen adsorption sites on the fcc(110) surface. The sites are
labeled A: fourfold hollow, B: threefold hollow, C: long bridge, D: short
bridge, and E: top. The dashed lines limit the (3× 4) unit cell used in this
study.

3.1.1 Adsorption and dissociation of O2

Our spin-polarized DFT calculations were performed using VASP with the
Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional. The
Ag(110) surface is modeled by a five-layer slab of (3× 4) cell and 10 Å vac-
uum in the z direction. The cutoff energy was set to 500 eV. Bulk calcula-
tions give Ag lattice constant of 4.147 Å (see Fig. 3.2), in good agreement
with the experimental value, 4.086 Å.
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Figure 3.2: Equilibrium lattice constant of silver. Murnaghan equation of
state is fitted to calculated (a, E)-data points.
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The previously published studies agree in that the O2 adsorbed on Ag(110)
lies flat on a FFH site, but the preferred molecular orientation has been con-
troversial. According to Gravil & Bird, O2 molecular axis orientation in the
[001] direction is preferred to the [11̄0] direction by 40 meV [34], while Ols-
son et al. found the [001] and [11̄0] orientations to have the same adsorption
energy [35]. Van den Hoek & Baerends report [11̄0] orientation to be pre-
ferred on an Ag cluster [36], and Monturet et al. found [11̄0] orientation to
be preferred by a margin of 10 meV [37].

[001]

[11̄0]

Figure 3.3: Oxygen molecule adsorption orientations on the fourfold hol-
low site on the fcc(110) surface. The O2 molecule on the left is oriented in
the [001] direction (O2[001]). The O2 molecule on the right is oriented in the
[11̄0] direction (O2[11̄0]).

The energy difference of the orientations is small, and both orientations are
likely to coexist on the Ag(110) surface, as is reported in an experimental
study by Hahn & Ho. Their scanning tunnelling microscopy (STM) results
indicate the ratio of O2[11̄0] to O2[001] to be 1.41 at 45 K and 1.35 at 75 K.
This suggests that the [11̄0] orientation would be energetically preferred to
the [001] orientation.

Our results confirm the FFH site to be the energetically preferred adsorp-
tion site, and the [11̄0] is the preferred orientation (see Table 3.1) by 40 meV
compared to the [001] orientation. The TP site is unstable in both orienta-
tions, and the short bridge siter is marginally stable in the [11̄0] direction
and unstable in the [001] direction. The opposite holds for the long bridge
site.

The O2 molecule gains electrons from the substrate at all adsorptions sites
and orientations, and the bond length of the oxygen molecule is elongated.
The electrons transferred to the adsorbed O2 molecule occupy the antibond-
ing 2π∗ orbital, which leads to weakening of the O-O bond that facilitates
the dissociation of the molecule.
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The electron density difference in a vertical plane along the O-O bond for
O2 adsorbed on the FFH site aligned in the [11̄0] and [001] directions is
shown in Fig. 3.4. In both orientations, electron depletion occurs in between
the oxygen atoms, characteristic of weakening of the O-O bond. Electron
accumulation occurs between oxygen and silver atoms, indicating O-Ag
bond formation.

+0.01

0.00

−0.01

Figure 3.4: Electron density difference of O2 adsorbed on the FFH site. (a)
O2 aligned in the [11̄0] direction. (b) O2 aligned in the [001] direction. Red
and blue areas indicate electron accumulation and depletion, respectively.

Table 3.1: Adsorption energy, bond length, and charge transfer of the O2
molecule on the Ag(110) surface with molecular axis oriented in the [001]
and [11̄0] directions. The adsorption sites are labeled FFH (fourfold hol-
low), TP (top), SB (short bridge), and LB (long bridge).

Adsorption O2 Adsorption dO−O Charge transfer
site orientation energy (eV) (Å) to O2 (electrons)

FFH [001] 0.37 1.428 0.90
[11̄0] 0.41 1.465 0.95

TP [001] −0.45 1.328 0.54
[11̄0] −0.42 1.329 0.55

SB [001] −0.12 1.412 0.81
[11̄0] 0.07 1.341 0.71

LB [001] 0.07 1.334 0.64
[11̄0] −0.07 1.470 0.98

CINEB calculations show that the O2 dissociation barriers for O2[11̄0] and
O2[001] are 0.50 eV and 0.42 eV, respectively. The values are more than
0.1 eV lower than values reported previously [34] by Gravil et al. The dis-
sociation is more facile in the [001] direction, which has also been reported
in the case of Rh(110) [41] and Cu(110) [42] surfaces.
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In the dissociation of O2[001], the silver atoms in the top layer are displaced
away from the oxygen atoms in the [001] direction and the second layer
Ag atoms move upwards. This displacement pattern matches a surface
Rayleigh phonon mode whose frequency is found to be 4.0 meV (5.0 meV
in experiments [43, 44] and 4.2 meV to 4.4 meV in other theoretical calcula-
tions [45–47]). The more facile dissociation of O2[001] compared to O2[11̄0]
on Ag(110) is therefore linked to the coupling of the molecular stretching to
surface vibrations.

3.1.2 Adsorption and diffusion of atomic oxygen

The adsorption energies of atomic oxygen are given in Table 3.2. The ener-
gies on the FFH and TFH sites are almost equal (3.88 eV and 3.87 eV, respec-
tively). The adsorption energy on the LB site (3.81 eV) is also rather close
to the values for the FFH and TFH sites, while the SB site has 3.48 eV. It is
thus likely that the FFH, TFH, and LB sites are occupied almost equally at
higher oxygen coverages.

Bader analysis shows that the charge transfer follows the coordination num-
ber so that sites with higher coordination have more electrons transferred
to oxygen. Electron density difference plots along the Ag-O bonds for O ad-
sorbed on the FFH and TFH sites (Fig. 3.5) show the charge accumulation
around the oxygen atom.

(a) (b)

+0.01

0.00

−0.01

Figure 3.5: Electron density difference for (a) oxygen atom on a FFH site
and (b) oxygen atom on a TFH site. The slices are oriented along Ag-O
bonds.

The density of states (DOS) projected to the p-states of oxygen adsorbed
on the FFH and TFH sites and the d-states of the silver (110) surface are
presented in Fig. 3.6. Hybridization of the oxygen p-states with the silver d-
states induces a small peak in the Ag DOS just below the Fermi level. Such
states are missing in the DOS of the clean Ag(110) surface. Since the DOS
near the Fermi level is linked to the reactivity of a surface, the adsorbed
oxygen species are likely to enhance the reactivity of the Ag(110) surface.

CINEB calculations of show that oxygen atom diffusion from an SB site to a
TFH site in the [001] direction experiences no energy barrier. The diffusion
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Table 3.2: Adsorption energy (referenced to the free oxygen atom), coordi-
nation number, Ag-O bond length, and charge transfer of atomic oxygen
on the Ag(110). The adsorption sites are labeled FFH (fourfold hollow),
TFH (threefold hollow), SB (short bridge), and LB (long bridge). The bond
lengths in italics represent the O-Ag bond lengths to Ag atoms in the second
layer.

Ads. Ads. energy Coordination dAg-O Charge transfer
site (eV) number (Å) (electrons)

FFH 3.88 5 2.396 2.285 0.93
TFH 3.87 3 2.147 2.223 0.88
SB 3.81 4 2.312 2.203 0.91
LB 3.48 2 2.038 (—) 0.81
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Figure 3.6: Projected DOS on the p states of oxygen adsorbed on Ag(110)
(top), on the d states of Ag atoms bonded to oxygen (middle), and on the d
states of clean Ag(110) surface (bottom).

from TFH to FFH has a very small barrier of 30 meV. With no barrier, the
oxygen atom can diffuse spontaneously from an SB site to TFH in the pres-
ence of even a small perturbation. The diffusion from an SB to another SB
in the [001] direction through a FFH site experiences a barrier of 420 meV.
Diffusion from a FFH site to another FFH site along the Ag rows in the [11̄0]
direction has a small barrier of 72 meV. This path includes a local minimum
at the LB site, and the barrier from LB to FFH is 45 meV. The preferred di-
rection of oxygen atom diffusion from a FFH site to another FFH site is
therefore the [11̄0] direction owing to the significantly lower diffusion bar-
rier in that direction (72 meV) compared to the [001] direction (420 meV).

Our results lead to different conclusions than is reported by Hahn & Ho [38].
They report oxygen atom diffusion from an SB site to another SB site, and
that diffusion between SB sites is easier than from an SB site to a FFH site.
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Our results indicate that oxygen binding energy is 0.39 eV lower on the TFH
site than on the SB site, and the diffusion pathway from SB to TFH has
no energy barrier. In addition, the SB and TFH sites are separated by just
1.265 Å, which makes it difficult to differentiate between these sites in in-
terpreting STM images. We believe the oxygen species reported by Hahn &
Ho as occupying the SB sites are mainly occupying the TFH sites.

3.1.3 Vibration of atomic and molecular oxygen on Ag(110)

The vibrational analysis was performed using the finite difference method
implemented in VASP. The vibration frequencies of atomic oxygen were
calculated at four different adsorption sites. The values for the frequen-
cies of O-Ag stretching and frustrated translation along the [001] and [11̄0]
directions are presented in Table 3.3.

Table 3.3: Atomic oxygen vibration frequencies on Ag(110).

Vibration mode FFH TFH SB LB
Vibration mode (meV) (meV) (meV) (meV)

O-Ag stretch 38 44 54 43
Frustrated translation, [11̄0] 21 41 51 35
Frustrated translation, [001] 20 33 −10 22

Experimental vibration frequencies obtained by electron energy loss spec-
troscopy (EELS) measurements report values of 40.5 meV [48], 39.1 meV [49],
and 40.0 meV [50] for the O-Ag stretching mode. These studies do not re-
port the site on which the oxygen atoms are located, but the experimental
values are closer to the calculated value for the FFH site than for other sites.

The negative vibration frequency of oxygen on SB for frustrated translation
in the [001] direction further consolidates the view that the SB site is unsta-
ble at the coverage considered here. The vibration mode directs the oxygen
atom towards the TFH site, and since the diffusion pathway from SB to TFH
is barrierless, it is unlikely that oxygen would occupy the SB site.

Our calculations find vibration frequency of 194 meV for the free O2 molecule,
which is in good agreement with the experimental value (196 meV). As the
molecule is adsorbed on the Ag(110) surface, the intramolecular interac-
tions are modified and the interactions with the surface give rise to new
modes of vibration. The highest frequency mode of the adsorbed molecule
on all four sites and both orientations considered is the O-O stretching
mode. The O-O stretching mode vibration frequency of the O2 molecule
adsorbed on the FFH site and oriented in the [11̄0] direction is the same
for calculations where the substrate is allowed to vibrate, and for calcula-
tions where the substrate is kept frozen. However, for O2 oriented in the
[001] direction on the FFH site, the vibration frequency in the frozen sub-
strate case is 12 meV lower than in the unfrozen case. This suggests that
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the O2 vibration couples to the substrate vibration only when adsorbed in
the [001] direction, which helps to explain why the O2 dissociation barrier
is lower for O2 aligned in the [001] direction than for O2 aligned in the [11̄0]
direction.

3.2 Potassium adsorption on Pb(100)

Alkali metal adsorption is a seemingly simple process due to the electronic
structure of the alkali atoms. Alkalis have closed inner shells and a single
electron in the outer s shell. Therefore, alkalis on metal surfaces were used
as model systems in developing an understanding of adsorption on metal
surfaces in general [51–57].

The simplicity of the alkali adsorption systems was challenged by density
functional theory studies and experiments in the early 1990s [58, 59]. A
closer look at alkali adsorption revealed several complications, such as low-
coordination adsorption sites [59, 60], substitutional adsorption [58–60],
coverage-dependent adsorption site preference [61], island formation [62],
and surface alloying [63]. Alkali adsorbates are known to affect the reactiv-
ity of surfaces by modification of the surface electronic structure [64].

Previous experimental studies on potassium adsorption on the low-index
surfaces of lead have found surface reconstructions on Pb(110) [65] and
Pb(111) [66] induced by adsorption at room temperature. An earlier study
of potassium adsorption on the Pb(110) surface found no reconstruction
for adsorption at 200 K [67]. On the Pb(111) surface, the reported (

√
3 ×√

3)R30◦ structure is not formed for adsorption at temperatures below 200 K.
This suggests that the surface structure formation of these systems is tem-
perature activated.

Publication II presents an experimental and density functional theory study
of potassium adsorption on the (100) surface of lead. The results suggest
that substitutional adsorption is preferred, and that the stable structure at
submonolayer coverages is the c(2× 2) structure.

3.2.1 Density functional theory calculations

The DFT calculations were performed using VASP and the PBE exchange-
correlation functional. We have used cutoff energy of 350 eV. The calcu-
lated bulk lattice constant of lead, 5.046 Å (see Fig. 3.7), is within 2 % of
the experimental value (4.95 Å). The Pb(100) surface is modeled by a seven
layer slab with approximately 20 Å vacuum between the periodic images
in the z-direction. Two of the bottom layers are frozen to the bulk lattice
constant.
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Figure 3.7: Equilibrium lattice constant of lead. Murnaghan equation of
state is fitted to calculated (a, E)-data points.

The adsorption energy of potassium was calculated at four different ad-
sorption sites at coverages Θ = 0.11, 0.25, 0.50, and 1.00 monolayers (ML).
The definition of monolayer coverage used here refers to one adsorbate par-
ticle for each substrate atom of a clean substrate surface. The structure mod-
els were p(3× 3), p(2× 2), c(2× 2), and p(1× 1), respectively. The energies
are given in Table 3.4. The adsorption energy for on-surface adsorption is
defined as

Eads = −
1
N
(
EK/Pb(100) − EPb(100) − NEK

)
, (3.1)

where N is the number of potassium atoms in the unit cell, EK/Pb(100) is
the total energy of the K/Pb(100) system, EPb(100) is the total energy of the
Pb(100) slab, and EK is the energy of the potassium atom.

If the potassium atoms occupy substitutional sites, the lead atoms originally
on those sites need to be displaced. The problem with DFT calculations is
that this changes the number of Pb atoms in the unit cell, and the energy
needed to remove them from the unit cell has to be taken into account. A
straightforward way is to assume that the Pb atoms diffuse to step edges
on the surface and rebind at kink sites. Adding an atom to a kink site is
effectively the same as adding an atom in the bulk, as can be confirmed by
simply identifying the bonding environments of atoms in such a system.
The adsorption energy in the case of substitutional adsorption is therefore

Eads, subst. = −
1
N

(
EK/Pb(100) − EPb(100) − NEK + NEbulk

Pb

)
, (3.2)

where Ebulk
Pb is the bulk cohesive energy of a lead atom. With the choice

of signs used here, positive adsorption energy denotes thermodynamically
stable adsorption.

The bulk energy is calculated by the method described by Fiorentini &
Methfessel [68]. For sufficiently thick slabs

EN
slab ≈ 2σ + NEbulk, (3.3)
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where EN
slab is the energy of a N-layer slab, σ is the surface energy, and Ebulk

is the energy of a bulk atom. Equation 3.3 represents a straight line with
slope Ebulk in a (N, EN

slab) coordinate system. The sufficient thickness for
straight-line behaviour depends on the material in question, but typically
the straight-line behaviour is seen for thin slabs of just a few (4–5) layers.
This method has the advantage that the bulk energy can be determined us-
ing the same unit cell and k-point grid as is used for the surface calculations.

Table 3.4: Average potassium adsorption energy (in eV), work function
change (in eV), and charge transferred from K to Pb (electrons) on a Pb(100)
surface.

hollow bridge ontop subst.

p(3× 3) Θ = 0.11 ML

Eads 1.432 1.282 1.133 1.696
∆K-Pb1 2.657 2.844 3.066 0.813

∆φ -1.329 -1.484 -1.644 -0.465
∆Q 0.75 0.76 0.75 0.77

p(2× 2) Θ = 0.25 ML

Eads 1.286 1.095 0.957 1.695
∆K-Pb1 2.570 2.815 3.021 0.977

∆φ -2.225 -2.318 -2.333 -0.992
∆Q 0.69 0.67 0.65 0.75

c(2× 2) Θ = 0.50 ML

Eads 1.197 1.075 0.981 1.593
∆K-Pb1 2.739 3.074 3.305 0.979

∆φ -1.672 -1.497 -1.467 -1.567
∆Q 0.55 0.48 0.45 0.72

p(1× 1) Θ = 1.00 ML

Eads 0.891 0.771 0.678 —
∆K-Pb1 2.862 3.258 3.588 —

∆φ -0.990 -0.975 -1.049 —
∆Q 0.40 0.27 0.21 —

At coverage Θ = 0.11 ML, approximately 0.75 electrons are transferred
from the potassium atoms to the substrate at all adsorption sites. For the
hollow, bridge, and ontop sites, the adsorption energy decreases as a func-
tion of coverage. The charge transfer to substrate leaves the potassium
atoms positively charged, and introduces a dipole moment that lowers the
work function of the surface. The decrease in adsorption energy as a func-
tion of coverage can be understood as a consequence of the repulsive inter-
action between the dipoles that are located closer to each other. The repul-
sion is reduced by smaller charge transfer at higher coverages.

On the substitutional site, the adsorption energy is nearly constant (1.6 eV
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to 1.7 eV) at coverages 0.11 ML to 0.50 ML, and also the charge transfer is re-
duced much less than on the on-surface sites as coverage is increased. The
substitutional adsorption site allows the potassium atoms to sink closer to
the level of the first lead layer, allowing the lead atoms to shield the repul-
sion between the adsorbate-induced dipoles. As a result, the substitutional
site has the highest adsorption energy at higher coverages.

3.2.2 Comparison to LEED experiment

The only ordered K/Pb(100) adsorption structure observed in LEED exper-
iments was a c(2× 2) superlattice, with complete c(2× 2) layer correspond-
ing potassium coverage of Θ = 0.5. The best-fit structure in LEED intensity
analysis had the potassium atoms at substitutional sites.

The DFT results of interlayer separations, K-Pb bond length, and vibration
frequency of potassium in the direction perpendicular to the surface of the
c(2× 2) structure with potassium atoms occupying substitutional sites are
compared to values obtained by LEED analysis in Table 3.5.

Table 3.5: Computational and experimental structural parameters of potas-
sium adsorbed on Pb(100) at substitutional sites in a c(2 × 2) structure.
∆K-Pb1 is the vertical spacing between the K layer and the first Pb layer (in
Å), dK-Pb is the bond length between K and Pb (in Å), and ∆Pbij is the verti-
cal separation between the ith and jth Pb layer (in Å). EK-Pb is the vibration
energy of the K atoms (in meV).

Parameter DFT LEED

∆K-Pb1 0.979 0.93± 0.02
dK-Pb 3.70 3.62± 0.02
∆Pb12 2.110 2.07± 0.03
∆Pb23 2.572 2.56± 0.02
∆Pb34 2.507 2.41± 0.04
∆Pb45 2.519 2.49± 0.05
∆Pb56 2.606 2.45± 0.26
EK-Pb 9.38 9.4± 0.5

Table 3.5 shows good agreement between the theoretical and experimen-
tal parameters. The DFT interlayer spacings and the K-Pb bond length are
systematically slightly larger than the experimental values, which is partly
explained by the overestimated bulk lattice constant in DFT (approximately
2 %). The vibrational frequency EK-Pb corresponds to the zone-center vibra-
tion energy of the K atoms, in the direction perpendicular to the surface.
The calculated value is in excellent agreement with the experimental one.
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3.3 Oxygen adsorption on Pb(100)

The largest amount of lead is used in lead-acid batteries, but the different
colors of lead compounds have found use in pigments [69], and lead ox-
ide has been shown to act as the active layer in a photovoltaic device [70].
The toxicity of lead severely restricts its use in products where it can get in
contact with skin or get into the digestive or the respiratory system [69].

Lead oxidizes in several structures and typically exists in two oxidation
states, II and IV. Common oxide structures include lead(II) oxide (PbO),
lead(IV) oxide (PbO2), and lead(II,IV) oxide (Pb3O4) (see Fig. 3.8). Lead(II)
oxide (PbO), which is the commonly observed species on oxidized lead
facets, exists in bulk form in two polymorphs; tetragonal α-PbO (litharge)
and orthorhombic β-PbO (massicot). Litharge is stable at low temperatures,
and controlled heating and cooling can be used to change the structure of
PbO between the two polymorphs [71].
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Figure 3.8: Pressure-temperature phase diagram of lead-oxygen com-
pounds. After [72].

Our DFT results of binding energy, work function and charge transfer at
coverages 0.06 ML to 1.00 ML suggest that the stable oxide structure formed
on Pb(100) is a massicot-like two-layer structure where the oxygen atoms
occupy distorted hollow sites.

3.3.1 Trends in binding energy, work function and charge
transfer

Adsorption was considered on the Pb(100) surface at hollow, bridge, on-
top, and a distorted hollow (labeled hollow2) sites, and subsurface adsorp-
tion on the sub-bridge and sub-hollow sites. Structural parameters, oxygen
binding energies, work function, and charge transfer were calculated at a
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coverage range of 0.06 ML to 1.00 ML, and the properties of a stable surface
oxide layer at 2 ML coverage were analyzed.

The Pb(100) surface was modeled by a slab of 9 layers, with the bottom four
layers frozen to the bulk positions. The calculated bulk lattice constant of
lead was 5.046 Å. The periodic images had approximately 24 Å of vacuum
between them in the z-direction.

The trends in the calculated quantities (Fig. 3.9) differ among the adsorption
sites. The binding energy of oxygen decreases on the ontop and bridge sites,
but increases on the hollow and hollow2 sites. The work function increases
on the ontop and bridge sites, and decreases on the hollow and hollow2
sites. As is expected by the electronegativity difference of lead and oxygen,
electrons are transferred to oxygen atoms at all sites and coverages 0.06 ML
to 1.00 ML. If the adsorbate layer is located above the surface, there is an
excess of electrons outside the surface and an excess of positive charges
inside the surface, leading to a negative dipole that reinforces the electron
spill-out of the surface and increases the work function. However, when
the adsorbate layer is close to the level of the top substrate layer, the sign of
the work function change can be reversed, despite the transfer of electrons
to the more electronegative atoms in the adsorbate layer.

To analyze the sign change of work function, the plane averaged electron
difference ∆ρ(z) and the change in surface dipole moment density ∆p(z)
are compared at the hollow and bridge sites at 1.00 ML coverage. From
Fig. 3.9(b) it is known that the former system has lower work function than
the clean Pb(100) surface, whereas the work function of the latter system is
significantly higher. The change in surface dipole moment density ∆p(z) is
defined as

∆p(z) = −
z∫

z0

z′∆ρ(z′)dz′, (3.4)

where ∆ρ(z′) = ρ(z′)− [ρs(z′) + ρa(z′)] is the charge density difference be-
tween the density of the whole system ρ(z′) and the densities of the sub-
strate ρs(z′) and the adsorbates ρa(z′). The change in dipole density is
linked to the change in work function φ via

φ− φ0 = − e
ε0

[∆p + (ps − p0)] , (3.5)

where ∆p is saturation value of the change in dipole density above the sur-
face, and ps and p0 are the dipole densities of the relaxed substrate and the
clean substrate, respectively [73].

The sign of ∆p(z) outside the surface is linked to the sign of work function
change. Because ∆p(z) is essentially the sum of electron density difference
weighted by z, even small changes in the electron density difference outside
the surface can have a large effect on ∆p(z).

Figure 3.10(a) shows the electron density difference of oxygen on the hol-
low site at 1.00 ML coverage. The peak of electron accumulation is located
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at the level of the top Pb layer, and an electron depletion peak (shown as a
shaded area in Fig. 3.10(a)) is above the surface. When weighted by z and
integrated, the depletion peak changes the sign of the dipole moment den-
sity (Fig. 3.10(b)) above the surface to a positive value. The work function
of the structure is therefore lower than that of the clean surface.

On the bridge site (Fig. 3.10)(c) and (d)), the electron accumulation layer
is at the level of the oxygen layer, more than 1 Å above the top Pb layer.
This causes a decrease of ∆p to a negative value, and since there is only a
very small amount of electron depletion above the electron accumulation
layer, the dipole moment density above the surface remains negative. The
structure therefore has a higher work function than the clean surface.
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Figure 3.9: (a) Average oxygen binding energy (referenced to the O2
molecule in the gas phase), (b) work function, (c) charge transfer and (d)
average oxygen layer height of O adsorbed on Pb(100) at coverages 0.06 ML
to 1.00 ML.

To elucidate the effect of oxygen adsorption on other oxygen atoms, the
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Å
3 )

0 5 10 15 20 25 30
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3

(b)

z (Å)
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∆
p

(e
/

Å
)

Figure 3.10: Valence electron density difference ((a) and (c)) and the corre-
sponding change in dipole moment density (b) and (d) of oxygen adsorbed
on Pb(100) at 1.00 ML coverage. (a) and (b): Oxygen on hollow site. (c) and
(d): Oxygen on bridge site.

pairwise interactions of oxygen on adjacent hollow sites on the Pb(100)
surfaces were studied. The initial configurations had oxygens on the hol-
low sites separated by an empty bridge site (Fig. 3.11(a)) and a Pb atom
(Fig. 3.11(c)). Attractive interaction occurs for O separated by an empty
bridge site with average oxygen binding energy 1.603 eV, approximately
0.15 eV higher than in the p(3× 3) structure on the hollow2 site at a compa-
rable coverage 0.11 ML. The oxygen atoms are pulled towards each other
by 0.671 Å compared to the separation of the hollow sites.

The structure with oxygens separated by a Pb atom has repulsive interac-
tion between the oxygen atoms. The binding energy is 1.382 eV, approx-
imately 70 meV lower than for the hollow2 site in the p(3 × 3) structure.
The O-O separation is 0.235 Å larger than the distance between the hol-
low sites. The valence electron density difference plots in Figs. 3.11(b) and
3.11(d) show that while electrons are accumulated near the O atoms in the
axis connecting them when the O atoms are separated by an empty bridge
site (Fig. 3.11(b)), electrons are depleted around the oxygen atoms in the di-
rection connecting them to the Pb atom between the oxygens (Fig. 3.11(d)).

The attractive pairwise interaction and the binding energy increasing with
coverage suggest that the oxide layer growth could proceed by e.g. island
growth rather than through ordered overlayers. Such autocatalytic oxi-
dation has been observed experimentally on Pb(111) [74]. To increase the
number of nearest neighboring O atoms separated by a bridge site, a struc-
ture of parallel chains of O atoms was constructed, corresponding to cover-



40 CHAPTER 3. REVIEW OF THE COMPUTATIONAL RESULTS

(a) (b)

+0.01

0.00

−0.01

(c) (d)

+0.01

0.00

−0.01

Figure 3.11: (a) Oxygen atoms separated by an empty bridge site and (b)
the corresponding charge density difference. (c) Oxygen atoms separated
by a Pb atom and (d) the corresponding charge density difference.

age 0.50 ML (Fig. 3.12). The average oxygen binding energy in this structure
(1.809 eV) is 170 meV higher than the binding energy of the c(2× 2) struc-
ture at coverage 0.50 ML.

Figure 3.12: O/Pb(100) structure with parallel bands of oxygen at coverage
0.50 ML.
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3.3.2 Surface oxide structure at two monolayers coverage

The formation of a multilayer oxide structure necessarily involves oxygen
migration below the top substrate layer. In early experimental studies,
the oxygen sticking probability was observed to decrease with increasing
coverage, and the knee point of sticking has been estimated to occur at
1 ML coverage [75], 2 ML to 3 ML [76], and 2 ML or 6.3 Å oxide layer thick-
ness [77]. This study was therefore limited to include no more than two
layers of oxygen.

At low coverages, subsurface oxygen is thermodynamically more stable
than on-surface oxygen. The energetically favoured site at coverages up
to 0.25 ML is the subsurface bridge site, where the oxygen is located below
the top Pb layer laterally in the same position as for on-surface adsorption
on the bridge site. Another subsurface site considered here is the subsur-
face hollow site, where the oxygen is located directly below a top layer
Pb atom. A NEB calculation (Fig. 3.13(a)) suggests that oxygen diffusion
from an on-surface hollow site to a subsurface bridge site experiences no
energy barrier at all, which indicates that oxygen diffuses readily below the
top Pb layer. However, since the hollow site is stable and the oxygen does
not spontaneously migrate to a subsurface bridge site during relaxation, a
small energy barrier is likely located near the hollow site. The NEB calcu-
lations were unable to capture the barrier. Diffusion path from the subsur-
face bridge to the subsurface hollow site has an energy barrier of 0.56 eV at
Θ = 0.11 ML (Fig. 3.13(b)) .

Three candidates for the two monolayer surface oxide structure were con-
structed: a β-PbO structure, where the oxygen atoms occupy distorted hol-
low sites on and below the surface, an α-PbO structure, where the O atoms
occupy bridge sites on and below the surface, and a hollow structure, where
the O atoms are located on hollow sites both on and below the surface
(see Fig. 3.14). The average oxygen binding energies are 2.184 eV for the
β-PbO structure, 1.711 eV for the α-PbO structure, and 2.175 eV for the hol-
low structure. The β-PbO and hollow structures are very close in energy,
and preferred to the α-PbO by a margin of ∼ 460 meV per oxygen atom.

The stability of the structures was compared by vibrational frequency analy-
sis, allowing only the oxygen atoms to vibrate, and keeping the substrate
fixed. The α-PbO and β-PbO structures have real vibrational frequencies,
while the hollow structure was found to have imaginary vibration modes,
indicating that small displacements of the oxygen atoms from the hollow
sites towards the β-PbO structure drives the structure to lower energy. The
stable structure at two monolayers coverage is therefore the β-PbO struc-
ture, which is shown in Fig. 3.15. The calculated surface oxide layer thick-
ness, 2.795 Å+ 3.519 Å = 6.314 Å compares well with the result obtained in
experiments for oxidation of bulk lead ((6.3± 0.2) Å) [77].

The DOS projected on the surface oxide layer (Fig. 3.16(a)) shows Pb-O
bonding resulting from the hybridization of Pb 6s and O 2p states around
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Figure 3.13: Oxygen diffusion pathways at coverage 0.11 ML. (a) From an
on-surface hollow site to a subsurface bridge site. (b) From a subsurface
bridge site to subsurface hollow site.

Figure 3.14: O/Pb(100) structures at 2.00 ML coverage. Oxygen atoms at
(a) on-surface and subsurface hollow sites, (b) on-surface and subsurface
hollow2 sites (β-PbO) and (c) on-surface and subsurface bridge sites (α-
PbO). The light red circles mark the position of oxygen atoms below the
top layer Pb atoms.

−8 eV. The origin of the distorted structure of bulk lead oxide has been
discussed in an earlier study [78], and similar mechanism seems to be re-
sponsible for the distorted structure on the Pb(100) surface. The coupling of
the 6s states of lead with the 2p states of oxygen mediates the hybridization
of lead 6s and 6p states at the top of the valence band, which stabilizes the
distorted structure. The distortion in the electron density around −2 eV is
shown in Fig. 3.16(b).
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Figure 3.15: Interlayer spacings and Pb-O bond lengths of the stable oxide
structure at two monolayers coverage.
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Figure 3.16: (a) Density of states projected on the Pb and O layers of the
β-PbO overlayer on Pb(100). Top: Total DOS of the PbO layer. Middle: The
6s (red) and 6p states (blue) of the Pb atoms. Bottom: The 2s (red) and 2p
states (blue) of the O atoms. The dotted vertical line marks the Fermi level.
(b) Partial charge density at the bottom of the valence band (−8.5 eV to
−6.5 eV). (c) Partial charge density at the top of the valence band (−3.0 eV
to −1.0 eV).
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CHAPTER 4

Concluding remarks

This thesis consists of three publications, where elementary surface-adsor-
bate interactions such as adsorption, dissociation, diffusion, and vibration
are discussed.

Firstly, ambiguities considering the adsorption of molecular and atomic
oxygen on Ag(110) are clarified. We have shown that the preferred ori-
entation of the molecule is along the rows of the Ag(110) surface, and the
dissociation of the molecule is facilitated by coupling to a surface phonon
mode. Atomic oxygen then preferably occupies fourfold hollow or three-
fold hollow sites, contrary to previous view of occupying short bridge sites.
Oxygen adsorption on the Ag(110) surface induces a small peak below the
Fermi level in the Ag d-projected DOS, which generally enhances the reac-
tivity of the surface.

Secondly, complementary DFT calculations to LEED experiments are pre-
sented. The results together confirm that potassium forms a c(2× 2) struc-
ture on lead (100) surface, with the potassium atoms occupying substitu-
tional sites. Potassium adsorption is shown to lead to a decrease of work
function, which is expected to result in increased binding energy of electron-
acceptor adsorbates, such as oxygen.

Thirdly, oxygen adsorption on lead (100) surface is shown to result in a sur-
face oxide layer with the oxygen atoms occupying distorted hollow sites,
where the distortion arises from electronic effects mediated by oxygen. The
adsorption site dependent trends in work function and binding energy are
related to electron distribution at the surface layer and the resulting sur-
face dipole. Oxygen adsorption is shown to have directional preference
at low coverages, which indicates that also the oxide layer formation can
have strong directional dependence. Although the clean and defect-free
lead surfaces are resistant to oxidation, adsorbed oxygen can facilitate O2
dissociation on the surface, as discussed by Thürmer et al. [74].

Some aspects that remain open for further study are the possible increase
of catalytic activity of the Ag(110) surface due to the oxygen-induced peak
in the density of states near the Fermi level, and how it evolves with oxy-
gen coverage. The effect of imperfections, such as vacancies or adatoms,
on the oxidation of the Pb(100) surface warrants further investigation, as

45
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they are potential nucleation sites for surface oxide growth. However, the
whole surface oxide layer growth process, from the dissociation of the O2
molecule to the presumably simultaneous on-surface and subsurface ad-
sorption, is very demanding to simulate computationally. Also, the effect
of alkali impurities on Pb(100) oxidation could be significant, since potas-
sium adsorption lowers the work function of the Pb(100) surface, and is
therefore expected to facilitate oxygen adsorption.
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